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Obtaining and properties of rolled products
from clad powders NPG-80 and Nibon-20

I. M. Mal'tsev®, Yu. A. Getmanovsky

Nizhny Novgorod State Technical University named after R.E. Alekseev (NNSTU)
24 Minina Str., Nuzhny Novgorod 603950, Russian Federation

&3 Maltcev@nntu.ru

Abstract. Antifriction tape sealing materials (TSM) are used in the manufacture of turbines. This work studied the mechanism of
the increase in thickness of rolled products. The study showed that internal oxides of powder particles, which are reduced during
sintering and annealing in hydrogen, cause a change in the size of tapes and compacts from NPG-80 and Nibon-20 clad powders.
The distinctive feature of powders used in the work is the presence of a nickel shell around the particle of the solid lubricant
(graphite or boron nitride). It was shown that an increase in sintering temperature and heating time to isothermal holding
intensifies the growth of the tapes and samples The studies carried out point to a relationship between reduction processes
occurring in hydrogen during heating, sintering, and annealing of NPG-80 and Nibon-20 powders with an increase in the
thickness of the tape containing the solid lubricant in its composition. An increase in the duration of heating to isothermal
holding at 1150 °C is accompanied by an increase in the thickness of rolled stock. Sintering of TSM Nibon-20 in the first mode
(4 h to 1150 °C) gives an increase in thickness by 5-7 %, whereas sintering in the second mode (9 h to 1150 °C) gives an
increase of 12—13 %. For NPG-80, the increase in thickness is 3—7 % and 8—11 %, respectively. This leads to some decrease in
the physical and mechanical properties of TSM. Lower temperatures and higher heating rates are recommended for the sintering
of sheet materials from NPG-80 and Nibon-20 in the hydrogen atmosphere. The increase in thickness of TSM from clad powders
NPG-80 and Nibon-20 can be avoided if the sintering (heating) is carried out under pressure. By the method of electric rolling
and subsequent hot rolling TSM is obtained from Nibon-20.

Keywords: turbines, sealing materials, rolling, clad powders, NPG-80, Nibon-20, electric rolling, annealing, sintering, properties

For citation: Mal'tsev .M., Getmanovsky Yu.A. Obtaining and properties of rolled products from clad powders NPG-80 and
Nibon-20. Powder Metallurgy and Functional Coatings. 2023;17(1):5-11. https://doi.org/10.17073/1997-308X-2023-1-5-11

MonyyeHue u cBOMCTBa NpPOKaTa
U3 NNaknpoBaHHbIx nopotkos HIMIM-80 n HW6oH-20

. M. Manbues %, 10. A. TermanoBcKuit

Huxeroponckuii rocynapcrBeHHblii Texnuueckuii ynusepcurter uM. P.E. AnexceeBa
Poccust, 603950, . Huxknuii Hosropoa, yn. Munusa, 24

X Maltcev@nntu.ru

AHHoTaums. [Ipu u3rotoBIeHUH TypOUH TPUMEHSIFOTCS aHTU(PUKIIMOHHBIC JICHTOYHBIC YIUIOTHHUTEIbHBIE Marepuaibsl (JIYM).
ITpoBenieHO M3ydYEHHE MEXaHH3Ma POCTa TOJNIIHWHBI IPOKaTa. YCTAHOBJICHO, YTO BHYTPEHHHE OKCHIBI YacTHI[ MOPOIIKA,
BOCCTAHABIIMBAIOLINECS TPH CIIEKAHMW M OT)KHI€ B BOAOPOJE, BBI3BIBAIOT M3MEHEHHE DPA3MEpOB JICHT W TIPECCOBOK H3
rutakupoBaHHbIX opoikoB HITT-80 1 Hub6oH-20. OTiandnTenbHOM 0COOEHHOCTBIO HCIIONB3YEMbIX B pa00TE TIOPOLIKOB SIBIISETCS
HAJIMYUE BOKPYT YaCTHIIBI TBEPIOM cMa3ku (rpadurta WM HUTpUIa 6opa) 000NoYKH U3 HUKess. [1oka3aHo, YTO TOBBIIICHHE
TEMIIepaTyphl CIICKAaHWs W BPEMEHH HArpeBa JI0 M30TEPMUYCCKON BBIICPKKH HHTCHCU(DUIMPYET POCT JICHT M 0OpasIoB.
[TpoBeneHHbBIE HMCCIIENOBAHUS CBHUAETENBCTBYIOT O CBSI3M BOCCTAHOBHTEIBHBIX NPOLECCOB, MPOTEKAIOMINX B BOAOPOIE TPH
crnekanuu 1 oTxkure nopoukos HITM-80 u Hubon-20, cogepxaliux B CBOEM COCTaBe TBEPIAYIO CMa3Ky, C POCTOM TOJIIIUHBI
JIEHTHI. YBENWYEeHHE IPOIODKUTEIFHOCTH HarpeBa 0 N30TePMUIeCKOi BeIAECPKKH pH Temriepatype 1150 °C conpoBokaaercst
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poctom TonmuHb ipokara. Crekanne JIVM Hub6oH-20 1o 1-my pexxumy (4 4 1o 1150 °C) cozaaer npupoct tonuHbl Ha 5—7 %o,
ato 2-my (9 1 no 1150 °C) —na 12—-13 %. J{na HIIT-80 yBenuyenue Tonmuusl npuszonuio Ha 3—7 u 8—11 % cooTBeTCTBEHHO.
BcenencTBre 3TOr0 MpoMCXOMUT CHMXKEHHE (U3MKO-MexaHndeckux cBoicTB JIVM. [lns crnekanusi B atMocdepe Bomopoja
nctoBbix Marepuaios n3 HIIT™-80 u Hu6on-20 npenmnoyTuTenbHo UCTIob30BaHue 0oj1ee HU3KHUX TeMIIepaTyp U 060J1ee BBICOKUX
cKopocTell HarpeBa. Bo3mMoxHO ycTpaneHue pocrta ToiuHbel JIYM u3 mnakupoBaHHbX nopomkoB HIT-80 u HubGon-20
[IPUMEHEHNEM CIIeKaHUs (Harpesa) 1oJ| JaBjaeHueM. MeTo10M 3J1eKTPOIIPOKATKH 1 MOCIIEeIYIOIIeH ropsiueil mpoKaTKy MoJIydeH
JIYM wu3 noporka Hu6oH-20 mpy 0TCYTCTBHM POCTa TONIIUHBI MaTepHaa.

KnroueBbie cioBa: TypOWHBI, YIUIOTHUTEIBHBIC MaTepHalbl, POKATKa, MIakupoBaHHble nopotiku, HITT-80, Huoon-20, anexrpo-

IMpOKaTKa, OT>KHUI, CIICKaHUEC, CBOMCTBA
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Introduction

Antifriction tape sealing materials (TSM) are used
in the manufacture of turbines. TSM close the gap
between the turbine blades and the turbine housing. The
tapes must have a specific set of properties, e.g., wear
out when a turbine blade cuts into them, have a low
coefficient of friction and have heat resistance and heat
stability. Most commonly, for the creation of TSM,
powder metallurgy methods are used. Powder materials
for TSM are compositions from a matrix on a nickel or
nichrome base with inclusions of solid lubricants (hexa-
gonal boron nitride (,BN) with a crystal lattice similar
to graphite and also graphite) evenly distributed in it
and are characterized by a certain level of porosity.

The main forming techniques used for the process-
ing of such materials are extrusion and roll forming.
At present, tape roll forming from composite pow-
der materials has been successfully introduced on an
industrial scale at PJSC Vyksunsky Metallurgical Plant
(Vyksa, Porous Rolled Stock Production Unit) [1-8].
Industrial technology of TSM comprises charge prepa-
ration, strip rolling, sintering and hot rolling to clad
the primary powder material with compact heat-resis-
tant substrates.

TSM rolling technology features a set of techno-
logical hindrances: difficulties in forming highly fluid
powder compositions, restrictions on the amount of
introduced non-forming powder phase (solid lubricant),
and the formation of a film from a layer of solid lubri-
cants particles on rolling mill rolls. These factors are
detrimental to the rolling forming.

This work studied the mechanism of the increase in
thickness of rolled products. It was found that internal
oxides of powder particles, which are reduced during sin-
tering and annealing in hydrogen cause a change in the
size of tapes and compacts from NPG-80 and Nibon-20
clad powders. The study revealed that an increase in
sintering temperature and heating time to isothermal
holding intensifies the growth of the tapes and samples.
Particular features of sintering and annealing of the TSM

6

were studied, and a new forming method of powder
compositions by electric rolling has been developed to
eliminate technological limitations that hinder the deve-
lopment of a new generation of TSMs containing up to
80 vol.% of solid lubricant particles. The aim of the study
was to obtain materials from clad powders NPG-80 and
Nibon-20 by rolling, including electric and hot rolling.

Materials and Methods

The distinctive feature of powders used in the work is
the presence of a 9—12 pm thick nickel shell around the
particle of the solid lubricant (graphite or boron nitride),
see Fig. 1. Table 1 summarizes the technological proper-
ties and composition of powders used to obtain sheets;
the sheets were rolled on 200 mm diameter rolls and sin-
tered in two modes in hydrogen: mode / — heating for
4h to t=1150 °C, holding for 2 h at this temperature,
cooling in a furnace down to 400 °C, and then in the air;
mode 2 — heating for 9 h to z= 1150 °C, holding for 2 h,
cooling in a furnace down to 400 °C and then in the air.

Fig. 1. The structure of the +0.100 mm size particles
of the NPG-80 powder

Puc. 1. Crpyxrypa yactun ppakiun +0,100 Mm
nopoiuka HIII™-80
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Table 1. Technological properties and size range of powders

Ta6bauya 1. TexHoJiornyeckue cBoiicT

Ba U (PaKIMOHHBII COCTAB NMOPOIIKOB

. . Size range, %, by particle size, mm
Bulk density, Tap density,
Powder type 3 3 -0.400 | —-0.200 | —-0.160 | —0.100 | —0.063
g/lem g/em -0.050
+0.200 | +0.160 | +0.100 | +0.063 | +0.050
Nibon-20 1.02 1.35 0.20 0.20 2.50 9.80 4.20 82.0
NPG-80 1.39 1.76 - 9.74 18.98 21.84 12.01 424

Table 2. Influence of the sintering mode on the physical and mechanical properties of the tape

Tabnuya 2. Baiusinue pe:kuMa crieKaHUus Ha GU3HKO-MeXaHHYeCKHe CBOiCTBA JICHThI

Sﬁtg(rjglg Powder type Tapg;i:riilty’ Porosity, % | o, MPa | HB, MPa
; NPG-80 3.90 30 3.80 24
Nibon-20 3.84 31 2.90 -
5 NPG-80 3.60 35 2.50 15
Nibon-20 3.26 42 2.66 -

A study of the tape properties after sintering showed
that an increase in the duration of heating to isothermal
holding at # = 1150 °C is accompanied by an increase in
the thickness of the rolled product. Sintering of the tape
from Nibon-20 powder in mode / leads to an increase
in thickness by 5-7 %, whereas sintering in mode 2
gives a thickness increase of 12—13 %. For NPG-80,
the increase in thickness is 3—7 % and 8—11 %, respec-
tively. This, in turn, leads to worsening of physical and
mechanical properties of the tape (see Table 2).

A change in the material properties also occurs when
the samples are annealed in hydrogen for 2 hat ¢ = 950 °C

after sintering and subsequent hot rolling (Table 3).
Similarly to sintering, annealing also leads to the thick-
ening of the NPG-80 tape by 7 % and the Nibon-20 tape
by 10 %. Repeated annealing of these tapes results in
an increase in their thickness by 4-5 %. The observed
changes in the geometry of the tapes lead to a deterio-
ration of the properties of the antifriction sealing mate-
rial due to an increase in porosity. To identify the causes
associated with an increase in the thickness of powder
rolled stock during sintering and annealing, the powders
were reduced for 1 h at =300 °C in hydrogen. Table 4
shows the properties of the powders after annealing.

