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Developing technology of directed energy
deposition of workpieces of parts of aircraft engines
from heat-resistant nickel alloys by means of using
layer-by-layer microplasma surfacing method
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Abstract. The article presents the technology of the Directed Energy Deposition (DED) process using the method of layer-by-layer
microplasma surfacing with powder and wire made from a heat-resistant nickel-based high-chromium alloy of the Ni-Cr-Ti-Al system
(Y = 3-5 %), which is used for manufacturing workpieces of gas turbine engine parts, while ensuring a given level of mechanical
properties required for the parts’ further operation. The article discusses the equipment and characteristic features of the DED tech-
nology using the continuous (layer-by-layer) microplasma surfacing method. The additive deposition was implemented on the STAR-
WELD 190H robotic installation for microplasma powder surfacing and on the integrated installation based on the FANUC robot and
the SBI plasma equipment by means of using wire made from a nickel-based alloy of the Ni-Cr-Ti-Al system (y’ = 3-5 %). Following
the deposition, such operations as the heat treatment (aging 900 °C, exposure 16 hours), the machining and the quality control were
conducted. A set of studies was conducted to develop the evidence base for the purpose of determining the possibility of installing
deposited workpieces in engines, with the studies being as follows: determining the chemical composition of workpieces deposited by
means of a technology similar to depositing workpieces, implementing metallographic studies and mechanical tests. The authors state
that studies conducted showed that the chemical composition of the deposited metal is in compliance with the requirements set forth
in the regulatory documentation, and the microstructure of the deposited metal after the heat treatment corresponds to the normally
heat-treated state of a low-aging nickel-based high-chromium alloy of the Ni-Cr-Ti-Al system (y’ = 3-5 %),while the level of mechani-
cal properties of the deposited alloy followed by the serial heat treatment (aging 900 °C, holding for 16 hours) is not lower than the
level of the forging implemented in the serial production of this type of parts.

Keywords: depositing workpieces, powder, wire, mechanical properties, chemical composition, weld metal.

Introduction

The Directed Energy Deposition (DED) method is
one of modern additive technologies in manufacturing and
repairing metal parts and can, in some cases, replace con-
ventional methods such as casting, stamping and forging.
One can highlight that with the use of the automated com-
puter control made it possible to manufacture new products
on layer-by-layer (continuous) principle as per products’
3D models: this feature is one the main advantages of the
DED technology. At the same time, the DED technology
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significantly reduces both time and costs required for man-
ufacturing new products by eliminating intermediate stages
of manufacturing tooling and molds, which, in turn, makes
it possible to implement a design project experimentally
(when designing new products or modifying existing prod-
ucts to improve their characteristics) with minimal costs in
2-3 weeks [1], [2].

In some cases, the relatively high material utilization
rate (MUR) compared to forging, makes it possible to im-
plement the DED technology in manufacturing workpieces
on commercial scale with a significant positive economic
effect.

The microplasma surfacing method is optimal
among existing DED technologies for the purposes of man-
ufacturing nonrotational parts of gas turbine engines from
heat-resistant nickel alloys, which is due to a) large dimen-
sions of products above (diameters ranging from 500 mm
to 1500 mm); b) the fact that, in case with heat-resistant
nickel alloys, a high-temperature heat treatment (1,000+ °C)
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is required to relieve stress and obtain the required strength
and special service properties after depositing; and c) to
metallurgical characteristics of heat-resistant nickel alloys,
since reducing the likelihood of cracks requires the possi-
bility of both the precise control of the input heat during
the deposition process and the restrain of the overheating
of deposited layers [7]-[9].

The microplasma surfacing method using powders
and wires is in compliance with the criteria above for de-
positing workpieces of nonrotational parts of gas turbine
engines, which are made from heat-resistant nickel alloys.

The purpose of the research is developing a technol-
ogy for manufacturing workpieces from a nickel-based
heat-resistant high-chromium alloy of the Ni-Cr-Ti-Al sys-
tem (y" = 3-5 %) by using microplasma surfacing with
powder and wire while ensuring mechanical properties re-
quired for the further operation of gas turbine engine non-
rotational parts.

