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Abstract. The TNM-B1 + Y,0, alloy powders obtained by the method of self-propagating high-temperature synthesis were
studied. The influence of particle processing parameters in thermal plasma, generated by a DC (direct current) arc plasma torch,
on the morphology and structure of spherical particles was considered. It was established that plasma treatment significantly
changes the shape of the particles and allows obtaining a product with a high degree of spheroidization (from 88 to 97 %), which
depends on the plasma stream temperature, the composition of the plasma-forming gas, and the amount of processed material. Using
hydrogen-containing thermal plasma, the degree of spheroidization can reach 99 %. At the same time, the concentrations of impu-
rity oxygen decrease from 0.8 to 0.13 wt. %, nitrogen decreases by 2 times, and the concentration of hydrogen significantly drops.
Studies were conducted to develop selective laser melting regimes, resulting in samples with minimal defects. The optimal volu-
metric energy density of the laser was 40-50 J/mm?. The gasostatic treatment process allowed achieving almost complete unifor-
mity of the samples’ structure and the absence of pores. Additionally, thermal treatment at # = 1380 °C and t = 120 min contributed
to the transformation of the initial equiaxed structure of the alloy into a lamellar one. According to the results of thermomechanical
tests under the scheme of uniaxial compression in the temperature range from 800 to 1100 °C, it was established that the alloy
with a lamellar structure after selective laser melting, hot isostatic pressing, and thermal treatment has increased strength values
by 80-100 MPa compared to the globular structure. The mechanical properties of the alloy with a lamellar structure at ¢t = 800 °C
are: modulus of elasticity £ = 115.2 GPa, yield strength 6, = 528 MPa, compressive strength 6, = 1148 MPa, and at # = 1100 °C:
E =482 GPa,c,, =98 MPa, 6, = 149 MPa.
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AHHoTayms. Viccnenosansl mopormku u3 cmmasa TNM-B1 + Y, 0, mony4eHHbIe METONIOM CaMOPACTIPOCTPAHSIOIIETOCS BBICOKOTEM-
MepaTypHOTO CHHTE3a. PaccMOTpeHo BIHMsIHUE MapaMeTpoB 00pabOTKM YacTHI] B TEPMUIECKOH IIa3Me, TeHePHPYEMOH IIeKTPO-
JIyTOBBIM IJIa3MOTPOHOM IOCTOSTHHOTO TOKa, Ha MOP(OJIOTHIO ¥ CTPYKTYPY chepHiIecKruX 4acTull. YCTaHOBJIEHO, YTO IIa3MEHHast
00paboTKa CyIIEeCTBEHHO M3MEHseT (OpPMy YacTHIl U ITIO3BOJSIET ITOJYYHTH IPOAYKT C BBICOKOH CTEIEHBIO ceponau3annu
(o1 88 10 97 %), KOTOpas 3aBHCUT OT TEMIIEPATyPbl HOTOKA IIA3Mbl, COCTaBa MIIa3MO00Pa3yIOLIEro ra3a 1 Kojau4ecTsa 0opadarsi-
BaeMoro Marepuaia. [Ipy HCIOIB30BaHIH BOJOPOJICOACPIKALICH TEPMUIECKON TUIa3Mbl CTEIICHb C(HEPOUIM3ALUH MOXKET JOCTH-
ratb 99 %. [Ipu 3TOM CHMXKAIOTCS KOHIICHTpaLMU NpuMecHoro kuciopoaa ¢ 0,8 mo 0,13 mac. %, azora B 2 pa3a ¥ CyUIECTBEHHO
najgaeT KOHIEHTpalus Bogopoaa. [IpoBeeHbl HCCIeoBaHuUs 0 OTPabOTKEe PEKHMMOB CEIEKTHBHOTO JIa3epHOTO CIIJIaBICHUS,
B pe3ysibTaTe 4ero ObLIM MOCTPOEHBI 00pa3slbl ¢ MHHUMAJIBHBIM KoindecTBOM Jedexros. IIpu 3ToM onTuManbHas oObeMHast
IUIOTHOCTH SHEPruHM sasepa cocraBuina 40-50 JIx/mm. Tpomece razocTarnyeckoit 00paboTKU TTO3BOJINI JOCTUYD TPAKTHIECKH
MIOTHOW OJHOPOAHOCTH CTPYKTYphI 00PA3IOB U OTCYTCTBHUS MOp. JIOMONHUTENBHO MPOBEJACHHAS TepMHUYecKas 00paboTka mpu
t = 1380 °C u 1 = 120 MuH crmocoOCcTBOBaNIa MpeoOpPa30BaHUIO WCXOAHON PaBHOOCHOH CTPYKTYpHI CIUTaBa B JIAMEIUIAPHYIO.
[To pe3ympraTam TepMOMEXaHHUUYECKHUX HCTIBITAHUN IT0 CXEME OJHOOCHOTO CXKaTus B aAuamnasoHe temmneparyp ot 800 mo 1100 °C
YCTAaHOBJIEHO, YTO CIUIAB C JIAMEJUISIPHON CTPYKTYPOH IOCIe ONepanui CeIeKTHBHOTO JIA3EPHOTO CIUIABICHHS, TOPSIETO H30C-
TAaTUYIECKOTO MPECCOBAHUS U TepMHUIecKoH 00paboTku mMmeer nosbimeHHble Ha 80-100 MIla 3HaueHnst MpOYHOCTH IO CpaB-
HEHHUIO ¢ MIOOYISIpHOH CTPyKTypoi. MexaHHdecKHe CBOMCTBA CIIIaBa ¢ JIAMEJUIIPHON CTPYKTYpoil cocrasmiau npu ¢ = 800 °C:
Mozyib ynpyroctu £ = 115,2 I'lla, npexen texky4ecth o, , = 528 MIla, npexen npoynoctn npu cxarnu 6, = 1148 MIla, a npu
t=1100°C—-E=482Tlla, 5,, =98 Mlla, o, = 149 MIla.