Table 3. Properties of the powder tapes after annealing

Tabnmya 3. CBoiicTBa MOPOLIKOBBIX JIEHT MOCJIE OTHKUTA

Material Processing 6, MPa | HB,MPa | Porosity, % Tapg?;rrllilty’
. Hot rolling 9.5 8.0 30 3.96
Nibon-20 ;
Annealing 4.5 4.0 56 2.50
Hot rolling 21.0 28.0 28 4.80
NPG-80 :
Annealing 18.0 17.0 30 4.60

Table 4. Technological properties of the powders before and after the annealing

Tabnmya 4. TexHosioru4ecKue CBOICTBA MOPOLIKOB A0 U 10OCJIe OTHKUTA

Size range, %, by particle size, mm
Powder Powder Bulk density, | Tap density,
type condition —0.400 | —0.200 | —0.160 | —0.100 | —0.063 0,050 o/em’ g/em’
+0.200 | +0.160 | +0.100 | +0.063 | +0.050
) Pre-annealing 0.6 0.2 2.5 9.8 4.2 82.0 1.02 1.35
Nibon-20 -
Post-annealing 2.6 0.2 7.3 17.0 16.5 56.4 0.89 1.02
Pre-annealing - 9.7 19.0 21.8 12.0 42.4 1.39 1.76
NPG-80 -
Post-annealing 1.1 3.6 19.7 29.0 8.8 32.5 1.01 1.25
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The study of powders showed that the content of
fine particles mainly changes during annealing (see
Table 4). Besides, there is a decrease in the mass
(by 5%) of powder samples annealed in a redu-
cing medium (hydrogen), which indicates a conside-
rable oxidation of the powder in the as-received state.
The study of the powder particles by the breakdown
voltage method demonstrated that oxides are located
both inside and outside the nickel shell. See [7; 8] for
the details on the technique for determining the break-
down voltage of powder filling and the device used for
the implementation of this technique. Experimentally
measured average thickness of the oxide layer was
1.7-107° mm, whereas the thickness of the shell deter-
mined microscopically had a mean value of 9-1073 mm.
Measurement of the oxide layer of the shell of the pow-
ders after reduction showed that during annealing there
is a sharp decrease in its thickness down to a value
of 1.06-10° mm.

The study of shrinkage kinetics during sintering
on Nibon-20 samples of different density sintered in
hydrogen at ¢ = 800, 900, and 1000 °C revealed that an
increase in the sintering temperature leads to a decrease
in the samples’ density (Fig. 2).

The reduction reactions occurring inside the nickel
shell cause the formation of moisture, while heating cre-
ates an excess pressure of superheated vapours, leading
to swelling of the powder particles and, consequently,
an increase in the thickness of the TSM sample. These
processes are intensified if the duration of heating to

3.5

3

Density, g/cm

20 g——oﬁ\.
1

15 1 1 1 1
800 850 900 950 1000 1050

Temperature, °C

Fig. 2. The dependence of the density of Nibon-20 pellets
on the sintering temperature
Extrusion pressure, t/cm?: 1 —0.5;2—-1.0;3-1.5;4-2.0;5-2.5

Puc. 2. 3aBucumocTb I0THOCTH OprKeToB 13 HuboH-20
OT TeMIIepaTypbl CICKAHUS
JlaBnenue npeccopanus, T/cm>: 1 —-0,5;2-1,0;3-1,5;4-2,0;5-2,5
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the temperature of isothermal sintering increases, when
the process of thermal consolidation of particles has
approximately the same rate as the reduction reaction
(see Table 2). An increase in the initial density of the
pellets creates the conditions for a greater decrease in
density when the sintering temperature is increased (see
Fig. 2). This is due to the fact that samples of clad par-
ticles have a higher gas pressure inside the shell when
they first form a denser metal matrix, which prevents
the gas from escaping from the clad particle during
heating. The through porosity also decreases.

The X-ray phase analysis was not carried out due
to technical difficulties in obtaining samples already
containing 80 vol.% solid lubricant (graphite or boron
nitride). The studies carried out demonstrated that sin-
tering sheet materials from powders of solid lubricants
clad with nickel in a hydrogen atmosphere to obtain the
required properties is recommended in lower tempera-
tures and at higher heating rates.

Overcoming the issue

The increase in thickness of TSM from clad pow-
ders NPG-80 and Nibon-20 can be avoided if the sin-
tering (heating) is carried out under pressure. There
are methods of rolling the powder, combined with its
heating in a furnace placed above horizontally arranged
rolls. In this case, difficulties arise with uniform hea-
ting of the powder bulk and its transfer into the forming
zones. There are also methods of electric sintering in
rolls with alternating electric current supplied to the
rolls in different design options [2—4], however, there
are issues associated with the stationarity of the rolling
and electric sintering process.

NNSTU has developed a method for electric pulse
sintering of metal powder and a device for the imple-
mentation of this method [5]. The device consists of
a rolling mill and an electric pulse generator. A pulsed
electric current with an adjustable duty cycle is sup-
plied to the electrode rolls isolated from the rolling
stand. Electric current runs directly between the rolls.
To manufacture the TSM, high-density pulsed currents
are used: 108-10° A/m?.

The rolling of various powders and compositions
at the electric rolling plant revealed the features of the
technology of forming and sintering by a new method.
The interrelation of particle sizes, their elastic proper-
ties and the reduction factor of the powder material with
the type of the electric rolling process has been estab-
lished. Based on the mathematical modelling of the
temperature field in the particle—contact—particle sys-
tem, a method of analytical calculations was developed.
This method allows for determining the mechanism
(solid- or liquid-phase) of the powder electric sintering
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process during rolling based on its known parameters
of electric rolling and the technological, electrical, and
physical properties of powders [6].

Experimental tape materials based on iron powders,
corrosion-resistant steels, and composite materials have
been obtained by the electric rolling method [6].

The solid lubricant particles of boron nitride in
the TSM act as dielectric particles located in the con-
ductive metal matrix of the material and affect the
electric rolling. The properties of electrically rolled
powder materials largely depend on the Joule effect
ability — with the growth of the effect, the strength of
interparticle contacts and the entire electrically rolled
material increases. Electrical and physical effects that
strengthen the material and the interparticle contact
itself arise, if during forming of a metal powder by rol-
ling and other forming methods, an electric current and
an electromagnetic field are applied to the deformation
zone [7; 8]. Here, the electrical and physical proper-
ties of the conductor material itself, the electric and
plastic effect, and other effects have an important role,
which attracts a lot of attention of foreign and domestic
researchers [9-16].

The emergence of a pulsed electromagnetic field and
the flow of current through the formed powder material
have expanded the possibilities of the rolling forming
technique. For example, the shedding of the edges of
the tape during the rolling of highly fluid powders was
eliminated, having a positive effect on the macrostruc-
ture of the powder tribotechnical sealing material. This
was especially noticeable on such important powders as
Nibon-20 and NPG-80, compositions of nichrome and
boron nitride powders. The pinch effect, which leads to
compression of the conducting powder body, increased
the density of the material [7], which allowed for the
obtaining of powder rolled stock with a higher interpar-
ticle contact strength [12].

Under the conditions of forming at low pressure
(100 MPa) and concomitant passing of a high density
current through the compact from Nibon-20 powder,
a sealing powder material with a porosity of only 3 %
was obtained. Other tape materials can also be pro-
duced by electric rolling. The results of studies in the
field of electric compacting of metal powder materials
show the hardening of metal materials under the influ-
ence of an electromagnetic field [13-20]. Modern tech-
nologies of metal materials processing use high-density
currents [21-23].

The use of traditional elements of technology together
with the introduction of electric rolling allowed for the
developing of a new version of the technology for obtain-
ing rolled TSM from Nibon-20 powder. The powder
was rolled on an electric rolling plant [5] in rolls with
a 0.2 m diameter and a width of 0.02 m with an electric
current applied to the forming center. The properties of
the finished strips were similar to the properties to rolled
stock sintered in furnaces at a temperature of 900 °C.
The resulting tapes were cut and placed in packages of
0.3 mm thick NP-2 nickel foil. The resulting assembly
was subjected to hot rolling on an installation designed
by NNSTU at a temperature of 850 °C with a degree of
deformation of 20-25 % in a hydrogen medium. Fig. 3
shows the exterior of nickel-clad sealing materials.

Physical and mechanical properties of the obtained
material meet the requirements for sealing elements
of turbines, for example, for TSM based on nichrome
with solid lubricant from boron nitride. For instance,
the investigated material from Nibon-20 has a tensile
strength of 130-135 MPa, a hardness of 80-86 MPa,
a relative density of 94-95 %, and a thickness of the
sealing material layer of 2.00-2.22 mm. The advantage
of this material is the high content of the non-forming
phase (boron nitride), which reaches 80 vol.% in TSM —
an unprecedented case.

Fig. 3. Nickel-clad TSM element from Nibon-20 powder

a — the exterior of the tape, b — its cross-section

Puc. 3. Bueunnii Buz anemenTa JIYM, MIIakupoBaHHOTO HUKeNeM, U3 oporika Hubos-20
a — BHEIHUH BUJL JIEHTHI, b — ee TOpLEeBOii cpe3
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Fig. 4. The microstructure of TSM from NPG-80 powder
after electric rolling and subsequent hot rolling
White substance — nickel, dark — graphite

Puc. 4. Muxpocrpykrypa JIYM u3 nopomika HITI-80 moce
JIICKTPOIIPOKATKY U IOCIEAYIOIEH ropssueil IpoKaTku
Benas ctpykTypa — HUKelb, TeMHas — rpadut

Fig. 4 shows the structure of the TSM from NPG-80.
In this case, a 5-20 pm thick metallic nickel matrix has
a texture stretching along the direction of rolling.

Conclusion

The study showed that internal oxides of powder
particles, which are reduced during sintering and anneal-
ing in hydrogen, cause a change in the size of tapes and
compacts from NPG-80 and Nibon-20 clad powders. An
increase in sintering temperature and heating time to iso-
thermal holding intensifies the growth of the tapes and
samples. The properties of TSMs containing solid lubri-
cants depend on the rolling and sintering conditions.

The use of electric rolling for clad Nibon-20 and
NPG-80 powders allows for forming of compositions
containing up to 80 vol.% solid lubricant, the tape of
this composition is suitable for subsequent hot rolling
in packs. Such a technology allows to create TSM with
a high content of graphite or boron nitride.
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Prediction of the concentration inhomogeneity
of powder magnetic hard alloys based
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of Sm additions on their magnetic properties
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Abstract. Hysteresis alloys based on Fe-Cr—Co system are extensively used in the instrument-making industry as a material for
synchronous motors of navigation systems, in the electronic industry, and other mechanical engineering fields. The following
requirements are imposed on Fe—Cr—Co alloys: temperature stability of magnetic characteristics over time, manufacturability,
low porosity and concentration inhomogeneity, which allow to obtain high-quality magnetic and mechanical properties. Materials
based on conventional alloying systems, such as Fe—Cr—Co, have outlived themselves. An urgent line of the development of new
materials and improvement of the properties of existing ones is alloying with rare-earth metals. The effect produced by Sm
addition on powder analogs of Fe-Cr—Co system remains unstudied. In this paper, 22Kh15K4MS powder magnetic hard alloy
alloyed with samarium in an amount of 0.5 wt. % was studied. The billets were obtained by cold pressing at a pressure of 600 MPa
followed by vacuum sintering. The concentration inhomogeneity of Cr, Co, Mo, Sm was determined after 12 different sintering
modes. A model of diffusion homogenization of ridge alloys, which allows to numerically evaluate the effect of sintering modes
on the concentration inhomogeneity, was plotted. The distributions of chromium, cobalt, and molybdenum correspond to the
asymptotically logarithmically normal law. Samarium is unevenly distributed in the structure. The effect of samarium additions
on the magnetic properties of the alloy has been demonstrated. The alloying of 22Kh15K4MS alloy with 0.5 wt. % of samarium
allows to obtain powder hysteresis magnets with a coercive force in the range from 3.9 to 33.0 kA/m and a residual magnetic
induction from 0.44 to 0.95 T.

Keywords: hard magnetic alloy, powder alloy, magnetic properties, concentration inhomogeneity, diffusion, concentration variation
coefficient, Fe— Cr—-Co—-Mo
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AHHOTauMﬂ. I HUCTCPE3UCHBIC CIIJIAaBbI HA OCHOBE CUCTEMBbI Fe-Cr—Co IIUPOKO MPUMCHSAIOT B HpI/IGOpOCTpOGHI/II/I B Ka4CCTBE Marcpuaia

JULSI CHHXPOHHBIX JABUTaTeNIeH HABUTALIMOHHBIX CUCTEM, B 2JICKTPOHHOMN IPOMBILIIEHHOCTH U APYTHUX 00JIACTAX MAIIMHOCTPOCHHSI.
K crmaBam Fe—Cr—Co npenbsiBisieTcs psiji TpeOOBaHHNA: TeMITepaTypHast CTaOHIbHOCTh MarHUTHBIX XapaKTePHUCTUK BO BPEMEHH,
TEXHOJIOTHYHOCTh M3TOTOBJICHMS, HU3KAsl MOPHCTOCTh M KOHIIEHTPALMOHHAs HEOMHOPOIHOCTb, — MO3BOJSIOIINX JT0OUBATHCS
COYETAaHMs BBICOKMX MAarHUTHBIX M MEXaHHYECKMX CBOMCTB. Marepuaibl Ha OCHOBE TPaJULIMOHHBIX CHCTEM JIETMPOBAHUS,
takue kak Fe—Cr—Co, ncuepnbiBaioT ceOs. AKTyalbHBIM HalpaBlIeHHEM IIPH pa3pabOTKe HOBBIX MAaT€PUAIOB U IOBBLIIICHUH
CBOICTB CYIIECTBYIOIIHX SBIISIETCS JISTHPOBAaHUE PEAKO3EeMENBbHBIMU MeTauiaMu. D(QeKT, MpOU3BOANMEIN J00aBKol Sm Ha
nopo1koBsle aHanoru cucremsl Fe-Cr—Co, octaeTcst Hen3yueHHbIM. B paboTe uccieioBaH MarHUTOTBEP/IbIi HOPOILIKOBBIH CILIaB
22X15K4MC, nerupoBanHblii camapueM B konudectse 0,5 Mac. %. 3aroToBKM MOJIYy4EeHbI METOJIOM XOJIOIHOTO IPECCOBAaHMS
npu aasiernu 600 MIla 1 nocneayromuM criekanueM B Bakyyme. OrnpezieneHa KoHIeHTpalnoHHas HeoHopoaHocts Cr, Co,
Mo, Sm mocie 12 pa3muaHbIX pexxuMoB criekanus. [Tocrpoena mMozxens auddy3HOHHON TOMOTCHU3AIMH TPEOHEBBIX CILIABOB,
T03BOJIAIOIAs YUCIICHHO OLICHMBATH BIIMSHHUE PEKUMOB CIIEKAHMSI HA KOHLIEHTPALMOHHYIO HEOIHOPOAHOCTh. Pacmpenenenus
XpoMma, KoOabTa U MOJINO/IeHa COOTBETCTBYIOT aCHMITTOTHYECKH JIOTapU(QMIIECKH HOPMAITBHOMY 3aKOHY, CAMapHii pactipe/ieiieH
B CTPYKType HepaBHOMepHO. [TokazaHo BiusiHIE 100aBOK caMapysl Ha MarHUTHBIE XapaKTepUCTHKHY CIIaBa. JlernpoBanue cruiaBa
22X15K4MC camapuem B konmuectse 0,5 mac. %. 103BOJISIET OMYYaTh MOPOIIKOBBIE THCTEPE3UCHBIE MATHUTHI C KOIPLIUTUBHON

cunoit 3,9-33,0 kA/M 1 octarouHoi MarHuTHOM uHyKuei 0,44-0,95 To.

