BicHuk TepHONiIbCHKOT0 HALIOHATBLHOI0 TEXHIYHOT0 YHIBEPCHTETY
https://doi.org/10.33108/visnyk_tntu

/7~ \
ﬂly Scientific Journal of the Ternopil National Technical University
\J 2020, N2 3 (99) https://doi.org/10.33108/visnyk_tntu2020.03

ISSN 2522-4433. Web: visnyk.tntu.edu.ua

UDC 658.52

MECHANICAL PROPERTIES OF HEAT-RESISTANT SUPERALLOY
INCONEL 718 OBTAINED BY SELECTIVE LASER MELTING AND
HEAT TREATMENT UNDER DIFFERENT LOAD DIRECTIONS

Sergey Adjamskiy*?; Ganna Kononenko??; Rostislav Podolskyi?3*

10les Honchar Dnipro National University, Dnipro, Ukraine
2Additive Laser Technology of Ukraine LLC, Dnipro, Ukraine
3Z. 1. Nekrasov Institute of Iron and Steel of the NAS of Ukraine,
Dnipro, Ukraine
*National Metallurgical Academy of Ukraine, Dnipro, Ukraine

Summary. Additive manufacturing is a promising modern direction that allows quickly and with high
accuracy layer-by-layer manufacture of complex-shaped products using a computer model from almost any metal
powders. This work is devoted to the study of the influence of specimen orientation during 3-D printing and heat
treatment modes on the mechanical properties of specimens made of Inconel 718 heat-resistant nickel alloy
manufactured using SLM technology. In the study of the position of the specimen during printing, it was found that
the strength indicators are slightly higher for vertical specimens (up to 9%), and the plasticity is lower on average
by 20%. After standard heat treatment, which consists of two stages (quenching and aging) with cooling in quiet
air, the strength values of vertically and horizontally constructed specimens are very close (the difference is up to
3%).The plasticity values for the horizontal position of the specimen when printing are 10% and 30% higher.
According to macrogeometry, the specimens under study have cup fracture; according to microfractors, it was
established that the fracture mechanism is viscous and quasi-brittle. In the initial state, which is formed by 3-D
printing, there were signs of viscous fracture: the crack propagates mainly by separating the metal in planes that
do not coincide with the crystallographic planes of the sections, mainly the fracture surface in the form of pits -
microdepressions on the fracture surface. representing the exposed surfaces of the microvoids formed during the
plastic flow of the metal. In the study of the metal of the test specimens in the polished state, it was found that
specimens No. 1-5 had high integrity (low porosity), a small amount of oxide inclusions was observed. The study
found that the presence of defects in the form of micropores did not lead to a significant reduction in the
mechanical properties of the test samples.

Key words: SLM technologies, Inconel 718, heat treatment, specimen orientation, microfractogram,
mechanical properties.
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Introduction. Additive production is a promising modern area, which opens new
opportunities for the developing complex-shaped metal products for different purposes [1-4].

In recent years the technology of Metal Powder Laser Melting (SLM, DMLS, etc.) has
been the most widespread — a technology of laser melting of metal powder, which allows to
quickly accurately, layer by layer, produce complex products by a computer model from almost
any metal powder [1, 3, 6-7].

SLM technology is used to make irregular-shaped parts, often associated with internal
channels, with thin walls for aircraft and space technology, so it is very important to ensure
their high quality [1-3, 5-9]. The main problems to assure high quality products using SLM-
technology are porosity, hot cracking, anisotropy, surface roughness, providing the necessary
microstructure of the synthesized material [3, 5].
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A typical metal microstructure after the end of the construction process turns to be
dispersed dendritic and cellular structures of the y-phase within the melt baths of single tracks,
as a result of overlapping of which a part is created in layers (Fig. 1). As it is shown in Fig. 1,
the microstructure depends on the orientation of the specimen and, as a result, due to the
direction of applying the load in relation to the specimen construction the mechanical properties
may depend.
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Figure 1. Microstructure of specimen for tensile tests in different planes relative to the position when printing
in the initial state

Heat treatment is used to increase the uniformity and the level of the range of mechanical
properties. Heat treatment INCONEL 718 has two stages: high-temperature annealing of the
solution with cooling to room temperature and aging. As a result of heat treatment, the
secondary phases (for example, y 'and y ") in the metal matrix are separated, which leads to the
strengthening of the material. Separation of the nickel-aluminum, nickel-titanium and nickel-
niobium phases is caused by aging in the temperature range of 815-600°C. The key to the heat
treatment process is that these refractory components are completely soluble at high
temperatures (i.e. completely soluble in the matrix), otherwise aging will not lead to maximum
strength. It is known about the study of options for changes in temperature and holding duration
while processing [10, 11]. The possibility of eliminating the of high-temperature annealing for
products made of INCONEL 718, using SLM technology, was also investigated, since
crystallization and cooling in such production are realized at high speeds [12].

