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Plasma-chemical synthesis
of highly dispersed core-shell structures
from a mechanical mixture
of titanium carbide and titanium nickelide

Yu. A. Avdeeva' S, I. V. Luzhkoval, A. M. Murzakaev?, A. N. Ermakov!

nstitute of Solid State Chemistry, Ural Branch, Russian Academy of Sciences
91 Pervomaiskaya Str., Yekaterinburg, Sverdlovsk Region 620990, Russia
Institute of Electrophysics, Ural Branch, Russian Academy of Sciences
106 Amundsen Str., Yekaterinburg, Sverdlovsk Region 620216, Russia

23 y-avdeeva@list.ru

Abstract. In this paper, we studied the formation of ultrafine and nanocrystalline core—shell structures based on refractory compounds
of titanium with nickel during plasma-chemical synthesis of a mechanical mixture of TiC and TiNi in a low-temperature nitrogen
plasma. Cooling took place in an intensely swirling nitrogen flow in a quenching chamber. The derived products were separated
in a vortex-type cyclone and a bag-type fabric filter. After processing, the products were subjected to encapsulation aimed at reducing
the pyrophoricity for long-term storage of the resulting finely dispersed powders under normal conditions. X-ray diffraction and
high-resolution transmission electron microscopy were used to study the resulting powder products of plasma-chemical synthesis,
and density measurements were conducted. Additionally, to define the average particle size more accurately, the specific surface
was measured using the BET method. The instrumental research revealed the presence of ultra- and nanodispersed particles with
a core—shell structure in the powder products. These particles included titanium carbide-nitride compounds as a refractory core and
metallic nickel as a metallic shell. In addition, the presence of complex titanium-nickel nitride Tij ,Nij ;N was recorded. According
to direct measurements, the average particle size of the nanocrystalline fraction is 18.9 + 0.2 nm. The obtained research results
enabled us to develop a chemical model of crystallization of TiCXN);Ni core—shell structures, which is implemented in a hardening
chamber at a crystallization rate of 103 °C/s. To fabricate the model, we used the reference data on the boiling and crystallization
temperatures of the elements and compounds being a part of highly dispersed compositions and recorded by X-ray diffraction,
as well as the AG(¢) dependences for TiC and TiN.

Keywords: titanium nickelide, titanium carbide, plasma-chemical synthesis, low-temperature plasma, X-ray phase analysis, high-
resolution transmission electron microscopy

Acknowledgements: The work was carried out in accordance with the state assignment for the Institute of Solid State Chemistry
of the Ural Branch of the Russian Academy of Sciences (theme No. 24020600024-5).
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2024;18(3):5-15. https://doi.org/10.17073/1997-308X-2024-3-5-15
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AnHoTayums. IIpoBeneHs! HUCCIe0OBaHNS, HANPABICHHBIC Ha (JOPMHUPOBAHUE YIBTPAJUCIEPCHBIX U HAHOKPUCTAINIMIECKHX CTPYKTYP

«Iapo—000II09Ka» Ha OCHOBE TYTOIUIABKHX COSIMHEHMII THTAaHA C HUKEJIEM B XOJe IIa3MOXMMHIECKOTO CHHTE3a MEXaHHIECKOH
cmecu TiC u TiNi B HU3KOTEMITEpaTypHO#l a30THOM Tu1azMe. OXJTaIeHHe MPOUCXOANIO B HHTCHCUBHO 3aKPyUYSeHHOM MOTOKE ra30-
00pa3HoOro a30Ta B 3aKaTOYHON Kamepe. [IpomyKTh! mepepaboTKH cenapupoBaINCh B yCIOBHAX IIUKIOHA BUXPEBOTO THIIA U TKaHe-
BOTO (miIBTpa pykaBHOTO THMA. [Tocie mepepaboTKH MPOTYKTHI MOABEPTaIlCh KallCyIHPOBAHHUIO, HAPABICHHOMY HA HOHIKEHHE
MUPOGOPHOCTH AT JUIUTEIFHOTO XPAHEHHUs MOTYyYSHHBIX BBICOKOJHUCIIEPCHBIX MOPOIIKOB B HOPMAJbHBIX ycnoBusx. Ilepepabo-
TAQHHBIC TTOPOIIKOBBIE MPOAYKTH IUIA3MOXUMHYECKOTO CHHTE3a HCCIEIOBATNCh METOAAMH PEHTreHOTpaduy, MIPOCBEUHBAIONICH
SIIEKTPOHHOI MUKPOCKOIIMU BBICOKOTO Pa3pelIeHHs U H3MEPEHHS INIOTHOCTH. J{OTIOMHUTENBHO, ISl yTOYHEHUS CPEAHETO pa3Mepa
YaCTHIL, IPOBOAUIUCH U3MEPEHMSI yAeIbHON oBepXHOCTH 10 MeToarke BET. Pesynbrars! annaparypHbIX UcCIeI0BaHUNA TOKa3alu
HaJIM4YHe yIbTPa- ¥ HAHOAUCIEPCHBIX YaCTHI[ CO CTPYKTYPOH «SIAPO—000JI0UKA» B MOPOIIKOBBIX MPOAYKTAX. DTH YaCTHI[BI BKIIO-
Jaau KapOuIHO-HUTPHUIHBIE COSANHEHHS THTAHA B Ka4eCTBE TYTOIUIABKOTO SApa M METAININIECKUH HUKEIb B BHJIE METAIUINIECKON
0607104KH. JIONONHATENbHO 3a(UKCUPOBAHO NPUCYTCTBUE CIIOXKHOIO THTaH-HuKenesoro nurpuna Tij Nij;N. Hanoxpucramm-
geckast Qpakiusl MO pe3ylbraTaM MPSIMBIX M3MEPEHHH XapaKTepH3yeTcsl CpeaHuM pasMepoM dactul 18,9 + 0,2 um. Ha ocHoBe
MOTyYEeHHBIX Pe3yIbTaToOB UCCIIEN0BaHMI OblIa CHOPMHUPOBAHA XUMHIECKas MOJIETb KPUCTAIIH3AIMN CTPYKTYD «SIIp0o—000I0uKa»
TiCXNy—Ni, peanusyemas B yCIOBHAX 3aKaJOYHON KaMephbl CO CKOPOCThIO Kpuctammsanuu 10° °C/c. Jlns cocTaBneHnss Momenu
HCTIONB30BANIUCH CIIPABOYHBIE JAHHBIE O TEMIIepaTypax KAIEHHS U KPUCTAUTH3AINH IEMEHTOB H COSIMHEHNI, BXOASAIINX B COCTaB

BBICOKOVICIICPCHBIX KOMITO3UIUH 1 3aMIKCUPOBAHHBIX PEHTTeHOTpadudecky, a Takxke 3aBucuMoctu AG(?) ms TiC u TiN.

KnioueBbie caioBa: HUKEIN THTaHA, KapOWJ TUTaHA, IUIA3MOXMMHUYECKHH CHHTE3, HU3KOTEMIIEpATypHas IIa3Ma, PeHTreHO(a3oBbIH
aHaIN3, IPOCBEUNBAIOIIAs AEKTPOHHASI MUKPOCKOIHS BHICOKOTO pa3pelleH s

BbnarogapHocTy: Pabora BEITIOIHEHA B COOTBETCTBUH C TOCY/IapCTBEHHBIM 3a/1anueM MHcTuTyTa xumun tBepaoro terna YpO PAH (tema

Ne 124020600024-5).

Ana untupoBanmsa: Asneesa 10.A., JIyxkosa U.B., Myp3zakaes A.M., EpmakoB A.H. TTi1a3MOXHMHUYECKHI CHHTE3 BBICOKOIHCIEPCHBIX
CTPYKTYP «S1p0—000JI0YKa» U3 MEXaHHYECKOIT cMeCcH KapOu/ia THTaHa ¢ HUKEINI0M THTaHa. M3secmust 8y308. IIopowkosas memaniypeust
u gpynkyuonarvuvle nokpuimus. 2024;18(3):5-15. https://doi.org/10.17073/1997-308X-2024-3-5-15

Introduction

At present, the nanocrystalline state of matter
is extensively investigated [1-5] as it has a number
of unique physicochemical and physicomechanical pro-
perties determined by the high dispersion of particles.
For example, the most productive methods for the for-
mation of nanocrystalline materials include plasma-
chemical synthesis in a low-temperature gas plasma [6].
From the standpoint of fundamental research [7],
“quasi-equilibrium” processes occurring during plasma-
chemical synthesis in a low-temperature gas plasma
enable one to use the laws of equilibrium thermodyna-
mics to calculate the final state of the reacting system.

The formation of core—shell structures of a given
composition during synthesis of ultra- and nanodisperse

6

materials based on refractory compounds of IV-VIA
subgroups of the periodic table, with the participa-
tion of metals such as Ni and Co, makes it possible
to synthesize composite powder products suitable for
direct use. One of the technological examples is the use
of nanomaterials, obtained during plasma-chemical
synthesis in a low-temperature nitrogen plasma and
based on refractory compounds of titanium, vanadium,
zirconium and other elements of [V—VIA subgroups, as
modifiers for casting steels and non-ferrous alloys, as
described in [8—10]. During extra-furnace steel proces-
sing, nanocrystalline materials are placed into a ladle
using different methods and are rather evenly dist-
ributed throughout the molten steel or non-ferrous
alloy, acting as artificial nuclei during crystallization.
The metal components of composite nanocrystalline
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particles, therefore, serve as a buffer layer between
the melt and the refractory core, protecting the latter
from early solid-phase dissolution. The microquantities
of such modifiers improve the physical and mechani-
cal properties of cast materials while maintaining their
specified chemical composition.

On the other hand, refractory compounds based
on elements of IV-VIA subgroups of the periodic
table, with high hardness values, are used as the basis
for tool materials [11]. The binding phases are metals
and their intermetallic compounds, which allow metal
ceramic compositions to be formed, where the matrix in
the form of grains of refractory compounds is impreg-
nated with a metal melt during high-temperature sinte-
ring in vacuum with the participation of a liquid phase.
The patterns of such processes for various powder
compositions based on titanium carbonitride TiC
were earlier described in [12—16].

O‘SNO‘S

The main objective of this paper is to study the pat-
terns for the formation of ultradisperse and nanocrys-
talline particles with a core—shell structure during
plasma-chemical synthesis of a mechanical mixture
of TiC and TiNi (1:1) in a low-temperature nitrogen
plasma.

Methods

Microcrystalline powders of titanium carbide
(50 um) and titanium nickelide (40 um) were used as
the initial components of the charge for plasma-chemi-
cal synthesis. The industrial plasma-chemical plant
described in [6] was used for plasma-chemical synthe-
sis. The plant productivity can reach 1 t/h, which con-
firms a quite reasonable cost of this technology.

The capacity of the plasma chemical plant (FSUE
SRIOCCT, Saratov) was 25 kW, voltage — 200-220 V,
current — 100—110 A, plasma flow speed — 55 m/s, gaseous
nitrogen flow rate in the plasma reactor — 25-30 m3/h
(of which plasma formation accounted for 6 m3/h and
stabilization and hardening — 19-24 m3/h). The initial
mechanical mixture consumption was 200 g/h.

The pneumatic transport transferred the processed
ultrafine and nanocrystalline powder into a vortex-
type cyclone and a bag-type fabric filter for separation.
Nitrogen was used as a transport gas. After cooling, air
was slowly introduced into the separation units to form
a thin passivating oxide film. At the next passiva-
tion stage, the materials were encapsulated in a spe-
cialized unit of a plasma-chemical plant (capsulator),
which ensures long-term storage of highly dispersed
materials under normal conditions. The technique
of plasma-chemical synthesis in a low-temperature
nitrogen plasma based on the plasma recondensa-
tion scheme is described in more detail in [6].

The core—shell structures processed in the form
of ultrafine and nanocrystalline powders were studied
by X-ray diffraction (SHIMADZU XRD 7000 X-ray
diffractometer, CuK -cathode, Japan) and high-reso-
lution transmission electron microscopy (HR TEM)
(JEOL JEM 2100 transmission electron microscope,
Japan). The X-ray investigation results were pro-
cessed using the WinXPOW software (ICDD database)
to determine the phase composition of the resulting
core—shell structures. The crystallographic para-
meters of the phase components were specified in
the PowderCell 2.3 software package using the ICSD
file located on the Springer Materials e-platform.
The electron microscope images were processed
to measure particle sizes in Measurer software and
then in standard mathematical editors to construct
distribution histograms and determine the average
particle size. High-resolution images were processed
in the DigitalMicrograph 7.0 software. The results
of interplanar spacing measurements were compared
with the ICDD database file to specify the phase com-
position and determine the local states of additionally
detected phases.

The density of the final synthesis products was
assessed using a helium pycnometer (AccuPyc II 1340
V1.09, Micromeritics, USA). The specific surface
area was measured on a specific surface area analyzer
(Gemini VII 2390 V1.03 (V1.03 t), USA) using the BET
method. The average particle size was determined for
each of the processed fractions based on the values
of density and specific surface area [17].

Results and discussion

The results of X-ray investigations of fractions
of core-shell structures obtained during plasma-che-
mical synthesis in a low-temperature nitrogen plasma
of a mechanical mixture of TiC and TiNi are presented
in Fig. 1 and in the table. The refractory phase in both
fractions of dispersed materials is represented by cubic
compounds.

While specifying the unit cell parameters, we
revealed that during crystallization in a quenching
chamber at a rate of 103 °C/s, oxycarbide and carbo-
nitride phases of various compositions are formed in
each fraction, as indicated in the table. The carbonitride
composition is formed with a predominant amount
of nitrogen in the non-metallic sublattice.

According to X-ray diffraction results, the cubic
Ni phase (Fm-3m space group) is observed only in
the fabric filter fraction, where its amount is deter-
mined to be 5 wt. % (see the Table). At the same time,
the X-ray diffraction pattern of the powder composi-
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tion from the filter contains complex titanium-nickel
nitride Ti ;Ni ;N in the amount of 5 wt. %. According
to the X-ray diffraction patterns (see Fig. 1), titanium-
nickel nitride Ti,,Nij,N, the visualization of which
was presented in [18], is in a highly deformed state
causing changes in intensities [19]. The resulting prefe-
rential orientation of the crystal lattice, in accordance

with [20], can be ensured by the high rate of crystal-
lization of the obtained powders. The issues related
to formation and identification of Ti,,Ni ;N using
the example of the TiN-Ni core—shell structure, stu-
died within the framework of high-resolution trans-
mission electron microscopy, are discussed in [21].
The rutile modification of TiO, is formed in the course
of forced acidification by slow inflow of air into classi-
fiers / and 2, its share being 2 wt. %.

n © TiCy 0017 The measurements of pycnometric density and
:?C“‘“?N”'” specific surface area by the BET method, presented in
ip,Nig 3N
on'l v Ni the table, revealed that the core—shell structures formed
Classifir 2 ¢ Tio, differ in density values. This effect can be attribu-
assiner . .
(filter) ted to the quantitative content of the processed
compositions.

=y T .
E Visualization of the core—shell structure using
= the example of a nanocrystalline fraction from classi-
fier 2 — a bag-type fabric filter — was confirmed by high-

° e ® TiCy 0y 15 resolution transmission electron microscopy (Fig. 2).

| TiC, ;,N . . .
Classifier / ° il Figure 2,a, b shows the general picture, which
(cyclone) . demonstrates that the fraction from the filter is really
= o5 nanodispersed, since the average particle size based
I "L om on the results of 767 measurements is 18.9 + 0.2 nm;
. L i L ‘ the histogram of particle size distribution is shown in

0 20 40 60 80 100 Fig. 2, ¢
20, deg

Fig. 1. X-ray diffraction patterns of highly dispersed fractions
obtained from a mechanical mixture of TiC and TiNi (1:1)
during plasma-chemical synthesis in a low-temperature
nitrogen plasma

Puc. 1. PeHTreHOrpaMMbl BBICOKOUCIIEPCHBIX (PaKIIHii,
noy4eHHbIX 13 Mexanndeckoid cmecu TiC—TiNi (1:1)
B IIpOLECCE TITa3MOXUMUYECKOTO CHHTE3a
B HU3KOTEMIIEPaTypHOI a30THOM 11a3Me

The presence of a core—shell structure is determined
by the presence of high-contrast areas at the periphery
of the grains, and the grains themselves have both
a round and faceted shape, as shown in Fig. 3.

Figure 3 shows the results of fixation of metal-
lic nickel (plot /) and titanium carbide TiC (plot 2).
According to the results of measurements of inter-
planar spacing in plot /, cubic metallic Ni (Fm-3m

Phase composition, density (p), specific surface area (S p) and the calculated value of the average size
of the resulting particles (davg) from the mechanical mixture of TiC and TiNi (1:1) after plasma-chemical synthesis
in a low-temperature nitrogen plasma

®a30Bblii COCTaB, IVIOTHOCTH (P), yAeaAbHasI IOBEPXHOCTH (Syu) U pacyeTHOe 3HAYeHHE CPeIHero pa3mepa
MOJy4eHHBIX YaCTHI (dcp) u3 mexanuueckoii cmecn TiC—TiNi (1:1) mocie mIa3MOXHMHYECKOT0 CHHTE3a

B HU3KOTEeMIIepaTypPHOi a30THOH Miazme

Fraction Phase Space erou Phase fraction, Lattice Jomd | S me | d m
composition pace group wt. % parameter, nm P & sp> V8 | Gaygr M
Classifier 1 TiCy5,Ou Fm-3m 86 a=043162 | 1
(cyclone) TiC, ,N, -, Fm-3m 14 a=0.42496
TiC Fm-3m 44 a=0.43222
TiC, 4Ny ss Fm-3m 44 a=0.42606
) Ni Fm-3m 5 a=0.35406
Classifier 2 . a=044860 | 566 | 10600 | 0.01
(filter) TiO, P42/mnm 2
c=0.29859
o a=0.29735
Ti, Ni ;N P-6m2 5
: - c=0.28934
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20 30

40 50 60 70

Particle size, nm

Fig. 2. HR TEM of a nanocrystalline powder with a core—shell structure obtained from a powder mechanical mixture
of TiC and TiNi (1:1) during plasma-chemical synthesis in a low-temperature nitrogen plasma (a, b)
and histogram of particle size distribution plotted based on direct measurements (c)

Puc. 2. TIDM BP HaHOKPHCTAIIMYECKOTO MOPOILIKA CO CTPYKTYPOH «sIIp0—000I04YKay, ITOIYUYESHHOTO U3 MOPOIIKOBOM
mexanudeckoit cmecu TiC—TiNi (1:1) B Xoae m1a3MOXHMHUYECKOTO CHHTE3a B HU3KOTEMIIEpaTypHOM a30THOM 1ia3me (a, b),
1 TUCTOTpaMMa pacrpeesieHus: pa3MepoB YaCTHLL, IOCTPOCHHAs: Ha OCHOBE MPSAMBIX U3MEPEHUi (c)

space group) is characterized by interplanar spa-
cings  d,,=0.1797 nm, d,,,=0.2054 nm, and
d ,,,=0.2087 nm. In plot 2, the identified planes

belong to TiC (Fm-3m space group), d,;; = 0.2533 nm.

The hexagonal Ni is present in the form of a (002)
plane with interplanar spacing d,,=0.2189 nm in
the section of the electron microscope image shown in

Fig. 4.

The presence of titanium-nickel nitride Ti,,Ni ;N
of the hexagonal modification (P-6m2 space group,
d,,, = 0.2543 nm) along with hexagonal Ni (space
group P6./mmc, d,, =0.2250 nm) and cubic TiC
(Fm-3m space group, d,,, =0.2568 nm) is shown in
Fig. 5.

Based on the TEM studies, Fig. 6 shows an example
of the presence of faceted particles of cubic titanium
carbide TiC — the composition of the presented faceted
particle is interpreted by the (200) TiC plane (Fm-3m
space group), d,,, = 0.2150 nm.

Summarizing the findings of X-ray diffraction and
high-resolution transmission electron microscopy,
we can formulate a chemical model of the core—shell
structures formed during plasma-chemical synthesis
in a low-temperature nitrogen plasma followed by
crystallization in an intensely swirling nitrogen flow
(Fig. 7). The model is based on the physicochemical
properties of all interpreted phase components, which
include boiling, condensation and crystallization tem-

9



/‘I‘IM u ®r W3BECTUSA BY30B. [TOPOLWKOBAA METANNYPTUA U OYHKLLMOHANBHBIE NOKPbITUA. 2024;18(3):5-15
" u3secTan 8y308 Aegdeesa I0.A., /lyrckosa U.B. u 0p. NNasMOXMMUYECKUIA CUHTE3 BbICOKOAMUCMEPCHDIX ...

Fig. 3. HR TEM of nanocrystalline powder particles with a core—shell structure
obtained from a powder mechanical mixture of TiC and TiNi (1:1) during plasma-chemical synthesis
in a low-temperature nitrogen plasma, taking into account the presence of metallic Ni (plot /) and titanium carbide TiC (plot 2)

Puc. 3. TIDM BP HaHOKPHCTAUINYECKUX YaCTHI] TOPOLIKA CO CTPYKTYPOH «sAp0—000JI0uKa»,
TIOTyYeHHOTO 13 mopomkoBoit Mexanmdeckoit cmecn TiC—TiNi (1:1) B Xoze mIa3MOXUMHIECKOTO CHHTE3a
B HA3KOTEMITEpaTypHOH a30THOH IIa3Me, C y4eToM MPHCYTCTBUS MeTamaeckoro Ni (ydactok /) n kapouaa Tutana TiC (ygacTok 2)

Fig. 4. Localized state of hexagonal metallic Ni according to the results of HR TEM and fast Fourier transform

Puc. 4. Jlokanu3oBaHHOE COCTOSIHHE MeTaILTHYecKoro Ni rekcaroHanbHOi MoubHUKaun
o pesynsraram [I9M BP u 6sicTporo npeo6GpazoBanust Oypne
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peratures [22; 23], as well as functional dependences pounds [22] by molten nickel metal was utilized to jus-
AG(¢) under equilibrium conditions [24]. Additionally, tify the metallic shell on the periphery of nanocrystal-
information on the wettability of refractory com- line refractory particles.

Fig. 5. Localized state of Ti ,Ni, ,N (P-6m2 space group) according to the results of HR TEM

Puc. 5. Jloxanmsosannoe cocrosune Tij ;Nij ;N (mp. rp. P-6m2) no pesynsratam [I9M BP

Fig. 6. Faceted nanocrystalline TiC particle coated with an amorphous layer of metallic nickel

Puc. 6. Orpanennas HaHokpucrautndeckas yactuna TiC, mokpbiTas aMOP(QHBIM CI0EM METAJUTMYECKOTO HUKEIS

il
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Within the framework of this model, the flow
of low-temperature plasma with a mechanical mixture
of TiC and TiNi is separated by temperature barriers
as it enters the quenching chamber filled with nitro-
gen. The boiling or crystallization temperatures of all
phase components determined by X-ray diffraction are
selected as temperature barriers.

Keeping in mind that low-temperature plasma can
exist only in the temperature range of 4000-6000 °C,
the first temperature barrier responsible for the crys-
tallization of the refractory components of the emerg-
ing core—shell structures can be identified as
the transition of titanium carbide from a gaseous
state to a solid state described in [25-28], its tem-
perature is 4300 °C [23]. Considering the signifi-
cant excess of gaseous nitrogen in the entire volume
of the quenching chamber, it can be stated that under
these conditions it interacts with solid-phase TiC with
the subsequent formation of carbonitride TiC N_ (see
the Table). The functional dependences AG(¢) for
these processes [24] and the data on phase forma-
tion in the Ti—C—N system [29] confirm that mutual
solid solutions with wide homogeneity regions can
be formed. At the same time, during the crystalliza-
tion of refractory components in the quenching cham-
ber, TiNy titanium nitride nanoparticles, isomorphic
to Ti-C—N compounds, can be formed on the surface.

Separately, it should be mentioned that pas-
sing the temperature range of 4300-3930 °C nickel
remains in a gaseous state up to the temperature
of 2730 °C [30], at which it passes from a gasecous
to a liquid state and which is the second temperature
barrier. Passing the boiling point, liquid nickel actively

1,(TiC) = 3300 °C ¢

cond

(Ni) = 2730 °C

interacts with refractory grains. Under these condi-
tions, titanium-nickel nitride Ti ,Ni ;N is formed [21]
according to the theory of heterogeneous nuclea-
tion by B. Chalmers [31], some provisions of which are
given in [8] by the reaction equation
TiN (s) + Ni(I) + N,7 — Ti,,Ni;N. H
It should be noted that the complex nitride Ti,,Ni ;N
and its analogue Ti ,Co,,N were earlier detected

by X-ray diffraction and transmission electron micros-
copy and described in [21; 32-34].

Reaction (1) occurs in the temperature range
from 1600 °C [18] to 1455 °C, which corresponds
to the crystallization temperature of metallic nickel
and constitutes the third temperature barrier in the pre-
sented model. As nickel crystallizes, no chemical inter-
actions occur in the formed core—shell structures, and
all the resulting compositions can only cool down at
this stage. Next, the mixture of processed fractions is
transported to classifiers / and 2 for separation.

Conclusion

As a result of plasma-chemical synthesis in a low-
temperature nitrogen plasma, we obtained ultrafine and
nanocrystalline fractions of particles with a core—shell
structure from a mechanical mixture of titanium car-
bide TiC and titanium nickelide TiNi in the ratio of 1:1.

All the resulting powder compositions were
studied by X-ray diffraction and helium pycno-
metry. The specific surface area was determi-
ned using the BET method. The nanocrystal-

1,,(Ni) = 1455 °C

Plasma
4000-6000 °C

&

oolin
of nanoparticles
with a|“corershell”
structure

VVY —~>

Tangential nitrogen flow

Fig. 7. Chemical mechanism of formation of a core—shell structure during plasma-chemical synthesis
of the powder mixture of TiC and TiNi (1:1) in a low-temperature nitrogen plasma

Puc. 7. Xumnueckuii MexaHu3M (GOPMHUPOBAHUS CTPYKTYPBI «IAPO—000JI0UKa» B XO/I€ INIa3MOXHMMHYECKOI0 CHHTE3a
nopomikoBoit cmecu TiC—TiNi (1:1) B HU3KOTEeMIepaTypHOI a30THOH IIa3Me
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line fraction was thoroughly investigated using
high-resolution transmission electron microscopy.

Based on the research findings, the following con-
clusions can be drawn:

1. The ultra- and nanodispersed compositions
formed during plasma-chemical synthesis have a core—
shell structure. According to X-ray phase analysis
confirmed by the results of high-resolution trans-
mission electron microscopy, the refractory core is
the TiC/TiCXNy/TiCxOZ compound coated with a metal-
lic Ni shell; the complex titanium-nickel nitride
Ti, ,Ni, ;N acts as an interphase layer.

2. Based on X-ray diffraction and transmission elec-
tron microscopy data, taking into account the physico-
chemical features of the detected phase components,
we formulated the chemical mechanism for the forma-
tion of ultradisperse and nanocrystalline particles with
a core—shell structure under crystallization conditions
at a rate of 10°°C/s in a tangential nitrogen flow in
a quenching chamber of the plasmatron.