KnioueBbie csoBa: THUTAHOBHIE CIUIABHL, IDTa3MEHHas CQEPOWIM3AINsA, MOPOIIKOBAS METaJUIyprusl, CaMOpacHpOCTPaHSIONIHHACS
BBICOKOTEMITEpPATypHBII CHHTE3, CHHTE3 TOpEHHeM, ropsiee n3ocrarundeckoe npeccosanue (I'UIT), mexannueckue cBoiicTa
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cTBeHHOTO 3ananust (mpoekt 0718-2020-0034).
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cific strength superior to that of modern nickel-based
superalloys of similar purpose (~9 g/cm?) [3-5].

Introduction

Heat-resistant alloys based on titanium aluminides

TiAlUTi,Al are of significant interest for technical
applications in mechanical engineering [1; 2]. They are
characterized by high heat resistance, corrosion resis-
tance, and creep resistance. Under the influence of high
temperatures and aggressive environments, these alloys
maintain thermodynamic stability and, in addition,
have low density (~5 g/cm?), which makes their spe-

70

The primary challenges hindering the use of
TiAl/Ti,Al-based alloys in the manufacture of comp-
lex-shaped parts include high sensitivity of the phase
composition to process parameters, impurities, and
variations in the concentrations of alloying elements,
as well as the difficulty of processing at room tempera-
ture. Producing such parts through traditional metal-
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lurgical methods followed by mechanical processing
involves high capital costs and significant material
losses [6]. Modern additive manufacturing technolo-
gies, such as selective laser melting (SLM), can address
these issues by minimizing the need for mechanical
processing [4; 5]. Active research is underway to opti-
mize the compositions and production methods of heat-
resistant alloy powders [6-9].

One method for producing TiAl/Ti,Al-based alloy
powders utilizes the technology of self-propagating
high-temperature synthesis (SHS) [10; 11]. The poten-
tial of this method lies in the heterogeneity scale
of powder particles with increased reactive surface
area due to the high speed of combustion wave propa-
gation, allowing the production of powder materials
of the required composition [12—14]. Using this tech-
nology, products from basic TiAl/Ti,Al alloys have
been manufactured [15].

The development of the SLM process opens up
prospects for the creation of complex-shaped products
from TiAl/Ti;Al-based materials [5; 12]. In the SLM
technology, narrow particle size distribution spheri-
cal powders, are used as raw materials, which must
meet specific requirements for chemical composi-
tion, impurity content, and properties such as bulk
density, flowability, granulometric composition, and
sphericity.