Materials & Research Methods

Research subjects: rectangular samples [130x70x14
mm (Fig. 1)] obtained by additive depositing by means of
microplasma surfacing with wire and powder under re-
gimes corresponding to regimes of depositing the work-
piece of a ring that is a part of a turbojet bypass engine.

The powders implemented were made from a heat-re-
sistant nickel-based high-chromium alloy of the Ni-Cr-Ti-Al
system (y'=3-5 %), with the alloy obtained by plasma cen-
trifugal atomization (produced by Multiflex LLC, Ukraine),
with its fraction being 63—160 microns.

The chemical composition of powders made from a
heat-resistant nickel-based high-chromium alloy of the
Ni-Cr-Ti-Al system (y" = 3—5 %) is in compliance with the
requirements set forth in the TU14-143-527-2003 technical
regulations.

Welding wire with a diameter of | mm made from
a heat-resistant nickel-based high-chromium alloy of the
Ni-Cr-Ti-Al system (y" = 3—5 %) is in compliance with
the requirements set forth in the TU 14-1-2234 technical
regulations.

Samples were deposited from the powder on the
STARWELD 190H specialized robotic installation, and
from wire on the installation the based on the FANUC ro-
bot and the SBI plasma equipment.

All powders were dried in an oven (temperature of
250 °C) for 1 hour before being loaded into the installation
metering unit.

The wire for the deposition process was on in-line
wound spools; the surface of the wire shall be clean and
smooth with no cracks, traces of delamination or grease.

Samples were subjected to heat treatment as per the
following regime (for the deformed state) upon undergoing
the deposition process:

— Tg= 1140 °C, T =1 hour, air cooling;

— Ta =900 °C, T = 16 hours, air cooling.

The SPECTROMAX optical emission spectrometer
(SPECTRO) was used for spectral analysis of the deposited
metal.

Mechanical properties of the alloy obtained by
means of the additive deposition using microplasma sur-
facing were determined with the help of standard cylindri-
cal samples as per the following regulatory documentation
DSTU ISO 6892-1:2019 “Metal materials. Tensile Testing.
Part 1. Method of test at room temperature”; DSTU ISO
6892-2:2020 Metallic materials. Tensile tests. Part 2. Test
methods at elevated temperatures”; “DSTU ISO 204:2018
METALLIC MATERIALS UNIAXIAL CREEP TEST-
ING IN TENSION METHOD OF TEST”.

Samples were cut out in the longitudinal and trans-
verse directions relative to deposition layers (see Fig. 1)
following the heat treatment as per the regime above.

Fig. 1. Scheme of Cutting Samples for Mechanical
Testing
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Metallographic studies of microslices were con-
ducted using the Axio Observer MAT. D1m optical metal-
lographic microscope by Carl Zeiss GmbH (Germany).

Research Results and Discussion

The microstructural analysis was conducted on
slices made in the longitudinal and transverse directions
relative to the growth layers.

The metallographic examination of non-etched
slices showed that the samples’ metal was dense; the fol-
lowing was registered in field of vision: a) the presence of
microporosity up to 80 um in size in samples deposited
from powder (Fig. 2 a, b); and b) single pores up to 20 um
in size in samples deposited from wire (see Fig. 2 ¢, d). The
greater amount of microporosity on samples deposited
from powder compared to those deposited from wire is ex-
plained by the presence of micropores in powders, since
micropores pass into the sample material when deposited.
No metallurgical defects in the form of either lacks of fu-
sions or cracks were found.