3. The chemical mechanism of the forma-
tion of nanocrystalline particles is the overcoming
of temperature barriers by the plasma flow, with ele-
ments evaporated in it that are a part of the charge.
The crystallization temperatures of phase components
that are present, according to X-ray diffraction, in ultra-
disperse and nanocrystalline particles act as tempera-
ture barriers.
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Structure and properties of hot-forged powder
steel-bronze bimetal with SiC additives

V. Yu. Dorofeyev! %, E. N. Bessarabov', A. N. Sviridova!,
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I Platov South-Russian State Polytechnic University (NPI)
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Abstract. One of the main problems in the production of bimetals is associated with the difference in the physico-mechanical and struc-
tural properties of the materials being joined. Both solid-phase and liquid-phase methods are used to obtain bimetals. The main tech-
nological task is to create conditions for the formation of a transition zone between the working layer and adhesively bound substrate.
We analyzed the known methods for producing compact and powder bimetals (insert molding, diffusion welding in the solid phase,
infiltration, hot isostatic pressing, etc.). The bonding strength of bimetal layers is evaluated according to the results of mechanical
shear or pull tests; however, such an assessment does not enable to determine if the product can be operated in the mode of frequent
thermal cycles. The above method, which involves joint hot repressing of previously separately cold-pressed and sintered blanks
of the working layer and substrates, is promising in terms of improving the mechanical and tribotechnical properties, reducing the risk
of structural degradation of particles of hardening additives, as well as enhancing the quality of the connection of steel-bronze
bimetal layers. In this case, the working layer is heated through heat transfer from the side of the substrate warmed up to a higher
temperature. We studied the impact of technological conditions for obtaining hot-forged powder steel-bronze bimetal on the struc-
ture, features of thermal fatigue failure and tribological properties and presented the research results. For structural analysis,
thermal fatigue and tribotechnical tests, the bimetal samples with vertical and horizontal arrangement of layers were obtained.
The atomized iron powder PZhRV 3.200.28 was used as a base for fabricating the substrate from PK40 steel. Graphite powder GK-3
(GOST 4404-78) was used as a carbonaceous additive. The working layer was fabricated from BrO10 bronze powder obtained
by atomizing. To improve the tribotechnical characteristics of the working layer, bronze powder was mixed with superfine grinding
micropowder F1000 of black silicon carbide 53S. The quality of bonding of bimetal layers was assessed based on the thermal shock
test results. Tribotechnical tests were carried out in the dry friction mode according to the “shaft-block” scheme. We proposed
the technique for producing hot-forged powder bimetal “PK40 steel-BrO10 bronze”, which includes the following independent
procedures: cold pressing of the substrate and working layer blanks, their sintering in a reducing environment, pre-deformation
heating of the substrate and working layer at temperatures that ensure their satisfactory formability, assembly of heated substrate
and working layer blanks in the mold and subsequent joint hot repressing. The resulting bimetal is characterized by increased values
of thermal fatigue and wear resistance in comparison with the control samples manufactured using the traditional technology of hot
repressing of the cold-pressed bimetallic blank.

Keywords: hot forging, porous blanks, powder bimetal, discontinuities, microcracks, thermal fatigue failure, structural powder steel, tin
bronze, working layer, substrate, wear, friction coefficient, silicon carbide
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AnHoTayms. OnHa U3 MIaBHBIX NpoOieM npu nonydenun oumeramioB (BM) cBszana ¢ pazinnuneM (HU3MKO-MEXaHHYECKUX M CTPYK-
TYPHBIX XapaKTePHCTHK COCAMHIEMbIX MarepranoB. [Ipu momyyenun BM Hanuti npuMeHeHne kKak TBepAOo(as3Hble, TaK M JKHKO-
(asubie MeToabl. OCHOBHAS 3aa4a TEXHOJOTHH 3aKJII0YAeTCsl B HEOOXOAMMOCTH CO3/IaHMs YCIOBHH (POPMUPOBAHUS MEPEXOAHOM
30HBI MEXIY Pabo4YMM CIIOEM U IOAJIOKKOM, MMEIOIeH C HUMH aare3MoHHbIe CBs3M. [IpuBeneH aHanIn3 M3BECTHBIX CIOCOOOB
MOJTyYEeHMsI KOMITAaKTHBIX M MOPOLIKOBEIX OMMETaJUIOB (3aimBKa, 1uddy3noHHas cBapka B TBepaoi dasze, nHuiIbTpanys, ropsiee
N30CTaTHYECKOe MpeccoBanue u jp.). OleHKa NPOYHOCTH CBsI3M ciioeB BM 3auacTyio mpoBOIUTCS 10 pe3ysIbTaTaM MEeXaHH4eCKHX
WCIIBITAHUH HA CPEe3 WM OTPBIB, OJJHAKO TaKas OLCHKA HEe 00eCIeuMBacT BO3MOXXHOCTh aHAIN3a OCYIIECTBUMOCTH IKCILTyaTallnu
W3/IeNUsl B PEXKMME YacThIX TEIUIOCMeH. [1epCleKTHBHBIM B IJIaHE MOBBIIICHHS MTOKa3aTeIell MEXaHHYeCKHX M TPUOOTEXHUIECKIX
CBOICTB, CHIDKEHHSI PHCKa CTPYKTYPHOM Jerpajaliiy 4acTUIl YIIPOUHSIOMNX 100aBOK, a TaKkKe YIYUIIeHHs XapaKTepUCTHK Kade-
CTBa COEJIMHEHHS CIIOEB OMMETAIUIOB «CTalIb—OPOH3a) SIBJIIETCS HCIIOIb30BaHHE PaHee MPENIOKEHHOTO COC00a, 3aKITI0YaI0IIerocs
B COBMECTHOM Tropstdeil JOMPEeCcCOBKe MPEIBAPUTEIBHO Pa3IebHO XOJIOAHOIPECCOBAHHBIX U CIIEYEHHBIX 3arOTOBOK pabodero ciost
1 oIoKKy. [1py 5 TOM pazorpes paboyero ciiost OCYIIECTBISIETCS 3a CYET Mepeiady TeIIa CO CTOPOHBI MTOJUI0KKH, HarpeToH /10 Oosee
BBICOKOH TeMIeparypel. [IpecTaBieHbl pesyasTaThl HCCIIS0BAHNS! BIUSHUS TEXHOIOTHUECKUX YCIOBHIT MOJYYEHHUS TOPSTYeIITaMITo-
BaHHOTO ITOPOIIKOBOTO OMMeTalIa «CTalb—0pOoH3a» Ha CTPYKTYPY, 0COOCHHOCTH TEPMOYCTAJIOCTHOIO pa3pylleHus U Tpubonornde-
ckue cBoicTBa. [lJist MpoBeeH s CTPYKTYPHOTO aHAIN3a, TEPMOYCTAJIOCTHBIX M TPHOOTEXHUYECKUX UCITBITAHUH MOTyYaiii 00pasibl
BM ¢ BepTHKaJIBHBIM M TOPU30HTAIBHBIM PACIOIoKeHUsIMU ciioeB. [Ipyu nomydyennn nomnoxky u3 cranu [1K40 B kadecTBe 0CHOBBI
MIPUMEHSITH PaCTIbUICHHBIN skene3HbIi moporrok [IDKPB 3.200.28. Yrieponcoaepskaiieit 100aBKoii cirysku mopornok rpagura 'K-3
(I'OCT 4404-78). Pabounit cioil u3roraBnuBain u3 mnopoika 6ponssl bpO10, moaydeHHOro MeTomoM pacrbuieHus. [t MoBbI-
LICHHS] TPUOOTEXHUUECKHUX XapaKTEPUCTUK PabOUero cios MOPOIIOK OPOH3BI CMEIIMBAIY C M3MEIBUSHHBIM NUTH(OBATEHBIM MUKPO-
nopoikoM F1000 kapouna kpemuust uepnoro 53C. OueHKy kauecTBa COeAHHEHUs ciioeB BM nmpoBoauiu 1o pesysibsraraMm UCIbI-
TaHMH Ha TepMmoyaap. TpuOOTEeXHNUECKHE UCTIBITAHUS IIPOBOJIMIIN B PEKMUME CYXOTo TPEHHS 10 cXeMe «Bay—Kkonozkay. [Ipemioxena
TEXHOJIOTUSI MONYYEHHsI TOPSYEIITAMIOBAHHOTO TTOPOIIKOBOro oumeraima «craib [1K40 — 6ponza bpO10», Briroyarommas camo-
CTOSITEIILHOE BBHIMOJIHEHNE ONEPAINil XOJIOJHOTO TPECCOBAHMS 3arOTOBOK MOTIOKKH U padodyero cios, UX CIIEKaHUsl B BOCCTAaHOBH-
TEJILHOM cpeie, mpeaaeOpMaMoOHHOTO HarpeBa IOJIOKKH U pabouero ciios IpH TeMIlepaTypax, 00eCeuyHBaloNIHX yIOBIETBOPH-
TEJIBHYIO 1e(hOPMHUPYEMOCTb TTOJUIOKKHU U pabodero ciosi, COOPKH HarpeThIX 3aroTOBOK MO/UIOKKH U pabouero ciios B mpecc-popme
U TOCJIeIyIoIel COBMECTHOH ropstueil morpeccoBku. [TomydeHHBI OMMeTam XapaKTepH3yeTcsl MOBBIIICHHBIMH 3HAYSHUSIMU
TEPMO- ¥ U3HOCOCTOMKOCTH B CPaBHEHUH C 00pa3laMH-CBUICTEISIMH, H3TOTOBJICHHBIMH 110 TPAJUIMOHHONW TEXHOJIOTHHU ropsiyen
JIONPECCOBKHU XOJIOIHOIIPECCOBAHHOI OMMETaJTNUECKON 3arOTOBKH.

KnioueBbie croBa: ropsidasi INTAaMIIOBKA, IOPHCTBIE 3arOTOBKH, MOPOMIKOBBIM OMMeTa/ll, HECIUIOMIHOCTH, MHKPOTPEIIUHEL,
TEePMOYCTaIOCTHOE paspylIeHHe, KOHCTPYKIMOHHAs IOPOIIKOBas CTalb, OJNOBSHHCTas OpoH3a, pabouuii Cioi, OCHOBA, M3HOC,
KOO QHUIUECHT TPEHHS, KapOUa KPEMHUS

BnaropgapHocTy: CTpyKTypHBII 1 JNIEMEHTHBII aHAIM3 Ha PAcCTPOBOM MHKpOCKOMe-MuKpoaHantusarope «Quanta 200 i 3Dy mposenen
B LlenTpe komutexTuBHOTO noab3oBanus «Hanorexnonorum» FOPTTIY (HIIN).

Ansa untuposarus: Jlopodees B.10O., beccapa6os E.H., Ceupunosa A.H., sanosa U.B., Ceuctyn JI.W., Bogonaxenko P.A. Ctpyxk-
Typa M CBOWCTBa TOpPAYCHITAMIIOBAHHOTO MOPOIIKOBOrO OMMeTalula THIMa «CTanb—OpoH3a» ¢ pobaBkamu SiC. Hzeecmus 6y3086.
Topowkosass memannypeus u gyuxyuonanvrvie nokpvimus. 2024;18(3):16-27. https://doi.org/10.17073/1997-308X-2024-3-16-27
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Introduction

The use of bimetals in industrial production enables
to significantly reduce the specific quality of metal
per structure and enhance their operating parameters
and reliability [1]. The main problem with bimetals
is that the materials to be joined have different physi-
cal, mechanical and structural properties (coefficients
of thermal conductivity and linear expansion, crystal
lattice parameters, structure of electronic shells, forma-
bility, melting temperatures, etc.). Both solid-phase
and liquid-phase methods are used to obtain bimetals.
The main technological task is to create conditions for
the formation of a transition zone between the working
layer and adhesively bound substrate.

The impact of the temperature of the bimetal pro-
duction process on the transition zone thickness and
the bonding strength of layers is not straightforward.
When bimetals are obtained by insert molding, diffu-
sion in the steel-copper boundary zone occurs at tempe-
ratures above 850 °C [2]. Plastic deformation of bimetal
by 45-50 % helps to reduce the temperature of the dif-
fusion onset to 700 °C. The size of the transition zone
and the bonding strength of bimetal layers during
diffusion welding in the solid phase is noticeably
affected by the phase transformation in the steel sub-
strate: Fe diffusion from AISI 1010 steel to copper at
the transformation temperature of 845 °C is lower than
at t=770 °C due to the consumption of the internal
energy for the phase transformation [3].

When solid phase diffusion welding is carried out
to join tin bronzes and steels, no dendritic or zone liqua-
tions, or shrinkage interdendritic porosity, characteristic
of bronzes of this class and associated with a wide tem-
perature and concentration range of their solidification,
are formed in the working layer [1]. Lowering of wel-
ding temperature prevents growth of liquation precipi-
tates of tin in the joint zone, which reduces the proba-
bility of defect formation [4]. Thus produced joints
are stable at short-time heating to 800-850 °C, which
allows later to perform heat treatment of the steel sub-
strate that forms part of bimetal to increase its strength
properties.

The solid phase diffusion welding (z= 680 °C;
t=1h) of lead bronze—steel bimetal ensures the for-
mation of a diffusion layer with low microhardness
at the interface, which helps to avoid possible brittle
rupture in this zone [5]. On the contrary, when bronze—
stainless steel bimetal is prepared by the method
of vacuum casting (¢ = 1160 °C; t =1 h), the interface
transition layer formed has higher microhardness and
elastic modulus than the matrix alloys. The fracture
of this bimetal prefers to occur along the interface
transition layer, and the fracture mode is cleavage
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fracture [6]. The transition zone embrittlement is also
caused by the diffusion of bronze atoms along the steel
grain boundaries. The microstructure of grain bounda-
ries is formed as the network of eutectic structure
“leaks” between the grains.

A similar effect is observed when the sinter—bra-
zing technique is implemented [7]. Prolonged contact
of molten solder results in a network along the grain
boundaries of the base material, which leads to cracking
when the material cools down and shrinks. The pre-
sence of bronze in the structure of the grain bounda-
ries of the bimetal transition zone represents a poten-
tial danger in terms of initiation of destruction during
testing and operation. In particular, during the fric-
tion process, the grain boundary (or interparticle) net-
work of the copper-containing phase can be deformed,
which will reduce wear resistance by analogy with
infiltrated powder steel [8]. The use of the material in
the mode of frequent thermal cycles can lead to emer-
gence of cracks, the localization of which can be associ-
ated with the iron—copper interphase boundaries within
the transition zone, not only with the layers interface.

It should be noted in this regard that the quality
assessment of bonding of bimetal layers should be
comprehensive. It will provide for an objective and
extensive analysis of the impact that the structural
effects emerging during the bimetal production in
the transition zone have on the products performance
reliability. When the bonding strength of bimetal layers
is evaluated according to the results of mechanical shear
or pull tests, the grain boundary diffusion (or grain
boundary wetting if the liquid phase is present) turns
out to be a positive factor [9]. However, in light
of the above, such a conclusion does not seem entirely
legitimate, since under other test conditions, the net-
work of plastic material along the grain boundaries in
the transition zone can initiate deformation (pressing
through) processes and cause defect formation.

Powder bimetals produced by the infiltra-
tion method are characterized by the presence of pores,
which serve as reservoirs of liquid lubricant and help
reduce the friction coefficient in the tribocoupling.
Nevertheless, bimetals on a high-density steel substrate
have higher tribological properties as this substrate is
stronger [10]. Therefore, effective methods for produc-
ing high-density powder bimetals should be developed.

Tin bronzes are among the most common and
promising materials used to obtain the bimetal working
layer. In 2006, the European Union updated the RoHS
regulation in order to ban lead and lead containing sub-
stances in the equipment [11]. Therefore, though lead-
containing bronzes have an obvious advantage — they
can reduce the bimetal friction coefficient by forming
a film of structurally free lead in the tribocoupling —
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when choosing the working layer material, it should
be kept in mind that these bronzes will probably have
to be replaced with lead-free ones.

The tribological properties of bronzes can be imp-
roved by introducing ultrafine additives of solid partic-
les, which provide inhibition of plastic deformation in
the soft copper phase [12—14]. Positive results were
obtained when SiC particles were introduced into pow-
der and compact bronzes [15; 16]. During friction, SiC
particles are cut off and joined by adhesive bonds with
the surface of the counterbody, which results in the for-
mation of a thin film. The hard and durable SiC film
formed between the tribocoupling surfaces minimizes
the risk of plastic deformation and provides enhanced
wear resistance.

When producing a copper—SiC composite by hot iso-
static pressing (HIP), SiC particles disintegrate at tem-
peratures above 850 °C, silicon diffuses into the copper
matrix, and the resulting carbon, which is practically
insoluble in copper, causes the formation of disconti-
nuities and cracks in the zone of interfacial interaction.
To prevent structural degradation, SiC particles are
coated with molybdenum or titanium nitride [17; 18].
However, the coating is characterized by uneven thick-
ness and ruptures, which results in individual pores
on the interfacial areas during subsequent HIP.

The spark plasma sintering technique yields positive
results in terms of preventing the structural degrada-
tion of SiC particles. However, it requires specialized
equipment and causes technological difficulties when
the formability characteristics and melting tempera-
tures of the bimetal working layer and substrate mate-
rials are drastically different. The contact interfacial
interaction is much less probable in case of hot forg-
ing (HF) of a composite blank in which SiC particles
are coated with titanium nitride [18]. In the cited work,
forging took 15 s. In Russian terminology adopted in
powder metallurgy, such processes are called pres-
sing, while forging is the name for additional com-
paction of a porous blank on high-speed mechanical
presses or hammers (deformation continues for 50—100
and 2-8 ms, respectively) [19-21].

Hot forging of porous blanks (HFPB) of steel—
BrO5Ts5S5 bronze bimetal with non-isothermal heat-
ing ensures the fabrication of a material with anti-
friction properties, not inferior to cast analogues [22].
However, when a bimetallic blank is subject to non-
isothermal heating, bronze can melt impregnating
steel substrate pores localized in close proximity
to the layers interface. The dimensions of the melt-
ing and impregnation zones are often uncontrollable,
resulting in instability of the bimetal properties. Other
destabilizing factors are liquation processes and

the grain boundary network of the copper-containing
phase forming in the transition zone.

The method, which involves joint hot repressing
of previously separately cold-pressed and sintered
blanks of the working layer and substrates, is promi-
sing in terms of improving the mechanical and tribo-
technical properties, as well as the quality of bon-
ding of steel-bronze bimetal layers [23]. In this case,
the working layer is heated through heat transfer
from the side of the substrate warmed up to a higher
temperature. The optimal duration of equalizing
the assembly “substrate blank — working layer blank”
until its hot repressing is determined by the formula
obtained by solving heat balance set of equations. This
enables to assign an optimal temperature regime for
hot repressing characterized by the minimum required
contact interaction of the bronze melt with the solid
surface of the steel substrate. It has been established
that when the bimetals of the “steel-bronze” type are
produced by hot forging of separately heated substrate
and working layer blanks, the optimal thermal condi-
tions for the formation of the layer fusion zone are
achieved when the substrate and working layer are
heated to temperatures of 1150 and 520 °C, respec-
tively. In this case, when a bimetal blank is assembled
in amold, thermal equilibrium is ensured at the interface
at t=970+990 °C, which is accompanied by the for-
mation of a small amount of liquid phase [24].

The purpose of this paper, which continues the ear-
lier performed research, was to study the impact of tech-
nological conditions for producing hot-forged powder
steel-bronze bimetal on the structure and features
of thermal fatigue failure and tribological properties.

Methods

For structural analysis, thermal fatigue and tribo-
technical tests, the bimetal samples with vertical and
horizontal layers were obtained (Fig. 1). The atomi-
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Fig. 1. Scheme of a bimetallic sample
with horizontal (@) and vertical (b) layers

I —working layer, BrO10 bronze; /I — substrate, PK40 steel

Puc. 1. Cxema GuMmeTaminaeckoro oopasma
C TOPU30HTAIBHEIM (@) ¥ BEPTUKAILHBIM (b)
PacHoJIOKCHUSIMHU CIIOCB

1 — pabounii cnoii, 6ponsa bpO10; I/ — nomnoxka, crans [TK40
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zed iron powder PZhRV 3.200.28 was used as a
base for manufacturing substrate from PK40 steel
(PJSC Severstal, Cherepovets). Graphite powder GK-3
(GOST 4404-78) was used as a carbonaceous addi-
tive. The working layer was made from BrO10 bronze
powder obtained by spraying at Most-Tsvetmet LLC
(Bataysk) (see the Table). To improve the tribotechni-
cal characteristics of the working layer, bronze powder
was mixed with superfine grinding micropowder F1000
of black silicon carbide 53S made by JSC Volzhsky
Abrasive Works (Volzhsky). The particles of the initial
micropowder were 1-10 um in size and 0.5-1.0 um
after grinding.

The planetary ball mill SAND-1 (pilot plant,
Yerevan) was used for grinding. The ratio of the mass
of the grinding media to that of the crushed powder
was 12:1. The grinding media were made of hard alloy.
Grinding was performed in acetone, which was poured
into the vessel with SiC powder. The content of SiC
powder in the charge varied. To ensure a uniform
distribution of SiC particles throughout the volume
of bronze powder, the charge of the working layer
material was also prepared in the planetary ball mill
SAND-1, which minimized the likelihood of compo-
nents segregation [25].

Flow diagrams for obtaining samples are presented
in Fig. 2. Static cold pressing (SCP) of the substrate
and working layer blanks was performed separately.
The blanks porosity after SCP was 22-25 %. The cold-
pressed substrate blank was sintered in a dissociated
ammonia environment (1150 °C, 1 h). The porous blank
of a bronze working layer was sintered at ¢ = 800 °C for
1 h (flow diagram 2). Some working layer blanks were
not sintered so that a comparative analysis could be
conducted (flow diagram 3). Pre-deformation heating

of the blanks was conducted for 10 min. The optimal
temperatures of 1150 and 520 °C were chosen for sepa-
rate heating of the substrate and working layer blanks
(flow diagrams 2, 3) [24].

Hot repressing of the porous working layer and
substrate blanks was conducted jointly. The work-
ing layer blank was installed into the heated substrate
blank. After equalizing the temperature in the volume
of assembly of the bimetallic sample blank, HF was
performed using a pendulum impact tester, the falling
parts mass being 100 kg. The equalizing duration was
determined using the equation given in [23].

Process flow diagram / presented a standard tech-
nology for producing hot-forged bimetals. In this case,
the sintered bimetallic blank was heated at # =950 °C
and subjected to hot repressing.

The bimetal samples after HF were cooled in air.
They were cut and the resulting parts were used for
structural analysis, thermal fatigue and tribological
tests. The quality of the connection of bimetal layers
was assessed based on the thermal shock test results.
In this case, the sample was heated in an inductor
to a temperature of 870 °C and then cooled in water.
After that, it was cleaned of scale and inspected for
cracks and delaminations in the transition zone.
The number of heating—cooling cycles until defects
developed was recorded.

Thermal resistance enables to evaluate the resis-
tance of a material to thermal shocks and plastic defor-
mation [26]. Thermal fatigue failure develops under
the impact of repeated plastic deformations when ther-
mal stress exceeds the yield point. Thermal resistance
is an informative criterion for assessing the degree
of adhesive interaction at the interphase boundaries
of heterogeneous and bimetallic materials.

Characteristics of the powders used

XapaKTepI/lCTl/IKPI HCIOJb3YEMbBIX IOPOIIKOB

— Physical and technological properties
. ontent, ; . -
Material wt. % Granulometric Apparent density Flow rate, | Compactibility at pressure
composition p,» glcem’ g/s 600 MPa, g/cm?
Fe — base
€-0.03 2000
0-0.30 +160-3.7
PZhRV 3.200.28 | Si-—0.04 45 78.8 2.72 32 7.27
Mn - 0.12 45+ 175
P-0.02 '
S—-0.01
Cu - 90.130 150350
Sn— 9.750 +106 — 54.22
BrO10 : +75-21.04 3.30 30 7.68
P-0.198
0 —0.640 +45 - 14.70
' —45-4.54
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Preparation of the substrate
material charge
(PZhRV 3.200.28 + 0.6 wt. % GK-3;
KS-50 cone mixer)

!

SCP of the substrate blank
(500 MPa; porosity 22-25 %)

\

Grinding of SiC micropowder
(SAND-1;2 h)

Stepwise loading, recompacting
and joint SCP of the substrate
and working layer
materials (500 MITa)

!

Preparation of the working
layer material charge
(BrO10 + SiC; SAND-1; 2 u)

!

!

!

Sintering (1150 °C; 2 h; DA)

| Sintering (800 °C; 1 h; DA)

!

!

SCP of the working layer blank
(100 MPa; porosity 22-25 %)

Pre-deformation heating
of the substrate blank
(1150 °C; 10 min; DA)

Pre-deformation heating
(950 °C; 10 min; DA)

{

Sintering (800 °C; 1 h; DA)

!

Y

| HF (W =250 MJ/m’)

Pre-deformation heating
(520 °C; 10 min; DA)

Assembly of the bimetal blank
in a mold and joint HF
of the substrate and working

layer (W =250 MJ/m’)

Assembly of the bimetal blank
in a mold and joint HF

of the substrate and working
layer (W =250 MJ/m’)

Pre-deformation heating
of the working layer blank
(520 °C; 10 min; DA)

Fig. 2. Flow diagrams for producing hot-forged powder bimetal “PK40 steel-BrO10 bronze”

DA — dissociated ammonia, W — reduced compaction work

Puc. 2. TexHONOTHYECKHE CXEeMBbI TIOJTYIEHH s TOPSYEIITAMIIOBAHHOTO opoIkoBoro BM «crans ITK40 — 6porsa BpO10»

DA — nuccoumupoBanHblii aMmuak, W — npuBeeHHas padoTa YIIOTHEHUS

Tribotechnical tests were carried out on the fric-
tion machine MI in the dry friction mode accord-
ing to the “shaft-block” scheme. The counterbodies
were made of USA steel, heat-treated to 50-55 HRC.,.
The counterbodies had the following dimensions: outer
and inner diameters — 50 and 12 mm, respectively,
height — 15 mm, and working surface roughness —
R,=0.63 um. Before testing, the run-in of the sample
was performed at a pressure of 2.5 MPa for 10 min,
which ensured complete contact of the friction surfaces.
The counterbody rotation frequency was 210 min!,
the sliding speed was 0.55 m/s.

For metallographic studies, we used an
AltamiMET-1M optical microscope (Altami LLC,
Russia) and a Quanta 200 i 3D scanning microscope-
microanalyzer (FEI Company, USA). Unetched and
etched sections were studied. Etching was performed
in 3 % nital, since it provides sufficient contrast when

the structure of the bimetal transition zone and the sub-
strate material, PK40 steel, is analyzed.

Microhardness was measured using a HVS-1000 digi-
tal microhardness tester (L.H. Testing Instruments Co.,
Ltd, China) according to GOST 9450-76 (0.2 N; 10 s).

Results and discussion

The maximum values of heat resistance were
demonstrated by samples with a horizontal arrange-
ment of layers, fabricated by hot repressing of sin-
tered working layer and substrate blanks, assembled in
a mold before deformation (flow diagram 2 in Fig. 2;
Fig. 3, curve 7). The fracture sites are multiple and are
mainly associated with the “steel-bronze” interphase
boundaries in the transition zone on the substrate side
(Fig. 4, a). This zone is characterized by pores and
discontinuities filled with molten bronze upon contact
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Fig. 3. Impact of the SiC content in the working layer
material charge on the bimetal thermal resistance

1-3 — horizontal arrangement of layers, 4-6 — vertical arrangement
of layers 2, 5 — process flow diagram /; 1, 4 — flow diagram 2;
3, 6 — flow diagram 3
N — number of cycles

Puc. 3. Bnusirue copepxanus SiC B muxTe MaTepuana
pabouero ciost Ha TepMOCTOHKOCTE BM

1-3 — rOpU30HTAIIBHOE PACIIOIOKEHHE CIIOEB, 4—6 — BEPTHKAIBHOE
2, 5 — rexHonorudeckas cxema /; 1, 4 — cxema 2; 3, 6 — cxema 3
N — 9uCJIO IUKIIOB

of a substrate blank heated to 1150 °C with a relatively
cold (520 °C) working layer blank. The impregna-
tion depth is 0.2—-0.5 mm.

During thermal cycling, microcracks also form in
the working layer material at the “matrix-SiC” inter-
face (Fig. 4, b). Cracking of agglomerates of SiC par-
ticles is observed in the samples containing more than
0.8 wt.% silicon carbide.