KnroyeBbie cioBa: MarHUTOTBEP/IbIil CIUIAB, IIOPOLIKOBBIIl CIUIAB, MAIHUTHBIC CBOWCTBA, KOHIECHTPALMOHHASI HEOJHOPOIHOCTb,
1 dysus, kodpduuenT Bapuanmu koHuenTpamuy, Fe—Cr—-Co—-Mo

Ansa untuposaHmna: Mapuesa M.A., [llaioB A.A. I[IporHo3upoBaHne KOHIICHTPAIIMOHHON HEOTHOPOJHOCTH TOPOIIKOBBIX Mar-
HUTOTBEP/IBIX CIIJIABOB Ha 0cHOBE cucteMbl Fe—Cr—Co—Mo u BiusiHue 100aBOK Sm Ha MX MarHWTHBIC CBOiCTBA. M36ecmus
8y306. Ilopowikosas memaniypeus u ynkyuonanvuvle nokpvimus. 2023;17(1):12-20.

https://doi.org/10.17073/1997-308X-2023-1-12-20

Introduction

In order to obtain materials with specified charac-
teristics, it is necessary to establish the relationship
between structure and properties [1]. Porosity and con-
centration inhomogeneity have a considerable effect
on the processes of structure formation and magnetic
properties of alloys [2—4], reducing their mechanical,
physical and performance characteristics [5]. The inho-
mogeneity of alloys is estimated using diffusion coef-
ficients [6-8], however, their determination does not
allow to predict the concentration inhomogeneity with
reasonable accuracy, since it is associated not only with
diffusion, but also depends on a number of other fac-
tors [9; 10]. The study of diffusion at the stage of sin-
tering of powder materials is performed using diffusion
couples, however, the application of this method within
multicomponent systems results in considerable experi-
mental difficulties [11; 12]. The numerical methods for
solving homogenization equations [13—15] do not take
into account the properties of powder particles, their
shape and defectiveness, and models based on statisti-
cal processing of data on diffusion homogenization pro-
vide only qualitative information on the element dist-
ribution. One of the modern approaches to the study of
diffusion is the experimental study of homogenization
patterns [13].

In work [16], the non-monotonic effect of concentra-
tion inhomogeneity on the magnetic properties of a mate-
rial was proved experimentally. Furthermore, there is an
approach based on the assertion that the homogeniza-

tion process has a noticeable effect on the properties due
to a change in the phase composition and distribution
of phases, and a parallel transformation of the porous
structure. In this paper, such a statistical value as concen-
tration variation coefficient (V) was taken as a criterion
for the inhomogeneity of the alloying element distribu-
tion. The technique allows to determine and predict the
inhomogeneity and distribution of elements, provides
a criterion for comparing the homogeneity of powder
steels and alloys, allows to select the composition of
materials and the technology for their production. The
validity of this method for assessing inhomogeneity has
been repeatedly confirmed in works [1; 11].

Recently, the alloys based on Fe—Cr—Co system with
alloying additions, including rare-carth metals, have
been extensively studied. The ferromagnetic materials
based on SmCog, Sm,Co,, compounds are widely used
for the production of permanent magnets [17]. They
exhibit a high Curie temperature, anisotropy field, and
remanence, but exhibit high hardness and poor proces-
sibility. The alloys of Fe—Cr—Co system exhibit a high
temperature stability, corrosion resistance, ductility and
lower production costs compared to hard magnets made
of rare-earth metals. In work [18], the alloying of a cast
alloy of Fe—Cr—Co system with samarium up to 2 wt. %
resulted in a significant increase in its magnetic pro-
perties: BH__ by 86 %, B by 47 %, and H_ by 28.7 %.
The described approach to the alloying of chromel-copel
alloys is of scientific and practical interest, however, the
impact of concentration inhomogeneity on the effect of
samarium additions has not been studied.
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The study is aimed at the development of a homo-
genization model for predicting the modes of sintering
of concentration-inhomogeneous powder hard magnetic
alloys based on Fe—Cr—Co system with samarium.

Research methodology

This paper investigates the samarium-alloyed
22Kh15K4MS powder alloy, which exhibits the follo-
wing chemical composition, wt. %:

Fe Cr Co Mo Si Sm
57.0 225 150 40 1.0 0.5

The following powders of metals and alloys
were used as initial components of the charge: chro-
mium PKh-1S (TU 14-5-298-99, average particle
size r =10 pm, standard deviation ¢ =5 pm); cobalt
GP-OK (TU 1793-008-92, =24 pm, o= 13 um);
iron OSCh 6-2 (TU 6-09-05808008-262-92, r=2 um,
o =2 um); ferrosilicon FS50 (GOST 1415-93-92, r=8 um,
6 =4 um); molybdenum MPCh (TU 48-19-69-80,
r=2um,c =1 pm); samarium-cobalt (GOST 21559-76,
r=39 um, 6 =21 pm).

The charge was sieved through a mesh with a cell size
of 63 um and averaged in a mixer with a shifted rotation
axis for 8 h.

The sample billets were obtained by cold pressing
at a pressure of 600 MPa, followed by vacuum sinter-
ing with a residual pressure of 102 Pa according to the
modes specified in Table 1.

The sintering temperature range was selected on the
basis of the fact that sintering at temperatures below
1200 °C results in obtaining magnets with a non-mag-
netic y-phase production. Increasing the sintering tem-
perature up to 1400 °C causes the evaporation of com-
ponents from the surface of the billets. In both cases,
these processes lead to the deterioration of the magnetic
properties of the alloy [19].

All samples were quenched in 15 % aqueous NaCl
solution at the temperature starting from 1250 °C. The
aging of the billets was performed sequentially at 9 stages,

Table 1. The sintering modes of 22Kh15K4MS alloy
with 0.5 wt. % Sm

Ta6nuya 1. Peskumpbl cnekanus ciiaBa 22X15K4MC
¢ 0,5 mac. % Sm

Sample Sintering Holding
No. temperature, °C time, h
1 1250
2 1300
1,3,8
3 1350
4 1380

14

and the processing indices are provided in Table 2. The
main parameters and the shape of the magnetic hyste-
resis loop of the test samples were determined by means
of “Permagraph L” hysteresis graph (Magnet-Physik,
Germany) with PERMA software after the quenching
and multistage aging.

To examine the patterns of changes in the concentra-
tion inhomogeneity of element distribution during sin-
tering, the concentrations of Cr, Co, Mo, and Sm were
measured at 100 points being equidistant from each
other on the surface of the section. The concentrations
were measured by the method of X-ray microanalysis,
using “Tescan Mira 3” electron microscope (Tescan,
Czech Republic). The measure of concentration inho-
mogeneity is the relative fluctuation of concentration,
i.e. the concentration variation coefficient V, being
equal to the ratio of the square root of the concentration
dispersion to its average value:

V:?v (1)

where D is the element concentration dispersion, and C'is
the average concentration [16].

The assumption of the logarithmic normality of the
distributions was tested using Pearson’s y? test. The
entire measurement range of the random variable was
divided into disjoint intervals k. In accordance with the
given division, the number of sample values that fell
within the i-th interval (designated as 7). The obtained
histogram of the sampling distribution serves as the
basis for selecting the distribution law [20]. The value
characterizing the deviation of the sample distribution
from the predicted one is determined by the following
formula:

2
n. —np.
XZ — ( i pz) , (2)
np;

Table 2. Billet aging modes

Ta6nuya 2. Pe:xxuMbI cTapeHns 3ar0TOBOK

Stage Aging Holding time,
No. temperature, °C min
1 670 30
2 640 40
3 600 40
4 575 40
5 555 30
6 535 30
7 525 30
8 500 30
9 480 30
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where 7 is the sample volume; n, is the number of sample
elements, falling within the i-th interval; p, is the proba-
bility that the random variable under study falls into the
i-th interval, calculated in accordance with the hypotheti-
cal distribution law F(x).

In order to predict the concentration inhomogeneity,
the following homogenization equation was used:

V=0, exp[Bjtcjz./3 exp {—%D, 3)

where V/ and c; are the variation coefficient and the
average concentration of the j-th matrix component;
t (h) and T (K) are the sintering time and temperature,
respectively; R is the gas constant, J/(mol-K); o is the
effective activation energy of mutual diffusion in the
system, J/(mol-K); o, and Bj are the coefficients [16].

Research result
and disussion

The structure of the alloys after quenching rep-
resented an a-solid solution of Cr, Co, Mo, and Si.
Samarium was in the form of individual inclusions
(Fig. 1) with very low solubility in the a-phase. The
presence of dark areas in Fig. 1 testifies to the residual
porosity of the material.

The first stage was to obtain the values of the concen-
tration inhomogeneity for Cr, Co, Mo, Sm. The concent-
ration inhomogeneity decreased with an increase in the
sintering temperature and holding time (Table 3).

To determine the law of distribution of concentra-
tions, Pearson’s y? criterion was calculated after each of
12 sintering modes. No distributions corresponding to the

Fig. 1. The microstructure of 22Kh15K4MS alloy
alloyed with 0.5 wt. % of Sm after the quenching

Puc. 1. Mukpoctpykrypa crutasa 22X 15K4MC,
neruposanHoro 0,5 Mac. % Sm, noce 3aKanku

normal law were identified for chromium. 7 distributions
out of 12 distributions corresponded to the logarithmi-
cally normal law. A similar pattern was observed when
calculating y? for cobalt and molybdenum. Samarium is
unevenly distributed in the structure, so it is impossible
to establish the law of its distribution within the specified
scope of the experiment.

Upon the construction of element distribution histo-
grams, the entire range of data was divided into 8 inter-
vals (Fig. 2). The distribution histograms of chromium,
cobalt, and molybdenum exhibited a right-hand asym-
metry, which increased with rising temperature and sin-
tering time.

The approximation of experimental data (Table 3,
numerator) allowed to determine o, ; coefficients of the
homogenization equation, activation energy Q (Table 4),
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Fig. 2. Distribution histograms of cobalt concentrations (a),
molybdenum (b) and chromium (c¢) after sintering
at a temperature of 1250 °C, 3 h
[l — observed distribution, ll — expected normal distribution,
M — expected log-normal distribution

Puc. 2. TucTorpaMMBbl pacripeesICHNs KOHICHTPAIUit
kobaibTa (@), MonubaeHa (b) u xpoma (¢) mocie CreKaHus
npu temneparype 1250 °C B Teuenue 3 4
m- Ha6moz[aeMoe pacopencienue, m- OXKHIAEMOE pacupeaciIi€eHue
110 HOpMAJIbHOMY 3aKOHY, - OXXKHJaEMO€ paclpeaciCHUE
1o J'[Ol"apI/Iq)MI/[‘IeCKH HOpMaJIbHOMY 3aKOHY
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Table 3. Experimental (numerator) and predicted (denominator) concentration variation coefficients

Ta6bnumya 3. JkecnepuMeHTalbHbIE (YHC/IUTENIb) U IPOTrHO3HpPYeMble (3HAMeHaTeJIb)
K03 GUIMEeHTHI BADUAIIMY KOHIEHTPAalUU

Sintering Sintering Holding time V

mode temperature, °C | during sintering, u Cr Co Mo Sm
; | 0.16 0.30 0.52 0.87

2 3 -
0.14 0.14 0.29 1.07

2 1250 3 0.2 =
3 3 A2 13 0.21 0.?8
0.20 0.19 0.34 0.70

4 1

3 -
0.17 0.18 0.25 1.08

5 1300 3 0.29 =
6 3 0.09 0.11 0.29 1.03

0.13 A 0.22 -
7 | 0.11 0.10 0.33 1.23

0.31 -
0.15 0.20 0.30 1.19

8 1350 3 0.14 0.27 -
.10 0.90 0.20 1.15

? 8 0.20 -
0.15 0.16 34 0.91

10 ! 0.14 31 -
0.11 0.10 0.18 0.70

11 1380 3 0.15 ~
0.09 . 0.16 1.66

2 8 0.10 0.07 0.19 -

as well as the predicted values V' (Table 3, denominator).
Due to the uneven distribution of samarium in the struc-
ture and high values of concentration inhomogeneity, the
prediction of Vg was not performed.