Based on these requirements, spheroidized powders
from TiAl/Ti,Al-based alloys can be obtained using
gas atomization, plasma rotating electrode process
(PREP method) and plasma spheroidization technolo-
gies [16-20], which ensure rapid melt crystallization,
contributing to the reduction of grain size and the for-
mation of a homogeneous structure in the solid state.
Producing such powders by gas atomization and PREP
methods involves using pre-manufactured cast bil-
lets and rods, increasing the process cost [18; 21-23].
Plasma spheroidization allows the use of precursor
powders as raw materials, significantly simplifying
the technology. Under high temperatures and the influ-
ence of surface tension forces, particles of arbitrary
shape melt, acquire a spherical shape, and crystallize.
This processing method improves many powder char-
acteristics for further use in additive technologies: it
increases flowability and bulk density; reduces impu-
rity oxygen content; and helps remove internal pores
formed in the original particles [24-27].

The aim of this work was to produce spherical pow-
ders in the 10-65 pm fraction from the TNM-B1 +Y,0,
alloy based on titanium aluminide, to study the influ-
ence of particle processing parameters in thermal
plasma generated by a DC arc plasma torch on the mor-
phology, structure, and properties of the powders,

and to use these powders in selective laser melting
technology.

Materials amd methods

As the starting material, powders of a reac-
tive mixture of pure elements were used to produce
the TNM-B1 alloy modified with yttrium oxide (Y,0,)
by the SHS method in a thermal explosion mode [14].
Pressed billets of the reactive mixture were placed in
a tube furnace heated to 900 °C to initiate bulk com-
bustion. The synthesis products were sequentially
ground to a powder with particle sizes <100 um using
a jaw crusher and a planetary ball mill Activator-4M
(Russia). Narrow particle size distribution spherical
powders with grain sizes of 10-65 pm were obtained
using an air classifier Golf-3 (Russia).

The classified powders were processed in a thermal
plasma stream using a powder spheroidization unit
developed by the Baikov Institute of Metallurgy and
Materials Science (Moscow, Russia) [28]. The para-
meters for the spheroidization process of micropow-
ders in the thermal plasma stream are as follows:

Plasma torch power (Np]), kKW.. . ............ 11-25
Plasma-forming gases . . ................... Ar,Ar+H,
Plasma gas flow rate (G,),), m¥h............ 2.0-2.16
Plasma stream enthalpy (7)), kKW-h/m?......... 2.0-3.9
Precursor feed rate (Gpr), kg/h........... ... 0.6-2.4
Transport gas flow rate —Ar(G, ), m*h........ 0.5

tr.g

The plasma jet is generated by a DC arc plasma torch
with a power of 30 kW and flows into a water-cooled
plasma reactor with a diameter of 300 mm and a length
of 1000 mm. The particles of the processed material
are introduced into the plasma jet as a gas-dispersed
flow using a carrier gas. During particle heating, mel-
ting occurs, and spherical shapes form due to surface
tension forces. The particles then crystallize, deposit
on the inner surface of the plasma reactor, and partially
exit to the waste gas filtration system. A reactor wall
cleaning system collects and accumulates the product
in receiving hoppers.

During plasma processing of the precursor powder
with a wide particle size distribution, a nanosized frac-
tion may form due to the partial evaporation of small
particles and the condensation of vapors. The presence
of this fraction significantly degrades the physical
and technological properties of the final product and
increases oxygen and nitrogen impurities due to active
oxidation of nanoparticles in contact with air. The nano-
sized fraction was removed from the spheroidized
product by sedimentation in distilled water after ultra-

/1
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sonic treatment. The target product was dried under
low vacuum conditions at # = 150 °C for 180 min.

The granulometric composition of the powders
was measured by laser diffraction in a liquid medium
using an ANALYSETTE 22 MicroTec plus device
(FRITSCH, Germany) according to ASTM B822-17.
Powder flowability was assessed using a Hall funnel
(calibrated funnel diameter 2.5 mm) by the standard
ASTM-B213 2017 test method. Bulk density was
measured according to GOST 19440-94. Impurity
oxygen content was determined by reductive melting
using a TC-600 instrument (LECO, USA) according
to the standard ASTM E1019-18 test method.

The construction and optimization of selective laser
melting (SLM) modes were carried out on an SLM-260
setup (SLM Solutions, Germany) in an inert atmo-
sphere. The scanning speed and power were varied in
the ranges of 100-1000 mm/s and 50-300 W, respec-
tively. To eliminate defects such as pores and micro-
cracks, SLM samples were additionally subjected to hot
isostatic pressing (HIP), and to modify the structure
type after HIP, they were thermally treated (HIP + TT).
The HIP process was performed on a HIRP10/26-200
setup (ABRA AG, Switzerland) at a temperature
of ¢ = 1240 °C, argon pressure P, = 200 atm, and
isothermal holding time t = 120 min. Thermal treat-
ment was conducted in a Termionik-T1 vacuum fur-
nace (Russia) with a tungsten heater at r = 1380 °C and
T =120 min.