The structure of the working layer includes
the a phase and the eutectoid a + 6. The substrate
structure consists of ferrite perlite. Pearlite is sorbitic,
340-360 HV (Fig. 5). Wetting of the steel substrate
grain boundaries with molten bronze is not observed.
A ferrite strip (140-160 HV) is adjacent to the inter-
face on the substrate side, with the pearlite zone located
below. The formation of a banded structure (ferrite
strip — pearlite strip) in the transition zone on the sub-
strate side is attributed to the displacement of car-
bon forming part of austenite, from the interface during
the copper diffusion into steel [2].

The N(Cg,.) dependence is non-monotonic: an
increase in Cg,. to 0.8 wt. % results in enhanced thermal
stability as dispersed SiC particles strengthen interpar-
ticle boundaries of the working layer material. A fur-
ther growth of C,. causes a drop in thermal stability
as agglomerates of silicon carbide particles are formed.

The thermal stability of the control samples (flow
diagram /) is noticeably lower (Fig. 3, curve 2) com-
pared to the bimetal fabricated according to flow dia-
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Fig. 4. Formation of cracks during thermal-cycle
fatigue failure of bimetal and elemental analysis
of a selected area of the working layer material
Flow diagram 2, C,. = 0.8 wt. %
a — transition zone; b — working layer, “matrix—SiC” interface

Puc. 4. opmupoBaHue TPELIUH NIPU TEPMOLUKINYECKOM
YCTaJOCTHOM pa3pylueHur bM u anemMeHTHbI aHaIU3

BBIJICJICHHOW 001acTH MaTepuaa pabouero cios
Cxema 2, Cy;. = 0,8 mac. %
@ — TepexojHasl 30Ha,
b — pabouwmii cioii, rpaHuLa pasaena «marpuna—SiCy

gram 2 (Fig. 3, curve /). This is attributed to unfa-
vorable temperature conditions for sintering and hot
deformation of the steel substrate and the bimetal tran-
sition zone: sintering at # = 800 °C and hot repressing
at =950 °C do not ensure the formation of cohesive
bonds between iron powder particles and lead to resi-
dual pores in the substrate and at the bimetal layers
interface. In this case, the impact of SiC particles
on thermal stability is also non-monotonic.

The lowest heat resistance was demonstrated by
the samples fabricated according to process flow dia-
gram 3, the implementation of which did not include
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Fig. 5. Microstructure of hot-forged powder bimetal
Flow diagram 2, C,

, Cgc = 0.8 wt. %
a — transition zone; b — substrate, PK40 steel
Horizontal layer arrangement

Puc. 5. MuKpoCTpyKTypa ropsi4eITaMInoBaHHOTO

nopouixkosoro bM

Cxema 2, C,- = 0,8 mac. %

a — riepexojIHas 30Ha; b — nmojsokka, crans [1K40
PacronoskeHre CII0eB TOPU3OHTATBHOE

sintering of cold-pressed working layer blanks (Fig. 3,
curve 3). During the tests, cracks formed both at the layers
interface and in the working layer material (Fig. 6, @).

The samples of this group proved more prone
to crack formation due to high probability of hydro-
gen embrittlement of copper alloys [27]. The oxygen
content in the initial BrO10 powder is 0.64 wt. % (see
the Table). When the sample is heated during sintering
and before hot deformation in a dissociated ammo-
nia environment, copper-containing oxides, localized
at interparticle and grain boundaries, are reduced,
with the water vapor being formed, which leads
to the appearance of bubbles, cracks and delaminations.

During 1 h sintering, the conditions were provided
for removing steam from the body of the working layer
blank. Delaminations and cracks formed at the sinter-
ing stage were eliminated during subsequent hot defor-
mation (Fig. 6, b). In contrast, during joint hot repress-
ing of the substrate and the unsintered working layer

Fig. 6. Microstructure of powder bimetal (flow diagram 3)
after thermal fatigue tests (a) and in the as-sintered state (b)

Horizontal layer arrangement, Cg,. = 0.8 wt. %

Puc. 6. MukpocTpykTypa nopoiikoBoro bM (cxema 3)
MOCJIe UCTIBITAHUI Ha TEPMOYCTAIIOCTh (&)
U B COCTOSIHUM TIocye criekaHus (b)

Pacrionoxenue cnoes ropusonranshoe, Cy,. = 0,8 mac. %

blank, these defects formed almost synchronously with
the deformation, making their elimination unlikely.
The impact of this factor was predominant, outweigh-
ing the strengthening effect of SiC additives.

The above-described features of the impact of Cg.
on the thermal stability of the samples with horizon-
tal layers are also valid for the samples with vertical
layers (Fig. 3, curves 4-6). The difference is that their
absolute value of heat resistance is lower, which is
attributed to greater magnitude of thermal stresses that

develop in the sample material during testing.

Maximum wear resistance was demonstrated by
bimetal samples obtained according to flow diagram 2,
containing 0.8 wt. % SiC (Fig. 7, curve /). In this case,
the dependence f(P) is non-monotonic: as P increases
in the range of 3—5 MPa, the friction coefficient f drops.
Apparently, this is attributed to the formation of a solid
SiC film on the tribocoupling surfaces (Fig. 7, a;
curve 4) [16].
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Fig. 7. Dependences of the wear (I-3) and friction coefficient (4—6) of the bimetal working layer
on the specific load («) and SiC content (b) during tests under dry friction conditions
2, 5 —process flow diagram 7; I, 4 — flow diagram 2; 3, 6 — flow diagram 3

a-C,

SiC

=0.8wt. %; b—P =5 MPa

Horizontal layer arrangement

Puc. 7. 3aBucumoctu nzHoca (1-3) u kodppunuenra Tperns (4—6) marepuaia padodero cios bM
OT ynesnbHOH Harpy3ku (@) u conepkanus SiC (b) Ipu UCIIBITAHUSX B YCIIOBHSAX CYXOTO TPCHUS

2, 5 — tex"onoruueckas cxema /; I, 4 — cxema 2; 3, 6 — cxema 3
a—Cg.=0.8mac. %; b—P=5Mlla

Pacnonoxenue cioen TOPU30HTAJILHOE

The wear resistance of the samples fabricated
according to flow diagrams / and 3 is noticeably
lower. An increased load during testing of samples
fabricated according to flow diagram / in the range
of 4-5 MPa leads, as in the previous case, to a slight
drop of the friction coefficient, but its absolute values
remain quite high (Fig. 7, a; curve 5). The samples
fabricated according to flow diagram 3 are characte-
rized by discontinuities and microcracks localized near
the “SiC-bronze” boundaries, the formation mecha-
nism of which is described above (Fig. 8). SiC par-
ticles, weakly bonded with the matrix material, flake
during friction, which pushes up the wear values and
the friction coefficient (Fig. 7, a; curve 3, 6). After tes-
ting, deep scratches formed as a result of the abrasive
impact of SiC particles are visualized on the samples
working surface.

An enhanced abrasive effect caused by an increased
content of SiC particles in the working layer material
results in the growth of the f'values of the samples fab-
ricated according to flow diagram 3 (Fig. 7, b; curve 6).
At the same time, the absolute wear values are high,
despite their decrease in the range Cg,. = 0+0.8 wt. %
(Fig. 7, b; curve 3). The latter is apparently attributed
to dispersion strengthening of interparticle bounda-
ries and inhibition of plastic deformation in the bronze
layer during friction [12].

Compared to the studied group of samples, the wear
resistance of the control samples (flow diagram /) is
higher, and the f values are lower (Fig. 7, b; curve 2
and 5 respectively). The f(Cj,.) dependence is mono-
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tonic: growing Cg,. leads to an increase in f values.
In contrast to the samples fabricated according to flow
diagram 3, high values of wear and friction coeffi-
cient are attributed not to defects in the working layer,
but to undercompaction of the substrate and transi-
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Fig. 8. Microstructure of hot-forged powder bimetal
and elemental analysis of the material selected area
Flow diagram 3; working layer; Cg,. = 0.8 wt. %;
horizontal layer arrangement

Puc. 8. MUKPOCTPYKTypa TOpsSIeIITaMIIOBAHHOTO
opoI1koBoro bM u anemMeHTHBIN aHaIN3
BBIZIETIEHHON 001acTH MaTepuana
Cxema 3; pabounit croif; C,. = 0,8 mac. %;

PAaCIioIOKEHUE CJIOEB TOPU30HTAIBHOC
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tion zone, caused by the relatively low temperature
of pre-deformation heating (950 °C). The porosity
of the substrate of these samples amounted to 5-7 %.
The residual pores in the substrate result in the work-
ing layer being “pressed through” during loading in
the course of tests. The effect of this factor was pre-
dominant, though introduction of SiC particles caused
the effect of dispersion strengthening of the bronze
layer (Fig. 7, b; curve 2).

The implementation of flow diagram 2 ensured
optimal conditions for the structure formation. In
this case, the samples had the lowest values of wear
and friction coefficient (Fig. 7, b; curves / and 4).
The dependence of f values on Cg,. in the studied
concentration range is rather weak. The samples con-
taining 0.8 wt. % SiC demonstrated the greatest wear
resistance. The residual porosity of the substrate and
working layer materials is 0.5-1.0 wt. %.

Conclusions

1. We proposed the technique for producing hot-
forged powder bimetal “PK40 steel-BrO10 bronze”,
which includes the following independent proce-
dures: cold pressing of the substrate and working layer
blanks, their sintering in a reducing environment, pre-
deformation heating of the substrate and working layer
at temperatures that ensure their satisfactory formabi-
lity, assembly of heated substrate and working layer
blanks in the mold and subsequent joint hot repress-
ing. The resulting bimetal is characterized by increased
values of thermal fatigue and wear resistance in com-
parison with the control samples manufactured using
the traditional technology of hot repressing of the cold-
pressed bimetallic blank.

2. The introduction of SiC powder into the work-
ing layer material contributes to the bimetal thermal
and wear resistance enhancement due to disper-
sion strengthening of the interparticle boundaries.
The optimal content of SiC additive is 0.8 wt. %.

3. Preliminary sintering of the porous working
layer blank enables to reduce the oxides that form part
of the bronze powder and later to remove the reac-
tion products from the body of the blank, which hinders
defect formation during hot deformation.
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Features of the linear intercept method
used for measuring the grain size in WC-Co hardmetals

V. A. Pesin, M. V. Vasilyeva®s, A. S. Osmakov
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27 Bld. R Engels Prosp., Saint-Petersburg 194156, Russia
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Abstract. Several WC—Co hardmetals with varying WC grain size distributions were analyzed to measure the mean grain size using
the linear intercept (L) and planimetric (d;) methods. Additional measurements included the equivalent diameter (dcq) and mean
chords (d,) for all grains, and separately, for grains intersected by the line. The findings show that mean sizes and size distributions
of grains intersected by the line differ from those of all grains. This discrepancy is attributed to the linear intercept method’s rule for
drawing secants, leading to “shadowing” where finer grains are obscured by coarser ones. The relationship between the mean sizes
of all grains and those intersected by the line can be quantified using the “shadow” function S, which depends on the coefficient
of variation (c,) of the WC grain size distribution, as d%/d' =1 — S. Experimental data illustrate that the mean equivalent diameter a’cq
correlates with the linear intercept method L through equation dcq/L = 1.4(1 - 5), and the relationship between the mean grain size d,
and L are described by the equation d,/L = 1.4(1 — S)\/1+ c2. The analysis of grain distributions by the equivalent diameters and mean
chords showed that they equally describe the alloy grain size distribution. The length distribution of random chords obtained using
the linear intercept method differs from the alloy grain size distribution due to the shadow effect, and also because the length distribution
of random chords is always broader than the mean grain chord distribution. It is demonstrated that the length distribution of random
chords is a convolution of the grain size distribution function and a function related to the grain shape.

Keywords: grain size, grain size distribution, linear intercept method, planimetric method, shadow effect
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OcobeHHOCTU MeTOoAa CEeKYLLMUX,
MCNONb3yeMOoro Ansa onpeaeneHns pasmepa 3epHa
B cnnasax WC-Co

B. A. Ilecun, M. B. BacunpeBa®, A. C. Ocmakos

000 «Bupua»
Poccus, 194156, . Cankr-IletepOypr, np-T DHrensca, 27P

&) VasilyevaMV@virial.ru

AnHoTayums. Ha psne craoB WC—Co ¢ paznudHol muprHOH pactpenenenus 3epeH WC 1o pa3Mepam IpoBeIeHbI H3MEPEHHS CPETHHUX
Pa3MepoB 3epeH METOZIOM CeKyIIHX (L) M MIaHNMETPUIECKUM METOZIOM (d,, ), & TakKe SKBUBATIEHTHBIX THAMETPOB (d, ) M CPETHIX
xop1 (d,) Ha BCeX 3epHax M OTAENbHO HA 3ePHAX, JIEKAIIMX Ha CEKYIIMX. YCTAHOBIEHO, YTO KaK 3HAYEHHUs CPEIHUX Pa3sMEPOB, TakK U
pacnpeseeHus 1o pa3MepaM 3epeH, JISKAIIUX Ha CEKYIINX, U BCEX 3epPeH He COBIAAAIOT. DTO 00YCIIOBICHO MPaBHIOM IIPOBEACHHS
CEeKYyILIMX B METOJE CEKYIIUX W CBS3aHHBIM C HHM «3aTCHCHHEM» MEJIKHX 3epeH KPYIHBIMHU. [10Ka3aHo, YTO OTHOLICHNUE CPEIAHUX
Pa3MepoB BCEX 3€PEH K CPEIHUM pa3MepaM 3epeH Ha JIMHUSAX MOXKHO OIHCATh C MCIOIb30BAHHEM TCHEBOWY (DYHKIMH S, 3aBHCSIICH
oT ko3 purmenTa Bapuanuu (c, ) pactpenencuus seped WC no pasmepam, B Busie d*/d” = 1 — S. DKCepUMEHTAIbHBIE COOTHOIICHHS
MEXJIy CPETHAM IKBHBATEHTHBIM HAMETPOM d, M CPETHAM Pa3MEPOM 3epHA MO METOMY CEKYIIUX L ONHMCHIBAIOTCS BBIPAKEHHEM
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/L=1,4(1 —S), a COOTHOLICHNS MEXKJLy CPEJHNUM pasMepoM 3epHa d, 1 L — BoipaenueM d, /L = 1,4(1 — S)/1+ 03. Amnanmus

pacrpezeneHuil 3epeH 0 BeIUYMHE YKBUBAJICHTHBIX JUAMETPOB U CPEHUX XOPJ MOKa3all, YTO OHU B OJUHAKOBOM CTEIICHU OIMCHI-
BAalOT pacIHpe/ielIeHHe 3€PeH CIUlaBa 110 pa3MepaM. Pacmpenenenue ciydaiiHbIX XOpJ MO UIMHE, IO0Jy4aeMO€e B METOAE CEKyIIUX,
HE COOTBETCTBYET pacHpe/e]ICHUIO 3epeH CIUIaBa Mo pa3MepaM H3-3a TeHEBOTO 3(eKTa U M3-3a TOTO, YTO pacIpeelieHue JIIHH
Clly4allHBIX XOpJ BCErla IIUpe paclpeesIcHus CpeAHUX X0opa 3epeH. IlokaszaHo, 4yTo pacnpeeneHue AIUH CIy4aiHbIX XOpJ ABIIs-
eTcsl CBEpTKOH (PyHKIMHM pacipesieeHus 3epeH 1o pazMepaM u GpyHKIHeH, cBI3aHHOH ¢ popMoii 3epeH.

KnioueBbie crioBa: pa3mep 3epHa, pacrpeeneHne 3epeH 10 pasMepaM, MeTo/] CEKYIHX, ITTAHUMETPHYECKUIH METOI, TeHEBOH ekt

Ansa yntnpoanus: llecun B.A., Bacuibsesa M.B., OcmakoB A.C. OCOOEHHOCTH METOMa CEKYIIUX, UCIOIb3YEMOTO JJIsl ONPEACTICHUS
pasmepa 3epra B crutaBax WC—Co. Hzsecmus 6y306. Topowkosas memannypeust u yynkyuonaivhvie nokpoimus. 2024;18(3):28-37.

https://doi.org/10.17073/1997-308X-2024-3-28-37

Introduction

The core parameters of the microstructure of metals
and alloys, which determine their mechanical and
physical properties, are the grain size and material
grain size distribution [1-6]. The grain size measur-
ing methods use different characteristics of the grain
to determine its size, which impedes the comparability
of findings presented by different authors.

Historically, the linear intercept method [7] was
the first one for estimating grain sizes in metals and
alloys, including hardmetals. To this day, it is the most
widely used technique despite the development
of the image analysis methods. According to the linear
intercept method, a series of parallel lines (secants) are
drawn on the image of the alloy microstructure and
the lengths of intercepts (random chords) intersecting
each grain that happens to be on one of these lines are
measured. It should be noted that the same grain can-
not be intersected several times. The mean alloy grain
size is taken to be the arithmetic mean of the lengths
of these chords, hereinafter referred to as L. Some
authors use the distribution of random chord lengths as
the grain size distribution [4; 8—12].

The second most popular method for estimating
grain sizes is the Jefferies planimetric method [13],
in which the mean grain area is determined by divi-
ding the cross-section area of the sample (image)
by the number of grains contained in it. Then this area
is converted into the diameter of a circle of the same
area, dubbed in the literature as the equivalent circle
diameter and referred to in this paper as d,. For two-
phase alloys, the cross-section area of the sample is
recalculated in proportion to the volumetric content
of the analyzed phase. The computer methods of image
analysis enabled to measure various dimensional cha-
racteristics of individual grains, including their area.
Therefore, the mean grain area is now determined
by simply averaging the areas of individual grains. This
method is used in various model calculations [14-16].
In a number of works, the circle equivalent diame-

ter (deq) calculated based on the area of an individual
grain or a mean chord (d ) [19] is taken as the size
of an individual grain [6; 17; 18]. As the individual
grain sizes are determined, their size distribution can
be obtained, which provides more complete informa-
tion about the grain composition of the material.

A number of papers compared grain sizes obtained
by various methods. For spherical grains, the rela-
tionship between a’eq and d, was defined [9]. In [15],
the values of L and d; were independently determined
by measurement for a number of WC—Co hardmetals.
The d,/L ratio varied from 1.10 to 1.40, the mean value
being 1.15. In the same paper, as well as in [14; 16],
the value of this ratio was determined on model struc-
tures. The crystals of various shapes were used to make
arbitrary cross sections, on which random chords were
drawn. Then the areas of these sections and the lengths
of all chords were averaged, and the mean values were
used to determine d;, L and d,/L. The resulting d,/L
values stood at 1.74 [15] and 1.35-1.75 [16].

These results differ significantly from the experi-
mental data. The authors themselves [15] point out this
discrepancy, but do not offer any explanation. A possi-
ble reason for this difference may be that the mean size
of'arandom chord determined in the computer model for
all grains may not coincide with the L value measured
by the linear intercept method. According to the linear
intercept method, the lines cannot intersect the grains
twice (ISO 4499 2(2020)). To meet this requirement, in
micrographs, coarse grains can “shadow” fine ones and
the latter are not taken into account when the mean value
is found. Therefore, the mean size of random chords
determined for all grains may be smaller than the mean
size of random chords on the lines, and the modeling
will yield an overestimated value of the d,/L ratio.
This phenomenon of fine grains being “shadowed” will
hereinafter be called a “shadow effect.” The shadow
effect and its impact on the grain size measurements
by the linear intercept method have not been addressed
in the literature so far. As some researchers substi-
tute the alloy grain size distribution for the distribu-
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tion of random chords intercepted by secants, we will
dwell on the relationship between these distributions.

The objective of this study is to measure the shadow
effect; to determine whether the shadow effect depends
on the nature of the WC grain size distributions;
to assess the impact of the shadow effect on the mean
WC grain size measured by the linear intercept method;
to find correlation between the WC grain size distri-
butions and the size distribution of random chords in
the linear intercept method.

Measurement objects
and methods

We compared the dimensional characteristics mea-
sured for all grains on the hardmetals cross sections
and for the grains intersected by the line. The equiva-
lent diameter dcq, which is related to d,, and the mean
grain chord d, related to L were chosen as the dimen-
sional characteristics of individual grains.

For the research, we selected 7 samples produced by
Virial LTD (St. Petersburg), representing WC—Co hard-
metals with 10 wt. % Co. The samples included alloys
with narrow, wide and bimodal grain size distributions.

To identify the boundaries of the carbide phase
grains, the samples were etched with Murakami solu-
tion. The microstructure of the samples was studied
using a MIRA 3 scanning electron microscope (SEM)
(Tescan, Czech Republic). We used the Fiji image pro-
cessing software (USA) [20] and VideoTest — Struc-
ture 5.2 (Russia) to analyze SEM micrographs.

The built-in functions of these software packages
enabled to measure the following grain dimensional
characteristics:

1. Mean size of the intercept (random chord) L:

1
n s

where /. is a random chord of the i™ grain intersected
by the line.

Hereinafter, we will distinguish between two types
of sizes: with the index “a” —the size taking into account
all the grains in the micrograph; with the index “1” —
the size taking into account only the grains intersected

by the line.

2. Equivalent diameter d}”l (Jefferies method):

d*' = |24,

als

30

- oA : :
where 4 = Z’—, Al.""1 is the area of the i™ grain.
n

3. Mean equivalent diameter d:(’ll:

a,l _ 1 a,l
deq _;Zdeq,i’

4 . . .
where d:c’lfl. = /—Af’l — is the equivalent diameter of
T

an individual grain.

4. Mean chord d%":

1
g _ 1
dg == d5.;.
n
where dfﬁ!i (i stands for the grain number) is the mean
grain chord determined as the mean value of all chords
crossing the grain parallel to secants.

The total number of grains in micrographs for each
alloy amounted to about 2000-3000 and the number
of grains intersected by the line exceeded 1000. For
each mean grain size, the standard deviation and varia-
tion coefficient (¢, ) were determined.

Experimental results

Table 1 features the experimental results of mea-
surements of the corresponding mean grain sizes with
variation coefficients (c,) of all the hardmetals under
study.

Table 1 shows that in all cases the mean sizes
of the grains intersected by the line are larger than
the mean sizes of all measured grains of a given
hardmetal. This manifestation of the shadow effect is
attributed to the reduced share of the fine fraction and,
accordingly, the increased share of the coarse frac-
tion in the grain size distribution. Fig. 1, a shows
a fragment of one of the images processed in Fiji for
sample 2 — the shadow effect is clearly seen there.
Fig. 1, b demonstrates changes in grain distributions
by the equivalent diameter for sample 3 with a relatively
narrow distribution due to the shadow effect. Similar
results were obtained for the mean chord of individual
grains. Thus, when the mean grain size is determined
by the linear intercept method observing the standard
requirement, the changed values of initial mean sizes
and the entire grain size distribution are obtained.

To measure the shadow effect, we considered
the ratio of the mean sizes of all grains to the mean
sizes of the grains intersected by the lines d / de'q
and dj, / d.,, as well as their dependence on the varia-
tion coeflicients ¢ . The experimental results are pre-
sented in Fig. 2. Since the monodisperse composi-
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Table 1. Dimensional parameters measured for the WC—Co hardmetals under study

Tabauya 1. I3MepeHHbIe pa3sMepHble IapaMeTpPhbl 115 HcclelyeMbIX TBepabIX ci1aBoB WC—Co

Sample | dg, /e, dyg /e, Lle, ds,[e, dl /e, d: d!
No. pm/rel. units pm
1 1.02/0.42 | 1.21/0.40 | 0.83/0.65 | 0.74/0.43 | 0.85/0.42 1.11 1.31
2 1.14/0.64 1.58/0.63 1.08/0.87 | 0.83/0.65 1.11/0.67 1.35 1.87
3 2.42/0.49 | 2.90/0.47 | 2.14/0.71 1.74/0.52 | 2.05/0.50 2.70 3.20
4 2.45/0.52 | 3.02/0.50 | 2.19/0.74 1.77/0.54 | 2.16/0.52 2.76 3.38
5 2.41/0.46 | 2.81/0.43 1.98/0.66 1.72/0.48 1.96/0.45 2.66 3.06
6 1.01/0.50 1.25/0.49 | 0.83/0.71 0.71/0.49 | 0.86/0.49 1.13 1.39
7 1.23/0.89 | 2.31/0.82 1.66/1.09 | 0.90/0.90 1.62/0.84 1.65 2.95

Grains share, %

0 12 24 36 48 6.0 7.2 84 9.6 10.812.0

Equivalent diameter, um

Fig. 1. Demonstration of the shadow effect using the example of a fragment of an image processed in “Fiji”
for sample 2 (see Table 1) (a) and the equivalent grain diameter distribution for sample 3
with a relatively narrow distribution due to the shadow effect (b)

[ - experimental data for all grains; [ll - experimental data for the grains intersected by the lines

Puc. 1. [lemoncTpanust TeHeBoro 3¢ dekra Ha npuMepe hparMeHTa oxHoro u3 oopadoranubix B «Fiji» cHUMKOB
it oOpasma 2 (cM. Tabm. 1) (@) u pacmpeeneHue 3epeH 1Mo BeIHYHHE SKBUBAICHTHOTO THaMeTpa st oopasna 3
C OTHOCHTEJBHO Y3KHM PacIpeielieHHeM 3a cueT TeHeBoro 3 dexta (b)

M - skcniepuMenTanbHbIE qaHHbIe st Beex 3epeH; [ll — skcriepuMeHTanbHble JaHHbIe IS 3epEeH Ha CeKYILUX

tion does not provide for the shadow effect, the trend
line was drawn through the point (0; 1). As can be seen
from Fig. 2, the experimental data are well described
by the equation

d*ld" =1-0.08¢, —0.60c? +0.13¢, (1)
or
dld' =1-5, ()
where the shadow function
S'=0.08¢, +0.60c —0.13¢.. (3)

It is intuitively assumed that, with a sufficiently large
number of grains intersected by the lines, the mean size

of such random chords (L) will be equal to the value
of the mean chord for all grains (d3,). The modeling
procedure in [14-16] was based on this assumption,
and it is valid in the absence of the shadow effect.
However, due to the shadow effect, the size L should
coincide with the mean chord value for the grains inter-
sected by the line d.,. Indeed, the ratio for all hard-
metals was L/aléh =1.00 = 0.03. Accordingly, taking
into account (2), we obtain

a
dch

L= .
1-S

4

When determining the dependence of dg /L
on the shadow function S, the ratio between the mean
values of dg, and dj, should be defined. The value
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1.0 1 2 3
d'/d =1-0.08c,—0.60c, +0.13c,
R’=0.985
0.9
[}

ﬁmg =
-5 0.8} .
N
T o7t
,Eﬂ)

0.6 |

5]
05 | | | |
0 0.2 0.4 0.6 0.8 1.0

Cy

Fig. 2. Plots of d¢, / d;q and d’, /d!, as function of c,

Solid line — calculation based on the equation (1)
[H - experimental data for dj, / déq
@ - experimental data for d¥, /d.,

B I B I
Puc. 2. 3aBucumoctu d,, / di,nd; / diorc,
CrutomIHast JIMHUSL — pacdeT Ha OCHOBaHUH ypaBHeHUs (1)

[H - sxcriepuMenTabHEIS JaHHBIC JUIS / dys

@ — SKCIICpUMEHTAIBHbIC JaHHBIC U d, [ dy

of the ratio d:;]l/ d%! does not depend on the type of alloy
grain size distribution and is determined by the grain
shape only. Hereinafter, this ratio will be called
the shape coefficient K . For round grains, the diame-
ter/mean chord ratio is 4/m = 1.27. Taking into account
averaging over orientations, for rectangular grains,
the shape coefficient K = 1.36, for trapezoidal ones —
K = 1.39, for triangular ones — K = 1.60+1.70 depen-
ding on the triangle angles. For all the hardmetals under
study, no matter what grains were taken for averaging
(all grains or the ones intersected by the line), the ratio
a’fc’ll/a’fl;1 =1.41 +£0.03 was obtained. Therefore, taking
into account the variety of cross-sectional grain shapes
of WC-Co hardmetals, the value K = 1.4 seems quite
realistic. Hereinafter, we will assume that

ds' =1.4d5). (5)
Based on (4) and (5), we get the following function:

Table 2. Measured dimensional parameters (um/rel. units)
for narrow intervals d:q for sample 3

Tabnunya 2. U3mepeHHbIe pa3MepHbIe TapaMeTPhbl
(MKM/OTH.€]1.) 1l y3KHX HHTePBaJIoB d, .
i1 odpa3ma 3

deg /Cv dy /e, Lie,

1.5/0.04 1.05/0.21 1.03/0.44
2.5/0.02 1.78/0.19 1.77/0.45
3.1/0.02 2.21/0.15 2.16/0.43
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ds [L=14(1-5). (6)

To expand the analyzed range of changes in
the width of grain size distributions in the micrographs
of'sample 3, we selected the grains with individual sizes
d_, in three narrow intervals: 1.5 + 0.06, 2.5 + 0.06 and
3.1 £0.06 um (analogue of the & function) and mea-
sured the corresponding values of d,, and L. Table 2
presents the results obtained for these narrow intervals.