The dependence of V ratio (the experimental coeffi-
cient of variation) to v, ratio (predicted) on the sintering
mode was plotted (Fig. 3). The closest V, and v, ratios
were obtained upon modes 4, 6, 8, 9, 10, which corres-
pond to sintering at temperatures of 1300 °C (1 and 8 h),
1350 °C (3 and 8 h), and 1380 °C (1 h).

O, values correspond to the activation energy of
chromium in the o-Fe phase of the cast alloy obtained
in work [21]. The activation energy amounted to

Table 4. Activation energies and equation coefficients

Tabnmya 4. JHepruu aKTUBALNHU
H K03 QpunmenTs! ypaBHeHHUI

Element 0, kJ/(mol-K) o B
Cr 209.2 0.157 0.252
Co 288.0 0.207 5.134
Mo 282.0 0.340 1.190
Sm 40.3 0.940 0.003

16

197 £ 10 kJ/(mol-K) for the alloy with 25.8 wt. % of
Cr, which is likely associated with the formation of
low-soluble compounds during the heating. Q. value
appeared to be higher than the one specified in the lite-
rary sources [22].

Anincrease in sintering temperature and sintering time
resulted in an increase in homogeneity and a decrease in
V coefficient. Activation energy O,, appeared to be at the
level of activation energy in binary alloys of iron with

1.8
1.6
1.4
1.2
1.0
0.8
0.6

v,

I
1 2 3 4 65 6 7 8 9 10 11

Sintering mode number

Fig. 3. The dependence of V, ratio (experimental)
to Vp ratio (predicted) on the sintering mode

Puc. 3. 3aBucumocTh OTHOIIEHHS V, (3KCTIEPHMEHT)
K V_ (pOrHO3) OT pexKMMa CHIEKAHHs
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Mo [20], which is associated with a high ratio of surfaces
and the formation of low-soluble compounds during
the heating. In Fe-6%Mo alloy, the activation energy is
at the level of 262.5 J/(mol-K), and in powder alloy O,
it accounts for 282 J/(mol-K) (Table 4).

Sintering at 1250 °C allows to obtain J at the level
0f 0.16-0.12 for Cr, 0.3-0.1 for Co, at the level of 0.5—
0.2 for Mo, and at the level of 0.9-1.1 for Sm, depend-
ing on the sintering time. It is noted that the resulting
concentration inhomogeneity is directly proportional
to the atomic mass of the element. An increase in
the sintering temperature up to 1300 °C results in
V' decrease only after 8 h of holding: 0.09 for Cr and
0.11 for Co, the inhomogeneity values remain the same
for Mo. The lowest values of concentration inhomoge-
neity were obtained after sintering at 1380 °C for 8 h:
0.09 for Cr, 0.06 for Co, and 0.16 for Mo. A further
increase in the sintering temperature requires more
energy and may result in intense evaporation of chro-
mium from the surface of the billets, which, in turn,
will lead to inhomogeneity of the chemical composi-
tion between the surface layer and the volume of the
sample and a decrease in magnetic properties [5; 23].
Thus, for powder magnets made of 22Kh15K4MS
alloy, alloyed with Sm, the optimal sintering mode is
the one at a temperature of 1350 °C for 1-3 h. The con-
centration inhomogeneity of Cr, Co, and Mo, depending
on the holding time, varies within 0.01-0.06 (Table 3).
The application of quenching after sintering allows to
reduce the concentration inhomogeneity of chromium
and cobalt to the level of J'=10.06 ~ 0.08 [24].

The magnetic properties of the samples after sintering
for 8 h, quenching, and multistage aging (see Table 2) at
various sintering temperatures (Fig. 4) were determined.
Upon an increase in sintering temperature from 1250

29 1.0
28 b {09
g Z7f 107
< 6 {06 =
m?“ 25 E 0:5 =
24 r 0.4
23 403
1 1 1 1 1 1 1

22
1240 1260 1280 1300 1320 1340 1360 1380 1400

Sintering temperature, °C

Fig. 4. The dependence of coercive force ()
and magnetic induction (B,) on the sintering temperature

Puc. 4. 3aBUcUMOCTb KO3PUUTUBHOM cuitbl (H )
Y MarHUTHON MHAYKIMH (B) OT TeMIepaTyphl CICKaHUs

to 1380 °C, an increase in the level of magnetic proper-
ties by 18-20 % was observed, which is associated with
a decrease in the concentration inhomogeneity of the
alloy (Table 3). The optimum magnetic properties were
also obtained after sintering at 1350 °C.

For testing the homogenization model as per equa-
tion (3), the sintering time for each mode and element was
calculated. Table 5 shows the calculated sintering time
for the element with the longest homogenization time at
a given temperature. According to the results obtained,
the level of concentration inhomogeneity is achieved
in a shorter time at temperatures of 1250 and 1300 °C
(1, 3 and 8 h), 1350 °C (1-3 h), 1380 °C (1 h). At sin-
tering temperatures of 1350 °C, 1380 °C and holding
time of 3-8 h, the calculated sintering time significantly
exceeds the actual time. This is associated with the fact
that the activation energy may not match the value used
in the calculation. The used effective activation energy is
applicable precisely for this process at the boundary of
the existing model.

Table 5. Calculated sintering times

Tabnnya 5. PacueTHble 3HaYeHNs] BpeMeHH ClleKaHUsl

Sintering Element with the longest y Holding time during sintering, h
temperature, °C homogenization time Actual Calculated
Co 0.30 1 0.82
1250 Mo 0.29 3 1.10
Mo 0.21 8 3.20
Mo 0.34 1 0.61
1300 Mo 0.25 3 2.10
Mo 0.29 8 2.90
Mo 0.33 1 0.61
1350 Mo 0.30 3 0.83
Cr 0.10 8 11.80
Mo 0.34 1 0.61
1380 Co 0.10 3 6.90
Co 0.06 8 13.50
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To assess the effect of samarium addition on the mag-
netic properties of 22Kh15K4MS alloy, the multistage
aging of samples without samarium as well as samples
with 0.5 wt. % of Sm was performed. The fastest growth
of the magnetic properties (B, and H ) of the alloy with
0.5 wt. % of Sm occurred at the first three stages of
aging. In subsequent stages, only H_ growth continued.
Upon that, the magnetic induction B reached its peak at
the 4™ stage of aging with further permanent decrease
(Table 6).

The rectangularity coefficient of magnetic hysteresis
loop (C) had the highest value after the 3 stage of aging
(Table 6). Compared to the initial alloy, C is 9-11 %
higher for the alloyed alloy under this heat treatment
mode. According to the X-ray diffraction analysis per-
formed in work [25], the diffraction peaks corresponding
to Sm,Co,, (64.9°, 74.68°) and SmCo, (50.798°) phases
were identified in the samples after aging, except for the
a-phase. This, in turn, testifies to the redistribution of
samarium during aging and the production of a stoichio-
metric composition distinct from the initial component.

Conclusions

1. The distributions of chromium, cobalt, and molyb-
denum correspond to the asymptotically logarithmically
normal law. Samarium is unevenly distributed in the
structure, therefore, it is impossible to establish the law
of its distribution within the specified scope of the exper-
iment. The homogenization process did not effect the
homogeneity of samarium distribution, which is appar-
ently associated with the non-solubility of Sm in iron.

2. A complete statistical description of the distribu-
tion of Cr, Co, Mo of 22Kh15K4MS ridge alloy with

Table 6. Magnetic properties of the 22Kh15K4MS alloy
with a additive of samarium after aging

Tabnuya 6. MaruuTHble cBoiicTBa cijiaBa 22X15K4MC
¢ 100aBKOii camapus nocJje cTapeHnst

22X15K4MC +
A 22X 15K4AMC 059 o

t ture, °C: :

emperature, °C H.kAm| B.T |H,kAm| BT
670 27 0.40 39 0.44
640 51 0.77 6.5 0.82
600 8.5 0.97 10.7 0.93
575 16.8 0.99 19.5 0.95
555 247 0.99 26.4 0.92
535 284 0.98 29.7 0.90
525 284 0.93 29.4 0.86
500 313 0.92 32.9 0.86
480 32.1 0.92 33.0 0.85

BH__ KI/m’ 12 11

C . at 600 °C 0.66 0.73
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the addition of samarium in the amount of 0.5 wt. % is
presented. Based on the experimental determination of
V criterion, a homogenization equation, which allows to
numerically evaluate the effect of sintering modes on the
concentration inhomogeneity, was obtained.

3. The optimal sintering mode for powder magnets
made of samarium-alloyed 22Kh15K4MS alloy was
experimentally selected.

4. The alloying of 22Kh15K4MS alloy with sama-
rium in an amount of 0.5 wt. % makes it possible to
obtain powder hysteresis magnets with a coercive force
of 3.9-33.0 kA/m and a residual magnetic induction of
0.44-0.95T at C, up to 0.73, which constitutes an actual
index for precision tool-making.
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&) Lazarev@ism.ac.ru

Abstract. A metal-carbide—intermetallic material based on combustion products of the layer system (Ti—Al-Si)/(Ti—C)/Ti was for
the first time obtained with the help of self-propagating high-temperature synthesis (SHS) combined with pressing. Exothermic
synthesis from elementary powders was carried out at a pressure of 10 MPa, and pressing of the hot synthesis product was
carried out at a pressure of 100 MPa. It has been shown that SHS pressing contributes to the formation of permanent joints of
«metal/carbide/intermetallic» layers. The main features of microstructure formation, phase composition, and strength properties
of'transition zones at the boundary between reacting SHS compositions, Ti—C and Ti—Al-Si and Ti-metal substrate are investigated.
It is shown that during SHS reaction, a homogeneous microstructure of Ti—C and Ti—Al-Si layers with an insignificant content
of cracks and pores is formed. The thickness of the transition zone between the layers was at least 15 um. The main phase
formed in the combustion product of Ti—Al-Si layer is, according to the results of X-ray phase analysis, triple phase Ti,Al,Si,,
the content of which, calculated by the Rietveld method, was at least 87 wt. %. In addition, the combustion product contains
a secondary phase of Ti;Al in the amount of 13 wt. %. The energy dispersion analysis revealed that diffusion of aluminium
through the titanium carbide layer into the titanium substrate to a depth of approx. 30 pm is observed. Microhardness value
of the combustion product of Ti—Al-Si layer was about 10 GPa. The rectilinear nature of crack propagation in the synthesized
combustion product of Ti~Al-Si layer, as well as the Palmquist crack resistance coefficient varying within 5.1-5.7 MPa-m'?,
indicate the fragility of the material.
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AHHoTayms. MeToioM caMopacipoCTpaHsoLIerocs: Beicokotemneparypaoro cuareza (CBC), cOBMELICHHOTO ¢ IPECCOBaHHEM,
BIIEPBBIC MOJIYYCH METAJLIO-KapOUIHO-HHTEPMETAIUTH/IHBI MaTepual Ha OCHOBE HPOIYKTOB TOPSHHUS CIOCBOW CHCTEMBI
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(Ti—Al-Si)/(Ti—C)/Ti. DK30TepMUYECKUI CHHTE3 U3 IEMEHTapHBIX IMOPOLIKOB OCYIIECTBIUIM npHu HasiaeHun 10 MIla,
a IIpeccoBaHMe ropsiuero Npoaykra cuHTes3a — npu gasineHuu 100 MIla. B paboTe mpoaeMOHCTPUPOBAHO, YTO B PE3yNIbTaTe
CBC-npeccoBanusi (opMHpYeTCsS HEPa3hbeMHOE COCIMHEHHE CIIOCB «MeTall/KapOou/uHrepmerauinay. MccnenoBaHbl
OCHOBHBIC OCOOCHHOCTH (hOPMHUPOBAHUS MHUKPOCTPYKTYpHI, (Pa3OBBIf COCTAaB M MPOYHOCTHBIE CBOWCTBA IEPEXOTHBIX
30H Ha rpanune Mexay pearupytommumn CBC-cocraBamu Ti—C u Ti—Al-Si u Ti-meranandeckoii moanoxkoi. [Tokazano,
gro B npouecce CBC-peakiuu dopmupyercst ogHopoaHas MUKpocTpykrypa cioeB Ti—C m Ti—Al-Si ¢ He3HauUTEIBHBIM
COZICp’KaHUEM TpEIIMH U nop. TOMIIMHA TePEeXOAHON 30HBI MEXY CJIOSIMU cocTaBuia He MeHee 15 MkM. OCHOBHOM (a3oii,
(opmupytomieiics B MPOIYKTe TOpeHHs cIos Ha ocHoBe Ti—Al-Si, sBIseTcs, MO pe3ynsrataM PeHTTeHO(a30BOr0 aHAIN3a,
Tpoiinas dasa Ti, Al,Siy, conepianue KOTOPOH, MOCUNTAHHOE 11O METONY PuTBenbaa, coctasuio e Menee 87 mac.%. Kpome
TOrO, B IPOJYKTE FOPEHHUs NPUCYTCTBYeT BropudHas asa Ti;Al B komuuectse 13 Mac.%. Pe3ynsrarsl SHEProaucnepCHOHHOIO
aHaM3a MoKa3aiu, 4To Habmonaercs Tuddy3ust aTIOMUHUS CKBO3b CJI0H KapOKaa TUTaHA B TATAHOBYIO MOIOKKY Ha ITyOHHY
~30 MKM. 3HaYeHHE MUKPOTBEPIOCTH POIYKTa ropeHust ciost Ha ocHoBe Ti—Al-Si coctaBmito okono 10 I'Tla. [TpsmonrHeHHBIH

XapakTep pacnpOCTPaHEHHs TPEUIMH B CHHTE3MPOBAHHOM TpoaykTe ropeHus ciost Ti—Al-Si, a Takke BapbUPYHOIIUICS
B npenenax 5,1-5,7 MIla-M'? ko puumenT tpemmHocToiikocty 1o [TaIMKBHCTY TOBOPSAT O XPYNIKOCTH MaTrepuaa.