INCONEL 718 alloy is characterized by a fairly low speed of diffusion processes, so to
achieve maximum strength requires many hours of aging. This property makes it possible to
weld this material without hardening during cooling. In the process of heat treatment after high-
temperature exposure, cooling in water is often used to fix the solid solution, but this operation
requires additional equipment. The easiest to implement is cooling in calm air. This research is
devoted to the study of the influence of the specimen orientation during printing and heat
treatment modes on the mechanical properties of specimens made of heat-resistant nickel alloy
INCONEL 718, made by SLM-technology.

Objectives of the research. The research deals with the influence of the specimen
orientation during printing and heat treatment modes on the mechanical properties of specimens
made of heat-resistant nickel alloy INCONEL 718, produced by SLM-technology.
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Material and methods of research. Materials for the research were specimens for
tensile tests of INCONEL 718 alloy, manufactured on LLC «Additive Laser Technology of
Ukraine» equipment by SLM-technology. All specimens were printed by identical modes, and
were placed on the platform in horizontal and vertical position (Fig. 2). Then the specimens
were subjected to heat treatment. In the studies, heat treatment differed in cooling conditions
after high-temperature heating: in water and air (Table 1).

Tests to determine the mechanical properties were performed in accordance with 1SO
6892 on an INSTRON test machine.

The microstructure was studied on the optical microscope AXIOVERT 200M MAT, the
specimens fracture after testing was investigated on an electron microscope PEM 106.

Figure 2. Location of specimens on the platform

Table 1

Modes of heat treatment of test specimens

Marking Condition
1 Raw (horizontal)
Mode 1: holding for 1 hour at 980°C, air cooling to ambient temperature,
2 holding for 8 hours at 720°C, cooling with an oven to 620 ° C, holding at 620°C

for 8 hours (horizontal)

Mode 2: holding for 1 hour at 980°C, water cooling to ambient temperature,
3 holding for 8 hours at 720°C, cooling with an oven to 620°C, holding at
620°C for 8 hours (horizontal)

Mode 2: holding for 1 hour at 980°C, water cooling to ambient temperature,
4 holding for 8 hours at 720°C, cooling with an oven to 620°C, holding at 620°C
for 8 hours (vertical)

Mode 1: holding for 1 hour at 980°C, air cooling to ambient temperature,
5 holding for 8 hours at 720°C, cooling with an oven to 620°C, holding at
620°C for 8 hours (vertical)
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Table 2

The results of tensile tests of the test specimens

Marking Mode Orientation | ‘\1pa | ooz, MPa | 35,% | W, %
along axis Z

1 No heat Hor.90° | 10663 | 7550 | 256 | 34.9
treatment

2 1 Hor.90° | 13944 | 11214 | 188 | 349

3 2 Hor.90° | 14047 | 11539 | 140 | 186

4 2 Vert. 0° | 14149 | 11856 | 12.6 | 137

5 1 Vert. 0° | 1517.2 | 11819 | 157 | 251

ASTM B637 Adter heat >1275 | >1043 | >12 >15
treatment

Results of the research. In after heat treatment condition according to mode 2 (with
cooling in water), the strength of vertically and horizontally constructed specimens is very
similar (the difference is up to 3%). Plasticity values for the horizontal specimen when printing
are higher (10% and 30% for relative elongation and relative narrowing, respectively).

In the after heat treatment state according to mode 1 (air-cooled) for the specimen in the
vertical position, the tensile strength is slightly higher (up to 9%) compared to the horizontal
specimen. Herewith, for the specimen placed horizontally when printing, the elasticity is higher
(16% and 28% for relative elongation and relative narrowing, respectively).

Thus, when studying the influence of the specimen position during printing on the
mechanical properties after heat treatment, it was found that the strength is slightly higher for
vertical specimens (up to 9%), and the plasticity is lower by an average of 20%.