Fig. 3 shows the experimental values of d; /L and
1.4d% /d}, for the hardmetals under study depending
on the width of the WC grain size distribution, as well
as the calculated curve according to the equation (6).
As can be seen from Fig. 3, the equation (6) presents
a comprehensive description of the experimental data.

The relationship between the mean sizes
d, and d, can be derived from the equation
2 (deqi_deq)2 . ..
o= Z’—, where o is the standard deviation

n
2
dcq,i

- o2 .2 2 2
for d, . Since ZT—dJ,we obtain 6~ =dj —d,, or

dyt=di'\1+¢l. (7)

In this case, (6) and (7) yield the following equation:

d*JL=1.4(1-8)1+c2. (8)

/d,

a
h

/L;14d,

a
eq

d

C

v

Fig. 3. Plots of d, /L and 1.4d° /d., as function of c,

Solid line — calculation based on the equation (6)
[l - experimental data for dg, /L
@ — experimental data for 1.4d% /d.,

A\ — experimental data for d;q / a’éh (narrow ranges)
Puc. 3. 3asucumoctu d°, /L u 1,4d" [d” ot c,
CrutonHas IMHUS — pacyeT Ha OCHOBAaHUHU ypaBHEHHUs (6)
[ - oxcnepumMenTanbubie Aanubie s d’, /L

@ — oxcnepumMenTanbHbe Aannbie s 1,4d” /d”
A — dKCTIepUMEHTANbHBIE JaHHbIC TS doy / d; (y3Kue uana3oHbl)
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For hardmetals with a different predominant grain
shape, equation (8) can be written in a more general
form:

d* /L =K (1-S)\1+c2. 9)

Fig. 4 shows the experimental values d}/L and
1.41+cld®/d!, for the hardmetals under study,
as function of the width of the WC grain size distri-
bution, as well as the calculated curve according
to the equation (8).

As can be seen from Fig. 4, the equation (8) pre-
sents a satisfactory description of the experiment.

In [14-16], the computer modeling did not take
the shadow effect into account and it was assumed
that L = d, . In this case, the equation (8) becomes

(/) =141+,

mod

(10)

Fig. 4 also shows the observed dependence of the
dy/dj, ratio on c . It can be seen that the experi-
mental values of d}/d} and cljl/dclh are close
to the calculation results [15; 16].

<
=
~
@
S =5
NU> ~
+ )
< 25
— N
N Y
~
3
o ]
=

Fig. 4.Plots of d? /L, 1.4\J1+ ¢ d?, /dY, di'/d% ' as function of ¢,
1 — calculation based on the equation (8)
2 — calculation based on the equation (10)
[ - experimental data for d° /L

@ — experimental data for 1.4/1+ 2 d3, /d.,,

A — experimental data for d® /d3,
V — experimental data for d, / d),

Puc. 4. 3aBucumoctu d, /L, LaJ1+c2 dt/d?, d:;K”/d:‘” orc,
1 — pacyer Ha OCHOBaHUHM ypaBHEHUS (8)
2 — pacuer Ha ocHOBaHUM ypaBHeHus (10)
[H - 5xcriepuMeHTaNbHEIC JAHHBIC JUIs d, / L
@ - >xcriepumenTabHbie gannbie s 1,41+ ¢2 d® [ d”
/\ — DKCTIEpHMEHTATbHbIC TAHHBIC TSI d:m, / dy

V - oKcnepuMeHTanbHbIe JaHHbIe 11 d / dy

In addition to the mean grain size, an important
parameter of the microstructure is the WC grain size
distribution. As can be seen from Table 1, the varia-
tion coefficients of the alloy grain distributions
by the equivalent diameters and by mean chords are
quite close (difference within 2-3 %). The grain
distribution by the mean chord is slightly wider due
to the grain shape. In addition, the grain distribu-
tion by the mean chords d3, was compared to that by
the value of d;, /1.4 (normalization by the factor of 1.4
enables to superimpose the distributions on each
other). Superposition showed that they coincide within
the margin of error. Thus, the alloy grain size distribu-
tion by the values of d, and dj, can equally characte-
rize the alloy grain composition.

As noted above, the size distribution of random
chords in the linear intercept method is often used
as a characteristic of the alloy grain composition.
However, it is necessary to take into account that,
firstly, the distribution of random chords in the linear
intercept method applies only to grains intersected
by the lines, the distribution of which differs from
that of all alloy grains due to the shadow effect.
Secondly, even if the grains are of the same size and
shape (6-function), the random chords lengths are
distributed in a certain way, the width of this distribu-
tion is not zero and is determined by the grain shape.
For example, if the material consists of round grains
of the same diameter d, the mean grain chords are also
equal and, respectively, have a o distribution. In this
case, the size distribution density of random chords

will be as follows £ () :?M2 —y?2, y<d, where d

is the circle diameter [21] with the distribution width
of 6 = 0.223d. For grains of other shapes, taking pos-
sible orientations into account, the distribution func-
tion is more complex [22; 23]. Hereinafter, we will
call such distribution functions the grain shape func-
tions. Therefore, from a mathematical point of view,
the random chord length distribution under the linear
intercept method is a convolution of the size distribu-
tion function for the grains intersected by the lines and
the grain shape function. In many areas of physics,
a similar situation can be observed. When random
chords distribution is analyzed, it is most logical to use
the distribution of mean chords of the grains intersected
by the lines as a function of the grain size distribution,
while the distribution of random chords for a narrow
interval in the distribution of mean chords of the alloy
under study can be taken as a shape function. As an
illustration, for sample 3 grains intersected by the line,
the distributions of mean chords, random chords, and
the computed distribution of random chords obtained
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30 alloys, which, as a rule, have rather narrow grain size
distributions. Standard WC—Co hardmetals are charac-
25 - terized by a wider WC grain size distribution. This is

Grain share, %
-
)
T

10

P 1 R A S DR B |

0 12 24 36 48 60 72 84 9.6 108

Size, pm

Fig. 5. Grain size distribution by the mean chords (),
random chords () and the convolution result () for sample 3

Puc. 5. Pactipenenenue 3epeH no Bennaune cpenuux xop (M),
cirygaitaeix xopy () u pesynsrar ceepriu (M) st obpasmna 3

by convolution were constructed. The results are shown
in Fig. 5.

The comparison of the distribution functions
of mean and random chords shows that with equal
mean values, the distribution width of random chords
is significantly higher (the variation coefficients
of the distributions differ 1.4-1.5 times). At the same
time, the distribution of random chords, within
the margin of error, coincides with the computed distri-
bution obtained by convolution. This means that even
for the alloys with relatively narrow grain distribu-
tions, when the shadow effect is small, the distribu-
tion of random chords will not coincide with the alloy
grain size distribution. According to Tikhonov [24],
restoring the real function of alloy grain size distribu-
tion from the distribution of random chords is a com-
plex task and should be viewed as an incorrect-posed
problem.

Discussion of results

The discrepancies between the experimental and
computed values of the d,/L ratio in WC-Co hardme-
tals revealed in [14—16] indicated a number of problems
associated with the linear intercept method. Although
this method is widely used, numerous methodologi-
cal works and a number of international standards are
devoted to it, when it comes to WC—Co hardmetals,
there is no clear understanding what size is being
measured.

The linear intercept method, like the planimet-
ric technique, was originally developed to estimate
the mean grain size of polycrystalline metals and

34

probably the reason why, with almost similar measure-
ment procedures, the standard for metals and alloys
ASTM E112-13 (2021) and the standard for hardme-
tals ISO 4499 2 (2020) describe different correlations
between the linear intercept and planimetric methods.

The ASTM standard indicates the ratio L:,/%,

which is considered accurate for round grains and
approximate for equiaxed grains of other shapes, which
gives the equation d}/L = 1.273, or 4/m. As previously
noted, this value is equal to the ratio of the circle dia-
meter to its mean chord.

The ISO standard, with reference to [15], indi-
cates the ratio L= \/j , which gives the equation
dy/L=1.128, or \/4/7 In [15], the experimental values
of the ratio d}/L for different alloys varied from 1.10
to 1.40, the mean value being 1.15. Therefore, despite
the wide scatter in results, the authors assumed the ratio
dy/L tobe equal to 1.13 and indicated it in the standard.
We believe that the spread in the d;/L value obtained
in [15], in addition to the measuring inaccuracy, is
attributed to the fact that the alloys probably had diffe-
rent width of the WC grain size distribution, and simple
averaging of the d/L measurement results for different
alloys resulted in an error.

The dependence of the mean WC grain size deter-
mined by the linear intercept method on the width
of the WC grain size distribution revealed in this work
and explained by the shadow function S enables to eli-
minate this error. In addition, the opportunity is afforded,
within a single approach, to harmonize the results
of the linear intercept and planimetric methods in
ASTM E112-13 (2021) and ISO 4499 2 (2020) stan-
dards. The ratio dj/L depending on the grain shape
and the width of the grain size distribution is given
by the equation (9). For round and equiaxed grains,
the shape coefficient K is approximately equal to 1.27,
and for relatively narrow distributions (c, < 0.3)
the result from (9) corresponds to ASTM. For hard-
metals, due to the variety of shapes of WC grains,
the coefficient K_ is approximately equal to 1.4, and
the width of the WC grain distribution can vary over
a fairly wide range. Therefore, the value of the ratio
dy/L, according to (9), can vary from 1.0 to 1.4 depen-
ding on ¢, . This spread of d}/L values is fully con-
sistent with the experimental results [15]. It confirms
that simple averaging of dj/L values for alloys with
different ¢  values is a mistake and so is the introduc-
tion of this mean value (1.128) into ISO 4499 2(2020)
standard. Expressing dependence of d}/L on c_ using
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the equation (8), ¢ varying from 0 to 1.0, we obtain
an integral mean value of 1.244.

Thus, when the linear intercept method is used
to determine the mean WC grain size in hardmetals,
the mean size value obtained is even more arbitrary than
the researchers, including the authors, earlier assumed.
Therefore, this value must be used with caution when
establishing a relationship between WC grain size and
the physical properties of alloys. It is also important
to keep in mind that the distribution of random chords
by length in the linear intercept method is not the same
as the alloy grain size distribution.

Conclusions

1. For a number of WC—Co hardmetals, having
compared the dimensional characteristics of WC grains
measured for all grains and for the ones intersected
by the line, we proved that the condition for drawing
these lines in the linear intercept method (ISO 4499 2)
results in shadowing of finer grains by course ones and
distortion of the WC grain size distribution (shadow
effect).

2. It has been established that the shadow effect
grows with the increasing variation coefficient (c)
of the WC grain size distribution. The relationship
between the mean sizes of all grains and the grains inter-
sected by the line can be described using the shadow
function S

d*/d'=1-S5,

where S =0.08¢, +0.60c2 —0.13c].

3. For the hardmetals under study, the relationship
between the mean equivalent diameter and the mean
chord of WC grains was obtained by measurement:

d,~1.4d,.

4. It is demonstrated that the relationship between
the mean equivalent diameter, the Jefferies diameter and
the mean grain size in the linear intercept method is not
a constant value, it depends on the size of the shadow
effect:

di, =1.4L(1-S),

dP =1.4L(1-S)\/1+c2.

5. Without taking the alloy grain size distribu-
tion into account, the linear intercept method can only
give a conditional estimate of the mean size and these
limitations of the method should be kept in mind.

6. The length distribution of random chords in
the linear intercept method is not a characteristic
of the WC grain size distribution.
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Self-propagating high-temperature synthesis
and spark plasma sintering of high-entropy
(Hf,Ta,Nb)(C,N) carbonitride

V. S. Suvorova®, A. A. Nepapushev, D. S. Suvorov,
K. V. Kuskov, D. O. Moskovskikh

National University of Science and Technology “MISIS”
4 Bld 1 Leninskiy Prosp., Moscow 119049, Russia

&3 buynevich.vs@misis.ru

Abstract. In this research, we combined mechanical activation (MA), self-propagating high-temperature synthesis (SHS), and spark plasma
sintering (SPS) methods to obtain a dense high-entropy (Hf,Ta,Nb)(C,N) carbonitride and studied its properties. To implement the SHS
process, a mixture of initial metals and carbon was subjected to pre-treatment in a planetary mill in the low-energy mode, in which
the jar rotation speed reached 350 rpm. We studied the evolution of microstructure and phase composition during the MA process.
It has been established that after 60 min of treatment, Hf/Ta/Nb/C layered composite particles consisting of Hf, Ta, Nb and C submi-
cron layers, with an average size of about 15 pm, were formed. However, according to the X-ray diffraction analysis, the components
in the jar did not interact. SHS of Hf/Ta/Nb/C reactive mixtures was performed in a nitrogen atmosphere (P = 0.8 MPa); after synthesis,
two isomorphic (Hf,Ta,Nb)(C,N) phases of the Fm-3m (225) space group with lattice parameters of @ = 0.4476 nm (71 wt. %) and
a=0.4469 nm (22 wt. %) were revealed in the powder. After SHS, the average size of agglomerates was 10 pm and their morphology
resembled that of composite particles after MA. The agglomerates formed during SHS consisted of pores and round-shaped particles
ranging in size from 0.5 to 2 um, which was caused by the melting of metal components in the combustion zone and rapid crystalliza-
tion of product grains from the melt, followed by subsequent recrystallization. Spark plasma sintering at a temperature of 2000 °C,
a pressure of 50 MPa and a holding time of 20 min enabled to obtain a single-phase high-entropy (Hf ,,Ta, ,,Nb, ,,)C, ;N , material
with a lattice parameter of 0.4482 nm characterized by a high relative density of 98 %, a hardness of 21.5 & 0.4 GPa, a Young’s modulus
0f 458 + 10 GPa, and a fracture toughness value of 3.7 + 0.3 MPa-m'?,

Keywords: high-entropy ceramics, high-entropy carbonitride, mechanical activation, self-propagating high-temperature synthesis,
ceramics, spark plasma sintering
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CaMopacnpocTpaHsaowmmcs
BbICOKOTEMMEpPaTYPHbIN CUHTE3 U UCKPOBOE
niasMeHHoe CrnekaHue BbICOKOIHTPONMUMUHOIO
kap6oHutpuga (Hf,Ta,Nb)(C,N)

B. C. CyBopoBa®, A. A. Hemanymes, [I. C. CyBopos,
K. B. Kyckos, [I. O. MocKkoBckux

HanmnonanbHblii Hcc/ieoBaTeIbCKHil TexHoIornyeckuii ynusepeuter «MUCHUC»
Poccust, 119049, . Mocksa, JIeHuHckwuii np-T, 4, ctp. 1

&3 buynevich.vs@misis.ru

AHHoTayms. B pabore koMOMHaIMeld METOJOB MEXaHMYECKOro akThBHpoBaHus (MA), caMopacHnpoCTpaHSIOIIETrocsl BEICOKOTEMIIe-

parypHoro cunte3a (CBC) u uckpoBoro miasmenHoro cnekanust (MIIC) nomydeH IuIOTHBINH BBICOKOYHTPOIUIHBIN KapOOHUTPHU
(Hf,Ta,Nb)(C,N) n uccnenosans! ero coiictsa. st peanusanun nporecca CBC cMech HCXOAHBIX METAIIOB C YIIIEPOIOM ITOABEP-
raJy IpeaBapuTeNbHO 00paboTKe B IITAHETAPHON METBHHIE B HU3KOIHEPTeTHIECKOM PEKUME, IIPH KOTOPOM CKOPOCTh BPAIlCHUS
6apabaHoB coctaBisuia 350 00/mMuH. Bbuta nceenoBaHa HBOMIIONNS MEUKPOCTPYKTYpEI 1 (ha3oBoro cocrasa B nporecce MA. Yera-
HOBJICHO, 4TO HOCJIe 00paboTku B TedeHnue 60 MUH IPOUCXOIUT (POPMHUPOBAHKE CIOUCTHIX KOMITO3HUIIMOHHBIX dactur Hf/Ta/Nb/C,
HMMEHOIIIX CPeTHUN pazMmep mopsiaka 15 MkM U coctosmx u3 cyoOMukpoHHbIx cioeB Hf, Ta, Nb u C. [Ipu 3ToM, coriacHO JaHHBIM
peHTreHo(a30BOro aHain3a, B3aMMOJCHCTBHSI KOMIIOHEHTOB B Oapabane He mpoucxommwio. CBC peakumonssix cmeceir Hf/Ta/
Nb/C npoBomumu B armocdepe azora (P = 0,8 MIla), mocie cuHTe3a B NOpoUIKe ObUTH OOHApYKEHBI JBe M30MOp(HBIE (a3bl
(Hf,Ta,Nb)(C,N) npocrpaHcTBeHHO# rpynmsl Fm-3m (225) ¢ pa3nmuunbiMu napamerpamu pentetku: a = 0,4476 um (71 mac. %)
u a = 0,4469 um (22 mac. %). Mopdonorust yactun nmocie CBC noBTopsizza MOp(OIOrHI0 KOMIIO3HIIMOHHBIX YacTHI] rmocie MA,
cpenHui pa3mep artomeparos coctanisul 10 Mkm. Chopmuposasnmecs B nporecce CBC armomepars! cOCTOSUTN U3 YaCTUIL OKPYIIION
¢opmsl pazmepoM oT 0,5 10 2 MKM H HIOp, 94TO 00YCIIOBICHO IUIABJICHHEM METAUIMYeCKNX KOMIOHEHTOB B 30HE TOPEHUsI, OBICTPOI
KpHCTaIIM3aLluei 3epeH IpoyKTa U3 paciiiaBa i Ux nocienyouei pekpucramusanueil. [pouecc UIIC npu temneparype 2000 °C,
nasieHnn npeccosanust 50 MIla n Bpemenn Boiep>xku 20 MUH O3BOJIMII TTOJYYUTh OHO(A3HBIH BEICOKOAHTPOIMHHBIN MaTepHal

(Hf, Tao,33Nbo,33)Co,5No,3 ¢ napamerpoM pemerku 0,4482 HM, KOTOPBIA XapaKTepU30BajCs BHICOKOH OTHOCUTEIBHON INIOTHOCTBIO

0,33

98 %, TBepnocthio 21,5 + 0,4 I'la, moxyinem FOnra 458 + 10 I'lla u 3HaueHreM TpemuHocToiikoctr 3,7 + 0,3 MIla-m'2.

KnioueBbie c/10Ba: BBICOKOPHTPOIHUIHAS KEpaMHKa, BBICOKOIHTPONMITHBIA KapOOHMTPUA, MEXaHHYECKOC AKTHBHPOBAHHE, CaMo-
PACTIPOCTPaHSIOMINIICS BBICOKOTEMIIEPATYPHBIN CHHTE3, KepaMuKa, HCKPOBOE IITa3MEHHOE CTIeKaHHe

BnaropgapHocTy: Pabora BbinonHeHa npu GpuHaHcoBoi nopaepxke rpanta PHO Ne 19-79-1028011.

Ana yntuposarnus: Cysoposa B.C., Henamymes A.A., Cysopos /I.C., Kycko K.B., Mockosckux JI.0O. CamopacnpocTpaHsomuiics
BBICOKOTEMITEPATypHBII CHHTE3 M HCKPOBOE IUIa3MEHHOE CIIeKaHUe BBICOKO3HTponuitHoro kapbonurpuaa (Hf, Ta,Nb)(C,N). 3sec-
mus 8y308. Ilopowikosas memannypeus u ynkyuonanshsie nokpoimus. 2024;18(3):38-48.
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Introduction

The development of pioneer industries poses a chal-
lenge for researchers to find new materials with high
mechanical properties that can withstand high tem-
peratures. In recent years, scientists have focused
on high-entropy ceramics (HECs) with a configura-
tional entropy of mixing §_. > 1/.61R [1]. Unlike high-
entropy alloys [2], HECs contain cations or anions sub-
lattices [3], which gives this class of materials a wide
structural diversity and controllable properties.

Among HECs, the compounds based on transi-
tion metals, IVB (Ti, Zr, Hf) and VB (V, Nb, Ta) groups
of the periodic table, which have higher properties in
comparison, for example, with binary carbides and
nitrides, are most suitable for high-temperature appli-

cations. For example, the authors of [4] used spark
plasma sintering (SPS) of a mixture of TaC, ZrC and
NbC powders to synthesize single-phase (Ta,Zr,Nb)
C carbide with high flexural strength at elevated
temperatures (1600-2000 °C). In [5], high-entropy
(HfTaZrTi)C and (HfTaZrNb)C carbides revealed
a significantly enhanced hardness (36.1 £ 1.6 GPa)
compared to HfC (31.5+1.3 GPa) and (Hf,Ta)C
(32.9 £ 1.8 GPa).

High-entropy carbonitride ceramics is also
of importance for fundamental research and practi-
cal applications. A number of studies have shown
that carbide sublattice nitrogen doping contributes
to improving properties, including mechanical ones,
as strong Me—(C,N) covalent bonds and the C=N triple
bond [6-8] are formed. The study [9] demonstrated
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that the introduction of an additional metal com-
ponent into the initial Ti-Zr—-Hf-C—N system helps
to increase the configuration entropy and, as a conse-
quence, to enhance mechanical properties. As a result,
extremely high fracture toughness (8.4 MPa-m'?)
was reached in a five-component carbonitride
(Tiy ,Zry HE, ;Nby ,Tag ))(Cp Ny 5)-

Previously, the authors of this paper obtained
a double carbonitride in the Ta—Hf-C—N system, which
demonstrated excellent mechanical properties and oxi-
dation resistance [10; 11]. The introduction of an addi-
tional metal component Nb in the equiatomic ratio is
expected to improve the mechanical properties of tan-
talum-hafnium carbonitride (Ta, (Hf, )(C,N).

Dense high-entropy carbonitrides are commonly
prepared by sintering a mixture of transition metal
carbides and nitrides [12—14]. However, this method
requires elevated temperatures and long exposures
to complete the diffusion processes. The self-propaga-
ting high-temperature synthesis (SHS) method enables
to significantly reduce the time for obtaining powder
of complex multicomponent compounds. The sub-
sequent spark plasma sintering pushes down energy
costs for the fabrication of dense ceramics.

In this regard, the objective of this study was
to obtain high-density (Hf,Ta,Nb)(C,N) carbonitride by
combining the methods of mechanical activation (MA),
self-propagating high-temperature synthesis and spark
plasma sintering, and to investigate the mechanical
properties of the resulting material.

Materials and methods

The precursors were hafnium powders GFM-1
(98.8 %, < 180 um), tantalum TaP-1 (99.9 %, from 40
to 60 pm), niobium NbP-1a (99.9 %, from 40 to 63 pum)
and carbon black P804T(99.5 %, <0.2 um). Before
SHS, the Hf + Ta + Nb + C powder mixture was sub-
jected to MA in a high-energy planetary ball mill
“Activator-2S” (CJSC Activator, Russia) in an atmos-
phere of high purity argon (99.998 %): the ratio
of the balls to powder mass was 20:1 (360 g: 18 g),
gas pressure inside the cylinders stood at 0.6 MPa,
and rotation speed was 350 rpm. To study the evolu-
tion of the phase composition and microstructure,
the powder was removed from the jar after MA con-
ducted for 5, 30, 45 and 60 min.

SHS was performed in the constant pressure reactor
in a nitrogen atmosphere (grade 7, 99.999 %). The reac-
tor chamber was pre-evacuated, then nitrogen was
pumped until P reached 0.8 MPa. The self-sustaining
exothermic reaction was initiated by briefly applying
voltage to the tungsten coil connected to the power
source.

40

SHS powders were consolidated by spark plasma
sintering using a Labox 650 unit (SinterLand, Japan) in
an argon atmosphere at a temperature of 2000 °C, press
pressure of 50 MPa, and a holding time of 20 min.
The temperature was raised to the given value at a rate
of 100 °C/min.

The samples microstructure, as well as their elemen-
tal composition, was studied using a JEOL JSM7600F
scanning electron microscope (SEM) (JEOL Ltd.,
Japan) equipped with an X-MAX 80 mm? X-ray micro-
analysis system (Oxford Instruments, UK), at an acce-
lerating voltage of 15 kV. The sizes of particles after
MA and SHS were analyzed on a Bettersizer ST ana-
lyzer (Bettersize Instruments LTD, China) with wet
dispersion.

The phase composition was studied using the X-ray
diffraction analysis (XRD) on a Dron-4-07 diffracto-
meter (JSC Research Center Burevestnik, Russia) with
CuK |, radiation in the step scanning mode (scanning
step 0.1°), the angles ranging from 20 to 80° with 2 s
exposure. The ICDD PDF databases were used to ana-
lyze the resulting spectra. The Rietveld method was
applied to calculate the lattice parameters and to con-
duct the quantitative phase analysis.

A TC-600 (Leco, USA) instrument estimated
the amount of nitrogen and oxygen in the compounds
by IR adsorption (for oxygen) and thermal conducti-
vity (for nitrogen) analysis during the reduction mel-
ting of the samples in a resistance furnace in a helium
flow. A CS-600 (Leco) instrument was used to measure
the carbon content. For this purpose, the samples were
subjected to oxidative melting in an induction furnace
and the amount of CO, released was measured by IR
absorption. The mass content of iron was determined
by atomic emission spectral analysis on an iCAP 6000
echelle spectrometer (Thermo Fisher, USA).

The configurational entropy of mixing S . of a co-
valently bound compound was calculated using the for-
mula [15]:

N N
Smix =-R [in 1nxij +[ij lnij ’
i=1 cationic J=1 anionic

where R is the universal gas constant, x; and x; are
the mole fractions of cationic and anionic elements,
respectively.

The relative density of samples after SPS was
calculated as the ratio of hydrostatic to pycnomet-
ric density. The hydrostatic density of the samples
was determined by hydrostatic weighing under
GOST 20018-74 [16]. Pycnometric density was mea-
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sured using a Ultrapycnometer 1000 helium pycnome-
ter (Quantachrome Instruments, USA).

A Micro-Hardness Tester (CSM Instruments,
Switzerland) was used to measure Young’s modu-
lus (E£) at a 100 mN applied load.

We used a Durascan 70 hardness testing machine
(Struers ApS, Denmark) to estimate hardness (HV)
by the Vickers method, GOST 2999-75 [17]. A load
of 30 N was applied for 10 s. At least 10 measurements
were taken with each sample. We used the Anstis equa-
tion to assess the fracture toughness (K, .) [18].

Results and discussion

Before conducting SHS, the powder mixture con-
sisting of Hf, Ta, Nb and C was subjected to mechanical
activation to enhance its reactivity by reducing the par-
ticle size, accumulating defects and forming layered
composite particles throughout the entire volume
of the powder. The large contact area between the com-
ponents of the mixture in composite particles facili-
tates and significantly accelerates the diffusion interac-
tion between them during the SHS process [19].

Fig. 1 shows X-ray diffraction patterns of the Hf +
+ Ta + Nb + C reaction mixture after mechanical acti-
vations (MA) of different durations in a planetary ball
mill. After the 5 min MA, the X-ray diffraction pat-
tern features peaks of individual elements: Nb and Ta
of Im-3m (229) space group, as well as hexagonal Hf
(P6,/mmc (194)). Peaks of carbon black (C) are not
identified due to its X-ray amorphism.