The study of slices upon their undergoing etching in
a reagent for electrolytic etching of heat-resistant alloys
(H3PO4 — 800 ml + CrOsz — 100 ml) showed that the micro-
structure of initial samples (i.e. prior to heat treatment) that
were deposited from powder and wire was not significantly
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Fig. 2. Non-etched Slices: a, b — Powder; ¢, d — Wire

different. The microstructure has a dendritic structure with  orderly manner in the direction of heat release during
elongated grains in the direction of heat release across layers  the deposition process. When analyzing the microstruc-
(Fig. 3, 4); the microstructure above is a y-solid solution  ture, fusion lines are not visible; the structure is homo-

with the presence of carbides and nitrides arranged in an geneous.

a

¢
Fig. 3. Structure of Samples Deposited from Powder upon Etching Process: a, ¢ — Traverse; b, d — Longitudinal
(Prior to Heat Treatment)

d
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d

Fig. 4. Structure of Samples Deposited from Wire Upon Etching Process: a, ¢ — Traverse, b, ¢ — Longitudinal (Prior

to Heat Treatment)

The structure of the resulting material (without heat
treatment) is characteristic of a quenched cast heat-re-
sistant nickel-based low-aging high-chromium alloy of the
Ni-Cr-Ti-Al system (y" = 3-5 %).

The study of etched sections (electrolytic etching)
made in the longitudinal and transverse directions showed
and wire also does not differ significantly (Fig. 5, 6) after the
that the microstructure of samples made from powder heat
treatment. The microstructure of the dendritic structure is
characterized by heterogeneity and the presence of elongated
grains in the direction of heat removal. The microstructure is
a ¥-solid solution with the presence of intermetallic com-

e

pounds, carbides, nitrides and particles of acicular morphol-
ogy of an excess chromium- based (0-Cr) phase. There is the
same orientation of their location in the direction of heat re-
moval during the deposition process (across layers) as prior
to the heat treatment. The microstructure corresponds to the
normally heat-treated state of a low-aging high-chromium
nickel-based alloy of the Ni-Cr-Ti-Al system (y" = 3-5 %).
The manufactured samples were subjected to deter-
mining a) mechanical properties (6v, 602, 0, ) at room tem-
perature, mechanical properties (o, 0, ) at a temperature of
800 °C (short-term), and b) long-term strength at T =450 °C
following the heat treatment as per the regime above.

Fig. 5. Structure of Samples Deposited from Powder Upon Pickling Process: a, ¢, e — Traverse; b, d, f— Longitudinal

(Prior to Heat Treatment)
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d

Fig. 6. Structure of Samples Deposited from Wire Upon Pickling Process: a, ¢, e — Traverse; b, d, f— Longitudinal
(Prior to Heat Treatment)

Table 1. Mechanical Properties of Deposited Samples (T =20 °C)

Semi-Finished Product Type Maximum Strength, Yield Point, 5. % Y

(TU Standards) kgf/mm? kgf/mm? e v, 7
Transversal Direction

90.3 65.9 22.3 22.9

91.3 63.9 22.8 26.3

922 63.7 31.2 37.6

92.7 65.2 20.8 243

Deposited by 90.8 64.6 24.3 26.1
Plasma Powder Surfacing Longitudinal Direction

81.0 61.1 11.4 11.6

81.2 62.6 11.8 12.4

83.2 63.4 12.3 13.8

85.1 65.1 12.8 15.4

82.5 63.1 12.1 13.3
Transversal Direction

93,7 56.0 252 27.7

91,0 55.6 21.6 19.7

85,9 58.1 26.0 26.6

82.5 56.0 16.0 19.0

Deposited by 87.5 57.0 21.8 23.5
Plasma Wire Surfacing Longitudinal Direction

86.1 63.7 8.0 19.0

79.5 61.1 52 11.6

83.2 63.4 5.6 12.0

85.2 63.9 8.4 12.0

83.5 63.0 6.8 13.7

Standards TU 14-1-3046-80 (Rod) >80 =35 >25 -
Standards OST 1 90126-85 (Casting) >80 - >4 -

Note. Bold marked are average values.
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The results of mechanical tests at room temperature
are processed and given in Table 1.