Phase composition was studied by X-ray phase
(XRD) analysis on a D2 PHASER diffractometer
(Bruker AXS GmbH, Germany) using CuK radia-
tion in the 20 angle range of 10-120° with a step size
of 0.02° and exposure of 0.6 s.

Microstructural investigations were carried out on
an S-3400 N scanning electron microscope (Hitachi,
Japan) with an energy-dispersive attachment NORAN
System 7 X-ray Microanalysis System (Thermo
Scientific, USA).

Thermomechanical tests under uniaxial com-
pression were conducted in a vacuum (~10~3 Pa) on
a Gleeble System 3800 instrument (Dynamic Systems
Inc., USA). Hot deformation diagrams of samples
under compressive stress were recorded in the tem-
perature range of 800 to 1100 °C at a strain rate
de/dt < 0.001 s7'.

Results and discussion

Precursor powder structure

The SHS powder was characterized by the presence
of irregularly shaped particles and consisted of y-TiAl

72

and a,-Ti;Al phases [15]. According to the structural
studies (Fig. 1, a, b), it has a homogeneous microstruc-
ture, which is an important condition for obtaining
high-quality spheroidized powder.

As shown by laser diffraction analysis (Fig. 1, ¢),
the powders have a unimodal distribution with a peak
at ~10 um. The quantile distribution of particles sizes
D,,, Dy, and Dy, of the powders was 24, 40, and
68 um, respectively. Since separation in the air clas-
sifier is predominantly based on particle mass, some

particles larger than 70 pm were included in the tar-

40

20

0
0 10 20 30 40 50 60 70

Size, um

Fig. 1. Morphology (@), microstructure (b)
and granulometric composition (c)
of the TNM-B1 +1 % Y,0, powder after SHS

Puc. 1. Mopdonorus (a), MukpocTpykrypa (b)
U IPaHyJIOMETPUYECKHI COCTaB (c) IOopoIIKa
TNM-B1 + 1 % Y,0, nocie CBC
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get fraction due to their irregular shape. The pres-
ence of a fraction smaller than 20 um is explained
by the developed surface of the particles and their
mechanical interlocking. The physical and techno-
logical properties of the powders largely determine
the parameters of their subsequent spheroidization
in the thermal plasma stream, where a high degree
(>95 %) of sphericity is required [28]. The initial SHS
micropowders did not exhibit flowability, and their
bulk density was 1.5 g/cm?.

Plasma spheroidization

Plasma spheroidization experiments were conducted
with variations in the following parameters: plasma
stream enthalpy, plasma-forming gas composition, and
precursor powder feed rate. The main criteria for select-
ing the optimal plasma treatment mode for the powders
were the degree of spheroidization and the minimiza-
tion of the nanosized fraction in the processed powders.
One significant parameter of plasma spheroidization,
determining the energy contribution to the process
and affecting the properties of the resulting product,

is the plasma stream enthalpy value. The properties
of the spheroidized product varied depending on this
parameter within the range of 2 to 3.85 kW-h/m?, deter-
mined by the useful power level of the DC arc plasma
torch, the composition, and the flow rate of the plasma-
forming gas.

At the minimum enthalpy of the argon-hydrogen
plasma stream / = 2 kW-h/m® the spheroidization
degree of the product was ~73 %, which is low for
powders intended for use in additive manufacturing
processes (Fig. 2, a, b). Material evaporation with
the formation of the nanosized fraction was practically
absent, flowability was 57 s/50 g, and bulk density was
2.1 g/em?.

Increasing I, > 2 kW-h/m? significantly raised
the heat flow density to the surface of the processed
powder particles, positively affecting the intensifica-
tion of heating and melting particles, and consequently,
increasing their spheroidization degree. However,
a negative aspect of this process is the increased
evaporation intensity of particles due to overheat-
ing, leading to a higher concentration of condensed

Fig. 2. Morphology of powders after spheroidization at an argon-hydrogen plasma
stream enthalpy of 2 kW-h/m? (a, b), 2.9 kW-h/m’ (¢, d) and 3.85 kW-h/m’ (e, f)

Puc. 2. Mopdoorust HOpOIIKOB 110cie cheporIn3aliu Ipy 3HAYCHUH SHTAIBIIUU [I0TOKA
aproHOBOIOPOHOI asMbl 2 KB u/M? (a, b), 2,9 kBt u/M? (¢, d) u 3,85 kBr u/™m? (e, f)
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nanoparticles in the spheroidized powder. Experiments
showed that the maximum spheroidization degree
was achieved at an argon-hydrogen plasma stream
enthalpy of [ = 3.85 kW-h/m3. Changing its value
from 2 to 3.85 kW-h/m? increased the spheroidization
degree from 73 to 96 %. The nanosized fraction content
increased slightly (to 2.1 wt. %), flowability reached
38 s/50 g, and bulk density increased to 2.45 g/cm?.