As the MA duration increases, the peaks widen
and their intensity significantly decreases as the com-
ponents crystal lattices deform during mechanical
processing. After the 60 min MA, the phase compo-
sition remains unchanged, the X-ray diffraction pat-
tern still shows diffraction peaks of the mixture metal
components, while the reaction products, which lead
to a drop in the accumulated energy and, consequently,
reduced reactivity of the mixture, are not formed.

The evolution of the structure of the Hf+ Ta +
+ Nb + C reaction mixture during MA was studied
using scanning electron microscopy (SEM) and X-ray
microanalysis (XRMA) (Fig. 2). The non-activated
powder mixture mostly consists of polygonal Hf, Ta
and Nb particles ranging in size from 10 to 160 um,
as well as carbon black C agglomerates (Fig. 2, a).
At the start of mechanical activation in the low-energy
mode (from 0 to 30 min, Fig. 2, b, ¢), the mixture par-
ticles are crushed and flattened, new surfaces without
oxide films or other impurities are formed, the contact
area between Hf, Ta, Nb and C increases. The flattened
particles interact with each other with their atomically

pure surfaces; as a result, after 1,,, = 30 min, the first
layered composite particles are formed (Fig. 2, ¢). With
longer mechanical activation (Fig. 2, d, e), the con-
tent of particles of initial components in the reac-
tion mixture drops, the composite particles crush
into smaller ones and the thickness of the Hf, Ta, Nb
and C layers decreases. After 1,;, = 60 min (Fig. 2, e),
the Hf/Ta/Nb/C layered composite particles are formed
throughout the entire volume of the reaction mixture.
The size of composite particles varies from 1 to 40 pm,
the average size is 13 um. Although mechanical activa-
tion was carried out in steel jars with steel grinding
balls for 60 min, the content of iron and chromium does
not exceed 0.5 and 0.05 wt. %, respectively, which is
attributed to the use of low-energy mode (350 rpm)
and the presence of a “lubricant” in the form of car-
bon black, which prevents grinding [20].

Thus, mechanical activation for 60 min in the low-
energy mode contributes to the formation of Hf/Ta/Nb/C
layered composite particles throughout the entire
volume of the powder, however, reaction products
inside the jars, which reduce the mixture reactivity, are
not formed.

Fig. 3 shows an X-ray diffraction pattern of the pow-
der after treatment in the mill for 60 min and subsequent

@ Hf — P6,/mmc (194)
B Ta— Im-3m (229)
A Nb — Im-3m (229)
60 mi o= = :
()
min A 1)
45 min O.. e a ) :
)
) u A :
30 min # ) [ o EH
> e .“ & a
& 1 @ [ | -]
= 5 min e A 9] n )
g 4
RS
0 min ) e® L )
! ! ! ! ! ! ! ! ! ! !
20 25 30 35 40 45 50 55 60 65 70 75 80
20, deg

Fig. 1. The X-ray diffraction patterns of the Hf + Ta+ Nb + C
reactive mixture after MA of different durations

Puc. 1. ndpaxrorpammsl peakiuonnoi cvecu Hf + Ta+ Nb + C
1ocJIe pa3InuHoro BpeMeHu MA
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Fig. 2. The morphology, cross-section microstructures and element distribution maps
of the Hf + Ta + Nb + C reactive mixture after MA of different durations
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SHS in a nitrogen atmosphere (P = 0.8 MPa). We can
see that after synthesis, the phase composition funda-
mentally changes compared to the powder after MA;
the X-ray diffraction pattern features widened and
asymmetric peaks due to the formation of two isomor-
phic phases (Hf,Ta,Nb)(C,N) of the Fm-3m (225) space
group with different lattice parameters — 0.4476 nm
(71 wt. %) and 0.4469 nm (22 wt. %).

During filtration combustion of layered composite
particles in nitrogen, the first step involves the for-
mation of the nonstoichiometric carbide [19], which
propagates at a very high speed, therefore, interac-
tion with nitrogen occurs in the aftercombustion zone
only [21]. High cooling rates lead to uneven nitriding
throughout the sample volume, resulting in the for-
mation of phases with different N contents [26].
The X-ray diffraction pattern also reveals low-inten-
sity peaks of orthorhombic and monoclinic HfO, —
based on the calculations by the Rietveld method,
their content in the powder after SHS is 4 and 3 wt. %,
respectively.

After SHS, the morphology of the product agglome-
rates (Fig. 4, a) predictably repeats the morpho-
logy of the composite particles after MA (Fig. 2, e),
the average size of the agglomerates being ~30 um.
The extensive contact surfaces between the reagents
in layered composite particles contributed to a signifi-

(Hf, Ta, Nb)(C, N)
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@ Hf— P63/mmc (194)
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Fig. 3. X-ray diffraction patterns of the reaction mixture
after 60 min MA (1), (Hf,Ta,Nb)(C,N) after SHS (2) and SPS (3)

Puc. 3. ludbpaktorpaMMbl peakiHOHHOM cMecH rocie MA
B Teuenne 60 muH (1), (Hf,Ta,Nb)(C,N) nocite CBC (2) u UIIC (3)

cant acceleration of the diffusion interaction between
them during the combustion process, as a result
the morphology of the particles remained practically
unchanged [22; 23].

Fig. 4. Morphology of the (Hf,Ta,Nb)(C,N) agglomerates after SHS (&), cross-section microstructure (b),
maps of the elements distribution in the agglomerate (c—h)

Puc. 4. Mopdonorus arnomeparos (Hf,Ta,Nb)(C,N) mociie CBC (@), MUKPOCTPYKTypa NOIepeuHoro ceueHus (b),
KapThl pacIpe/ieIeHUs SJIEMEHTOB B arnomepare (¢—h)
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Table 1. X-ray microanalysis of the (Hf,Ta,Nb)(C,N) cross-section after SHS (at. %)

Ta6bnuya 1. MUKpPOpPEHTIeHOCTIeKTPAIbHBINH aHaau3 nonepeyHoro ceyenus (Hf,Ta,Nb)(C,N) noc.ie CBC (at. %)

Spectrum number | Hf Ta C N (0] DY
1 14.8 14.3 14.3 40.2 12.9 3.5 100.0
2 13.1 13.9 13.5 52.5 1.9 5.1 100.0
3 14.8 14.4 15.1 47.9 3.2 4.6 100.0
4 13.7 14.9 14.6 | 489 4.1 3.8 100.0
5 13.7 13.8 139 | 483 4.6 5.7 100.0
6 12.5 12.9 13.1 51.8 52 4.5 100.0
7 14.8 14.5 149 | 437 6.9 5.2 100.0

When examining the cross section of the agglome-
rate (Fig. 4, b), we can see pores and rounded particles
ranging in size from 0.5 to 2 um. According to EDS
(Fig. 4, c—g, Table 1), in the product (Hf,Ta,Nb)(C,N)
(gray areas), the elements Hf, Ta, Nb and C are uni-
formly distributed, the nitrogen content in the particles
fluctuating from 2 to 13 at. %. In addition to the main
phase, HfO, inclusions (light gray areasinFig. 4, b, ¢, h)
are observed in the agglomerates.

As with the HF-C-N [24], Ta—Hf-C-N [11] and
Hf-Zr-C-N systems, the rounded particles are for-
med [25;26] due to melting of the mixture metal
components in the reaction zone, rapid crystalliza-
tion of product grains from the melt and their sub-
sequent recrystallization [27; 28]. The agglomerates
structure after SHS is porous as gas releases during
the combustion process.

Spark plasma sintering was performed in
the mode previously tested on the Ta—Hf~C—N sys-
tem [10; 11]. The X-ray diffraction pattern of sintered
(Hf,Ta,Nb)(C,N) carbonitride is shown in Fig. 3. When
exposed to high temperature, the carbonitride peaks
became narrower and more symmetrical, suggesting
homogenization of the chemical composition, ordering
of the crystal structure and an increased size of crystal-
lites after sintering; the lattice parameter value after
SPS was 0.4482 nm. Compared to the powder after
SHS, the content of orthorhombic and monoclinic
HfO, increased to 7 and 5 wt. %.

A typical microstructure of (Hf,Ta,Nb)(C,N) carbo-
nitride after SPS, as well as an elements distribution map
are shown in Fig. 5. The particle size of the main phase
(Hf,Ta,Nb)(C,N) (gray areas) varies from 2 to 15 pum.
According to EDS (Fig. 5, b—f), the elements Hf, Ta,
Nb, C and N are uniformly distributed. However,
the structure of the bulk material features HfO, inclu-
sions (light areas, Fig. 5, a, b, g) along the boundaries
of the main phase, which confirms the X-ray diffrac-
tion data. The pycnometric density of the bulk carboni-
tride amounted to 11.06 = 0.05 g/cm?, the hydrostatic
density was 10.8 + 0.2 g/cm?, which, in turn, corres-
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ponds to 98 % of the relative density and is consistent
with the microstructural analysis data.

Based on the results of chemical analysis, it can be
concluded that the carbon content in the (Hf,Ta,Nb)(C,N)

Fig. 5. (Hf,Ta,Nb)(C,N) microstructure (a)
and elements distribution map after SPS (b—g)

Puc. 5. Mukpoctpyxkrypa (Hf, Ta,Nb)(C,N) (a)
U KapThl pactpenencHus anemenToB nocie UIIC (b-g)
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Table 2. The mechanical properties of high-entropy (Hf,Ta,Nb)(C,N) carbonitride and similar materials

Tabnuya 2. MexaHn4yecKue CBOCTBAa BbICOKOIHTponuiiHoro kapoonurpuaa (Hf,Ta,Nb)(C,N)
U AaHAJIOTMYHBIX MATEPHAJIOB

Sample p, % HV, GPa E, GPa K., MPa-m'?
(Hf,Ta,Nb)(C,N) 98.0+0.5 | 21504 | 458+10 3.7+023
(Ta, HE, )C, Ny, [11] 98.0 18.7 0.1 516 -
(Ti,V,Nb,Ta)(C, N, ) [31] 95.6 19.1 4375 2.0
(Hf, Zr, Ta, ;Nb, ,Ti, )N, C, o) [32] 95.9 195403 | 429410 28403
(Tiy 35Zr, sHE, 1(Cy Ny o) [9] - ~16.0 ~460 5.7
(Tiy psZr, osHE, 5N, )(C, Ny o) [9] - ~18.0 | ~450+ 140 6.9
(Tiy ,Zr, HE, ,Nb, ,Ta, ,)(C, N, 5) [9] - ~21.0 ~460 8.4
(NbTazZr)C [33] 99.5 | 2024+087 505 3.07
(Zr,,Nb, ,.Tiy ,.V, ,)C [34] 95.1 191405 | 4604£193 | 47205
(Hf, ,Zr, ,Ta, ,Nb, ,Ti, ,)C [35] 93.0 15.0 479 -

sample corresponds to the amount of carbon in the ini-
tial reaction mixture and amounts to 3.8 = 0.2 wt. %,
while nitrogen and oxygen content are 2.3 + 0.1 and
0.8 +£0.2 wt. %, respectively. The chemical for-
mula of bulk carbonitride can be written as follows:
(Hf, 3, Tay,,Nb, 1,)C N, ;. For the resulting com-
pound, the configuration entropy of mixing (S, . ) was
1.8, which meets the criteria for high-entropy materials
S . >1.61R [29; 30].

Microhardness, Young's modulus and fracture tough-
ness were studied on sintered samples. The mechanical
properties ofhigh-entropy (Hf,Ta,Nb)(C,N) carbonitride
and similar materials are presented in Table 2. High-
entropy (Hf,Ta,Nb)(C,N) carbonitride is characterized
by higher hardness compared to (Ta, Hf,)C N/,
tantalum-hafnium carbonitride obtained in a simi-
lar way [11]. Considering that (Hf,Ta,Nb)(C,N) and
(Ta, Hf )C 5N, , have almost the same grain size
(2-15 pm and 6-10 um, respectively), it can be
assumed that the introduction of Nb into the composi-
tion of (Ta, Hf ,)C, N, tantalum-hafnium carbo-
nitride contributed to increased hardness caused by
enhanced configurational entropy of mixing. The simi-
lar effect was demonstrated in [9], where the hard-
ness and fracture toughness increase with enhancing
configurational entropy of mixing. Compared to other
multicomponent carbonitrides [9; 31;32] and car-
bides [33-35], (Hf,Ta,Nb)(C,N) demonstrated higher
hardness (21.5+ 0.4 GPa), as well as a comparable
value of fracture toughness (3.7 + 0.3 MPa -m'?).

Conclusions

1. We studied the impact of MA duration on the struc-
ture and phase composition of the Hf + Ta+ Nb + C
reaction mixture. It has been demonstrated that mecha-
nical treatment in the low-energy mode for 60 min cont-

ributes to the formation of layered composite particles
with an average size of 13 um throughout the entire
powder volume.

2. The powder after SHS included two isomor-
phic phases (Hf,Ta,Nb)(C,N) with lattice parameters
0f0.4476 nm and 0.4469 nm Fm-3m (225) space group.

3. A dense high-entropy (Hf,,Ta ,,Nb ,)C/ N,
carbonitride with a relative density of 98 %, hardness
of 21.5 + 0.4 GPa, Young’s modulus of 458 £ 10 GPa
and fracture toughness of 3.7 + 0.3 MPa-m'? was fab-
ricated from the synthesized powder using the spark

plasma sintering method.
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Abstract. A new physical and mathematical model of silicon vapor transport under medium vacuum conditions has been developed, which

makes it possible to explain the anomalously intense mass transfer of silicon during high-temperature silicification of a porous carbon
material. A formula has been derived showing how the product must be supercooled in order for the condensation process to occur
in its pores. The resulting modified diffusion equation makes it possible to determine quantitatively the flow of gaseous silicon into
the sample, which is highly demanded in the implementation of the porous fiber carbidization technology and the subsequent complete
saturation of the product pores with unreacted silicon. We introduce and quantify a new parameter, showing the contribution of convec-
tive transport to the overall mass transfer of silicon through an external gas medium, the role of which is played by argon. An exact
analytical solution of the equation for silicon transfer in a one-dimensional formulation has been found for a layer of porous medium
with a flat surface. The solution has the form of a logarithmic profile and allows us to calculate the flow of gaseous silicon at the entrance
to the product. The proposed approach is demonstrated on the example of two-dimensional calculations performed by the finite diffe-
rence method, however, the proposed model is easily generalized to the case of three-dimensional calculations with complex geometry,
which always has to be dealt with in a real technological process. Calculations in a two-dimensional formulation have performed for
two model systems: when the melt mirror and the product are parallel or perpendicular to each other. The dynamics of silicon vapor
propagation in the retort has been studied. It is shown that in the conditions under consideration, gaseous silicon, after the onset
of vaporization, fills the entire space of the retort in a characteristic time of less than 1 s.

Keywords: functional coatings, high-temperature silicification, numerical simulation
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AHHOTauMﬂ. Pa3pa60TaHa HOBas q)HSI/IKO-MaTeMaTI/I‘IeCKaSI MOZ€JIb TPAHCIIOPTAa NapOB KPEMHUSA B YCIIOBUAX CPEAHETO BaKyyMa, [I03BO-

JsTroMIast OOBSICHUTH AaHOMAJIBHO HHTEHCHBHBIM MAaCCONIEPEHOC KPEMHHS B XOJI€ BRICOKOTEMIEPATYPHOTO CHIIMIIPOBAHUS TIOPHCTOTO
yriaepoxHoro mMarepuana. BeiBenena ¢opmyra, mokaspIBaromast, Kak M3eIHe JOIKHO OBITH MEepeoXIaxkeHO, YTOOBI B €r0 mopax
mren npouecc kouaencanu. [lorydeno moandunuposanHoe ypasHenue Auddy3nu aist KOIMIeCTBEHHOTO ONIPEAeIeHNs pacpee-
JICHUsI KOHIIEHTPAIMU Ta3000pa3HOT0 KPEMHHUS B PETOPTE, YTO KpaifHe BOCTPEOOBAHO MPH PEANN3aUH TEXHOIOTHH KapOuIH3aIiin
YTIEPOTHOTO BOJIOKHA W MOCIIEAYIOMIET0 MOJHOTO HACHIIICHUS TIOp CHIMIMPYEMOTO M3/eNHs HelpPOpearnpoBaBIINM KPEMHHEM.
BBerieH 1 KOIMUECTBEHHO OLCHEH HOBBIM MapaMeTp, MTOKa3bIBAIONINI BKJIAJ KOHBEKTHBHOTO TPAHCIIOPTa B OOIIMH MaccOIepeHoC
KPEMHHUS 4epe3 Cpely CTOPOHHETO rasa, pojib KOTOPOro MrpaeT aproH. HalimeHo TouHOe aHAaIMTHYECKOE PEIICHHE TOTO ypaB-
HEHUSI B OJHOMEPHON IOCTAHOBKE ISl CIIOSI HOPUCTOI CPEeIbI ¢ IIIOCKOH TOBEPXHOCTHIO. PerieHne MMeeT BH/ JIOrapu(pMHUIECKOTO
PO UIIS U MO3BOJIAET BEYHUCIUTE MOTOK ra3000pa3HOr0 KpEeMHHS Ha BXOZIE B m3enne. MimtmocTpanust paboTocriocOOHOCTH Mpe-
J1araeMoro mojxopa, Oosee MpUOMIDKEHHAs K AEHCTBUTENBHOCTH, MPOU3BOAUTCS IyTE€M JIBYMEPHBIX PAcdeTOB, BBHITOTHEHHBIX
METOIOM KOHEYHBIX pa3zHoCTeil. B To ke Bpems mpesiaraemasi MOJENb JITKO 0000IIaeTcs Ha caydail TPEeXMEpPHBIX BBIUMCICHHI
CO CIIOKHOH TeOMeTpHeHi, ¢ 4eM BCer/a MPUXOAUTCS UMETh JeI0 B peaJbHOM TEXHOJIOTHIECKOM mporecce. PacyeTs! B 1ByMepHOI
MIOCTAHOBKE BBINTOTHEHBI JUIS IBYX MOJICNTBHBIX CHCTEM, KOT/Ia 3epKaio pacIuiaBa M M3AENNe NMapauleIbHbl WU TePIeHINKYIISIPHBI
npyr apyry. McenenoBana auHaMHKa pacripoCTpaHEHUs MapoB KpeMHuUs B petopre. [loka3aHo, 9To B pacCMaTpHBaeMBIX yCIOBHSIX
ra3000pa3HbIil KpeMHHUIT OCIIe Havata mapooOpa30BaHus 3aIIOIHSACT BCE IIPOCTPAHCTBO PETOPTHI 32 XapaKTepHOe BpeMst MeHee 1 c.

KnioueBbie c/1oBa: (HyHKIMOHAIBHBIE TIOKPBITHS, BBICOKOTEMIIEPATYPHOE CHIIMLIMPOBAHKE, YHCICHHOE MOJICITMPOBAHHE.

Ans yntnposanms: Areesa M.B., Jlemun B.A., Jlemuna T.B. ®usnko-maremMaTndeckas MOJICb JOCTABKU MTAPOB KPEMHUSI B XOJIC BbI-
COKOTEMITCPATyPHOTO CHIIMIIMPOBAHUS TTOPUCTBIX YIICPOMHBIX MaTepHanoB. Mzsecmus 6y306. [lopowikosas memaniypeusi u (hyHK-
yuoHnanvhwvie nokpoimusi. 2024;18(3):49-61. https://doi.org/10.17073/1997-308X-2024-3-49-61

Introduction

Currently, composite materials (CM) occupy
a serious niche in all industries and are used both for
manufacturing individual products and as coatings
with special properties. CM unique properties account
for their active use. In particular, CMs obtained by high
temperature silicification of a porous carbon frame
have high antioxidant properties, low density and,
with the proper technique used, a high degree of tight-
ness [1; 2]. Technologically, high temperature silicifi-
cation is conducted under medium vacuum conditions
in the inert carrier gas (argon) [3].

The attempts were earlier made to develop a comp-
lete physical and mathematical model for the vapor-
phase silicification method, which included a quan-
titative description of the process of filling pores
inside the sample and, in addition, solving the adjoint

50

problem of silicon vapor transfer from the melt mir-
ror to the product [4-6]. However, the authors of these
works faced an unbridgeable gap between the calcula-
tion results and experimental data at the stage of numer-
ical simulation of the diffusion transport of sili-
con vapor in the working space of the retort. The phy-
sical and mathematical model underlying the descrip-
tion of the process was based on the assumption that
the main transfer mechanism is diffusion, and the con-
centration of silicon vapor on the melt mirror at a given
operating temperature cannot exceed that of the satu-
rated vapor. According to the diffusion equation solu-
tion, even if silicon is fully consumed on the surface
of the sample, the vapor mass flow proves insufficient
to completely siliconize the product within a reason-
able time. The authors of [4-6] predicted that for sili-
con vapor to overcome the diffusion barrier in the form
of an atmosphere of residual gas during silicification,
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the crucibles with the melt should be put as close
to the product as possible, while in reality this factor
is not decisive, and often some areas of a largesized
product remain “dry”, despite the fact that the crucibles
with molten silicon are located as close to the sample
surface as possible.

Moreover, the experience shows that porous car-
bon matrices can be saturated with silicon, and various
variants of this technique have long been commercially
implemented in many manufacturing procedures. Thus,
it is still very important to quantitatively determine
the mass flow of silicon vapor through the blank sur-
face for monitoring the manufacturing procedure when
functional coatings are formed or the process of deep
impregnation of a porous material is controlled.

All currently known modern techniques for pro-
ducing high temperature CMs are continuously
improved [7-9] and, due to their increasing complexity,
require more advanced approaches at different imple-
mentation stages, including the construction of new
physical and mathematical models to describe the pro-
cesses occurring. Applied to real production conditions,
the process of gaseous silicon transfer from the melt
mirror to the product surface during high tempera-
ture silicification of a carbon porous material must be
described by an elaborate system of partial differential
equations, and its adequate simulation requires track-
ing of many complicating factors, including convec-
tive mass transfer [10]. At the same time, the technique
is essentially three-dimensional and requires a highly
detailed computational grid due to numerous crucibles
with melt in the retort and their complex arrangement
in the working space of the furnace [7]. At the moment,
the fullfledged 3D numerical simulation of this pro-
cess is impossible. As a result, the available models
for describing the gaseous silicon transfer in the hearth
of an industrial furnace during high temperature
silicification are limited to elemental approaches. As
this process is conducted in the medium vacuum and
at extremely high temperatures above the silicon melt-
ing point (7> 1683 K), diffusion was believed to play
a decisive role in ensuring the transfer of gaseous sili-
con from the melt to the product, and it was the only
value taken into account in physical analysis-mathe-
matical models [4—6].

The use of real values of the diffusion coefficient
in the transfer equation does not ensure silicon supply
in the amount required for full-fledged silicifica-
tion of the product that can be experimentally observed.
We face a paradoxical situation, since the facts speak
for themselves: the experiments show that under cer-
tain conditions, a product can still be saturated with
the required amount of silicon, but the existing theory
denies this possibility. This means that we do not fully

understand all physical conditions required for the suc-
cessful implementation of the silicification process.

Thus, the objective of this work is to explain
the experimentally observed abnormally strong transfer
of gaseous silicon from the melt mirror to the product
surface. The goal of the theoretical study is to construct
a more advanced physical and mathematical model
of the silicon vapor transfer in the working space
of the retort. This model should be tested on the example
of specific formulations to prove that it is more plau-
sible compared to its purely diffusion analogue.

Analysis of basic equations

The equation of classical diffusion in a three-dimen-
sional formulation [11], which is conventionally used
to calculate the distribution of silicon vapor in a retort,
looks as follows

ac _
ot

o’C  o°C o°C
D 2 + 2 + 2 )

ox~  oy° Oz
where D is the diffusion coefficient (assumed to be
a constant) and C is the mass concentration. This is
a wellknown second-order partial parabolic differential
equation. In the stationary case (0/0t = 0), the problem
is simplified and reduced to Laplace’s equation AC = 0.

To begin with, without getting into specifics
of the manufacturing method, it makes sense, follow-
ing the study [10], to consider the process as a simple
model, when the product surfaces and the melt are
two parallel planes located at a distance L from each
other (Fig. 1). Hereinafter we will neglect the effect
of gravity. Suppose the concentration of saturated
silicon vapor C(L) = C| is specified on the melt mir-
ror, while on the left boundary, as gaseous silicon is
completely absorbed by the porous medium, the condi-
tion C(0) = 0 is maintained.

In a one-dimensional formulation, Laplace’s equa-
tion with these boundary conditions leads to the only
nontrivial solution in the form of a linear dependence

C
C(x)=—x,
() =—-x

which is schematically shown in Fig. 1. The characte-
ristic distance L between the melt mirror and the pro-
duct is about 0.5+1.5 m.

According to the experimental data, the saturated
vapor pressure for silicon at temperatures not much
higher than the silicon melting point is very low and
is equal in order of magnitude to p =10 Pa [12; 13].
The volumetric concentration for gaseous silicon in
the saturated state is calculated based on the saturated
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Fig. 1. Geometry of the problem
1 — product, 2 — surface of the melt
C_— concentration of saturation
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vapor pressure using the gas equation. At an operating
temperature is 1800 K, it gives a value of the order
of n.~4-10°m>. Let us compare the theoretically
predicted silicon flux density with the experimentally
observed value. The silicon transfer is determined by
diffusion only, however, in this case the silicon flux
density is determined by Fick’s equation:

Js=—pDVC =-DVpy, (1)

where p is gas density and C is mass concentration.
We will assess the diffusion coefficient of silicon atoms
for medium vacuum conditions in an argon atmosphere
using the wellknown formula of the molecular kinetic
theory [14]:

3 KT [mkT _3 (*7)" o)
8 G P 2Ml2 8 dszip\/nmo

Where 6, is a crosssection for scattering for two par-
ticles, p,, is a reduced mass, and k is the Boltzmann
constant. For two particles with approximately equal
mass and size, we have 6, = nd?, u,, = my/2. The mass
of one silicon atom is equal to m, = 4.7-107¢ kg. From
the tabulated data we take the diameter of a silicon atom
dy,=2.3-10""m. We thus obtain D =0.7 m?%s. Such
an unusually large value of the diffusion coefficient
is attributed to two factors: the environment under

the medium vacuum conditions is extremely rarified
and the temperature is high.

Taking into account that the density of silicon on
the melt mirror is pg; = pg pg,/(RT) = 1.87-107 kg/m’,
the formula (1) predicts a very low silicon flux density:
Jg; = 2.62:107° kg/(m*:s). The industrial engineers spe-
cializing in silicification of carbon products claim that
this is clearly not enough to completely block the pores
within reasonable time, given the material porosity.
However, in practice, if certain conditions experimen-
tally determined by industrial engineers are met, prod-
ucts of various shapes are still successfully saturated
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with silicon. Thus, we can confidently state that all
failures during the manufacturing procedure are deter-
mined by completely different factors, namely the tem-
perature distribution throughout the product [15]. It
is obvious that silicon vapor can transit from a gase-
ous state to a liquid or solid state only if the product
temperature is lower than that of vapor [16—18]. After
equalizing the temperature, in theory the process
of silicification should stop due to condensation in
the porous material. In this case, the surrounding gas
and the product come into thermodynamic equilib-
rium. For a general understanding, let us calculate
how much the product should be supercooled so that
silicon is condensed on it. The boundary between two
phases (vapor and liquid) is determined by the socalled
Clapeyron—Clausius equation [19], which, as is known,
is derived from the condition of continuity of the ther-
modynamic potential:
ar q 4 £

—=—"t =1 v,=-2 3
ar Tv-v,)" ' m’ % m, @

Where g is specific heat of the phase transition; P is gas
pressure; 7 is temperature; v, v, is specific volumes
of vapor and liquid, respectively, m%/kg. It should be
noted that for vapor and liquid the expression v, > v, is
valid; so, the equation (3) can be simplified to

T )
dP ¢
In the approximation under consideration, the index
corresponding to the vapor specific volume is not required
and it is omitted in further calculations. The phase tran-
sition curve is shown schematically in Fig. 2.