Kniouesbie cnosa: cnoesoii Marepuan, natepmeraiung, CBC-npeccosanue, Ti—-Al-Si

Ans untnpoBanns: Jlazapes I1.A., bycypuna M.JL., I'psaynos A.H., CeraeB A.E., Bennkosa A.®. TTony4enne cnoesoro (Ti—Al-
S1)/(Ti—C)/Ti crnaBa metogom CBC-nipeccoBanust. Mzeecmus 6y306. [lopowikosas memannypeusi u ()yHKYUOHAbHbLE NOKDbI-
mus. 2023;17(1):21-27. https://doi.org/10.17073/1997-308X-2023-1-21-27

Introduction

Obtaining layered systems and permanent joints of
various metal-intermetallic materials constitutes a signi-
ficant task for modern industry, particularly for acrospace
applications, taking into account the unique combination
of physical and mechanical characteristics of metal-inter-
metallic layered composites [1]. Material microstructure
development, oriented towards a specific set of structural
and functional characteristics, represents an urgent task in
materials science. Ti—Al titanium aluminides can be dis-
tinguished among a variety of intermetallic compounds,
which need to increase their temperature resistance to
oxidation and deformation [2—4]. Titanium-based alloys
with other light elements (Mg, Si etc.) appear to be highly
promising for high-temperature applications in a variety
of industries, particularly for use as protective coatings.
Silicon appears to be a compelling choice for a reinforc-
ing component (TiSi,) in a TiAl-based composite and
also positively affects the resistance of titanium and its
alloys to high-temperature oxidation [5; 6].

Since the well-known methods for producing the
required materials (hot isostatic pressing [7] and spark
plasma sintering [8]) are costly and technically demand-
ing, it is essential to find new, technologically simplified
methods for their production. Self-propagating high-
temperature synthesis (SHS) may be a promising way
of solving the problem of obtaining metal-intermetallic
layered materials [9]. During the SHS process, a large
amount of heat released can be used not only for further
processing of the material or formation of its structure,
but also as a source of additional heat for joining (weld-
ing, repairing) heterogeneous materials and applying
coatings [10; 11]. For instance, Ti—Al-Si alloys were
produced by SHS in work [12] upon the interaction of
titanium, silicon, and AlSi30 alloy followed by the addi-
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tion of alloying elements. A method for the production
of Ti—Al-Si alloys with an aluminum content ranging
from 8 to 20 %' and a silicon content of 10-20 % has
been elaborated in works [13—15]. Combining the SHS
method and pressing may be used to produce layered
and graded carbide-hardened materials, as well as per-
manent joints of heterogeneous materials and protective
coatings. The SHS-pressing method was used to obtain
NiAl-Ni layer compositions [16] and multilayer systems
“hard alloy—intermetallic—metal” [17].

In this paper, the features of the formation of micro-
structure and strength properties of transition zones at
the boundary between reacting SHS compounds and
Ti-substrate in a layer system (Ti—Al-Si)/(Ti—C)/Ti have
been investigated.

Experimental procedures

The following metal powders were used in the experi-
ment: Si (semiconductor silicon, solar-grade, ~100 um,
at least 99 %), Ti (PTM, <100 pm, 99.2 %), and Al
(ASD-4, ~10 um, 99.20 %) to obtain a powder reac-
tion mixture of 74.1Ti—6.3A1-19.6Si (%); incendiary
mixture Ti/C (black) (50/50 %); titanium foil (Ti) of
200 um thick. The mass ratio of layers 1-layer/2-layer/
Ti-substrate was approximately ~90/8/2 %. Composition
of the reaction mixture based on Ti—Al-Si was chosen
to obtain the phase Ti, Al Si,. The initial powder blank
of the 1% layer was obtained by dry mixing in a mor-
tar, followed by pressing of cylindrical samples 30 mm
in diameter and 16 mm in height with a relative density
of 0.6. The compressed samples were placed in a reac-
tion compression mold (Fig. 1), pre-mounted on a Ti
substrate.

I'Here in after — wt. %.


https://powder.misis.ru/index.php/jour/search/?subject=слоевой материал
https://powder.misis.ru/index.php/jour/search/?subject=интерметаллид
https://powder.misis.ru/index.php/jour/search/?subject=СВС-прессование
https://powder.misis.ru/index.php/jour/search/?subject=Ti-Al-Si
https://doi.org/10.17073/1997-308X-2023-1-21-27

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(1):21-27
Lazarev PA., Busurina M.L., etc. Fabrication of (Ti—-Al-Si)/(Ti—C)/Ti — layered alloy by SHS pressing

To obtain a nonporous material, SHS pressing tech-
nique described in [18; 19] has been used, while exother-
mic synthesis was carried out at a pressure of 10 MPa,
and pressing of the synthesis product was carried out
at a pressure of 100 MPa. The exposure time under load
was 3 s.

The microstructure of the synthesized alloy was stu-
died using an “Zeiss Ultra plus 55” field emission scan-
ning electron microscope. X-ray phase analysis (XRD)
was performed on a DRON-3 diffractometer using Cuk,
radiation. Microhardness (/) was measured on a PMT-3
hardness tester using the Vickers method (indentation
of a tetrahedral diamond pyramid with a load of 100 g).
Crack formation was studied by the method of indenta-
tion by the Vickers diamond pyramid AV at a higher load
of up to 30 kg.

Results and discussion

calculations
29D

Preliminary  thermodynamic per-
formed in the software “Thermo™ clearly revealed
that the largest thermal effect is observed in the
layer based on the Ti—C system for which the adia-
batic combustion temperature was 2617 °C and
the enthalpy of formation was 176 kJ/mol. During the
combustion of Ti—C reaction composition, the mel-
ting of the surface layer of the titanium substrate

|2

L —3

|4

L —35

—6

s

L —7

Fig. 1. Scheme of experiments
on SHS pressing
1 —upper punch, 2 — igniting spiral W,
3 - Ti-Al-Si layer, 4 — SiO, heat insulator, 5 — Ti~C layer,
6 — Ti-substrate, 7 — mold

Puc. 1. Cxema npoBeieHHUsI SIKCIICPHUMEHTOB 110
CBC-mpeccoBaHUIO
1 — BepXHUIi MyaHCOH, 2 — MOJpKUraomias cnupaib W,
3 — cnoit Ti-Al-Si, 4 — Tenmonsonarop SiO,, 5 — croit Ti-C,
6 — Ti-nopnoxka, 7 — npecc-popma

2 Program for thermodynamics equilibrium calculations
“THERMO”. URL: http://www.ism.ac.ru/thermo (accessed:
15.02.2022).

(z"=1670 °C) and the formation of the Ti/TiC transi-
tion zone is most likely to occur. Adiabatic combustion
temperature of Ti—C is much higher than combustion
temperature of Ti—Al-Si layer, equal to 1259 °C [15]
which also affects the diffusion interaction and forma-
tion of a transition zone between Ti—C and Ti—Al-Si
layers and provides a strong interpase connection
between the Ti-substrate and the Ti—C carbide layer.

Figure 2 represents the microstructure and element
distribution map of Ti, Al, Si and C in the synthesised
alloy. A firm contact between the layers with the absence
of any defects (pores, cracks) has been formed. This indi-
cates a high quality of diffusion interaction of the ele-
ments between the layers.

As shown by XRD (Fig. 3), the 1% layer conforms to
an alloy based on the main phase Ti,,Al;Si, (PDF 01-079-
2701) with a hexagonal close-packed (HCP) lattice;
furthermore, there is a secondary ordered phase Ti;Al
with a superstructure DO,, (PDF 52-859), which exhib-
its a HCP latitude (spatial group P63/mmc). The content

R R T T
X . : iy

S Ti-Al-C layer

s e - Ti substrate N

100 pm

Fig. 2. Photo of the microstructure (@) and element
distribution map in the synthesised alloy
b—Al,c-C,d-Si,e-Ti

Puc. 2. ®ororpadust MEKPOCTPYKTYpHI (@) U KapTa

pacrpenesieHus SJIEMEHTOB B CHHTE3MPOBAHHOM CIIJIaBE
b-Al,c-C,d-Si,e-Ti
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1200
® -
e Ti, ALS,
7000 ® Ti,Al

Intensity, imp./s

20, deg

Fig. 3. X-ray data of a synthesized alloy based
on the Ti—Al-Si system (1 layer)

Puc. 3. [lanasie POA cHHTE3MpOBaHHOTO CIIIaBa
Ha ocHOBe cucteMbl Ti—Al-Si (1-it cioit)

of the main phase Ti,,Al;Si, (calculated by the Rietveld
method) was 87 %, the phase Ti,Al - 13 %. According to
the data obtained by energy-dispersive analysis (EDA),
the 2™ layer conforms to the phase TiC, ., (cubic struc-
ture Fm3m), and the 3™ layer conforms to titanium in
a substrate made of titanium foil. The transition zones
between the layers do not exceed 10-15 pm.

According to the concentration profile of the element
distribution between the layers (Fig. 4) a slight increase
of aluminium concentration in the boundary area between
Ti/TiC layers can be observed due to the melting of the
titanium foil caused by heat release during reaction in the
Ti—C layer and diffusion of aluminium into the titanium
substrate through the Ti—C layer. Upon that, the depth
of Al diffusion into the Ti substrate is rather shallow
~30 pum. Silicon concentration during transition from the
Ti—Al-Si layer to Ti—C drops sharply and remains at zero
values in the 2" and 3" layers.

Microhardness (Hu) of each of the layers of the syn-
thesized gradient material is presented in Table. The high-
est H value (~12.3 GPa) corresponds to a Ti—C-based
layer, the lowest is for a titanium substrate (4.1 GPa).
Microhardness of Ti—Al-Si layer is ~10.1 GPa.

When an indenter is inserted at a load of more than
30 kg into a Ti—Al-Si-based layer, radial cracks are

24

Intensity

Si
Al
0 100 200 300 400
Distance, um
Range © Al Si Ti Phase
1 3.92 | 808 | 2621 |61.78 | Ti, ALSi,
2 13923] 1.99 | 046 |5832|  TiC,,
3 6.16 | 0.27 | 0.27 |90.60 | Ti (substrate)
b

Fig. 4. Concentration profile of element distribution
between the layers (a) and EDA data, wt. % (b)

Puc. 4. KoHueHTparoHHbIH TPOGHIb PACTIPEACICHUS
SIIEMEHTOB MEXXAY ciosivu (@) u nanusie DJIA, mac. % (b)

formed in the corners of the Vickers pyramid imprints
in the area of maximum tension stresses (Fig. 5, a, b).
The formation of main concomitant cracks and their

Microhardness values in layers of the synthesized material

3HaueHus1 MHUKPOTBEPAOCTH B CJIOAX CHHTEC3UPOBAHHOI'0 MaTepHaJja

Layer Microhardness Cracking resistance coefficient
No. | Composition H,, GPa K., MPa-m'?
1 Ti-AL-Si 10.1 5.1-5.7 (this work)
Ti-C 12.3 2.5-4.3 [24]
3 Ti-substrate 4.1 50-55[25]
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Fig. 5. Micrographics of indentation after measuring
microhardness H“ (a) and Vickers hardness HV (b),
as well as an enlarged fragment of crack propagation
in Ti-Al-Si layer (c)

Puc. 5. Mukpodotorpaduu oTIeuaTkoB HHISHTOpA

MOCJIe U3MEPEHHs1 MUKPOTBEPAOCTH Hu (a) 1 TBepIOCTH
o Buxkepcy HV (b), a Takxke yBeIHIeHHBIH (parMeHT
pacrpocTpaHeHus TpenuHbL B cioe Ha ocHoBe Ti—Al-Si (¢)

branching, as well as the fusion of cracks with micro-
heterogeneities and structural defects are observed
(Fig. 5, ¢). One of the reasons for this is that the micro-
pores affect the crack propagation process. The rec-

tilinear nature of crack propagation indicates a high
fragility of the material. It is noteworthy that the
cracks propagate both through and around the grains
(Fig. 5, ¢). Calculated by the Palmquist method [20] for
a Ti—Al-Si-based layer, the crack resistance coefficient
is K, =5.1+57MPa-m'?. The measurements were
taken at an indenter load of 100 g using the formula:

K,. =0,0028VHV /Pc™,

where P — indentation load, ¢ — total length of the crack
from the indenter, mm.