For comparison, Table 1 shows the TU standards and
the OST for serial semi-finished products manufactured in the
form of rods and castings from a low-aging high-chromium
nickel-based alloy of the Ni-Cr-Ti-Al system (y" = 3-5 %)).

Table 1 shows that mechanical properties at room
temperature of the material [that is a) deposited by micro-
plasma surfacing with powder and wire, and b) heat-treated
as per the quenching regime with T = 1140 °C, holding for
1 hour and aging at T =900 °C, holding for 16 hours and
cooling at air] is:

— In full compliance with the requirements for a cast
nickel-based alloy of the Ni-Cr-Ti-Al system (Y = 3-5 %);

— In compliance with the requirements set forth in
the regulatory documentation for deformed metal (rod) in
terms of strength characteristics, while being almost iden-
tical in terms of plastic properties () in the transverse di-
rection, and is 50 % inferior in the longitudinal direction.

Mechanical properties (oy, 0, W) at temperature
T =800 °C are given in Table 2. For comparison, Table 2
shows standards of the TU specifications for a serial semi-
finished product manufactured in the form of rods from a

Table 2. Mechanical Properties of Samples (T = 800 °C)

high-chromium nickel-based alloy of the Ni-Al-Ti-Al sys-
tem (y’=3-5 %).

The data specified in Table 2 clearly show that ave-
rage mechanical properties of samples (deposited using
powder and wire at a temperature of 800 °C) are in full
compliance with the requirements set forth in the regulato-
ry documentation for rods, both in longitudinal and trans-
verse directions.

Long-term strength tests were conducted at 450 °C,
the operating temperature of the part. The results of long-
term strength tests are processed and given in Table 3.

Table 3 shows that samples deposited using powder
and wire underwent long-term strength tests at a tempera-
ture of 450 °C for 300 hours (with the necessary require-
ment being at least 100 hours), after which they were re-
moved (without destruction). The visual inspection of sam-
ples showed no cracks or other defects.

The visual inspection of samples following the tests
at room temperature showed that the surface of all sam-
ples changed during plastic deformation and became
wavy with varying degree of thinning. Samples are frac-
tured with the formation of a neck, which indicates the
ductile fracture. The appearance of samples upon me-
chanical tests is shown in Fig. 7.

Seml_l?_?[ljhsijgsrigt Type ov, kgf/mm? 8, % v, %
Longitudinal Direction
79.0 124 26.0
74.9 153 36.0
71.0 13.9 31.0
Deposited by L
Plasma Powder Surfacing Transversal Direction
67.5 3.8 11.7
73.4 22.4 26.0
72.1 17.1 29.5
71.0 14.4 22.4
Longitudinal Direction
Deposited by 68.0 21,8 50.9
Plasma Wire Surfacing Transversal Direction
69.1 23.2 53.7
Standards TU 14-1-3046-80 (Rod) >35 >13 >18
Note. Bold marked are average values.
Table 3. Results Testing Deposited Samples for Long-Term Strength
Sample Test Temperature, °C Load kgf/mm? Exposure, hours Note
Longitudinal (Wire) 450 73 300 Removed
Longitudinal (Powder) 450 73 300 Removed
Transverse (Wire) 450 73 300 Removed
Transverse (Powder) 450 73 300 Removed
Designer’s Requirements 450 73 100 -
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Table 4. Chemical Composition of Deposited Sample

Al W Ti Cr Nb Mo Mn Fe C

Chemical Compositionasper ¢ |\ 4363 (511 320350 0511 2333 <05 <40 <0.1
Regulatory Documentation [6]

Sample 0.88 4.88 0.83 32.6 0.84 2.87 <0,5 <4.0 —

The examination of fractures of tensile samples us- Fractograms of fractures of tensile samples, which
ing a binocular microscope showed no defects of a metal-  were obtained on an electron microscope, show a cellular
lurgical nature (Fig. 8); the fractures have a dimple nature.  structure of the fracture surface (Fig. 9), which is charac-

teristic of plastic-acting materials.