We will assume that the actual conditions for
silicon vapors during silicification are not far from
the saturation state and correspond to temperature 7.
The transition to a supersaturated state at the same
pressure obviously requires lower product tempera-
ture. Suppose the assumed saturated vapor pressure at
temperature 7' is equal to P, . Since in reality the vapor
is not saturated, its real pressure is @P , where ¢ is
relative vapor humidity. In practice, with decreasing
temperature, the vapor pressure automatically drops
to the value P,.

The gas volume and mass remain the same, so we
get an isochoric process described by the equation

B _ef
L T
In Fig.2, the isochoric process is indicated

by arrows, and the final state is characterized by
the threshold pressure and temperature corresponding
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Fig. 2. P-T diagram of phase states

Puc. 2. ®azoBbie cocTosiust Ha auarpamme P—T

to the condensation point. Hence, we get the pressure
in the final state: P, = oP, T,,/T,.

On the other hand, at each point on the phase dia-
gram, the gas state is described by the Mendeleev—
Clapeyron equation, from which the specific volume
can be derived from the vapor pressure and temperature:

PV Rm Pv R RT
— = =, V=", (5)
r  p T upP

where V' is overall volume, p molar mass, R is uni-
versal gas constant, and v is volume per unit mass.
For the sake of clarity, we replace the derivative in
the Clapeyron—Clausius equation (4) with finite differ-
ences, at the same time eliminating the specific volume
using the equation (5):

TZ_TI_VTI T2_TI_RTI2 (6)
P-F q P-K quR

It should be noted that, from a mathematical point
of view, the derivative in the equation (6) represents
the socalled onesided difference in point /. Next, we
substitute the expression for pressure P, during the iso-
process in the equation (6) and derive the required
temperature difference. The initial pressure P, reduces
in the resultant expression, and, at first glance, it
seems strange that nothing depends on it. However,
unambiguous complete information about the initial
state of silicon vapor is still contained in this equa-
tion, since in addition to temperature it includes vapor
relative humidity. Simple arithmetic operations enable
to express the final temperature difference:

- _ R (0-1)

T, - )
ug — RTo

(7)

The formula (7) shows that the temperature diffe-
rence is negative, therefore, the product temperature
should be lowered compared to the gas tempera-
ture. As an example, let us estimate the temperature

difference for realistic parameter values: ¢ =0.8,
q=13.8-10°J/kg, p=28-107 kg/mol, T,=1790K.
The selected temperature 7', exceeds the silicon melt-
ing point by 102 K. It stays within the operating tem-
perature range of the retort. The resulting equation is
I,-T,=-15K.

In other words, according to the calculations,
the required temperature difference is small, but,
the analysis of the thermophysical situation under indus-
trial conditions reveals that this temperature factor is not
controlled at all and this requirement is unlikely to be
met in the fullscale manufacturing process. The esti-
mates show that higher temperatures in the upper area
of the working space inside the retort have an especially
negative impact. This explains why, when largesized
products are siliconized, their upper part is often less
saturated with silicon than the lower part. The reason is
that at the base of the product the temperature is much
lower most of the time than in the upper area. All physi-
cal factors affecting uniform temperature distribution up
and down the retort contribute to enhancing this strati-
fication. The convection, the vacuum pumps located
near the bottom, low thermal insulation at the base
of the working space, side heaters positioned quite high
from the base — all these factors result in a specific ther-
mal stratification with a temperature gradient mostly
directed upward vertically. Therefore, the temperature
difference required by the formula (7) between sili-
con vapor and the product, can only occur near the lower
boundary of the working space, if at all.

However, let us return to the truly pressing issue
of supplying silicon vapor to the product, since it is
clear that it must be solved regardless of the prob-
lem related to heat distribution in the retort during
silicification.

New physical and mathematical model
of silicon vapor transfer

We will assume that under the conditions under con-
sideration, there is an additional convective transport
mechanism, along with the diffusive one. A more gene-
ral equation for the transport of an impurity as a con-
tinuous medium, taking this factor into account [11], is
written as follows

% + (Vv)c = DAC, (8)

where ¥ is macroscopic (mass) speed of a physically
small element of gas.

The main problem related to the use of the equa-
tion (8) is its closure. Within the framework of con-
tinuum mechanics, fluid dynamics are generally deter-
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mined by the Navier—Stokes equation [11]. In the case
of three-dimensional calculations, these are three non-
linear partial differential equations for three velocity
components v,(x,y,z,t), where i = 1, 3. These equations
include two more unknown quantities — pressure and
variable density, which also has to be determined dur-
ing the problem solution. As a result, two more equa-
tions are added to the system: conservation of mass
in differential form and the equation of state. Thus,
the resulting system of equations becomes extremely
lengthy and difficult to solve.

Currently, direct numerical simulation of the pro-
cesses under consideration in a full three-dimensional
formulation is very difficult, even when high-perfor-
mance supercomputers are used. The challenge is
to formulate the problem in a simplified way so that
two conditions are simultaneously met — on the one
hand, all the physical factors relevant for an ade-
quate description of these processes should be taken
into account, and on the other hand, models should not
be unnecessarily complex so that the problem could
be calculated within a reasonable time and would not
require excessive computing power.

Following the approach implemented in [10], we
will consider the Navier—Stokes equation in its full
formulation and evaluate the contribution of each
term, assuming that gaseous silicon moves through
the argon parent fluid as through a porous medium.
In the hydrodynamics of porous media [20], it is
important to distinguish between pore velocity v and
filtration velocity v. The filtration rate is determined
through the total fluid flow rate and is connected with
the pore velocity by the relation v =¢v. Where ¢ is
porosity of the material. For determining pore velocity
in the medium, we use the initial motion equation [20]:

oV -
pf(a—:+ (vV)vj:—Vp—Ev.

Where P, is density of the fluid moving through
a porous medium, n is dynamic viscosity, K is per-
meability and p pressure field. This equation assumes
linear dependence of friction on the filtration rate. For

simplicity, gravity is not taken into account. Coming
over to the filtration rate, we get

pf(q)l%Jrq)z(W)f)j:—Vp—%ﬁ ©

Now we can evaluate the terms related to speed
on the left and right sides of this equation. The least
trivial parameter in this equation is permeability «.
In our case, this is the permeability of argon gas
with respect to the flow of silicon atoms. Regarding
the mobile atoms of the carrier medium (argon), we can
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only talk about the model nature of this gas as a porous
material with some effective permeability. We will
keep in mind the model according to which gaseous
silicon, as a kind of fluid, is filtered through a carrier
medium as excessive amounts of silicon vapor emerge
on the melt mirror and are absorbed at the opposite
boundary. Due to the extreme rarefaction of the carrier
medium, permeability «k is expected to be abnormally
high. At the same time, the porosity is close to unity,
since argon atoms, as scattering centers, occupy an
extremely small volume.

Suppose the medium is a system of small solid
spherical centers washed by a hydrodynamic flow.
The interatomic distance in argon is equal in order
of magnitude to the freepath length of

kT 1.38-107% -1800
l:\/’ 2 2
2nd” p \/En(l.4-10*1°) 100

=5.6-10" m.

The argon atom diameter is d = 1.4-107'° m. According
to the manufacturing procedure, argon partial pressure
is on the order of 100 Pa. The resulting equation for
permeability is k ~ /= 3.1-10° m?.

However, this assessment gives a slightly underes-
timated permeability value, since it is valid in the case
of dense packing of obstacles. For a more accurate
estimate, we will use the wellknown Kozeny—Karman
formula [20]. This formula is widely used in the theory
of porous media and is derived from the most general
geometric considerations. As a result, we get

od” =5-10"* m?.
(1-6)°

Where ¢ is porosity of the carrier medium (argon)
and d is characteristic size of the streamlined obstacle
(in our case, these are argon atoms).

K=

Another important parameter is the macroscopic
velocity of the gas element (filtration rate). We will
assume that during evaporation, silicon atoms separate
from the melt surface with a rootmean-square velocity,
which amounts to ~1250 m/s at 7= 1800 K. Averaging
over all possible directions, we obtain the value
of the velocity projection onto the normal (filt-
ration speed) v ~ 310 m/s. Now let us assess the value
of each term in the equation (9), taking into account
that the porosity of such a medium is close to unity and
that stationary motion is considered (0/0t = 0):

2 2
_ 531
82693 p, L2107 s,
o) no| 3.5-107%-310
—=0, | —|=—————=217.
P, k| 50"
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These estimates show that the viscosity term is
dominant in this equation. Namely: both the inertia
term and the term that expresses nonstationarity of pro-
cesses are negligible compared to the viscosity term:

‘n—: >>‘pf¢_2 (T)V)i’)‘.

Therefore, we derive the formula for speed in
the form of the wellknown Darcy’s law [20] from
the equation (9):

b=-Svp,. (10)
n

Due to evaporation on the melt mirror and absorp-
tion on the product, we get an average silicon vapor
density gradient. The gas pressure is generally propor-
tional to density, which generates a silicon pressure
gradient and it can act as an additional driving force
along with diffusion. According to the gas equation,
the silicon partial pressure is equal to pg; = ngkT, where
ng; = Ng,/V is the number of silicon atoms per unit
volume. Let us express ng; in terms of the mass concent-
ration C. By definition, by mass concentration we mean

Msi  __ Psi
b
m, +mg P, +Pg

C:

then the silicon density is expressed in terms of relative
mass concentration as follows:

C

——p.. 11
o™ (11)

Psi

Let us write the equation for the silicon partial
pressure in terms of the silicon density and substitute
the formula (11) in it:

RT C
Psi m I—Cpa. (12)
Next, let us substitute this result into the Darcy’s
law (10), neglecting the spatial inhomogeneities
of argon density and temperature in the retort. Let us
also take into account the fact that the silicon concent-
ration never actually reaches unity. Argon or residual
air is always present in the retort, and their concentra-
tion is approximately an order of magnitude higher than
that of silicon vapor. Eventually, we expand the factor
C/(1 = C) into a series in small C and limit our final
formula to the first non-vanishing term. The Darcy’s
law (10) takes the form
5=—Kyp, = KRTP.
n n U

VC. (13)

However, the equation (8) includes the average
mass velocity
y— PaV, + PsiVs; _
P+ Psi

PsiVsi  _ PsiVsi

Pa + Ps; Pa

We substitute (13) into this formula, exclude
the velocity from the extended impurity transfer equa-
tion (8) and end up with the equation

= Ps(ve) =pac. (14)

Now this is a more complex partial differential
equation with a nonlinearity like the square of the con-
centration gradient, but for one variable C(x,y,z,¢). It
should be noted that similar diffusion equations with
nonlinearities, quadratic function of the concentra-
tion gradient, are found in various fields of physics,
but are derived differently. Thus, the studies [21; 22]
showed that a nonlinear term of this type changes
the material (lithium niobate) transport diffusion pro-
perties quite significantly and enables to explain some
of the observed effects associated with the medium
under consideration being saturated with hydrogen.
In the general case, the equation (14) enables to solve
non-stationary problems of concentration distribu-
tion in a three-dimensional formulation.

Analytical solution

First of all, it makes sense to analyze the equa-
tion (14) for the stationary solution. Given that 6/0¢ = 0,
the equation (14) is reduced to the form

—(VC) =vyAC, w:—nMSiD, (15)

KRTpg;

where v is a new dimensionless parameter. Let us
estimate the value of the introduced parameter, which
loosely determines the relationship between diffusive
and convective mechanisms. Let us take the value
of dynamic viscosity from [10]. In the work men-
tioned above, this parameter was assessed in rela-
tion to the silicification process under consideration,
based on the wellknown formulas of molecular kinetic
theory [14]:

3/2
{2 oy
T

- =3.5-10" m%/s.
dAr

’n:

Assessment of the parameter y for the permeability
value k¥ = 5-10"* m? results in y = 0.048. This means
that, under the conditions under consideration, convec-
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tive transport significantly contributes to silicon vapor
transport.

In the one-dimensional formulation with regard
to the geometry of the problem presented in Fig. 1,
the equation (15) has an exact solution. Namely, let us
formulate the boundary value problem for the unknown
function C(x) in the form of an ordinary second-order
differential equation and two boundary conditions:

dc d’c

(dx] W eE C0)=0, C(L)=C,.

By substituting a variable, the order of the equa-
tion is reduced, and then the elementary equation is
integrated [23]. As a result, taking into account
the abovementioned homogeneous boundary condi-
tions, we obtain the logarithmic dependence

C(x) :\uln{f{exp(gj—l}+l} (16)
L v

For completeness, we can calculate the derivative
of this solution on the left boundary. With this deriva-
tive value, the silicon vapor flux density is an order
of magnitude higher than in the case of purely diffu-
sive transfer: ji, =3.0-10* kg/(m?-s). Let us present
as an example a dependency graph C(x) for L = 1.6 m.
Now the solution is a convex function. Fig. 3 (curve 4)
shows that the largest derivative is right on the left
boundary of the range of definition, i.e. on the product
surface. The flux density is proportional to the magni-
tude of the derivative. Thus, to explain the high rate
of high temperature saturation of carbon material
in the medium vacuum observed in experiments, we
should take into account the independent convective
transport of silicon vapor in addition to diffusive trans-
port. Moreover, silicon vapor now fills almost the entire
working space of the retort. It is only in a thin boun-
dary layer near the product itself that the concentra-
tion of silicon vapor tends to zero due to the assumed
complete absorption. It is well consistent with the data
of the fullscale experiment in the sense that silicon con-
densation can be intensive within the retort in places
much removed from the crucibles.

One-dimensional
non-stationary solution
Let us now make calculations to solve a non-sta-

tionary problem. The one-dimensional solution will be
our primary interest.

The equation (14) is nonlinear, so the easiest way
to obtain its non-stationary solution is numerical,
using the finite difference method [24]. Sampling
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schemes of first-order accuracy were used to approxi-
mate derivatives in both time and space. First order
accuracy for spatial derivatives with “backward dif-
ferences” was used to ensure the stability of the dif-
ference scheme. The program code was implemented
in the FORTRAN-90 language. The number of nodes
along the spatial coordinate was taken to be N = 85.

The dynamics of the concentration front presented
for different sampling times in Fig. 3 shows that
the solution quite quickly reaches a steady stationary
profile in the form of the previously described convex
function (the graphs were obtained for L = 1.6 m).
The calculation results show that it takes ~2 s to reach
the stationary profile. At first, silicon vapor is only
observed at the melt mirror (curve / in Fig. 3). Then,
very quickly, silicon fills the entire space inside
the retort (Fig. 3, curve 2, 3). At the moment of defin-
ing (Fig. 3, curve 4), the largest derivative is on the left
boundary of the range of definition, i.e. on the product
surface. The numerical solution of the generalized
equation of silicon vapor diffusion during silicifica-
tion of a porous carbon material obtained in the course
of this study shows that gaseous silicon quickly occu-
pies almost the entire volume of the furnace working

0 02 04 06 08 10 12 14 «x

Fig. 3. Evolution of concentration profile
for different moments of time
t,8:1-0.04;2-04;3-2.0
4 — tabulation of the formula (16) as the result
of the solution of stationary non-linear equation
5 — stationary solution of classical diffusion equation

Puc. 3. DBomorys poduitst KOHIEHTPALUH
B pa3HbIE MOMEHTHI BPEMEHU
t,c:1-0,04;,2-0,4;,3-2,0
4 — pesynbrar Tabyisiuy GopMyItsl (16) perenus cTaoHapHOTo
HEeJIMHEHHOT0 ypaBHEHHsI [IepeHoca
5 — cranyoHapHOE pelIeHne KIACCHIECKOTro ypaBHeHUs U dy3un
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space. In other words, contrary to longheld belief based
on the findings of previous theoretical works [4—6],
there is no need to bring crucibles with molten sili-
con as close to the product surface as possible.

Calculations
in two-dimensional formulation

The next most difficult stage is to conduct numeri-
cal simulation in a two-dimensional formulation. These
calculations were also performed using the finite dif-
ference method. The classic explicit scheme was
implemented [24]. During the calculations, a spa-
tially uniform rectangular grid was used with a break-
down of 85:41 (85 nodes on the x coordinate between
the melt mirror and the sample, 41 nodes on the y
coordinate along the product surface). The larger num-
ber of nodes along the x axis is twice as large because
the boundary layer has to be resolved near the product
at the final stage of defining. The height of the sample is
H = 0.4 m, the distance from the melt to the product is
L = 0.6 m. The condition of impermeability was set for
the upper and lower faces. As for the one-dimensional
formulation, sampling schemes of first-order accuracy
were used to approximate the time and space deriva-
tives. To ensure the stability of the difference scheme,
the derivatives with respect to the “flux” had first order
accuracy and were calculated as “backward diffe-
rences”. Now the silicon vapor transfer is described by
the following non-stationary equation:

2 2 2 2
(2L (2] |- o[ 26226 )
ot ox oy ox oy

This equation includes two dimensional modifiers.
Implicitly one of them is the convective transport
parameter:

D,

c

_ KRTpg
NHg; ’

(18)

the second is the diffusion coefficient D; their dimen-
sions are the same, m?/s. The first parameter describes
the convective transport mechanism, while the second
one is purely diffusive. Now (17) is a two-dimen-
sional non-stationary partial differential equation with
the same nonlinearity like the square of the concent-
ration gradient. Calculations were performed for
L =0.6m (array length), H=0.4 m (sample height),
D, =57.1 m%*s (convective parameter), D = 0.7 m%/s
(diffusion coefficient). Initially, there are no sili-
con vapors in the space inside the retort. The constant
concentration value corresponding to saturation is set
on the right boundary and the condition of complete
absorption is defined on the left boundary.

Results and discussion

The dynamics of the concentration front presented
for different sampling times in Fig. 4 and 5 shows that
the solution quite quickly reaches a steady stationary
profile in the form of a convex surface, as in the one-
dimensional case. At the initial stage lasting for mil-
liseconds, silicon vapors are present on the right near
the melt mirror only (Fig. 4). Further, the retort space
fills with vapor and the concentration profile steepens.
It should be noted that the concentration front remains
flat all the time as it moves towards the product surface.

The calculations show that it takes ~0.5 s to reach
the stationary profile. The largest derivative at the final
stage of defining (Fig. 5) is still on the left boundary
of the range of definition, i.e. on the product surface.
It should be kept in mind that the flux density is pro-
portional to the derivative value in this point. Thus,
taking into account the independent convective trans-
port of silicon vapor in addition to diffusive transport,
we confirm the rather high rate of high temperature
saturation of carbon material observed in experiments
in the medium vacuum, which contradicts the value
of the silicon flux from the classical diffusion equation.

Thus, it should be emphasized once again that
a large sized product can not be sufficiently saturated

y
30
20
(||| 2 2
10 |+ = = =
1 1 1 1 1 | 1 | | 1
0 10 20 30 40 50 60 70 80 x
Fig. 4. Isolines of silicon vapour concentration
at initial stage for = 0.004 s
Puc. 4. 3011HrN KOHIIEHTPALMH TAPOB KPEMHUS
Ha HavasbHOM dTarne npu ¢ = 0,004 ¢
y
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20
10 g g
1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 x

Fig. 5. Isolines of silicon vapour concentration
at steady stage forr=1.0's

Puc. 5. Ione n30nMHMUi KOHIEHTPALMN KPEMHHS
Ha MOMEHT ycTaHoBIeHus ripu £ = 1,0 ¢
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with silicon during the experiment only due to improper
thermophysical mode of the entire process determined
by the design features of the furnace.

These negative factors were earlier discussed
in [15]. It was demonstrated that complete silicifica-
tion of a product within a reasonable time is quite
possible. In other words, the primary chemical reac-
tion of carbon fiber carbonization and further con-
densation of silicon vapor in the pores of the mate-
rial require a technique with more strict temperature
control on the product surface rather than rearrange-
ment of crucibles. If the sample surface is parallel
to the melt mirror, as was assumed in the original
formulation, the streamlines of silicon macroscopic
motions are straight trajectories perpendicular to these
surfaces. In this case, the wavefront of silicon vapor
is stable, flat at any specific time and moves from
the melt to the product so that the condition of homo-
geneity along the y coordinate can be used. However,
in practice, in the gravity field, the surface of the melt
mirror is always horizontal, since the silicon melt is
in crucibles. At the same time, the product is placed
vertically in the retort at some distance from the cru-
cibles (there can be several of those). As a result, it is
important to understand whether the nature of the sili-
con vapor distribution in the retort will change with
more complex mutual arrangements of the source
of silicon vapor and the absorbing surface.

Let us now analyze a more realistic configuration in
the form of a rectangular retort shown in Fig. 6, with
a silicon absorbing left vertical boundary / and a hori-
zontal melt mirror 2 located at a distance of 2L/3 from
the sample. The melt surface itself has a size of L/3.
The condition of impermeability is set for all other
areas of the retort.

The calculation was performed on a 121:41 grid.
The height of the sample was H = 0.4 m, the length
of the range of definition was L = 1.2 m. At this pro-
portion, the size of the melt mirror is A=0.4 m.

¥
H
g
1
RARESRRRRARRRNI
2L/3 2 L x

Fig. 6. Configuration for horizontal
linear source of silicon vapour

Puc. 6. Kondurypamus ¢ Topu30HTaIbHBIM
JIMHEWHBIM UCTOUYHUKOM TIAPOB KPEMHUS

58

The results of the numerical simulation of the system
in this configuration are presented in Fig. 7, 8 for two
points in time: at the defining stage (at # = 0.005 s) and
in the final state, close to stationary (= 0.1 s). It can
be seen that a stationary distribution is established in
the system almost as quickly as in the previous con-
figuration (within about 1s). The calculations also
show that silicon still occupies almost the entire work-
ing space inside the retort, with the exception of a rela-
tively thin boundary layer near the absorbing surface
area. Fig. 7,8 show that silicon vapors propagate
with almost the same intensity in all directions from
the melt mirror. Silicon atoms need almost the same
time to reach the product surface as in the previous
case, when the surfaces were parallel to each other.

The calculation results show that the rarefied gas
(argon), through which silicon vapors from the melt
mirror penetrate to the sample, is not in itself the main
restraining factor limiting the silicon mass transfer. In any
case, different mutual arrangements of the silicon vapor
source and the absorbing surface do not considerably
change the time for reaching the stationary state.

A much more serious modifier in the problem is
the relationship of the areas of the evaporating and
absorbing surfaces. Let us now reduce the linear
size of the surface on which evaporation takes place

0 10 20 30 40 50 60 70 80 90 100 110 «x

Fig. 7. The field of silicon concentration
at initial stage # = 0.005 s for second configuration

Puc. 7. Tlone KOHIEHTPAILIMU KPEMHHUS HAa HAa4aIbHOM JTare
[uist BTopoit koHGurypauuu npu ¢ = 0,005 ¢
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Fig. 8. The field of silicon concentration
at stationary stage ¢ = 0.1 s for second configuration

Puc. 8. [ose KOHIIEHTpAIMKA KPEMHHS HA MOMEHT
YCTaHOBJICHHMS JUIsl BTOPOH KoHHrypaumu npu ¢ = 0,1 ¢
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Fig. 9. The field of silicon concentration
for horizontal source of the vapour at A= 0.2 m

a — initial stage, = 0.005 s
b — intermediate stage, t=0.1s
¢ — stationary stage, 7=1.0s

Puc. 9. Tlone KOHIIEHTPALHH KPEMHHSI
B CJIyyae TOPU30HTAIBHOTO UCTOYHUKA MapoB mpu A= 0,2 m

a — HavapHbIH JTan, ¢t = 0,005 ¢
b — npoMesxyTOuHBIH dTam, t = 0,1 ¢
¢ — MOMEHT ycraHoBieHus, ¢ = 1,0 ¢

to A=0.2 m, leaving unchanged the product height
H=0.4m and the retort length L =1.2 m. All other
parameters will remain the same. Isolines and two-
dimensional surfaces of the concentration field for this
situation are presented in Fig. 9, a, b.

Fig. 9, a shows the initial moment of time, when
the vapors have not yet spread to the entire volume.
However, Fig. 9, b demonstrates that with smaller
sizes of the melt mirror (twice the difference compared
to the previous case) at = 0.1 s, the stationary state is
not reached yet.

Calculations show that the concentration profile
now requires approximately twice as much time to set
the stationary mode as in the previous case. The con-
centration field for the melt mirror at £ = 1.0 s is shown
in Fig. 9, c. Further on, the concentration field practi-
cally ceases to change over time. This result is physi-
cally understandable, since filling the space inside
the retort with silicon vapor requires a certain time, and
it is directly related to the amount of silicon evapora-
ting per time unit from the source surface. As the melt

mirror length decreases, this time expectedly increases
in proportion to it.

Conclusion

The analytical and numerical solutions of the gene-
ralized equation of silicon vapor diffusion during silicifi-
cation of a porous carbon material obtained in the course
of this study show that gaseous silicon quickly occu-
pies almost the entire volume of the furnace working
space. In other words, contrary to longheld belief based
on the findings of previous theoretical works, there is
no need to bring crucibles with molten silicon as close
to the product surface as possible.

The results obtained from the two-dimensional for-
mulation confirm the similar data received in the one-
dimensional case. They show that the resistance of for-
eign gases to the silicon diffusion flow should certainly
be present in the real production environment, but
classical diffusion is not the only transfer mechanism.
Generalization of the model taking into account addi-
tional convective transfer enables to solve the para-
dox of anomalously intense saturation of porous car-
bon material with silicon vapor in the experiment, in
contradiction to earlier theoretical predictions.
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Features of obtaining TiNi alloy samples
from commercial powders with high oxygen content
using the SLM technique

E. M. Farber®, E. V. Borisov, A. A. Popovich

Peter the Great St. Petersburg Polytechnic University
29 Polytekhnicheskaya Str., St. Petersburg 195251, Russia

X d.farber2010@yandex.ru

Abstract. Additive technologies, in particular selective laser melting (SLM), enable to manufacture the products with complex
geometries. The SLM technique can help to effectively expand the titanium nickelide scope of application. However, SLM is
a complex process — numerous factors significantly affect the characteristics of the resulting alloy. When the SLM technique is used,
as the material is subject to laser processing, the content of nickel in the alloy drops due to evaporation, which can lead to changes
in the temperatures of martensitic transformations. This impact on the resulting alloy characteristics can be regulated by changing
the parameters of the SLM process. The objective of our research was to develop the processing methods for manufacturing samples
from two commercial TiNi alloy powders using the SLM technique and to analyze the factors causing defects in the obtained samples.
At the same time, processing methods with low values of volumetric energy density were used to reduce possible evaporation of nickel
during printing. The initial powders were examined for the presence of impurities or other factors affecting the quality of the manu-
factured samples. The processing method A4 that we have developed for powder / enables to obtain a defect-free sample with
the density of 6.45 g/cm?. It was found that none of the processing methods used enabled to obtain a defect-free sample from powder 2
due to presence of a large amount of oxygen impurities, including in particular Ti,Ni,O_secondary phase, which leads to embrittle-
ment and destruction of the samples. Therefore, high content of oxygen in the initial powders has a negative impact on the quality
of the samples manufactured using the SLM technique.