The following results can be given to compare the
resulting value of K, . According to work [21], the crack
resistance coefficient of Ti—Al-Si-based alloys can reach
values from 0.7 to 1.7 MPa-m"?, while Ti,Si, silicide
has K, =7 MPa-m'"? [22]. It is noted in work [23] that
materials based on Ti~Al,Ti with a volume fraction of
ALTi phase equal to 86, 80, and 65 % are characterized
by high crack resistance values at the level of 15, 23,
and 29 MPa-m'?, respectively. The measurement results
of K, depend on the size and direction of movement of
cracks, pores, interphase transformations, and the magni-
tude of loads on the material.

Conclusion

A metal-carbide-intermetallic layer material based
on (Ti—Al-Si)/(Ti—C)/Ti was synthesized by SHS press-
ing. The heat released as a result of SHS reactions in the
layers and the subsequent pressing of the hot product
ensured the required diffusion through the boundaries
(Ti—Al-S1)/(Ti—C) and (Ti—C)/Ti and resulted in the
formation of a solid permanent joint between the lay-
ers with a transition zone thickness between them about
10+15 um. Combustion product of Ti—Al-Si layer
exhibits two phases: triple phase Ti, Al,Si, and Ti;Al
with a content of 87 and 13 wt. %, respectively. The
microhardness of the synthesized combustion product
of Ti-Al-Si layer was ~10.1 GPa, crack resistance coef-
ficient K, =5.1+5.7 MPa-m'"2 The obtained results
can be used in the development of methods for apply-
ing protective coatings/layers to the surface of titanium
products.
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Formation of products upon ignition,
combustion and melting of mixtures of high-entropy alloy
FeNiCoCrCu with titanium and carbon

S. G. Vadchenko ©, Yu. S. Vergunova, A. S. Rogacheyv,
I. D. Kovalev, N. I. Mukhina

Merzhanov Institute of Structural Macrokinetics and Materials Science of the Russian Academy of Sciences
8 Akademican Osip’yan Str., Chernogolovka, Moscow region 142432, Russian Federation
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Abstract. The dependence of the ignition temperature, combustion rate and composition of the resulting products on the
concentration of Ti+ C in mixtures with powder of a high-entropy alloy (HEA) FeNiCoCrCu and the initial mixture
of metals forming it (MIX) has been studied. HEA was obtained by mechanical activation (MA) of a mixture of metal
powders in argon. At the melting temperature, the high-entropy FeNiCoCrCu alloy decomposes into several phases, but
the basis of the HEA alloy, as well as the alloy obtained by melting and crystallizing MIX, is a 5-component phase with an
average formula Cu,,Fe \Ni, ,Co, ,Cr. In addition, 5, 4, and 3-component phases with averaged formulas Cu,Ni,Co,Fe,Cr,
Cu;Ni,Co, Fe, .Cr, Cu,,Ni, .Co, Fe,,Cr, Cu,FeNi,Co,C, Cr,Fe, Co, Ni and Co,,Fe, .Cr are present in small
amounts in the binder. Experiments on the ignition and combustion of mixtures of MIX and HEA with Ti + C were carried
out in argon at atmospheric pressure. The combustion rate, ignition temperature, and maximum temperature reached in the
thermal explosion of MIX and HEA mixtures with Ti+ C increase with increasing Ti + C concentration. Due to the low
exothermicity of the mixtures, the experiments were carried out at an initial temperature of 500 °C. At this initial temperature,
the combustion limit of the samples occurs when the Ti + C concentration in the HEA and MIX mixtures is less than 30 %.
Based on the results of scanning electron microscopy, the volume concentration of the number of titanium carbide (TiC)
particles in molten samples was calculated. In an alloy with a HEA binder, the number of TiC particles per unit volume is
1.5-3.0 times greater than in an alloy with a MIX binder, and their size is correspondingly smaller. With an increase in the
concentration of Ti+ C from 30 to 40 % in a mixture with HEA, the number of TiC particles per unit volume decreases.
In a mixture with MIX, the number of TiC particles per unit volume passes through a minimum. This is due to two opposite
processes: on the one hand, the probability of the generation of TiC particles increases, on the other hand, their coagulation occurs.

Keywords: high-entropy alloys, mechanical activation, cermets, titanium carbide, ignition, combustion, melting, energy-releasing
additive Ti + C

Acknowledgements: the work was carried out at the expense of a grant from the Russian Science Foundation (Project
No. 20-13-00277).

For citation: Vadchenko S.G., Vergunova Yu.S., Rogachev A.S., Kovalev I.D., Mukhina N.I. Formation of products upon ignition,
combustion and melting of mixtures of high-entropy alloy FeNiCoCrCu with titanium and carbon. Powder Metallurgy and
Functional Coatings. 2023;17(1):28-38. https://doi.org/10.17073/1997-308X-2023-1-28-38

cDOpMMpOBaHMe NPOAYKTOB Npu BoCnJlaMeHeHUMN,
ropeHun n nnaBineHuu cMeceu BbICOKOBHTpOI‘IMI‘;IHOFO cnnasa
FeNiCoCrCu ¢ TuTaHOM U yrnepoaom
C.T. Baguenko, I0. C. Beprynosa, A. C. Poraues,
1. 1. KoBanes, H. I. Myxuna

28 © 2023. S. G. Vadchenko, Yu. S. Vergunova, A. S. Rogachey, 1. D. Kovalev, N. I. Mukhina


https://doi.org/10.17073/1997-308X-2023-1-28-38
mailto:vadchenko@ism.ac.ru
https://powder.misis.ru/index.php/jour/search/?subject=high-entropy alloys
https://powder.misis.ru/index.php/jour/search/?subject=mechanical activation
https://powder.misis.ru/index.php/jour/search/?subject=cermets
https://powder.misis.ru/index.php/jour/search/?subject=titanium carbide
https://powder.misis.ru/index.php/jour/search/?subject=ignition
https://powder.misis.ru/index.php/jour/search/?subject=combustion
https://powder.misis.ru/index.php/jour/search/?subject=melting
https://powder.misis.ru/index.php/jour/search/?subject=energy-releasing additive Ti + C
https://powder.misis.ru/index.php/jour/search/?subject=energy-releasing additive Ti + C
https://doi.org/10.17073/1997-308X-2023-1-28-38
mailto:vadchenko%40ism.ac.ru?subject=
mailto:vadchenko%40ism.ac.ru?subject=

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(1):28-38

ST PM s FC Vadchenko S.G., Vergunova Yu.S., etc. Formation of products upon ignition, combustion and melting ...

HUHCTUTYT CTPYKTYPHOH MAaKPOKMHETHKH U mpodjieM MmaTepuanoBenenus uM. A.I. Mep:xanosa PAH
Poccust, 142432, MockoBckas 00i1., I. YepHoronoBka, yi1. Akagemuka OcunbsHa, 8

&3 vadchenko@ism.ac.ru

AHHoTayms. ViccnenoBaHa 3aBHCHMOCTh TEMIIEPATYpbl BOCIUIAMEHEHHUS, CKOPOCTH TOPEHHsI M COCTaBa (POPMHUPYIOLIMXCS

MPOIYKTOB OT KoHIeHTpanuu Ti + C B cMecsix ¢ mopomkoM BeicokosHTpomnuitHoro cruiaBa (BOC) FeNiCoCrCu u ncxomHou
cMmechio oOpasyromux ero MetayuioB (MIX). BOC nomyuanu meronom MexaHudeckoi aktusanuu (MA) cMecH MOpPOIIKOB
MeTaJIoB B cpene aprosa. IIpum temmeparype masieHust BblcokodHTponuiiHbli cmiaB FeNiCoCrCu pacmamaercss Ha
HECKOJIBKO (ha3, HO 0cCHOBY 3Toro BOC, a Takke cruiaBa, MOJy4YeHHOTO MPH TUIABJICHUH U KpucTaum3aiuu MIX, cocrasisier
5-KOMIIOHeHTHas (asa ¢ ycpeanenHo# popmynoit Cu, ,Fe, ,Nij ,Co, ,Cr. Kpome Toro, B HEOONBIIMX KOIMYECTBAX B CBA3KE
NPUCYTCTBYIOT 5-, 4- M 3-KOMIOHEHTHbIC (Dasbl C YCPEAHEHHBIMH (OPMyIaMH Cu,Ni,Co,Fe, Cr, Cu;Ni,Co,,Fe, Cr,
Cu,¢Ni, ,Co, [Fe, ,Cr, Cu,Fe Ni,Co,C, Cr, Fe, Co, Niu Co,,Fe, Cr. DKCrepuMEHTHI 110 BOCIUIAMEHEHHIO H TOPCHHIO
cmeceit MIX u BOC ¢ Ti + C nmpoBogmmu B aproHe mpu arMoc(epHoM gaBieHHH. CKOPOCTb TOpEHHS, TeMIeparypa
BOCIUIAMEHEHUs U MaKCHUMallbHas TeMIleparypa, JocTUraemas Ipu TemioBoM B3peise cmeceit MIX u BOC ¢ Ti + C, pactyT
¢ yBenuueHueM koHreHTpauuu Ti + C. M3-3a Maioi SK30TepMUYHOCTH CMECEH SKCIIEPUMEHTBI IPOBOAMIIN TP HAYaIbHOU
temneparype 500 °C — B 3TOM cirydae Ipeelt FopeHHs 00pa3ioB HacTynaeT pu koHneHTpanun Ti+ C B cmecsax BOC n MIX
<30 %. ITo pesynbTaramMm CKaHUPYIOLICH AIEKTPOHHON MUKPOCKOIIUK paccuuTaHa 00beMHasi KOHLIEHTpallMs YacTHIl KapOuia
tutana (TiC) B pacmiiaBineHHbIX 00pasiax. B cruase co ces3koit u3 BOC konmuectso yactuil TiC B eaunuie oobema B 1,5—
3,0 pasa Oonblie, ueM B cIlIaBe co cBs3Koi u3 MIX, a ux pazmep cOOTBETCTBEHHO MeHblle. C MOBBIIEHUEM KOHLIEHTPALUU
Ti + C or 30 1o 40 % B cmecu ¢ BOC konmuectBo ymcna yactui TiC B eaunuiie oobema ymenbiaercsi. B cmecu ¢ MIX
obObemHast koHIeHTpanus 9acTrl] TiC mpoXomuT uepe3 MUHIMYM. DTO CBSI3aHO C BYMsI TPOTUBOIOJIOKHBIMH HPOLIECCAMH —

C OI[HOI71 CTOPOHBI, YBCIIMIUBACTCS BEPOATHOCTD 3aPOKACHUS HaCTULL TIC, ac ,prl"OfI — [IPOUCXOAUT UX KOATyJISIHs.

KnioueBble cnoBa: BI)ICOKOZ)HTPOHI/IﬁHI)IG CIIJIaBbl, MEXaHWYCCKasA aKTUBallUs, KEPMCTHI, Kap6I/IZ[ TUTAaHa, BOCINIAaMEHCHUEC, TOpe-

HHUe, [JIaBJICHKE, SHEeproBulaestomas nooaska Ti + C

bnarogapHocTyu: paboTa BBITIOIHEHA 3a cueT rpanTta Poccuiickoro Hay4qrHoro ¢pouma (mpoekt Ne 20-13-00277).

Ansa umtuposanms: Baguenko C.I'., Beprynosa 10.C., Poraues A.C., Kosanes 11./1., Myxuna H./. ®opmupoBaHue NpoayKTOB
IIPU BOCIUIAMEHEHHUH, TOPCHUH U TUIABJICHUH cMecel BhicOKodHTpomuitHoro criaBa FeNiCoCrCu ¢ TUTAaHOM U yIJICPOIOM.
Hzeecmus 8y306. [lopowkosas memannypeust u (pynkyuonaiviole nokpvimust. 2023;17(1):28-38.
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Introduction

High-entropy alloys (HEAs) are a new class of metal-
lic compounds consisting of at least 5 major elements
whose concentration varies between 5 and 35 at.%.
HEAs generally demonstrate the formation of a simple
solid solution structure — VCC, FCC, HCP, or their com-
binations — instead of intermetallic phases stabilized due
to the high configuration entropy of their mixing [1; 2].
Due to the alloys structure peculiarities, they can be used
to create new materials with unique properties [3-9].