Research found that processing the precursor powder
in argon plasma produced a product with a spheroidiza-
tion degree of 96 %. The presence of agglomerates and
particles with satellites was noted (Fig. 3, b). To increase
the spheroidization degree at a fixed electric arc power
value, the heat transfer conditions in the “hot gas-par-
ticle” system must be changed. One possible solution is
to increase the thermal conductivity of the gas medium
by adding hydrogen to the plasma-forming gas. Using
hydrogen-containing thermal plasma intensifies heat
and mass transfer processes, reducing the heating time
of processed particles, resulting in a spheroidization
degree of up to 99 % (Fig. 3, a). It was also found
that hydrogen-containing plasma creates conditions
for partial reduction of the precursor powder, lead-
ing to a decrease in oxygen impurity concentration in
the product.

Increasing the precursor powder feed rate requires
more thermal energy from the plasma stream to heat
the material, reducing the spheroidization degree. Thus,
increasing the precursor feed rate from 0.6 to 2.4 kg/h
decreased the spheroidization degree to 88 %, while
the nanosized fraction content decreased to 2.1 wt. %.
The maximum spheroidization degree (96 %) at a mini-

mal nanosized fraction content was achieved with
a precursor feed rate of 1.2 kg/h. As previously shown,
micropowders obtained by plasma spheroidization
(Fig. 4, a, b) contain nano- and submicron-sized par-
ticles formed by partial evaporation of the processed
material and subsequent vapor condensation during
cooling of the high-temperature gas-dispersed flow.
Particle content varied from 3 to 10 wt. %.

A suitable spheroidized powder for SLM tech-
nology was obtained with an Ar-H, plasma stream
enthalpy with 3.7 vol. % hydrogen, corresponding
tol, =338 kW-h/m3. Partial evaporation of the pre-
cursor led to the appearance of a nanosized fraction
M =7 wt. %, and the spheroidization degree reached
99 % (Fig. 4, c—e). The spherical particles exhibited
ahomogeneous globular TiAl/Ti,Al structure with Y, O,
nanoparticles at grain boundaries (Fig. 4, f). The flowa-
bility of the resulting powders was 29 s/50 g, and
bulk density increased to 2.5 g/cm®. D, , Dy, and D,
parameter values were 17, 29, and 50 um, respectively,
within a particle size range of 10 to 79 um. It should
be noted that processing the powder in argon plasma
reduces oxygen impurities from 0.8 to 0.6 wt. %,
while hydrogen-containing thermal plasma treat-
ment, along with removing the nanosized fraction,
reduces oxygen impurities to 0.3 wt. % (Fig. 5) and
halves nitrogen impurities. Hydrogen content remained
at 0.0025 wt. %.

Selective laser melting

The obtained powder was used to optimize the SLM
modes on the SLM-260 setup (SLM Solutions,

Fig. 3. Morphology of powders after spheroidization in plasma stream: Ar-H, (a, ¢), Ar (b, d)

Puc. 3. Mopdomnorus nopomuikos nocie chepouusaiuu s wiasme Ar—H, (a, ¢) u Ar (b, d)
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Fig. 4. Morphology of TNM-B1 + 1 % Y,0, alloy powder after treatment in Ar—H, plasma
before (a, b) and after (¢, d, e) ultrasonic cleaning, and cross-section of a particle (f)

Puc. 4. Mopgonorus nopomka crasa TNM-B1 + 1 % Y,0, nocne odpadorku B Ar—H,-muiasme 1o (a, b)
u nociie (¢, d, e) ynpTpa3ByKOBOW OYMCTKH U MONICPEUHBIN MU yacTUIsl (f)

Germany). The optimal ranges of the main parameters
of laser synthesis were selected, considering the mini-
mum volumetric energy density (VED) required to melt
a powder layer of a given thickness, using the follow-
ing formula:

P

vhtd

VED =

b

where P is the laser power, W; v is the scan-
ning speed, mm/s; & is the hatch spacing, mm; ¢ is
the powder layer thickness, mm; d is the laser beam
diameter, mm.