Keywords: selective laser melting, TiNi alloy, titanium nickelide, impurities, defects, defect-free samples

For citation: Farber E.M., Borisov E.V., Popovich A.A. Features of obtaining TiNi alloy samples from commercial powders with high
oxygen content using the SLM technique. Powder Metallurgy and Functional Coatings. 2024;18(3):62-70.
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OcobeHHOCTU nonyyeHus obpasuyos cnnasa TiNi
mMeToaoM CJ1C ns KoMMepuyeCcKnx NopoLLKOB
C NMOBbILEHHbIM COAEpXaHNeM Kucnopoaa

9. M. ®apbep®, E. B. bopucos, A. A. IlonoBuy

Cauxkr-IlerepOyprekuii nonmurexunuyeckuii yausepcuret Ilerpa Besnkoro
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AHHOTayMs. AIMTHBHBIE TEXHOIOTHHU, B Y4CTHOCTH METOJI CelleKTUBHOTO Jazepuoro miasierns (CJIC, wiu SLM), m0o3BOISIIOT H3r0-
TaBJIMBATh U3/AENuUs co cnoxHoi reomerpueit. C momombio CJIC MoxHO 3()(HEKTHBHO PaCIIMPUTE 00IACTH MPUMEHEHUS HAKEINIa
tutana. Ogaako npouecc CJIC sBIseTCS KOMIUIEKCHBIM — MHOKECTBO (DaKTOPOB OKA3BIBAIOT CEPHE3HOE BIHMSHUEC HA XapaKTEepH-
CTHKH TIOJTy4aeMoro cIutaBa. B mporecce nazepHoii 00padotku Marepuana B TexHonoruu CJIC mpoucxoauT CHUKEHIE COepKaHUS
HHKEJIsI B COCTABE CIUIABA 3a CYET MCIAPEHMS, YTO MOXKET MPUBOAUTH K U3MCHEHHUIO TEMIIEPATyp MAPTCHCHUTHBIX MPEBPAILCHHI.
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PerynupoBaHue NaHHOTO BIUSHHS Ha PE3YJIbTUPYIONINE XapaKTEPUCTHKH CIUIaBA BO3MOXKHO 33 CYET M3MEHCHUS IapameTpoB
nporecca CJIC. Llenp paboThI cocTosuia B pa3pabOTKe TEXHOIOTHYESCKIX PEKUMOB U3TOTOBIICHHUS 00PA3IOB U3 IBYX KOMMEPYECKHX
noporikoB cruiaa TiNi mertogom CJIC u aHanu3e GpakTopoB, BIMSIONINX HAa HaH4YKE 1e(DEKTOB B TOIyYeHHBIX o0pasuax. [Ipu stom
JUTSI CHUDKEHHSI BO3MOXKHOTO UCTIAPEHHSI HUKEJIS B TIPOLIECCE TTEYATH IPUMEHSIIICH TEXHOJIOTHIECKUE PEKUMBI C HEBBICOKHMH 3HAYC-
HUSIMHA O0BEMHOU IIOTHOCTH dHEPTrUu. VICX0MHbIe TOPOIIKY HCCIICIOBAHBI HA HAJTMYHE IIPHUMECEH WIIN UHBIX (PaKTOPOB, BIHSFOLIHX
Ha KaueCTBO HM3TOTABIHMBAaCMBIX 00pa3loB. B pesyibrare MpOBEICHHOTO HCCIENOBAaHUS IS MCIOJB3yeMOro MOpoIiKa / pa3pa-
0OTaH TEXHOJIOTUYECKUN pexkuM A4, ¢ IOMOIIHIO KOTOPOTO U3rOTOBJICH Oe3ne(eKTHBINA 00pa3el, INIOTHOCTh KOTOPOro COCTaBHIIA
6,45 r/cM®. YCTaHOBIIEHO, YTO HU OJIMH U3 NPMMEHSAEMBIX PEKUMOB HE TI03BOJIMII TTOJTYYUTh Oe31e(pEKTHBIN 00paser u3 nopomika 2
BBU/Ty HAJINYHS B HEM OOJIBIIOTO KOJIMYECTBA MPUMECEH KUCIOPO/Ia, B 9aCTHOCTH BTOpuuHOH haset Ti,Ni,O , mpuBOAsIIEH K 0XpyT-
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Introduction

Titanium nickelide (TiNi) is one of the most well-
known smart materials famous for superelasticity and
its ability to exhibit shape memory effect. It is widely
used in the aerospace and automotive industries, medi-
cine, microelectronics and other fields of science and
technology [1-5]. Additive technologies, in particu-
lar the selective laser melting (SLM) method, enable
to create highly complex geometries [6] and can dra-
matically increase applications of titanium nickelide.
However, SLM is a complex process — numerous fac-
tors significantly affect the characteristics of the resul-
ting alloy.

It is known that when the SLM technique is used for
laser processing of the material, the nickel content in
the alloy drops due to evaporation as the boiling points
of nickel and titanium differ: nickel boils at 2913 °C,
while titanium has a boiling point of 3287 °C [7-12].
Additionally, nickel has a higher partial pressure
than titanium, and therefore nickel is more volatile
at elevated temperatures [7]. It has been established
that changes in the nickel content in the alloy can result
in changing temperatures of martensitic transforma-
tions — the main parameters indicating that the func-
tional properties of the alloy can manifest themselves
at certain temperatures [13-15].

This impact on the resulting alloy characteris-
tics can be regulated by changing the parameters
of the SLM process — volumetric energy density (£)
and its determining factors — scanning speed, distance
between laser passes, laser power and layer thickness.
It was found that as the E value increases, so does
nickel evaporation during the SLM process [16—18].
Some researchers point out that an average volumet-
ric energy density of more than 100 J/mm? is required
to obtain dense products from nitinol using the SLM
technique [3; 18-20]. At the same time, in some stu-

dies, defect-free samples were obtained with lower
E values [11;21;22]. Such a spread in the values
of volumetric energy density may indicate that the qua-
lity of the initial powder (presence of impurities or
secondary phases in it) affects the characteristics
of the resulting products.

Based on the above, the objective of our research
was to develop the processing methods for manufac-
turing samples from two commercial TiNi alloy pow-
ders with enhanced oxygen content using the SLM
technique and to analyze the factors causing defects
in the obtained samples. At the same time, processing
methods with low values of volumetric energy density
were used to reduce the possible evaporation of nickel
during printing [ 17]. The initial powders were examined
for the presence of impurities or other factors affecting
the quality of the manufactured samples. The results
obtained will, in the future, enable to improve the qua-
lity of the resulting products and to simplify the selec-
tion of TiNi alloy powders, as well as the development
of processing methods for manufacturing products
from these powders.

Materials and methods

In this study, we used two commercially produced
spherical powders (/ and 2, respectively) of TiNi alloy
with similar chemical composition Ti,Nig, (at. %).
The chemical composition of these powders is pre-
sented in Table 1.

The cylindrical samples with a diameter of 10 mm
and a height of 60 mm were fabricated for the study.
Table 2 shows 4 methods of their production using
the SLM technique. The processing methods with low
values of volumetric energy density — £ < 100 J/mm3 —
were selected to minimize nickel evaporation during
the SLM process. The E values are changed by gra-
dually reducing the scanning speed in increments
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Table 1. Chemical composition (at. %)
of the powders under study

Tabnuya 1. Xumuueckuii coctas (at. %)
HcesIeyeMbIX OPOLIKOB

Powder Ti Ni (0) N C
1 48.63 | 51.03 | 0.14 | 0.01 | 0.19
2 48.56 | 50.96 | 0.29 | 0.01 | 0.18

of 175 mm/s. The laser power, distance between
passes, and layer thickness remained the same for all
processing methods. For convenience, the samples
manufactured using a certain processing method from
powder / will hereinafter be marked as Al/1, A2/1,
A3/1 and A4/1, and those from powder 2 — A1/2, A2/2,
A3/2 and A4/2.

The SLM process was conducted on the SLM280HL
printer (SLM Solutions GmbH, Germany), which
uses an ytterbium fiber laser with a maximum power
of 400 W, has a wavelength of 1070 nm, the minimum
laser beam diameter of 80 um and the maximum scan-
ning speed of 15 m/s. The process was implemented in
an inert gas atmosphere (argon). The chemical compo-
sition of the initial powders and the resulting samples
was visually analyzed and determined using Tescan
Mira 3 LMU scanning electron microscope (SEM)
(Tescan, Brno, Czech Republic) with an energy-dis-
persive X-ray spectroscopy module “EDX X-max 80”
(Oxford Instruments, Abingdon, United Kingdom).
The microstructure of the obtained samples was eva-
luated on a Leica DMI 5000 light optical microscope
(Leica Microsystems, Germany). The granulometric
composition of the powders was assessed using an
Analysette 22 NanoTec particle size analyzer (Fritsch,
Germany). The phase composition of the initial pow-
der and the resulting samples was determined on a
Bruker D8 Advance X-ray diffractometer (Bruker,
Bremen, Germany).

Results and discussion

Fig. 1 shows the granulometric composition of the
powders under study. Volume distribution frac-

tions for powder / — d,,=28.7 um, d,,=48.1 pm,
dy, = 76.5 um, for powder 2 —d, ;= 15.1 um, d;, = 29 um,
and dy, = 52.6 pm.

Fig. 2 demonstrates SEM images of the powders
under study.

Fig. 3 shows the samples made from powder I
using various processing methods; Fig. 4 demonst-
rates the samples from powder 2. In Fig. 3, we see
that the samples manufactured at a lower volumetric
energy density (Al/1, A2/1) have multiple defects
in the form of cracks. As E was increased by reduc-
ing the scanning speed, first, the number of visually
detectable cracks (sample A3/1) decreased, and as
E reached 90 J/mm?® (sample A4/1), no cracks were
detected by visual inspection. The density of the result-
ing sample A4/1 was 6.45 g/cm?. The nickel content
in the defect-free sample A4/1 (50.85 at. %) dropped
by 0.18 at. % against the original powder /. The results
of our study are generally consistent with those pre-
viously obtained in [17].

The samples from powder 2, which were manufac-
tured using processing methods with low volumetric
energy density, are severely deformed and partially
destroyed (see Fig.4). The increase in E resulted
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Fig. 1. Granulometric composition of the powders under study

Table 2. Processing methods for manufacturing samples

Tabnmya 2. Texnonoruyeckue pesKMMbI H3rOTOBJIEHHST 00Pa3I0B

e | power | Seemingr | Dl v | Lo | Vlmericno
Al 200 1450 0.08 0.03 57
A2 200 1275 0.08 0.03 65
A3 200 1100 0.08 0.03 75
A4 200 925 0.08 0.03 90

64



\l" POWDER METALLURGY AND FUNCTIONAL COATINGS. 2024;18(3):62-70
PM & FC Farber E.M., Borisov E.V., Popovich A.A. Features of obtaining TiNi alloy samples from commercial ...

a b c d

Fig. 3. Samples made from powder /
a—Al/1,b—-A2/1,c—A3/1,d - A4/1

Puc. 3. OGpasiibl, H3rOTOBJIEHHBIE U3 TIOPOIIKa [
a—Al/l,b—A2/1,c—A3/1,d - Ad/1

in a decreased level of deformation; however, even
at £ =90 J/mm? (sample A4/2), multiple cracks were
observed along the entire length of the sample.

The large number of cracks in the samples is asso-
ciated primarily with the features of the SLM process,
namely with residual stresses caused by a high tem-
perature gradient during the samples manufacture due

Fig. 2. SEM images of the powders used to rapid heating, melting and, subsequently, rapid cool-
a—powder 1, b —powder 2 ing and solidification of the material, as well as possible

Puc. 2. COM-1300pakeHHs! HCIIONB3YEMBIX TOPOIIKOB presence of defects in the form of micropores [23-25].
a - nopomok /, b — mopormox 2 An increase in the scanning speed during the samples

a b c d

Fig. 4. Samples made from powder 2
a—A1/2,b-A2/2,c—A3/2,d—A4/2

Puc. 4. O6pa3iibl, H3rOTOBJICHHBIC U3 MTOPOILIKA 2
a—Al/2,b—A2/2,c—A3/2,d— A4/2
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manufacture causes an expected drop in volumetric
energy density. When the energy density is insufficient,
micropores and discontinuities emerge in the sample
structure due to the small size of the molten bath and
presence of unmelted powder particles [3]. These
defects are stress concentrators that contribute to active
propagation of cracks in the samples. This phenome-
non was observed in the samples made from powder /.
When the processing method A1 was used with a scan-
ning speed of 1450 mm/s, a large number of cracks was
registered over the entire area of the sample; and when
the scanning speed was reduced to 925 mm/s, cracks
were not visually detected.

Fig. 5 shows the microstructure of samples from
powder 2 with various defects. We can see multiple
cracks at the edges of the sample (Fig. 5, a and b)
and also the ones running through the entire sample
(Fig. 5, ¢), up to 200 um thick. In addition, spheri-
cal and non-spherical pores of various sizes (some
larger than 100 um) are visible. Some cracks penetrate
through pores and propagate in them (Fig. 5, a and b).

The samples made from powder 2 underwent rather
severe deformations, which is indicative of additional

factors contributing to crack formation, along with
the scanning speed. One of the hypothetic causes may
be the presence of a large amount of oxygen in the ini-
tial powder 2 (more than in powder /), which may also
be present in the form of Ti,Ni,O_secondary phase. In
powder 2 under study, the oxygen content was initially
2 times higher than in powder /. The Ti,Ni,O _secon-
dary phase is a Ti,Ni phase with oxygen in the solid
solution. The presence of this phase has a negative
impact on the alloy and can lead to embrittlement
and destruction of samples [26; 27]. It was noted [28]
that initially cracks emerge in this very Ti,Ni,O  sec-
ondary phase. Therefore, a large amount of this phase
in the composition of the initial powder can lead
to increased cracking when the samples are manu-
factured. Another assumption is that a large amount
of oxygen contributes to the formation of these secon-
dary phases during the sample preparation process.

To determine the reasons more clearly, a cross-
section of powder 2 was prepared. Fig. 6 shows SEM
images of particles of powder 2 at high magnification.
It is clearly visible that the particles contain dark inclu-
sions, which may be Ti,Ni,0_secondary phases.

Fig. 5. Defects in the samples made from powder 2 using the SLM technique
a — cracks and pores at the edge of the sample; b — cracks penetrating through pores;
¢ — crack running through the entire thickness of the sample, d — spherical pores

Puc. 5. ledextsr B 00pasiax, M3roToBIeHHBIX U3 mopomuika 2 merogom CJIC

@ — TPCIIUHBI U TIOPBI € Kparo 00pasIa; b — TPEIIMHbL, TPOXOJISIIIE Yepes3 TOpPHI;
¢ — TPEIlMHA, IepeceKarolas BCIo TOMILy 00pasia, d — chepruyecKue mopsl
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5 um 5 um
— —

Fig. 6. SEM image at high magnification
of powder particles 2 in the BSE mode
with inclusions — secondary phases

Puc. 6. COM-n300paxeHus ¢ OOIbIINM yBETHICHUEM
B pexxume BSE uacTuir nopouika 2 ¢ HajnuueMm
BKJIFOYCHHUIT — BTOPHYHBIX (a3

Fig. 7 shows the results of X-ray phase analysis
of powder 2 and a sample made from it.

The X-ray diffraction pattern of the sample (Fig. 7, b)
shows that the lines of the B2 phase have widened
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Fig. 7. X-ray diffraction patterns
a—powder 2
b — sample made from powder 2 using the SLM technique
Puc. 7. PentrenoBckue AuQgpakTorpaMmMsl

a — 1opomIoK 2
b — obpasell, M3roToBJICHHBIH 13 opomka 2 merogom CJIC

Table 3. Oxygen content in the samples

Ta6nuya 3. Conepikanue KucJa0poaa B 06pa3nax

Sample Oxygen content, at. %
A4/1 0.26
A4/2 0.40

severalfold compared to the original powder. This
widening is attributed to increased dislocation density
and micro stresses. No secondary phases were detected
in the composition of either the powder or the sample.
This may suggest an extremely low content of the indi-
cated Ti,Ni,0O_ phases in the composition of both pow-
der 2 and the samples made from it — below the detec-
tion limit of the research method used. Moreover, as
the lines of the B2 phase have widened, the coordi-
nates of all the sought Ti,Ni,O_lines (39.0, 41.4 and
45.2) lie at the (110) B2 peak base. It can be assumed
that the sample contains the indicated Ti,Ni,0O_secon-
dary phase, but its detection is hampered.

In general, based on the results obtained, we can
confidently state that the increased oxygen content
in the initial powder negatively affects the quality
of the resulting samples, especially when they are
manufactured with low values of volumetric energy
density. To confirm this conclusion, we investigated
the chemical composition of samples A4/1 and A4/2
for oxygen content. The results are presented in
Table 3. It was found that the oxygen content in sample
A4/2 reached 0.4 at. %, which is 0.14 at. % more than
in sample A4/1. The oxygen level in the samples is
higher than in the powder due to the capture of oxy-
gen during the samples manufacture using the SLM
technique. It can be noted that as the same processing
method A4 was used, the oxygen content being high
both in the original powder and in the manufactured
sample, the sample from powder / had no defects,
while that from powder 2 had numerous cracks. It con-
firms the assumption that oxygen content affects for-
mation of defects in the samples manufactured using
the SLM technique.

Conclusions

1. Having tested the processing methods, we came
to conclusion that the defect-free sample from pow-
der / can be obtained using the processing method
A4. The density of the resulting sample A4/1 was
6.45 g/cm?. Defect-free samples from powder / cannot
be obtained using the processing methods with lower
volumetric energy density.

2. We failed to obtain a defect-free sample from
powder 2 using any of the processing methods. Probably
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methods with higher values of volumetric energy den-
sity are required to obtain defect-free samples from this
powder.

3. The presence of a large amount of oxygen
impurities in powder 2 is one of the factors that ham-
pered us to obtain defect-free samples when using
the indicated processing methods. This is attributed
to Tiy,Ni,O_ secondary phase present in the powder
composition, which leads to embrittlement and destruc-
tion of the samples. That is, the increased oxygen con-
tent in the initial powders negatively affects the quality
of samples manufactured using the SLM technique.

4. The study of the microstructure of samples
obtained from powder 2 revealed the presence
of spherical and non-spherical pores and cracks of vari-
ous sizes. It was found that cracks propagate directly
through the detected pores.
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Abstract. The paper describes experiments on selective laser sintering (SLS) of a high-temperature ceramic material — silicon carbide
powder F320 — using the MeltMaster3D-160 SLS unit equipped with a fiber ytterbium laser with a peak power of 200 W. We inves-
tigated the sintering mechanism and the impact of technological parameters on the microstructure, phase composition, and density
of the resulting 3D cubic samples. The technological properties of the initial powder were also investigated, including morphology,
granulometric composition, bulk density, and flow rate. The powder morphology mainly consists of acicular particles with an aspect
ratio of 1:5. Granulometric analysis revealed an average particle size of 48 pm. Measurements indicated that the bulk density reached
1.11 +£0.01 g/cm?, approximately 36.6 % of the theoretical density value. The average time of powder outflow from the Hall funnel was
21.0£0.1 s, with 2-3 hits on the funnel during the measurement process. Experimental cubic samples of 10x10 mm were manufactured
using 75 technological modes. Silicon carbide powder particles sinter due to the thermal effect of laser radiation and the release of SiC
microparticles on the surface of the powder particles, with silicon (average size less than 1 pm) prevailing in the composition, followed
by mutual bonding of neighboring powder particles in the sintering region. X-ray phase analysis demonstrated that due to the laser
radiation, the resulting 3D samples contain the following phases: SiC (6H), Si, and C. It was revealed that a scanning step larger than
the actual spot diameter (spot diameter + thermal influence zone), 60-70 pm in size, causes the formation of unsintered areas between
sintering tracks. The key parameters affecting the density index of the obtained samples are layer height, energy density, and scanning
step. The best density index for the obtained samples is 86.7 % relative to the absolute density of the material (3.21 g/cm?). Further
research will be devoted to the development of techniques for post-processing the resulting porous samples-blanks to obtain a density
close to 100 %.
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MCCJ'Ieﬂ,OBaHMe BJINAHUNA TEXHOJIOTrMYEeCKUX napaMeTpoB
Ha cBoMcTBa obpa3uoB 13 SiC, nonyyaeMbix METOQOM
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AHHoTayums. [IpoBe/icHbI SKCIICPUMEHTBI M0 CelieKTHBHOMY Ja3epHomy criekanuto (CJIC) BbICOKOTEMIEpaTypHOTro KepaMH4YEeCKOTO

Marepuaiia — mopoiika kapouma kpemuus Mapku F320 — na CJIC-yctanoBke «Melt-Master3D-160», ocHallleHHOW BOJIOKOHHBIM
UTTepOMEBBIM J1a3epOM C MMHKOBOI MoutHoCThI0 200 BT. M3y4eHbl MexaHN3M CIIeKaHHsI U BIMSIHUE TEXHOJIOIHYECKHX IIapaMeTpoB Ha
MHKPOCTPYKTYPY, (Pa30BBIil COCTaB M INIOTHOCTH MOJTy4aeMbIX 00BEMHBIX KyOHueckux o0pasioB. MccieoBaHbl TEXHOIOTHYECKHE
CBOICTBA HCXOIHOTO ITOPOILIKA C OIIPe/ie/IeHUEM MOP(OJIOT Uy, IPaHyIOMETPUIECKOTO COCTaBa, HACBITHOM IIJIOTHOCTH M TEKY4ECTH.
Mopdomnorus moporka npeacrapieHa, B OCHOBHOM, UIVIOBHIHBIMHU YaCTHIIAMHU C COOTHOIIEHHEM CTOPOH 1:5. [paHynoMeTpruyeckum
aHAIM30M YCTaHOBJICHO Cpe/IHee 3HaYeHue pasMepa yactul 48 Mxkm. HackinHas mioTHocTh u3Mepena Ha yposse 1,11 £ 0,01 r/em?,
4TO cOCTaBiIseT ~36,6 % OT 3HaUYEHUsI TeOPETUUECKOl MIoTHOCTU. CpeiHee BpeMs UCTEUEHHsI TOPOLIKA U3 BOPOHKU XoJljla cocTa-
Buito 21,0 £0,1 ¢ mpu 2-3 yaapax 1no BOPOHKE B IPOLECCE U3MEPEHUS NIPU OCTAaHOBKE TEUEHMsI MOPOIIKA. DKCICPUMEHTAIbHBIC
KkyOuueckue obpasipl 10x10 MM H3roTaBIMBAIUCH MO 75 TEXHOIOTMYECKHM pekumaM. CIHEKaHWEe YacTHI[ MOPOINKa KapOuia
KPEMHUSI IPOUCXOAUT 3a CUET TEIJIOBOIO BO3JCHCTBUS J1a3epPHOrO M3Iy4EHUs! M BBIICICHUS HA MOBEPXHOCTH 4YacCTHUL] IOPOILIKA
mukpouactun SiC ¢ npeoOiiajlaHueM B COCTaBe KPEMHHS CO CPEIHUM pa3MepoM <1 MKM IpHU JaJibHEHIIeM B3aMMHOM CKPETUICHUN
COCEIHMX YaCTHI] MMopoInKka B obnactu criekanus. [1o 1aHHBIM peHTreHo(}a30BOro aHajiIM3a, B Pe3yNbTare JIa3epHOro M3ITyueHHUs
nojy4aembie 00beMHbIC 00pa3iibl cogepkar cienyrone ¢aser: SiC (6H), Si, C. BoisBieHO, 4TO mar CKAHUPOBAHHUSI, MPEBBIIIIA-
IOIIUI peasbHBII AuaMeTp IsITHA (AMaMeTp MsITHA + 30Ha TEPMHUYECKOTO BIMSHMS), cocTaBisomuii 60—70 MKM, BBI3BIBaET 00pa-
30BaHME HECIEUCHHBIX 00JacTell MEeXy TpeKaMu criekanus. KilroueBbIMH ITapaMeTpaMH, BIMSIONMMH Ha [0Ka3aTeib IIOTHOCTH
MOJTy4aeMbIX 00pa3IoB, SBIISIOTCS BHICOTA CJIOS, INIOTHOCT DHEPTUH | LT CKaHWpOoBaHMs1. Hawiydmmii mokasareis III0THOCTH JUIs
HOJTYyYEHHBIX 00pa3ioB — 86,7 % OTHOCUTENLHO abCONIOTHOMN I0THOCTH Bemectsa 3,21 r/em?. Tlocneayrouue uccnenosanus Oyy T
CBsI3aHBI C Pa3pabOTKOIl TEXHOJIOTMHU OCTOOPAOOTKH IOTy4aeMBbIX TOPUCTHIX 00Pa3LI0B-3ar0TOBOK C IIEJIBIO MOIYYEHUs ITIOTHOCTH,
6mm3koit k 100 %.
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noB 1.C., Anekceesa E.M. HccnenoBanue BIMsHHUS TEXHOIOIMYECKUX MapaMeTpoB Ha cBOicTBa 00pa3uos u3 SiC, momydaembIx
METOJIOM CEJICKTHBHOTO J1a3epHoro crekanus. Yacts 1. Mszeecmus y306. ITopowkosas memannypeus u YyHKYUOHAIbHbIE NOKPIMUA.
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and when high-temperature coatings are applied, it
increases to 2000 °C and higher (depending on the type
of coating, the aggressiveness of the oxidizing envi-

Introduction

Silicon carbide materials are used in various indus-

tries, including manufacture of critical duty products.
This is due to their high compressive strength, dimen-
sional stability, wear and heat resistance, thermal
conductivity, heat stability, as well as chemical and
radiation resistance. The listed properties determine
their use as a material for gas turbine engine nozzles,
bearings, working units of chemical pumps, atomizers,
burners, cutting tools, pipelines, heat exchangers, hea-
ters, and other critical applications.

The operating temperature range of pure sili-
con carbide material reaches ¢ = 1400+1500 °C in air,

72

ronment and the operating time) [1]. More technologi-
cally advanced composite silicon carbide materials,
such as RS-SiC, can be operated in air at temperatures
up to 1350 °C [2].

The bulk of silicon carbide products are manu-
factured by: simple sintering; activation sintering
at = 1600+1800 °C of workpieces initially pressed
from powder with sintering additives (AL,O,, Y,0,,
Si;N, and etc.); reaction sintering; hot pressing (HP);
hot isostatic pressing (HIP); spark plasma sinte-
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ring (SPS) — one of the types of hot pressing [3-5].
When HP and its varieties are used for molding prod-
ucts, silicon carbide powder in combination with
sintering additives are applied to intensify compac-
tion processes [3; 4; 6]. The process key features are
high sintering temperature ~1700+2000 °C and pres-
sure of ~50+70 MPa [3-5], while the exposure can
take several hours. The methods based on HP are char-
acterized by high performance, but they are limited
to manufacturing products of simple geometric shapes
and require the previous stage when an individual mold
is fabricated for a specific part.

Additive technologies (AT) have an undeniable
competitive edge over traditional ones, including fab-
ricating products with complex geometries (branched
topology), thin-walled products and the ones with
closed cavities, which enables to solve a wide range
of new design issues in the framework of moderniza-
tion of the energy complex, military and space indus-
tries. There are direct and indirect At methods for
manufacturing ceramic products.

The direct methods are the ones that require one
stage to obtain a finished product — the product is
manufactured on an additive unit with minimal subse-
quent mechanical processing or without it. Typically,
the objective is to obtain completely dense products
or the ones with a density of minimum 98 %. The fol-
lowing methods can yield this result: selective laser
sintering (SLS) technology — selective layer-by-layer
laser sintering of ceramic powder; micro-SLS process,
which uses a laser scanning spot that is 2-3 times
smaller than in traditional SLS [7]; SLS of a mixture
of ceramic powder with a more fusible component, for
example silicon, which ensures that during the sinter-
ing process, the pores of each of the product layers
are filled [8]. The advantage of this approach is that it
requires less production time and fewer resources due
to reduced process steps.

Indirect methods include one or more operations
for post-processing of a workpiece manufactured
by the additive method. Post-processing typically
includes 3 additional stages:

1) impregnation with a reagent;

2) reagent pyrolysis to form an additional carbon or
silicon carbide framework;

3) molten silicon infiltration to ensure compac-
tion and form the secondary silicon carbide as mol-
ten silicon interacts with free carbon released from
the reagent [9].

Indirect methods include: selective layer-by-layer
SLS of a mixture of ceramic and polymer powders fol-
lowed by pyrolysis and molten silicon infiltration; SLS

of a mixture of ceramic powder and elements that form
the main component during post-processing [10], fol-
lowed by impregnation with polymer to fill the remain-
ing pores, pyrolysis and silicon infiltration; light ste-
reolithography (SLA) — selective layer-by-layer curing
of a mixture of photopolymer and base material pow-
der using a light source, followed by pyrolysis and sili-
con infiltration [11-14]; selective layer-by-layer bind-
ing of powder material (binder jetting — BJ) — apply-
ing glue on the powder layer, followed by pyrolysis
and silicon infiltration [15-18]; extrusion (direct ink
writing — DIW) of material (ceramic paste = pow-
der + binder) using a print head, layer by layer, fol-
lowed by pyrolysis and silicon infiltration [19-23].