Recently, HEAs have been considered as a new
metallic binder to improve the HEA-based materials
performance properties:

— WC-CoCrFeNiMn [10],

— SiC—CoCrFeMnNi [11],

— TiC-FeCrNiCoAlCu [12; 13],

— TiC—FeMnCrNiCo [14],

— TiCN-AICoCrFeNi [15],

— TiCN—CoCrFeNiCu [16],

— Ti(C,N)-HEA based on (Co, Fe, Ni) [17],
— TiCN-CrMnFeCoNi [18],

— TiC—CoCrFeNiMe (Me = Mn, Ti, Al) [19].

The work [13] showed that the FeCoCrAICu HEA-
based coatings reinforced with TiC (50 %) obtained by
laser surface doping (LSD) have a maximum micro-
hardness of 10.82 GPa, whereas without the reinforcing
additive the microhardness was 6.29 GPa. In addition,
the TiC inclusions located along the grain boundaries of
the HEA prevented their growth and improved the wear
resistance. In particular, for the FeCoCrAlCu + 50 % TiC
composite coating, the microhardness, wear volume
and specific wear rate were 10.78 GPa, 5.2:10° um?* and
9.6-107° mm?/(N-m), respectively.

The authors [16] investigated the mechanical
activation effect (MA) on the resulting CoCrFeNiCu
HEA-powder properties used as a binder in the
Ti(C,N) cermets manufacturing by vacuum sinter-
ing. The CoCrFeNiCu HEA-powders were obtained
by mechanical fusion in a planetary ball mill. With
increasing grinding time (t,,,), the diffraction peaks
gradually broaden and their intensities decrease. The
face-centered cubic (FCC) phase (111) formation
with lattice parameter a = 3.537 A and the secondary
volume-centered cubic (VCC) phase (110) release at
a=2.905 A occurred after Tya = 90 h, and a diffrac-
tion peaks slight broadening was observed when t,,,
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was increased to 120 h. In the work [16], MA HEA-
powders were mixed with Ti(C, N, ;) (1.2 um), WC
(2.3 um), Mo,C (1.75 um), TaC (1.25 um) in a ball
mill at v= 56 rpm and t,,, = 72 h. Despite this two-
stage long MA time, the authors [16] conclude that the
CoCrFeNiCu HEA is a good variant to use as a new
binder in Ti(C,N) based cermets as it has higher frac-
ture strength (8.8 MPa-m~"?) and hardness (1726 HV)
compared to conventional nickel-based cermets.

The other authors [17] also used the same methodo-
logy: the formation of a single-phase solid solution
with a FCC structure and lattice parameter 0.3601 A of
composition CoCrCuFeNi occurred during t,,, = 10 h.

Despite the MA method frequent use for obtaining
alloys, its disadvantages are: the long preparation time
(10-120 h) and small amounts of obtained materials.
At the same time, in the work [20], a single-phase
solid solution with an FCC structure and the lattice
parameter 3.597 A with a uniform distribution of all
elements was already obtained at t,;, = 120 min.

Earlier [19] the possibility of obtaining cermet
based on a high-entropic binder (CoCrFeNiMn,
CoCrFeNiTi and CoCrFeNiAl) and an additive mix-
ture of Ti+ C by self-propagating high-temperature
synthesis (SHS), which is realized due to heat released
during the titanium with carbon exothermic reaction,
was investigated. In the combustion wave the melting
of 5 elements occurs with the multicomponent melt
CoCrFeNiMe (Me = Mn, Ti, Al) formation, which is
crystallized in the HEA as a binding phase. The com-
bustion rate and temperature gradually decrease with
increasing amount of binder. According to scanning
electron microscopy (SEM) and energy dispersive
spectroscopy (EDXA) results, all synthesized mate-
rials consist of TiC grains and a two-phase (FCC and
VCC) metal binder. The Vickers microhardness of the
pressed metal-ceramic materials with 30 % binder is in
the range of 10—17 GPa, rising with the VCC to FCC
ratio increase.

The present work studies for the first time the possi-
bility of obtaining TiC—FeNiCoCrCu cermets with dif-
ferent contents of high-entropic FeNiCoCrCu binder
by SHS. The dependence of the ignition temperature,
combustion rate and composition of the products
formed on the concentration of Ti + C in mixtures with
FeNiCoCrCu HEA powder and the initial mixture of
the metals forming them was investigated.

Materials and methodology

Titanium powders (PTS-1, 99.6 %, average particle
size d =50 pm, production of JSC “Polema”, Tula) and
carbon (P803, d=0.1 um, production of LLC PCC
“Ekopolza”, Astrakhan) in equiatomic ratio were mixed

30

in a porcelain mortar to get a homogeneous mass. Also
prepared the equiatomic mixture of iron (R-10, 99.96 %,
d=10+20 pum, JSC “Polema”, Tula), nickel (PNE-I,
99.5 %, d =45+60 um, LLC PME “Ural Atomization”,
Chelyabinsk), cobalt (PC1-U, 99.7 %, d =71 pm, CCM
“Ekotek”, Moscow), chromium (PKh1, TU 14-1-1474-75,
d <125 pm, MC “Atom”, Ekaterinburg) and copper
(PMS-1,d =45+100 um, LLC PME “Ural Atomization”,
Chelyabinsk). All metals of this MIX mixture (Fe + Ni +
+ Co + Cr + Cu) retained their individuality.

Part of this mixture MIX was subjected to mechani-
cal activation in a planetary mill Activator 2S (CJSC
“Activator”, Novosibirsk). The processing was carried
out in steel drums in an argon atmosphere at a pressure
of 4 bar. The ratio of the mixture mass to the balls mass
was 1:20, the drums rotational speed was 694 min!,
the processing time — 120 min. As a result, the MA pro-
duced particles consisting of the FeNiCoCrCu HEA,
which is a solid solution with a face-centered cubic lat-
tice. The particle size distribution was studied with a
laser particle analyzer “Microsizer-201C” (VA Instalt,
St. Petersburg). Grinding and polishing samples were
carried out according to the standard method on a DP-U4
(Struers, Denmark) grinding and polishing machine.
Scanning electron microscopy (SEM) was performed
on a LEO 1450 VP microscope (Carl-Zeiss SMT AG,
Germany). X-ray phase analysis (XRD) was performed
on diffractometer DRON-3 (Scientific and Production
Enterprise “Burevestnik”, St. Petersburg) on FekK -
radiation. MIX and HEA powders were sintered by the
spark plasma sintering (SPI) method in a vacuum in the
“Labox 650 facility” installation (Sinter Land, Japan)
at a load of 50 MPa for 20 min. Microhardness of
samples was measured on installation PMT-3 (LOMO,
St. Petersburg).

Previously prepared mixtures in the ratio x(Ti + C)
and (100 — x)MIX, where x = 10, 20, 30, 40, 50, 60, 70,
80 and 90 %, were again mixed in a porcelain mortar
until a homogeneous mass was obtained. To obtain rela-
tively homogeneous samples from mixtures of Ti+ C
with HEA particles with a ratio of x(Ti + C) to (100 — x)
HEA, where x = 30, 40, 50, 60 and 70 %, pellets con-
taining 2 to 5 HEA particles surrounded by Ti + C mix-
ture were made using a 2 % butyral resin solution in
alcohol. It is difficult to obtain homogeneous mixtures
with more Ti + C mixture due to the large difference in
the HEAs and titanium particles sizes (Fig. 1).

To study the obtained mixtures ignition parameters
the samples with diameter D =3 and 5 mm and height
up to 1D were pressed. The scheme of the experiments
to determine the ignition temperature is shown in
Fig. 2, a [21]. Cylindrical samples were placed on a flat
thermocouple 30 um thick in a crucible made of boron
nitride or graphite. The crucible rested on a graphite
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Fig. 1. Titanium (1) and HEA (2) particle size
distribution histogram

Puc. 1. TuctorpamMmMa pacrpeeseHus Mo pasmMepam
yactun thutada (1) u BOC (2)

strip heated by an electric current to the sample ignition
or melting temperature.

To study combustion, the samples were pressed in the
form of 6x30 mm plates with a thickness of 2.5-3.0 mm.
The relative density of the samples was 0.45—0.5. They
were placed between two graphite blocks with heaters

PN T Nt e e
ot i R e

o

W R AR
-l

T1 T2 T3
b

Fig. 2. Samples (a) and the combustion rate (b)
measuring the ignition temperature schemes
1 —sample, 2 — crucible, 3 — thermocouple, 4 — graphite heater strip,
5 — initiating coil, 6 — graphite plate with heaters, 7 — Al O, tubes,
8 — heater, F —load, T1-T3 — thermocouples

Puc. 2. CxeMbl U3MEpEeHHs TEMIEPaTypbl BOCIUIAMEHEHHS
00pasnoB (a) u ckopoctu ropenust (b)

I — obpasen, 2 — Tureins, 3 — Tepmonapa, 4 — rpadUTOBBII JICHTOYHBIN
Harpesaresib, 5 — MHULMUPYIOIIAs CIUpallb, 6 — rpaduToBas IIacTUHA
¢ HarpeBatelnsimu, 7 —TpyOku u3 Al,O,, 8 — HarpeBarens,

F —narpyska, T1-T3 — Tepmomnapbl

inside. Combustion was initiated by a coil heated by
an electric current. The samples combustion rate was
determined as the ratio of the distance between the
thermocouples T1-T2-T3 to the time of the combus-
tion wave passing between them. The experiments were
performed in argon at atmospheric pressure.

Results and discussion

Ignition

Figure 3 shows characteristic thermograms of the
ignition of samples pressed from the initial powders
at different concentrations in the mixture Ti + C. The
Ti + C mixture samples ignition temperature is about
1200 °C. When the concentration of Ti + C is reduced
to 80 %, the metal mixtures ignition temperature is
t=1080 + 30 °C. The lowering of the ignition tempera-
ture of mixtures containing copper may be due to its
melting (¢, = 1083 °C). The copper melting increases
its volume by 6 vol.% [22], which leads to better con-
tacts between the particles, and also starts the reac-
tion of titanium with copper, which, despite the weak
exothermicity (calculated values of formation CuTi
enthalpy — 79 kJ/mol [23]), can initiate the titanium
with carbon interaction.

The ignition temperatures of samples from mixtures
based on HEA-powders at the Ti + C concentration in
the mixture equal to 30-70 % are close to the ignition
temperature of the initial mixture Ti + C, since due to
the large size of HEA-particles they play the role of an
inert diluent.

2800

2400

2000

1600

t,°C

1200

800

400

Fig. 3. Initial mixtures (Ti + C) + MIX ignition (I-5)
and cooling (6—8) thermograms characteristic view
Ti+ C, %: 30 (1), 40 (2), 60 (3), 80 (4), 100 (5), 20 (6-8)

Puc. 3. XapakTepHsblil BUI TEPMOTrpaMM BocIIaMeHeHus (1-5)
n oxyakaeHus (6—8) ucxomusix cmeceit (Ti + C) + MIX
Ti+ C, %: 30 (1), 40 (2), 60 (3), 80 (4), 100 (5), 20 (6-8)
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When cooling the compositions ignition products
with Ti + C concentration equal to 30—40 %, two inflec-
tions (plateaus) around 1360 and 1200 °C are observed
in the thermograms associated with crystallization of
the melt of polymetallic binder. The temperature of the
first plateau is close to the temperature of endothermic
peaks observed in differential scanning calorimetry
(DSC) Fe + Ni+ Co + Cr + Cu (1359 °C) mixture and
FeNiCoCrCu (1365 °C) HEA in the work [20], and
caused in the first case, apparently, the resulting com-
pound melting. At Ti+ C higher contents, the used
method does not allow to register this effect. At the
Ti+ C content of 10-20 % in the mixture, a plateau
near 1200 °C (Fig. 3, curves 6-8) and an inflection near
1100 °C are also observed during cooling.

Combustion

During the samples combustion, size and density
practically did not change, since they were under load
(compression pressure £ =0.1 MPa). Figure 4 shows
the combustion products surface structure. Large pores
up to 0.5 mm in the sample 0.4(Ti + C) + 0.6HEA were
formed as a result of HEA-particles melting and TiC
framework melt spreading.

The initial samples density, calculated as the measured
mass to the geometric volume ratio is shown in Table 1.
Since the experiments were carried out under load, the
samples size changes after combustion were insignificant.

Combustion thermograms characteristic view is
shown in Fig. 5. Since at less than 60 % Ti + C in the

mixture at room temperature the samples did not burn
or burn unstably, all experiments were conducted at
an initial temperature of 500 + 10 °C. Samples with
[Ti + C] concentrations <30 % did not burn at this ini-
tial temperature.