The optimization of SLM modes using the spheri-
cal TNM-B1 + Y,0, powder involved creating single
tracks and evaluating the depth of melt and the pres-
ence of defects. The results of laser processing of single
tracks revealed several patterns (Fig. 6). Low scanning
speeds (v < 200 mm/s) lead to a significant increase
in the depth of melt for single tracks (up to 500 pm)
regardless of the applied power, while high values of v
caused significant track widening. In volumetric print-

ing, this leads to multiple remelts of adjacent tracks,
and creates conditions for the formation of excessive
stress and subsequent cracking of the material.

1.0
09 r
0.8 r
0.7 -
0.6 -
0.5
04 r
03 r
02
0.1

Oxygen content, wt. %

SHS powder Ar-plasma Ar—H,-plasma

Fig. 5. Impurity oxygen content in the starting SHS powder
after treatment in Ar and Ar-H, plasma

Puc. 5. Conepixanue MIPUMECHOTO KUCIOPO/a B HCXOAHOM
CBC-nopoike, nocie 06pabotku B Ar- n Ar—H,-nnasme
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Fig. 6. SEM images of cross-section of tracks («), and their surface images obtained by optical microscopy (b)

Puc. 6. COM-n300paxeHH s TONEPEYHbIX CEYCHHUH TPEKOB (@) ¥ CHUMKH HX OBEPXHOCTH,
MOTy4YEeHHBIE METOJIOM ONITHYECKON MUKPOCKOTHH (b)

Increasing the scanning speed from 200 to 600 mm/s
reduced the number of unmelted particles on the track
surface, and the track width became more uniform,
ranging from 110 to 160 pm. Tracks obtained at higher
scanning speeds had a smooth and uniform surface
with a low number of defects. The optimal microstruc-
ture of the tracks was obtained at v = 500600 mm/s,
and simultaneously increasing the laser power required
v > 900 mm/s, corresponding to a volumetric energy
density range of VED = 40+110 J/mm?. Further varia-
tion of power and scanning speed for creating bulk
samples was conducted within the established VED
range.

Fig. 7, a shows the matrix of volumetric energy den-
sity values and a platform with bulk samples. Power
variation was conducted within 70—-115 W, and scan-

ning speeds in the range of 500-1000 mm/s. Samples
can be divided into three groups based on characteris-
tic defects. In Fig. 7, b, samples with warping during
construction are highlighted in red, those with contour
delamination in yellow, and defect-free samples in
green.

For most construction modes, especially at high laser
energy density (160 J/mm?), complete sample const-
ruction was not achieved. This was due to insufficient
heat transfer and melt overheating, leading to warping,
as well as the formation of cavities and cracks. Visual
control of the SLM process for each subsequent printed
layer required stopping printing for some modes due
to pronounced warping of the growing samples. These
modes, characterized by low laser power (70 W),
ensured the formation of a dense microstructure with

P

4 B C D E

179 95 |11l 127 143

2 64 77 90 103 115

Vi 3 54| 65 75 86 97
4 |46 56 65 74 83
5|41 |49 57 65 73

6 [36] [43] 51 58 65

a

Fig. 7. SLM modes and platform with constructed samples

a — mode matrix with volumetric laser energy density values; b — image of bulk samples constructed using SLM

Puc. 7. Pexxumbr CJIC u riardopma ¢ TOCTPOSHHBIMU 00pa3iaMu

@ — MaTpuIa PEKUMOB CO 3HAYCHUSIMH OOBCMHOI IIOTHOCTH SHEPIHH Jla3epa;
b — m300paxkeHne 00bEMHBIX 00Pa3LOB, MOCTPOCHHBIX ¢ TToMoIbio CJIC
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Cracks

Cracks

A

Fig. 8. Microstructures of bulk SLM samples obtained during the optimization of modes A2 (@) and A5 (b)

Puc. 8. Mukpoctpyktypbl 00beMHbIX CJIC-00pa3noB, MogyueHHbIX PH ONTUMHU3ALNE peXuMoB A2 (a) u AS (b)

a uniform distribution of alloying elements. However,
microcracks were present in the samples (Fig. 8, a),
formed due to internal stress from strong temperature
gradients.