Fig. 7. Appearance of Samples upon Testing at
Room Temperature: a — Powder; b — Wire

Fig. 8. Appearance of Fractures of Tensile
Samples: a — Longitudinal; b — Traverse

Fig. 9. Fracture Patterns of Fractures of Tensile
Samples: a, b — Transverse; ¢, d — Longitudal
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Data of the quantitative spectral analysis show that
the material of the samples deposited by microplasma sur-
facing with powder and wire corresponds to a low-aging
high-chromium nickel-based alloy of the Ni-Cr-Ti-Al sys-
tem (y" = 3-5 %). Test results are given in Table 4.

Implementation Experience

Following the results of works conducted, a techno-
logy was implemented for depositing a ring workpiece that
is a part of a turbojet bypass engine, with the technology
implemented foreseeing the microplasma surfacing with
powder and wire made from a heat-resistant low-aging
high-chromium nickel-based alloy of the Ni-Cr-Ti-Al sys-
tem (Y = 3-5 %).

The sketch of the workpiece with allowances (Fig. 10)
made it possible to develop a mathematical model for
further machining (Fig. 11).
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Fig. 10. Workpiece for Depositing: Sketch

Fig. 11. Workpiece for Depositing: Mathematical
Model

A workpiece was produced (Fig. 12) using sample
deposition regimes before undergoing a) a heat treatment
(Tq=1140 °C, t=1 hour, air cooling; Ta =900 °C, 1= 16
hours, air cooling) and b) the machining operation (Fig. 13).

Fig. 13. Appearance of Deposited Workpice
Upon Machining

The X-ray inspection and the capillary inspection
(OST 1 90282) did not show any defects in the form of
pores, cracks or lacks of fusions. The part then underwent
successful trials as part of a technological engine. The part
is at MOTOR SICH JSC facilities at the moment.

Conclusion

1. The microplasma surfacing method makes it
possible to obtain high-level mechanical properties of
workpieces deposited from nickel-based alloys of the
Ni-Cr-Ti-Al system (y" = 3-5 %).

2. The advantages of the chosen technology com-
pared to other deposition processes have been identified.

3. Mechanical properties of samples deposited from
powder and wire are in full compliance with the require-
ments for a cast alloy on a nickel base of the Ni-Cr-Ti-Al
system (y" = 3-5 %).

4. The resulting structure of workpieces (made from
powder and wire) when deposited is a y-solid solution with
the presence of intermetallic compounds, carbides, nitrides
and particles of acicular morphology of the excess chro-
mium-based (0-Cr) phase released during the aging pro-
cess. When analyzing the microstructure, fusion lines are
not visible; the structure a) is homogeneous with the mu-
tual growth of grains and dendrites between layers, and b)
corresponds to the normally heat-treated state of the alloy
made from a heat-resistant, low-aging, high-chromium
nickel-based alloy of the Ni-Cr-Ti-Al system (y" = 3-5 %).
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Statement plasma surfacing with powder and wire, which made it

The evidence base has been developed regarding the  possible to implement the technology presented through
process maintainability, mechanical properties and the en-  a) manufacturing new parts on commercial scale, and b)
suring of stable quality of workpieces deposited by micro-  conducting repair activities after operation.
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Po3po0ka TexHO0JIOTii CIPIMOBAHOI0 €HEPreTUYHOI0 0CA/I>KEHHSI 3aT0TOBOK
AeTasied aBialliifHMX JIBUTYHIB 3 :KAPOMILIHUX HiKeJeBHX CILUIABIB MeTO0M
NMOMIAPOBOr0 MiKpPOIJIA3MOBOI0 HAIJIABJIEHHS

K. Banymiok! o C. Yirineiiuuk? o L. Ierpux! e C. Caxuo' e P. Kyaukoschkuii’

I AT “Morop Ciu”, 3anopixxs, Ykpaina
2 HanioHansHuil yHiBepcuTeT “3anopizbka mositextika”, 3anopixoks, Ykpaina