When analyzing the effect of heat treatment on the properties of the studied specimens,
it was found that for horizontal ones heat treatment mode 1 caused the increase in strength by
30% and yield strength by 35% as well as brought to decrease in relative elongation by 27%,
the relative narrowing was not affected by heat treatment, compared to the initial state after
construction by SLM-technology.

Compared with the initial no-heat treatment state, heat treatment according to mode
2 led to increase in the yield strength by 32%, in yield limit — by 53% and to a decrease in
ductility by 45%.

While estimating the impact of the heat treatment modes on the mechanical properties,
we can see that after treatment in mode 1 (air cooling) the relative elongation and relative
narrowing is higher by 25% and 47%, respectively, than after treatment in mode 2 (water
cooling). The strength limit is not affected by the change of cooling conditions at the first stage
of heat treatment; the difference is less than 1%.

Thus, for horizontally located specimens, heat treatment can significantly increase the
strength properties; when cooled after high-temperature heating in air, the plasticity decreases
not as intensely as after heat treatment with water cooling after the first stage of treatment.

Figure 3 shows the fractograms of the fracture surface of studied specimens after tensile
tests.

The study of fractures makes it possible to conclude that: the type and nature of the metal
fracture based the metal quality characteristics; identify the structural elements of the fracture
surface that differ from the optimal fracture structure; structural defects that lead to reduced
properties; macrocontinuities that are present in the metal (flocs, voids, delaminations); the size
of dendrites, liquation inhomogeneities; enables to find correlation with the microstructure. For
metal products made by SLM technology, the development of cracks in the destruction of the
main microstructural elements may be affected by such parameters as layer, the size of the melt
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bath of a single track, the size of dendrites, grain size, voids, oxide inclusions. Figure 3 shows
macrofractograms of the test specimens tensile fracture surface after testing.

Figure 3. Macrofractograms of the studied specimens

According to macrogeometry, the studied specimens have a cup fracture, in which the
fracture surface is characterized by the presence of a central area with a rough matte surface
perpendicular to the direction of stretching, and obliquity with a smoothed surface inclined at
the angle of 30—60°. Formation of such a macrorelief is due to the gradual change of the type
of stress state when moving from specimen centre to its periphery. Formation of the cup is
associated with necking in the deformed specimen, which causes significant lateral and axial
stresses in the center of the specimen. As a result of change of the stress-strain state when the
crack approaches the specimen surface, it changes its direction towards the maximum tangential
stresses creating the lateral obliquities. Presence of lateral obliquities on the fractures (cup) edge
is cheracteristic to macro-viscous fatique.

According to the fracture mechanism, fatigues can be brittle, quasi-brittle or viscous.
However, this classification is conventional, mainly due to the heterogeneity of the fatigue
structure, which, in turn, is caused by the heterogeneity of the structure and properties of the
material, changes in the deformed and stressed state of the material during crack propagation
and changes in internal load conditions during failure. Similarly, the cup fracture of the studied
specimens is the combination of two fracture mechanisms — narrow in the central part and
quasi-brittle on the lateral obliquities (Fig. 4-8).

In the initial state, which is formed by 3-D printing (specimen 1), there were signs of
viscous fracture: the crack propagates mainly by separating the metal in planes that do not
coincide with the crystallographic planes of the sections, mainly the fracture surface is hole-
shaped — microconcavities on the fracture surface, which are open surfaces of microvoids
formed during the yielding flow of metal. The centre of the microvoids can be the particles of
non-metallic inclusions or secondary phases, microcontinuities at the boundaries of grains,
subgrains and shear planes. It is implied that viscous fracture begins with the formation of
microdrugs and microcavities in areas that prevent trom the deformation continuity (grain
boundaries, subgrains, clusters of dislocations, etc.). With further load, the microvoids grow
and combine into a common fracture surface — fratugues by pulling the jumpers. Fan orientation

ISSN 2522-4433. Bicnux THTY, Ne 3 (99), 2020 https://doi.org/10.33108/visnyk_tntu2020.03 .........cccecvmvvrrvverierer e e e 79



Mechanical properties of heat-resistant superalloy INCONEL 718 obtained by selective laser melting and heat
treatment under different load directions

of the pits visible at high magnifications in the study of specimen 1 demonstrates connection
with microstructure (Fig. 1 a).
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Figure 4. Structure of the fracture surface of specimenl (horizontal, without
heat treatment) after tensile tests

Analysis of the fracture surface of specimen 2 showed signs of a mixed fracture
mechanism. In the central part of the specimen the signs of narrow fracture can be seen — areas
with pits, ridges formed as a result of plastic yield of metal, development of intragrain crack.
When proceeding from the central part of the horizontal surface to the inclined section, the
protrusions formed when the propagation of the crack front during the change of the stress state
was stopped were observed.