As seen in Fig. 8, b, reducing the volumetric energy
density to 50 J/mm? and simultaneously lowering
the laser power and scanning speed prevented melt
pool overheating and suppressed the formation of most
microcracks in the sample structures. A small number
of submicron pores (<3 vol. %) were noted in these
samples’ structures, formed by argon entrapment in
the melt pool.

Post-processing
and mechanical testing

The obtained samples of the TNM-B1 +Y,0; alloy
with optimal structure under mode A5 (Fig. 9, a) were
subjected to HIP and heat treatment. X-ray diffrac-
tion patterns were recorded after three types of treat-
ment (SLM, SLM + HIP, and SLM + HIP + HT)
and phase identification was conducted (Fig. 9, b).
The TNM-B1 + Y,O, alloy obtained by SLM pre-
dominantly contained the o,-Ti,Al phase (60 wt. %).
Its concentration was 3—4 times higher than the equi-

Intensity

o J-TiAl b
° m— 0,-Ti,Al
4 — Ti,AINb/B
Amme o CJIC + TUIT + TO

CJIC + TUIL

A mEe o

20

. B aEe 4 mHe oo . CJIC
40 60 80 100 120
26, deg

Fig. 9. Bulk samples of the TNM-B1 + Y,0; alloy obtained by SLM (a)
and X-ray diffraction patterns of this alloy after SLM, SLM + HIP, and SLM + HIP + HT (b)

Puc. 9. O6bemuble 06pasupl u3 cinapa TNM-B1 +Y,0,, onyyennsie metoziom CJIC (a),
U peHTreHorpammel storo ciuasa nocite CJIC, CJIC + TTUIT u CJIC + T'UIT + TO (b)
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Fig. 10. Microstructures of the TNM-B1 + Y, 0, alloy after various types of treatment

Puc. 10. Muxpoctpyktypsl citasa TNM-B1 +Y,0, nocine pasiuuHbIX BUI0B 00paboTKu

librium [14]. Phase formation processes in alloys
similar to TNM-B1 + Y,O, are primarily controlled
by the cooling rate. High cooling rates typical of SLM
suppress the eutectoid reaction oo — a,, + v, resulting in
an excess of the o,-Ti, Al [11].

HIP treatment brought the SLM TNM-B1 + Y,0,
alloy to an equilibrium state by transforming meta-
stable a,-Ti;Al into y-TiAl. As seen from the diffrac-
tion spectra of the SLM samples (Fig. 10), the inten-
sity of the tetragonal y-TiAl phase peaks significantly
increased after HIP. The y-TiAl: a,-Ti,Al ratio in them
was 75:20. It should be noted that both the SLM and
HIP samples contained 5-7 % B-Ti phase, which was
not previously observed in this alloy obtained by HIP
technology from SHS powders [15]. The SLM method
for consolidation involves higher temperatures and
material transition to the liquid phase, with crystalliza-
tion starting with the formation of primary B-Ti crys-
tals according to the Ti—Al phase diagram. These B-Ti
phase grains remain in the alloy after SLM and HIP
(Fig. 10).

Heat treatment (HT) did not lead to signifi-
cant changes in phase composition (Fig. 9, b):
the y-TiAl: a,-Ti,Al ratio remained 75:20. At this stage,
heating above the eutectoid transformation temperature
o — a, + v was carried out. As a result of slow cool-
ing, equiaxed a-phase grains decomposed into colonies
of y-TiAl: a,-Ti;Al lamellae (Fig. 10).

Structural and phase changes in SLM samples
occurring during HIP and HT undoubtedly affect
the properties of the TNM-B1 + Y,0, alloy. Fig. 11
shows deformation diagrams in the “true stress — loga-
rithmic strain” coordinates for samples obtained under
SLM mode A5, SLM + HIP, and SLM + HIP + HT.
The porosity of the samples after HIP and HIP + HT did
not exceed 1%. It was found that the obtained proper-
ties strongly depend on the test temperature. All defor-
mation curves exhibit a pronounced maximum corre-
sponding to the compressive strength and indicating
the deformation hardening of the samples. All curves
have a second section where deformation increases as
stress decreases. This effect is explained by dynamic