Anomauia. Y cmammi npedcmagieno mexnHonoziio npoyecy cnpamosanoco enepzemuunozo ocaodxcenuss (CEO) memoodom nowapo-
6020 MIKPONIA3ZMOB020 HANAABNEHHS NOPOUIKOM [ OPOMOM 3 JACAPOMIYHO20 BUCOKOXPOMOBO2O CHIABY HA OCHOGI MIKeno cucmemu
Ni-Cr-Ti-Al (y" = 3-5 %), axuii gukopucmogyemucsi Oisl BU2OMOGIEHHsL 320MOBOK demaneli 2a30mypOiHHUX O8USYHI6, I3 3a0e3neueh-
HSM 3A0aHO20 Pi6Hs MEXAHIUHUX 61ACMUsocmetl, HeoOXIOHUX 0Jisl noO0anbulol excniyamayii demanet. Y cmammi po3ensnymo o61ao-
Hanna ma xapakmephi ocobausocmi mexuonoeii CEO 3 eukopucmannsam memooy 6e3nepeperozo (nowaposozo) Mikponiasmoeo2o
Hannaenents. Aoumuehe 0cadicents 30IUCHIOBAU HA POOOMUZ0BANIT YCMAHOBYL OJisl MIKPONIA3MOB020 NOPOUKOBO20 HANAAGNEHHS
STARWELD 190H ma na inmezposaniti ycmanosyi na 6a3si poooma FANUC i nnazmosozo oonaounanus SBI 3 euxopucmannsam opomy,
6U20MOBIIeH020 31 cnaagy Ha ochosi nikenio cucmemu Ni-Cr-Ti-Al (Y = 3-5 %). Hics ocadacennsn 6ynu npogedeni maxi onepayii, ik
mepmiuna obpooxra (cmapinus 900 °C, sumpumxa 16 200un), mexaniuna o6pobra ma KOHmpos AKocmi. J{is hopmysanis 00kaz06oi
bazu 3 Memoio 8U3HAYUEHHs MOJCIUBOCHIT BCMAHOGIEHHS HANNABTIEHUX 3A20MOBOK Y 08UYHAX OYII0 NPOBE0eHO KOMNIEKC 00CiOdNCeHb,
SAKULL GKAI0YAB. BUSHAYEHHA XIMIUHO20 CKIAOY 3A20MOBOK, HANABNIEHUX 3a MEXHONO02IEI0, AHANORTUHOIO 00 HANIAGIEHHS 3a20MOBOK;,
NPOBeOeHHs. MeManoepaPiuHuUxX O0CIOHCeHb MA MEXAHIYHUX BUNPOOYEAHL. ABMOpU CIMBEpPONCYIOMb, W0 NPO8eOeHi 00CTIONHCEHHS No-
Kazanu, wo XiMiYHuti CK1ao Han1aeneHo20 Memarny 8iOnogioac 6uMo2am HoOpMamusHoi OoKymMenmayii, a Mikpocmpykmypa naniaene-
HO20 Memany nicia mepmiyHoi 0OpodKu 8I0NOBIOAE HOPMATLHO MEPMIUHO 0OPOOIEHOMY CIAHY HU3bKOIE208AHO20 BUCOKOXPOMOBO2O
cnnagy na ocnosi nikenio cucmemu Ni-Cr-Ti-Al (Y = 3-5 %), a pigens mexaniunux 61acmueocmeii HAnNIA6IEHO20 CAIABY NICsL CEPiltHOl
mepmiunoi oopodxu (6umpumxa 900 °C, sumpumxa 16 200un) He HUMCUULL 30 PIBEHb NOKOBOK, WO Pedni3ylombCs 8 CEpiuHOMY 8UpOD-
HUYMSI 0aH020 Muny oemaiel.

Knrouogi cnosa: nannasniogami 3a20moexu, NOpouwox, Opim, Mexaniymi 61acmueocmi, XiMiyHuil CKa1ao, MemaJ wed.
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