When analyzing the fracture surface of the specimen 3 areas with signs of viscous
fibrous fracture and areas of quasi-brittle fracture with facets of quasi-chipping were observed —
a relatively flat area of fracture, characteristic of wich is that along with signs of brittle fracture
it has the signs of plastic deformation (ridges), with pit-shaped or other specific relief. At high
magnifications, areas with pits and flat areas with microwaves were detected. Specimen 4 has
even smaller relief depth, more fracture surface area has signs of quasi-brittle fracture.

R Dt

‘WD=29.1mm 30.00kV
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Figure 6. Microfractograms of specimen 3 after tensile tests
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Figure 7. Microfractograms of specimen 4 after tensile tests

The analysis of the fracture surface of specimen 5 revealed round defects arranged
linearly with a certain periodicity. While studying these structural elements at high
magnifications, it was found that they have a relief on the surface formed as a result of the
deformation yield of the metal during the test and microcracks. However, the total surface of
the fracture had a deep developed relief, large proportion of the area had viscous fracture pits,
the crack developed along the complex trajectory.

Figure 8. Microfractograms of specimen 5 after tensile tests

The analysis of the continuity of the specimens material was performed by
the microstructural method on the specimens heads metal by tension from the volume of
the metal, which did not undergo deformation during the tensile test. The results are shown
in Fig. 9.
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Figure 9. Microstructure of experimental specimens:
a—specimen 1, b — specimen 2, ¢ — specimen 3,
d — specimen 4, d, e — specimen 5

When studying the metal of the test specimens in the polished state, it was found that
the specimens 1-5 had a high continuity (low porosity), a small number of oxide inclusions was
observed. Specimens 4 and 5 have microvoids formed during printing, and they were noticed
on the fracture surface of the specimen 5. Thus, the fracture revealed areas where load
conditions and properties of the material as well as its ability to local destruction are combined
in the most unfavorable way. Specimens 1-3 (horizontal) had no such defects, while the entire
batch of prototypes was made in identical modes. Therefore, the process modes must be
adjusted depending on the size of the cross-sectional area of the part. When printing vertical
specimens, the next layer was melted after a short period of time and the previous layer was not
cooled enough, so the bath of molten metal received excess heat and formed a microvoid of
«keyhole» type.

In general, it can be concluded that for both horizontal and vertical specimens in the
heat-treated state as well as in the raw fracture by a viscous mechanism occurred, as the typical
pits are on the fracture surfaces of all specimens. Although the elongation in the state after 3-D
printing without heat treatment is much higher than in the state after heat treatment, their
fracture surfaces are fundamentally similar, and macrogeometry is viscous. The deepest relief
was noticed after processing in the air-cooled mode after high-temperature annealing. The size
and depth of the pits are proportional to elasticity, thus, the presence of deeper pits on the
fracture surface indicates higher elasticity, which corresponds to the results of mechanical tests
(Table 1). Such defects as microvoids did not cause significant reduction in the mechanical
properties of the test sprcimens.

Conclusions. Additive technologies are the promising area for aerospace parts and
components. It is revealed that the use of heat treatment makes it possible to increase the
complex of mechanical properties of INCONEL 718, produced by SLM-technology. It is found
that the orientation of the specimens produced by SLM-technology has less influence on the
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strength properties (up to 9%). The elasticity values for specimens printed in horizontal and
vertical positions can differ up to 28%. It is shown that the cooling environment after heat
annealing (water or air) before the aging operation affects the mechanical properties.
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MEXAHIYHI BJIACTUBOCTI ) KAPOMIIIHOI'O CYIIEPCIIJIABY
INCONEL 718, OTPUMAHOI'O CEJIEKTUBHUM JIASEPHUM
IIVIABJIEHHAM TA TEPMIYHUM OBPOBJIEHHAM 3A PIBHUX
HAIIPAMIB HABAHTAKEHHA