1200
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400
200

Stress, MPa

i i T 4 1 1100 °C I I I 1 I

= 800 °C

B 900 °C

000 °C
71100 °C

0 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0

Logarithmic strain

0.05 0.10 0.15 0.20 0.25 0.30 0.35

Logarithmic strain

Fig. 11. Deformation diagrams under uniaxial compression in the coordinates
“true stress — logarithmic strain” for SLM samples of the TNM-B1 +Y,0; alloy

a—SLM + HIP; b — SLM + HIP + HT

Puc. 11. AnarpamMmsl fedopMarivi, peaarn30BaHHON 0 CXeMe OJJHOOCHOH OCaJIKH, B KOOPJHHATaX
«UCTHHHBIE HANPSKEHUS — JTorapupmudeckas negopmanusy» 1t CJIC-o06pasuos u3 crtasa TNM-B1 +Y,0,

a— CJIC +T'UIl; b — CJIC + T'HIT + TO
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Mechanical properties of TNM-B1 + Y, 0, alloy
after SLM and heat treatment (SLM mode A5)

Mexannyeckue coiicra ciiiasa TNM-B1 +Y,0,
nocje CJIC u 10n0JIHUTEIbHONH TepMHYecKkoii 00padoTku
(pexum CJIC AS)

t,°C E, GPa G,,> MPa G,, MPa
Sample after SLM + HIP
800 96.0 522 1128
900 88.0 330 622
1000 82.2 175 253
1100 73.5 94 80
Sample after SLM + HIP + HT

800 115.2 528 1148
900 68.3 308 703
1000 54.5 181 347
1100 48.2 98 149

recrystallization or dynamic recovery and relaxation
of crystal lattice defects.

Mechanical properties (elastic modulus £, yield
strength o,,, ultimate compressive strength o)
of the TNM-B1 + Y,0; alloy after HIP and HIP + HT
were determined using deformation diagrams (in
the elastoplastic transition region). The o,, values
of the obtained samples at 800 °C are comparable
to those of cast TNM-BI1 alloys (o, , = 400530 MPa),
and the o value increased by 150-200 MPa compared
to cast alloys (o, = 880+1000 MPa), due to the finer
grain structure [29; 30] (see Table).

HT of the TNM-B1 + Y,O, alloy samples after
SLM + HIP increases cu by 20-100 MPa due to the for-
mation of a lamellar microstructure. The strengthening
effect is more noticeable at high test temperatures (900
to 1100 °C).

Conclusions

1. Powders of the 10—65 um fraction with a high
degree of particle spheroidization (up to 99 %) were
obtained from SHS powders of the TNM-B1 + Y,O,
alloy. The influence of particle processing parameters
in thermal plasma generated by a DC plasma torch
was studied. It was found that this leads to signifi-
cant changes in particle morphology and the produc-
tion of a product with a high degree of spheroidiza-
tion ranging from 88 to 97 %, depending on plasma
stream enthalpy, plasma-forming gas composition, and
precursor feed rate. At the maximum spheroidization
degree, partial precursor evaporation was noted, lead-
ing to the formation of up to 7 wt. % of the nanosized
fraction.

2. It was established that using hydrogen-containing
thermal plasma increases the spheroidization degree
of the product up to 99 %. At the same time, increasing
the precursor feed rate from 0.6 to 2.4 kg/h decreases
the spheroidization degree from 97 to 88 %. When
processing powder in hydrogen-containing thermal
plasma, the impurity oxygen concentration decreases
from 0.8 to 0.13 wt. %, nitrogen impurities are halved,
and hydrogen concentration decreases by an order
of magnitude.

3. Experiments to optimize the SLM process identi-
fied regimes that allow building preforms with mini-
mal defects and residual porosity. The best samples
were obtained at a volumetric laser energy density
of 40-50 J/mm? (laser power around 60 W) and a scan-
ning speed above 900 mm/s.

4. The influence of post-processing (HIP and HT) on
the structure, phase composition, and mechanical prop-
erties of SLM samples from the TNM-B1 + Y0, alloy
was studied. After HIP, the samples had nearly zero
porosity with complete healing of structural defects,
and additional thermal treatment ensured the transfor-
mation of the alloy’s equiaxed structure into a lamellar
one.

5. Thermomechanical tests under uniaxial com-
pression in the temperature range of 800 to 1100 °C
revealed that the alloy with a lamellar structure in
the SLM + HIP + HT state has increased strength
values by 80—-100 MPa. The best samples had the fol-
lowing properties at ¢ = 800 °C: E = 115.2 GPa,
c,, = 528 MPa, o, = 1148 MPa, and at 1100 °C:
E =48.2 GPa, 5, = 98 MPa, 6 = 149 MPa.
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