With regard to the production of ceramic struc-
tural materials, direct and indirect SLS has a number
of advantages compared to other 3D printing methods:

— fewer resources are required to prepare initial
materials as powder components of the composition are
used in their pure form and can be further processed
and mixed under certain modes in specific proportions
to obtain the required properties of the final product;

—minimum shrinkage coefficient relative to the
CAD model that ensures high-accuracy manufacture
of complex-profile products, including thin-walled
ones;

—reduced free silicon content as a result of post-
processing using reaction sintering technology, which
helps to enhance the product strength and dimensional
stability;

—reduced content of a polymer binder with a high
carbon residue (if used), which during subsequent post-
processing (pyrolysis) decreases stress across the cross-
section of the workpiece during polymer decomposi-
tion, in contrast to BJ and SLA, which require signifi-
cantly larger amount of binder for effective bonding
of particles without high temperature, complicating
the manufacture of thick-section and complex-profile
products and causing problems with selecting the opti-
mal post-processing parameters.

The advantages of SLS will significantly expand
the range of products to synthesize from refractory,
heat-, corrosion- and radiation-resistant materials based
on silicon carbide, in terms of increased complexity
of their geometry and topological optimization, and
will also considerably reduce the amount of mechani-
cal processing, which is critical for products with inter-
nal geometry and cavities where mechanical operations
are difficult or impossible.

This technology is intended for manufacturing parts
and components of nuclear and thermal energy equip-
ment operating in aggressive environments at high
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temperatures and pressures, for example, advanced
reactors with molten salt as coolant (MSR) and acidic
coolants (in alkaline coolants, residual silicon will
transform into silicates and pollute it), as well as
the equipment used in other fields.

We conducted a number of initial experiments
to obtain samples from SiC using the direct SLS method
and proved that 3D samples can be obtained using
a Russian-made MeltMaster3D-160 unit (JSC SPA
CRIMET, Moscow) from silicon carbide-based pow-
der material produced by JSC “SRI SIA “LUCH”
(Moscow). We also studied the impact of the unit tech-
nological parameters on the properties of the resulting
samples.

The research was based on domestic and foreign
experience in selective laser sintering of ceramic
materials; the parameters for manufacturing samples
were adjusted taking into account the characteristics
of the unit and the materials used. The unit design was
elaborated as the technological parameters for SiC-
based material were developed.

For the first time, 3D silicon carbide samples were
obtained using unconventional part construction modes.
Based on the findings of the analysis, we provide rec-
ommendations on improving the manufacturing param-
eters to enhance the properties of the resulting samples.

Materials and methods
of the experiment

Silicon carbide powder, graded F320 according
to FEPA standard, served as the initial material for
selective laser sintering.

The flow rate of powder was determined using
a calibrated Hall funnel (according to GOST 20899-98).
The prepared portion of the powder was poured into a
funnel with a 5-mm outlet hole. In accordance with
the standard, three measurements were made from
three 50-g portions of powder.

Bulk density was assessed using a Scott volumeter.
According to GOST 19440-94, three measurements
were performed on three portions of powder from a
sample with a volume of 100 cm?.

To determine the average particle size, as well as
the particles distribution curve, a Laser Particle Sizer
Analysette 22 MicroTec plus (Fritsch GmbH, Germany)
was used in accordance with GOST R 8.777-2011.
The measurements were conducted using a disper-
sion unit in a liquid medium, designed for measuring
solid materials and suspensions in a liquid, mainly
aqueous, medium. 2-3 measurements of the granulo-
metric composition of the powders under study were
performed and the results were averaged. The shape and
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size of the particles were assessed using a Neophot 21
microscope (Carl Zeiss Jena, Germany) according
to GOST 25849-83.

During the incoming inspection at the delivery stage
and during the repeated circulating powder sieving, an
ASV-200 sieve analyzer (NPK Mekhanobr-Tekhnika,
St. Petersburg) with a set of sieves with a nominal
value of 100 and 56 um was used to separate the target
fraction.

Before the SLS process, moisture was removed
from the powder by drying it in an NK 7.7.7/3.5 oven
(JSC Nakal — Industrial furnaces, Solnechnogorsk)
at a temperature of 70-100 °C.

MeltMaster3D-160 unit made in Russia (JSC SPA
CRIMET, Moscow) was used for SLS. The main
characteristics of the unit: laser type — fiber; laser
power — from 5 to 200 W; laser spot size — from 50
to 150 um; scanning step — from 10 to 150 um; scan-
ning speed — from 50 to 1500 mm/s; approach incre-
ment of the construction platform — from 10 to 200 pm;
protective atmosphere — nitrogen/argon/helium; plat-
form heating — up to 120 °C; working area for sinte-
ring a part — 160x160x200 mm. Argon of purity 6.0
(99.9999 %) was used as the working gas.

Preparation for SLS. The powder was dried
at a temperature of 100 °C before selective laser sinte-
ring of the samples.

To prepare and support the layer-by-layer prototyp-
ing of experimental samples on MeltMaster3D-160
unit, we used 3Ddigit specialized software package
(JSC SPA CRIMET, Moscow) designed for plac-
ing a 3D model relative to the construction platform,
forming supporting structures, setting technological
parameters, cutting a 3D model into layers and gen-
erating the control code. The software functionality is
responsible for automating all stages of layer-by-layer
synthesis based on the original 3D model.

Additive production of samples using the SLS
method includes the following steps:

— setting technological parameters in the software;

— checking the 3D model for integrity and correc-
ting errors;

— placing the 3D model relative to the technological
platform;

— creating technological support for the model;
— cutting a 3D model into layers;

— generating the control code;

— SLS process.

During preparation for printing, the working cham-
ber was filled with an inert gas — argon, which enables
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to process reactive materials. Reliable filtration and
efficient circulation provided by the system of blowers
ensure a high degree of gas purity. Thus, the selective
laser sintering of laboratory sample blanks was per-
formed in an argon atmosphere with a stable residual
oxygen concentration of less than 700 ppm, to avoid
the formation of SiO, under high-temperature laser
action.

SLS process. Based on the analysis of domestic
and foreign literary sources on SLS of ceramic mate-
rials, the initial set of parameters for the unit opera-
tion was selected, which was gradually changed based
on the analysis of the microstructure and density
of the resulting samples.

Experimental cubic samples of 10x10 mm were
manufactured using 75 technological modes in order
to study the impact of SLS process parameters on their
density and microstructure. The following parameters
were changed: laser power (P) in the range from 30
to 190 W, scanning speed (¥) — from 100 to 1000 mm/s,
scanning step (d) — the distance between tracks (line
marks) — in the range from 20 to 150 pm, layer thick-
ness (4) — from 20 to 60 pm. The combination of these
parameters forms the energy density (£) of laser
radiation:

The density of the manufactured samples was
measured on Discovery DV215CD balance (OHAUS
Corporation, USA) using the hydrostatic method
according to GOST 25281-82 “Powder metallurgy.
Method of determination of formings density”. First,
the mass of the sample in air was determined. Then
the sample was covered with a thin protective layer
of vaselene to isolate the surface pores and to avoid

the formation of near-surface air bubbles, and its mass
in air was measured again. The next step was weigh-
ing in distilled water at a fixed temperature. Based
on the measurement results, the density of the samples
was calculated taking into account the density of vase-
lene, water and air.

Microstructural studies and EDS analysis were
performed using a Zeiss EVO 50 XVP scanning elec-
tron microscope (Carl Zeiss AG, Germany) with an
attachment for energy dispersive analysis to determine
the patterns of sintering and the impact of technologi-
cal parameters on the microstructure of the resulting
samples.

The D8 Discover diffractometer (Bruker Optic
GmbH, Germany) with CuK -radiation was used
to perform X-ray phase analysis in order to deter-
mine the final phase composition of the samples and
to confirm the impact of manufacturing parameters
on the phase composition. Bruker AXS DIFFRAC.EVA
v. 4.1 software and ICDD PDF-2 international database
were used for phase identification.

Results and discussion

The morphology of silicon carbide powder par-
ticles was analyzed using several visual fields (Fig. 1).

When viewed under a light microscope, SiC par-
ticles look like transparent green crystals without pores
or inclusions (Fig. 1, a). Most of the particles are non-
spherical and have a non-equiaxial/non-spherical or
splintered shape; acicular particles with an aspect ratio
up to 1:5 are also observed (Fig. 1, b). Some particles
are joined into agglomerates, their size is larger than
that of most particles. This morphology of particles
cannot provide good flow rate or ensure the forma-
tion of a uniform powder layer. Also, such morphology

Fig. 1. Morphology of SiC powder (F320)

a — optical microscope (x100); b — electron microscope (x420)

Puc. 1. Mopdonorust mopouika SiC-nioporuka F320

a — onrryeckuid Mukpockon (X 100); b — a51eKTpoHHbIH MEKpocKoI (%420)
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will affect the density characteristics of the resulting
samples.

The agglomerates and non-equiaxial particles nega-
tively affect the sintering characteristics of the mate-
rial. The tendency to agglomerate is a natural property
of powder particles, and the more non-equiaxed their
shape is, the higher the tendency to agglomerate. Large
agglomerates interfere with the process of “healing”
pores during the sintering process, since the driving
forces — their direction and speed — of the particles
inside the agglomerate will significantly differ from
those of the particles next to it. This difference leads
to significant internal stresses, emergence of large pores
or even the formation of microcracks. The dimensions
of such defects and the resulting structural heteroge-
neity directly determine the density, strength and other
properties of the material.

For this reason, before being used for the SLS pro-
cess, the powder should be classified to recover the tar-
get fraction <60 um by screening off large particle
agglomerates.

Study of the granulometric composition.
The powder particles distribution was obtained
(Table 1).

Table 1 shows that the average particle size of sili-
con carbide powder F320 under study, in the as-
delivered condition is 48.2 um. After 25 series of pro-
duction processes, it slightly increases (by 7.2 um)
to 55.4 um.

The sizes of fractions vary from 5 to 110 pum —
this wide range is attributed to the powder particles
being non-equiaxed and having a splintered or acicu-
lar shape. This spread is not a typical particle size
distribution for the units operating based on the SLS
method (20—63 um), which can contribute to the for-
mation of defects such as pores and voids and adversely
affect the sample manufacturing process. Therefore,
the target fraction <60 um was recovered from the total
mass of the powder by screen sizing. Acicular particles

Table 1. Granulometric composition
of SiC powder F320 in the initial state
and after 25 cycles of use

Tabnumya 1. 'panyjioMeTpUYecKuii cocTaB
nopomka SiC mapku F320 B ucxoaHoM cocTOTHUR
U 1ocJie 25 HUKJI0B UCI0JIb30BAHUS

Powder Dy, | Dsy> | Dgys Davg’

um | pm | pum | pm

In the as-delivered condition | 15.2 | 38.5 | 959 | 48.2

In the as-dellV@efi condition 157 | 40.6 | 93.6 | 487
after sieving

After 25 printing series 14.1 | 446 | 113.3| 554

76

cannot be removed from screen sizing using the sieve
analysis. However, to be used in additive technologies,
including SLS, these particles should be separated,
and the remaining particles should be spheroidized, if
possible.

Determination of the flow rate. The average
time of the powder outflow from the Hall funnel could
not be determined, since the outflow spontaneously
stopped. Next, based on the standard, the funnel was hit
once, but after some time the outflow of powder stopped.
According to the standard, it means that the flow rate
of the powder does not conform with the test method
described in this standard.

Determination of bulk density. The bulk den-
sity of powders that do not flow spontaneously from
a funnel with a hole 5 mm in diameter is measured
using a volumeter according to GOST 19449-94.

The analysis of the bulk density of silicon car-
bide powder F320 showed that its average value
(1.11 £0.01 g/cm?) accounts for ~36.6 % of the theo-
retical density of this material (the vibro-compacted
density being 45 %). This bulk density value can be
attributed to the fact that the powder contains a sig-
nificant amount of acicular particles with a large aspect
ratio and splintered particles: the former contribute
to the emergence of “bridges” with voids underneath,
while the latter, due to their roughness, additionally
prevent powder distribution and its free spreading dur-
ing layer formation.

The set of characteristics and properties of the pow-
der used is presented below:

Average particle size, pm .. ...... 48 +£0.5
Flowrate,s............co..... None'
Bulk density, g/lem® . ......... ... 1.11£0.01

Microstructural studies. Determining the size
of the laser spot area and the effective scanning
step. As a result of microstructural studies (Fig. 2), it
was revealed that the scanning step is larger than the
actual spot diameter (spot diameter + heat-affected
zone), which is 60—70 um (Fig. 3), causes the formation
of unsintered regions between the tracks. The width
of these areas is comparable to the difference between
the step size and the laser spot diameter. The unsintered
regions significantly affect the samples density, as evi-
denced by the results of density determination.

! The average time of powder outflow from the Hall funnel was
21.0+ 0.1 s with 2-3 hits on the funnel during the measurement
process when the powder flow stopped. However, hits on the funnel
are unacceptable according to GOST; therefore, it is generally assumed
that the powder under study does not flow.
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This effect may be associated with high thermal
conductivity of the material, which prevents accumula-
tion of the thermal energy in the scanned area (laser
beam path) and its transfer to neighboring areas outside
the spot diameter, where there was no direct exposure
to laser radiation, as it was the case with metal pow-
ders. Laser radiation sinters powder particles to form
a sintered region only in the area directly exposed

Fig. 2. Impact of the scanning step (d)
on the sintering of SiC powder (F320) at a constant speed

d,pum: a—"75;b—100; c— 125;d — 150

Puc. 2. Bnusinue miara ckanupoanus (d)
Ha criekaeMocTb nopomika SiC mapku F320
NPH OCTOSIHHOM CKOPOCTU CKaHUPOBAHUS

d, mxm: a —75; b —100; ¢ — 125; d — 150

Fig. 3. Width of a single sintering zone as SiC powder
is exposed to laser radiation

Puc. 3. lluprHa eqMHUYHO 001aCTH CHICKaHUs
[IPY BO3JCUCTBUH JIA3ePHOT0 U3TyueHus Ha nopourok SiC

to the laser spot + 5+10 um, then the heat flow fol-
lows the path of least resistance or, in other words,
moves in the direction with greater thermal conducti-
vity than that of freely poured powder. For this reason,
thermal energy is most actively absorbed in the vertical
direction by the previous, already sintered monolithic
layers, which are denser and more thermally conduc-
tive compared to the area of unsintered powder sur-
rounding the part and acting as a heat insulator with
a relatively small degree of thermal absorption.

Sintering mechanism. Fig. 4 shows micropho-
tographs of the surface of SiC powder particles after
sintering in the resulting samples. Upon a detailed
examination of the surface of the original powder par-
ticles, one can note that microparticles are formed,
1-7 um in size, the shape being close to spherical, but
with an uneven surface. They have a lighter shade than
the particles of the original powder. These micropar-
ticles form clusters — areas with an increased number
of cluster-shaped defects — on the surface of the origi-
nal powder particles (including at the points of contact
between them). The predominant size of the resulting
microparticles is less than 1 pm. Thus, we can con-
clude that after laser sintering, more defects emerge
on the surface of the original powder particles.

It can be assumed that short-term high-temperature
exposure of the SiC powder surface to laser radia-
tion result in local overheating and micromelting with
partial SiC decomposition. This assumption is also
made in [24]. Further, as the locally overheated area
cools down, the oval and spherical microparticles,
lighter in color than SiC powder, form. They have a size
of 1-7 um, sometimes less than 1 um, and a chemical
composition identical to that of silicon carbide, with
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Fig. 4. Scaled representation of the mechanism of laser sintering of SiC powder particles

a — general view of the sample surface with visible strips — “tracks” of the laser passage;
b, ¢ — images of large groups of sintered SiC powder particles with visible light areas on the powder particles surface;
d—f — detailed images of the surface of SiC particles after laser sintering, with clearly visible light microparticles on the surface of the initial powder

Puc. 4. MacurabHoe Tpe/icTaBlICHHEe MEXaHH3Ma JIA3ePHOT0 CIIeKaH s 4acTull nopoiuika SiC

a — o0muii BUJ TOBEPXHOCTH 00pasIa, pa3IMIUMbI HOIOCH — «TPEKI» MPOXO/a JIa3epa;
b, ¢ — 1300paxkeHUsI OONBIINX TPYIII CIICIEHHBIX MOPOMIKOBBIX YacTHIl SiC, pa3IMIUMbI CBET/IbIC YYACTKU Ha TIOBEPXHOCTH YACTHI] OPOIIKA;
d—f — neranu3upoBaHHbBIC U300paKeHHs TOBEPXHOCTH yacTHll SiC noce Ja3epHoro CreKaHusl, OTYCTIMBO BUIHBI CBETIIBIC MUKPOYACTHIIBI
Ha IOBEPXHOCTH HCXOJHOTO MOPOIIKA

silicon prevailing, as evidenced by the results of EDS
analysis given in Table 2.

The SiC decomposition temperature is 2730 °C,
and the Si and C melting temperatures are 1414 and
3367 °C, respectively. At the same time, in accor-
dance with reference data [25], the vapor pressure
of 100 kPa (~1 atm) is set at temperatures of 2613
and 4985 °C for silicon and carbon, respectively.

78

Therefore, when exposed to laser radiation, SiC pow-
der presumably decomposes, while silicon simulta-
neously melts and evaporates. At the next stage, in
accordance with the phase diagram, in the Si—C system
the phase equilibrium during crystallization will shift
to the “SiC + graphite” region.

There are two assumptions why oval and spheri-
cal precipitates with silicon dominating in the com-
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Table 2. Results of EDS analysis of the surface of SiC powder particles after laser sintering

Tabnuya 2. Pesyabrarel JJIC-aHanu3a noBepxHocTy yacTul nopouka SiC nocJie J1a3epHOIo cleKaHus

T e . Content
- a } Spectrum wt. % at. %
C Si C Si
- b &
\ : - - 1 29.69 70.31 49.21 50.79
;o o m.@ - 2 34.04 65.96 54.22 45.78
f " 3 32.38 67.62 52.26 47.74
\uglum]
) i 4 34.63 65.37 54.66 45.34
5 36.67 63.33 56.81 43.19
Max 36.67 70.31 56.81 50.79
Min 29.69 63.33 49.21 43.19
Content, wt. %
Spectrum :
© Si
24.6 75.4
2 28.2 71.8

position form: the first one is that ultra-fast cooling
of the melt with undissolved graphite results in the for-
mation of microparticles of non-stoichiometric SiC(l_x)
depleted in carbon; the second is that silicon sweats
out on the surface from the depths of the melt bath.
Starting from the stage of SiC decomposition, Si con-
centrates in the near-surface zone and evaporates from
the melt bath. When crystallization, initiated from
the bath surface, starts, Si continues to sweat out, since
the deep layers in contact with the bath are heated due
to the high thermal conductivity of SiC.

Thus, during SLS of SiC powder, the sintering dri-
ving force is not the system (powder particles) striving
to minimize surface energy and transit to a more equi-
librium state, that is, to acquire a more spherical shape,
reduce defects and gradually move towards the state
of reciprocal slipping and consolidation. On the cont-
rary, the interaction regions are formed at the contact
boundary of powder particles from the more low-
melting phase. These regions account for reciprocal
slipping of powder particles during compaction and,
at the final sintering stage as they cool down, they
are “bound” as more defective cluster-like structures
emerge at the point of contact and on the “free” sur-
face of the particles, in contrast to the less defective

morphology of the particles before exposure to laser
radiation (see Fig. 1). It should also be noted that com-
paction during sintering is not facilitated by the curva-
ture of the surface of splintered SiC powder particles,
which reduces the density of the initial layer and fur-
ther compaction during mutual slipping of particles
under the influence of laser radiation.

X-ray phase analysis. XRF was performed
to determine the phase composition of the initial SiC
powder, as well as to identify patterns of the impact
of laser radiation on the composition of phases in sam-
ples after SLS. The results of X-ray phase analysis are
presented in Table 3.

The samples revealed silicon Si, silicon carbide
with a hexagonal crystal lattice of SiC (6H), traces
of modification of SiC with a hexagonal lattice of SiC
(4H), as well as (in some samples) traces of modifi-
cation of silicon carbide with a rhombohedral lattice
of SiC (15R), the position of flat layers in the structure
of which it is repeated every third layer, not every sec-
ond one, as in the hexagonal modification.

Also, the SiO, phase was detected in some sam-
ples, which may be due to insufficient oxygen purity
of the working atmosphere or to the initial quality

79



’OI'IM udr MU3BECTUA BY30B. TOPOLIKOBAA META/IIYPTUA U ®YHKLMUOHANBHLIE MOKPbITUA. 2024;18(3):71-84
" u3secTan 8y308 bybHeHKog b.b., #apmyxambemos A.C. u dp. UccnepoBaHue BUAHWA TEXHONOTMYECKMX MAPAMETPOB Ha CBOWCTBA ...

Table 3. Phase composition of the initial SiC powder and SiC samples obtained by the SL.S method

Tabnumya 3. @a30Bblii cocTaB HCX0AHOTO nopouka SiC 1 00pa3uos, No1y4eHHbIX U3 Hero MeTonom CJIC

Lattice parameter, pm Phase amount, wt. %
Sample Phase Crystal structure Space group ; ;
a b @ SiC Si C
SiC (6H) HCP P63mc (186) |3.0815| — | 15.1185
SiC (168R) Rhombohedral R3m (160) 3.0822 | — | 37.7446
12
= 10 - Initial @ SiC (15R)
9 SiC powder B SiC (6H)
Initial Sic | 2 8[ 100 - -
powder = j i e .
E’ 2 L ° J °
= 0 e .H |.4P. .H\.Ju’. L Oo® m ., ) Y G
10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
20, deg
SiC (6H) HCP P63me (186) |3.0852 | — | 15.1359
SiC (4H) HCP P63mc (186) |3.0821 | — | 10.0804
Si FCC Fd-3m (227) |5.4344 | - -
C HCP P63mc (186) |2.4180| — | 13.5203
Test 8 ] 9 SiC (4H)
sample M;’ . SiC (6H) 86.93 | 12.79 | 0.28
No. 3 — v cl
z
= »
= o BT o A 21 i i f
10 20 30 40 50 60 70 80 90 100 110 120
20, deg
SiC (6H) HCP P63mc (186) | 3.0777 | - 15.1074
Si FCC Fd-3m (227) | 54263 | - -
C HCP P63mc (186) | 2.4413 | — 13.4977
Test 23 : B SiC (6H)
sample y A Si
No. 3 2 ve 87.94 | 11.15 0.92
z
& A
o3
=
= FAM
50 60 70 80 90 100 110 120
20, deg
SiC (6H) HCP P63mc (186) | 3.0815 | — 15.1193
SiC (15R) | Rhombohedral R3m (160) 3.0802 | — 37.8227
Si FCC Fd-3m (227) | 54291 | - -
C HCP P63mc (186) | 2.4206 | - 13.5228
Test 24 5
. @ SiC (15R)
sample o = SiC (6H) 7826 | 1897 | 2.77
No. 3 = A Si
- vC
z
& g ®
o ] K ] ﬁ
=
— 1 1 Al
70 80 90 100 110 120
20, deg
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of the supplied powder. However, this phase was not
identified during incoming inspection, from which we
can conclude that it probably emerged during the SLS
process at the early stages, when the first layers
of the sample were formed.

Determination of the density of SLS samples.
Our objective was to determine the impact of the unit
technological parameters on the properties of the resul-
ting samples, including the relative density. For this
purpose, during the experiments, we performed statisti-
cal analysis, which revealed that the parameters such as
speed (V), scanning step (d) and the height (thickness)
of the layer (/) exert a decisive influence on the density
of the resulting samples.

Based on the experimental data obtained, the graphs
were plotted to show dependence of the samples’ rela-

=X
2z
g
O
a
20 40 60 80 100 120 140 160
Scanning step, pm
87
b
85 - ]
°\° o
B 83
5 81
a
79 |
77 | | |
20 30 40 50 60 70
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87 yy
c
85 - 7 a\L
= 83 ‘/
4 g A
7] A
5§ 81+ A
a p N
79
77 | | | | | | |
10 30 50 70 90 110 130 150 170

Energy density, J/mm’

Fig. 5. Main dependences of the density of silicon carbide
samples on technological parameters (@, b) and energy density (c)

Puc. 5. OcHOBHBIC 3aBUCIMOCTH TIOTHOCTH 00pa3IoB
13 KapOuIa KPEeMHUSI OT TEXHOJIOTHYESCKHX MapaMeTpoB (a, b)
W TUIOTHOCTH DHEPTHH ()

tive density on the technological parameters — scan-
ning step, layer height and energy density (Fig. 5).
It has been established that the density of the samp-
les depends nonlinearly on the scanning step — as
the scanning step increases, so does the density, reach-
ing a peak at d = 50+70 um, and then it reduces. It is
important that for this material, the scanning step
significantly affects the density of the samples and
cannot be considerably increased with a decrease in
scanning speed due to the thermophysical properties
of the material. On the contrary, there is a linear depen-
dence of the samples’ density on the layer height — as
the height increases, the density reduces. Speaking
about the impact of the layer height, we should note
the stage-by-stage selection of the optimal value
of this parameter. The choice of # =30 pum contributed
to higher density of the samples and lower delamina-
tion between the sintered layers. There is a certain peak
value for the energy density, as well as for the scanning
step, after which these values plummet, which is also
typical for other materials [26; 27].

The best density index for the obtained samples is
86.7 % relative to the absolute density of the material
(3.21 g/cm?). This result exceeds the values of foreign
studies of previous years, and is also consistent with
the data of foreign publications [28-31]. It should be
noted that we used pure SiC powder without a binder
and the shape of the powder particles had a large aspect
ratio (up to 1:5). Despite this, we succeeded in achiev-
ing fairly high density values of the resulting samples
given the material and technique used. In the future,
the samples density can be increased by refining
the unit and manufacturing parameters, improving
the composition and quality of the initial materials, as
well as by developing the technique for post-process-
ing of the resulting samples.

Conclusions

1. This study proved that samples-blanks can be
formed from silicon carbide powder by the SLS method
without using a binder. The resulting SLS blanks have
a density of up to 86.7 %, which can be increased
by subsequent reaction sintering at temperatures from
1600 to 1800 °C.

2. A set of technological parameters affecting the
properties of the resulting samples was determined:
scanning speed, scanning step and layer height.

3. One of the factors limiting an increase in the
samples density is the combination of properties
of the initial powder material — particle morphology
and a wide size range, which results in insufficient
density when the layer is formed. As a consequence,
additional pores emerge after SLS.

81



DM v on

W3BECTUA BY30B

MU3BECTUA BY30B. TOPOLIKOBAA META/IIYPTUA U ®YHKLMUOHANBHLIE MOKPbITUA. 2024;18(3):71-84
bybHeHKog b.b., #apmyxambemos A.C. u dp. UccnepoBaHue BUAHWA TEXHONOTMYECKMX MAPAMETPOB Ha CBOWCTBA ...

4. When exposed to laser radiation, the silicon car-
bide powder particles sinter due to the decomposi-
tion of SiC (6H; 15R) into C, Si and SiC of another mod-
ification (4H), as confirmed by X-ray diffraction data.
However, it should be noted that, according to EDS
data, non-stoichiometric SiC(lfx), with silicon prevail-
ing in the composition, can form. Decomposition pro-
ducts are present on the surface of the original powder
particles in the form of microparticles with an average
size of less than 1 pm. The formation of more low-
melting phases Si and, probably, SiC, , on the surface
of the initial powder result in mutual slipping and com-
paction of powder particles in the sintering region, fol-
lowed by relative binding during crystallization.

5. Further research will involve improvement
of the technological characteristics of the initial mate-
rials and development of the technique for post-pro-
cessing of the samples obtained during SLS.
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