Cepriii Arxamcbknii’?; I'anna Kononenko??®; Pocrucaas Iogonncbkmii®>4

YUTninposcoxuii nayionanvnuii ynieepcumem imeni Onecs onuapa,
Juninpo, Ykpaina
2LLC «Additive Laser Technology of Ukraine», quinpo, Yxpaina
3Iucmumym uopnoi memanypeii imeni 3. I. Hexpacosa HAH Yxpainu,
Jninpo, Ykpaina
*Hayionanvna memanypeitina akademis Yxpainu, lninpo, Ykpaina

Pe3tome. Aoumusne 6upoOHUYMBO — ye NEePCHeKMUGHUL CYYACHUL HANPIM, KU 00380J51€ UEUOKO i 3
BUCOKOIO MOYHICMIO NOWAPOBO BULOMOGIAMU  CKIAOHONPOQDINbHI  UPOOU 30  KOMN IOMEPHOIO  MOOEIO
NPAKMU4HO 3 6y0b-AKUX MEMAEBUX NOPOWKIE. PoOOmMY npucesaueno 00ciiodcenHio naugy opichmayii 3paska npu
3-D Opyky i pedsicumie mepmiuHoi 0OPOOKU HA MEXAHIYHI GIACIMUBOCME 3PA3KIE, GUSOMOBICHUX 3 HCAPOMIYHO20
Hikenesoeo cnuagy Inconel 718, eucomoenenozo 3a SLM-mexnonociero. Ilpu 0ocniodcenti 6niugy nonoiCeHHs.
3paska npu Opyyi 6y10 6CMAHOBIEHO, WO NOKASHUKU MiYyHOCMI HE3HAYHO SUWi O 8epMUKANbHUX 3DA3KIE (00
9%), a nracmuunicme Hudicua 6 cepeonvomy na 20%. Iicns cmanoapmuoi mepmiunoi 06podKu, KA CKIA0AEMbCA
3 080X cmadil (eapmyaHHs ma CMAPiHHA) 3 OXOLOONCEHHAM HA CHOKIUHOMY NOGIMPI NOKA3HUKU MIYHOCMI
BEPMUKANLHO U 20PU3OHMATLHO NOOYO08AHO20 3DA3Ki6 dydice OIU3bKI (pisHuys cmanosums 0o 3%). Ilokaznuku
RAACMUYHOCII 0151 20PU3OHMATLHO20 NON0dAHCEHHS 3paska npu Opyyi euwe na 10% i 30%. 3a maxpozeomempiceio
00Ci0AHCYBAHI 3PA3KU MAIOMb YAWKOBUU 31AM, 34 MIKDODPAKMOpAMAMU 6CIAHOBLEHO, WO MEXAHI3M PYUHYBAHMHS]
8 ’A3Kull ma Keazikpuxkui. Y nouamkogomy cmaui, axuii popmyemocsa npu 3-D Opyyi, cnocmepieanucs 03Haxu
8 'A3K020 PYUHYBAHHA: MPIUWUHA POZNOBCIOONCYEMBCS 8 OCHOBHOMY WIAXOM NOOITY MEemany no nAOWUHax, AKi e
30ieaiomvCsi 3 KpUCMAROSPADIYHUMU RAOWUHAMYU OLISIHOK. B 0CHOGHOMY nOGepXxHsi iX pYlHY8aHHs Y ueisli AIMOK,
MIKpO3a2nuburn Ha NOBepXHi PYUHYBAHHA, WO AGIAIOMb C000I0 PO3KPUMI NOGEPXHI MIKPOHOPOJICHEY, SKI
ymeopunucs 6 npoyeci naacmuunoi meuii memany. Ilpu oocniosxcenni memany 00CAiOHUX 3PA3Ki8 V NOAIPOBAHOMY
cmani 6cmanosneno, wo spasku Ne 1-5 manu eucoky cyyinoricme (HU3bKY ROPUCMICMB), CHOCMEDI2ANU HEBENUKY
KLIbKICMb OKCUOHUX 6KIIOYEeHb. Bcmanoeneno, wo Hasenicmv Oeexmis y @ueasioi MIKpONop He npusgeid 00
ICMOMHO20 3HUNCEHHS MEXAHIYHUX 81ACMUBOCIell OOCTIOHUX 3PA3KIE.

Knrwuosi cnosa: SLM-mexwnonocia, Inconel 718, mepmiuna o00pobka, opicumayis 3paska,
MIKpOppaxmozpama, MexaHiuni 61acmueoCcmi.
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