Figure 6 shows the dependence on the Ti+ C
concentration of the mixtures with MIX and HEA com-
bustion rate and the mixtures Ti + C and MIX differ-
ence At=1 . —1, between the maximum temperature
reached at ignition and the ignition temperature. At a
small difference Az, the self-propagating combustion

mode is not realized in this system.

The main contribution to heat release during mix-
tures ignition and combustion is made by the titanium
carbide formation reaction. Titanium can also react with
the heat emission with all metals included in the HEA-
mixture, and chromium can interact with carbon to form
carbide Cr,C, . The formation enthalpy of all these com-
pounds is much less than for the Ti + C reaction, and
these compounds are not detected on the X-rays. But
the reaction mechanisms of composite formation when
using MIX and HEA as a binder are different, which is
due to the difference in the Ti + C mixtures structure. In
the former case, the contact surface between titanium
and carbon particles is much smaller because the unit
cell of the mixture consists of metal particles and car-
bon distributed between them. Assuming that the metal
particles are close in size, then per titanium particle in
the cell, depending on Ti + C concentration, there are
approximately from 1 (when x=90% Ti+ C) to 20

Fig. 4. 0.4(Ti+ C) + 0.6MIX (a) and 0,4(Ti + C) + 0,6MIX (b) mixtures combustion products surface structure

Puc. 4. Crpykrypa noBepxHocTH npoayktos ropenus cmeceii 0,4(Ti + C) + 0,6MIX (a) u 0,4(Ti + C) + 0,6BDC (b)

Table 1. Samples density, g/cm?, from Ti + C with MIX and HEA mixtures

Ta6numya 1. Il1oTHOCTDL 00pa3uoB, r/em’, u3 emeceii Ti + C ¢ MIX u BOC

Binder Ti+C,%
composition 30 40 50 60 70 80 90 100
MIX 323 | 3.02 | 251 | 251 | 250 | 2.04 | 1.88 | 1.85
HEA 320 | 3.01 | 279 | 278 | 248 - - 1.85
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Fig. 5. Mixture 70(Ti + C) + 30MIX sample
combustion thermogram

Puc. 5. Tepmorpamma ropeHust oopasima U3 CMecH
70(Ti + C) + 30MIX

(when x=10% Ti+ C) particles of other metals. In
the latter case, the titanium particle is surrounded by a
small portion of carbon, i.e., the Ti + C mixture appears
diluted in both thermal and concentration (Ti/C) terms.
As the Ti + C concentration decreases, the mechanism
of propagation of the combustion wave changes from
frontal to percolation. The HEA-powder particles case
whose are several times larger than those of the parent
metals, only thermal dilution takes place, and the transi-
tion from the frontal to percolation combustion mecha-
nism occurs at lower Ti + C concentrations [24].

Figure 7 shows the combustion products change in
the phase composition from FeNiCoCrCu to TiC alloys
when the Ti + C concentration in the mixture increases
from 0 to 100 %.

Mixtures ignition
and melting products

At high concentrations in titanium and carbon mix-
tures high temperatures developed during the samples
ignition and combustion, leading to melting of the high-
entropic binder or mixture of metals forming it and car-
bide grains formation. To compare the changes occurring
in the MIX and HEA metal mixture binder structure, the
powders were heated to the melting temperature. Figure 8
shows characteristic heating and cooling thermograms.

When a metals Fe + Ni+ Co + Cr+ Cu and HEA
mixture is heated to the melting temperature and sub-
sequently crystallized, several plateaus appear on the
thermograms. The plateau at heating near 1100 °C
occurs due to copper melting. Endothermic peak at
close temperatures was observed at DSC of this mix-
ture (1083 °C) and the alloy (1115 °C) in work [20].
Endothermic peaks associated with the melting of the

1000
140 |- ) - 900
1201 a 800
100 | 4700 &
2 80t 4600 &
E ol - 500 ‘é
T o T L
N <
201 - 200
or ~ 100
_20 1 1 1 1 1 1 1 O
20 30 40 50 60 70 80 90 100 110

[Ti+C], %

Fig. 6. Dependence of the combustion rate on the concentration
of Ti + C in mixtures with MIX (1) and with HPS (2)
3 — difference between the maximum temperature reached
at ignition and the ignition temperature
4 — combustion limit

Puc. 6. 3aBUCHMOCTE CKOPOCTH TOPESHUS
ot xoxneHtpanun Ti + C B cmecsx ¢ MIX (1) u ¢ BOC (2)
3 — pa3HOCTh MEKy MaKCUMAIIBHOM TeMIIepaTypoH,
Z[OCTI/II‘aCMOf/‘I IIpU BOCINIAMCHEHUH, U TCMHepaTypOﬁ BOCIUTAaMCHCHHA
4 — ipezien TopeHus

whole composition — metal mixture (1359 °C) and the
alloy (1365 °C) — were also observed there.

When cooling the samples after melting the first pla-
teau appears at about 1200 °C and is associated with the
crystallization of a more refractory phase — apparently,
the main 5-component high-entropic phase. The sec-
ond plateau at about 1000 °C is due to copper-enriched
phase crystallization.

While melting the samples pressed from MIX and
HEA powders, several phases are released from the
melt (Fig. 9). The basis of the molten MIX and HEA
samples is a S-component phase with the averaged for-
mula of Cu, ,Fe ,Ni, ,Co, Cr. In addition, the 5-com-
ponent phases Cu,Ni,Co,Fe,Cr, Cu,Ni,Co,Fe, Cr,
Cu, Ni, .Co, [Fe, ,Cr, Cu,Fe Ni,Co,Cr, Cu,Fe,Ni,Co,Cr,
4-component with the averaged formula Cr, ;Fe, ,Co, Ni,
and 3-component with the averaged formula Co, ,Fe, .Cr.
During MIX and HEA melting, as well as during igni-
tion and combustion of their mixtures with Ti + C, some
of the copper evaporates and precipitates on the sight
glass and cold reactor parts.

It is possible that the MIX and HEA melts (Fig. 9) rep-
resent the same FCC solid solution but not quite homoge-
neous in its chemical composition. Part of the chromium
is consumed to form ternary and quaternary phases with
high chromium concentration, containing no copper and
crystallizing in the form of hexagonal tubes filled with
the main phase. Concentrations of phases enriched with
copper (Fig. 9, la, 2a) or chromium (Fig. 9, 15, 2b) are
relatively low and do not show up on the X-ray diffrac-
tion patterns (Fig. 10, diffractograms /, 2). Figure 10 also
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Fig. 7. Mixtures melting products (1, 2) and combustion products (3—8) X-ray patterns

1—-MIX, 2—-HEA, 3 -40TiC-60MIX, 4 — 40TiC-60HEA, 5 —

60TiC40MIX, 6 — 60TiC40HEA, 7—80TiC-20MIX, 8 — TiC

Puc. 7. PentreHorpammbl poaykToB uiasienust (1, 2) u ropenus (3—8) cmeceit

1-MIX, 2-BDOC, 3 -40TiC-60MIX, 4 — 40TiC-60BOC, 5 —

shows X-ray diffraction patterns of products obtained by
sintering using the SPS method [19]. The peaks shift
to the left on the samples X-ray patterns after the MIX
and HEA powders melting, as compared to the sintered
samples. The chemical composition heterogeneity is evi-
dent during sintering at £ = 800 and 900 °C. At these tem-
peratures the second phase emerges and the peaks split
(Fig. 10, diffractograms 3, 4). Both phases formed have
a FCC structure. At sintering temperature of 1000 °C
composition homogenization occurs.

1400

1200
1000
o 800
o

~ 600
400

200

Fig. 8. MIX (I) and HEA (2) heating thermograms
Puc. 8. Tepmorpammst Harpesa MIX (1) u BOC (2)
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60TiC40MIX, 6 — 60TiC—40BDC, 7 - 80TiC-20MIX, 8 — TiC

Figure 11 shows photographs of microstructures
formed during melt crystallization as a result of Ti + C
mixtures with MIX and HEA reactions. The dark par-
ticles are titanium carbide (TiC). The binder is hetero-
geneous and includes the same constituents that are
released during HEA or MIX melting.

The results of counting the TiC particles number (7)
in the molten samples were carried out on the area of the
polished section § = 2,500+10,500 um? and the volume
concentration of particles was calculated by the formula
N = (n/S)*?. Table 2 shows the average values from the
results of measurements on several polished sections. In
the HEA-bonded alloy the number of titanium carbide
particles per unit volume was 1.5-3.0 times higher than
in the MIX-bonded alloy, and the particle size was corre-
spondingly smaller. As the Ti + C concentration increases
from 30 to 40 % in the mixture with HEA, the number of
titanium carbide particles per unit volume decreases. In
the mixture with MIX the number of particles per unit
volume passes through the minimum. This may be due to
two processes — on the one hand, the particles nucleation
probability increases, and on the other hand, titanium
carbide particles coagulation occurs.

Figure 11 also shows that as the concentration of
titanium carbide increases, the size of the phases that
make up the bond decreases. The basis of the binder,
as in the case of the molten MIX and HEA samples,
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Range | Cr | Fe | Co | Ni | Cu
la 24 1 84 | 7.7 | 99 | 715
2a 124 | 23.8 249|205 | 183
3a 80.1 | 11.3 | 8.6 - -
1b 14 | 41 | 35 | 65 | 846
2b 14.8 | 21.2 | 22.5 | 21.5 | 20.0
3b 784 | 112 78 | 2.6 | —

Fig. 9. MIX (@) and HEA (b) melts phases structure and composition (at. %)
Puc. 9. Crpykrypa 1 coctas (ar. %) ¢a3 pacrnasos MIX (a) u BOC (b)

111 | ® [y-Fe, Ni, Cr, Co, Cu] |
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Fig. 10. SPS method melting and sintering products X-ray patterns
1 HEA melt, 2 - MIX melt, 3 — HEA SPS (800 °C), 4 — HEA SPS (900 °C), 5 — HEA SPS (1000 °C)

Puc. 10. PertrenorpaMmbl MPOAYKTOB IUIaBIeHus U criekanust meromom UIIC
1 —pacmnas BOC, 2 — pacrimas MIX, 3 — BOC UIIC (800 °C), 4 — BOC UIIC (900 °C), 5§ — BOC UIIC (1000 °C)

is a 5-component phase with the averaged formula
Cu, ,Fe, Ni, ,Co, ,Cr with small additions of the above
5-, 4- and 3-component phases.

The microhardness of samples MIX and HEA with-
out carbide grains is in the range of 2.4-6.9 GPa. Its

minimum value corresponds to areas with high copper
content, maximum — with high chromium concentra-
tion. Microhardness of MIX and HEA samples with
30-70 % Ti+ C in the initial mixture is 3.6-10.0 GPa
and partially depends on copper and chrome concentra-
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Fig. 11. The alloys microstructure after melt crystallization
a—30(Ti + C) + 7TOMIX; b — 30(Ti + C) + 70HEA; ¢ — 40(Ti + C) + 60MIX;
d—40(Ti + C) + 60HEA; e — 60(Ti + C) + 40MIX; f— 70(Ti + C) + 30MIX

Puc. 11. MukpocTpyKTypa CIUTaBOB MOCIIE KPHUCTAIUTU3AINH PacIiiaBa
a—30(Ti + C) + 70MIX; b — 30(Ti + C) + 70BDC; ¢ — 40(Ti + C) + 60MIX;
d—40(Ti + C) + 60BDC; e — 60(Ti + C) + 40MIX; f— 70(Ti + C) + 30MIX

tion, but the main contribution to microhardness values Table 2. Alloys TiC particles volume concentration
is made by the TiC particles closeness to each other and Ta6nuya 2. O6bemuas konuenTpawust yactun TiC
their even distribution throughout the cermet volume. B CILIABAX
The TiC particles microhardness is 25-35 GPa and cor-
responds to the known data [25]. No. Composition N, 10° mm3
I | 30(Ti+C)+70HEA 200
Conclusion 2 | 40(Ti+ C)+ 60HEA 112
o o . . 3| 30(Ti+C)+ 70MIX 117
The.: p0§51b111ty of gbtalnlng cermets v.v1th. a high- 4 | 40(Ti + C) + 60MIX 37
entropic binder by using a mixture of titanium and -
carbon forming TiC particles as an energy additive 5 | 60(Ti+C) + 40MIX >4
was shown. This makes it possible to reduce the cer- 6 | 70(Ti+ C) + 30MIX 105
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met production energy costs by carrying out the pro-
cess in combustion or thermal explosion mode. At the
initial temperature of 500 °C, the combustion limit of
the samples comes at the Ti + C concentration less than
30 %. During the cermet synthesis the high-entropic
alloy FeNiCoCrCu binder splits into several phases, but
the basis of the alloy is formed by a 5-component phase
with the averaged formula Cu, ,Fe ,Ni ,Co, Cr.

Preliminary HEA production by mechanical alloy-
ing is not a necessary stage of initial powders prepara-
tion process, since the high-entropic binder is formed
from a mixture of initial metals during the high-tem-
perature cermet synthesis. The number of TiC particles
in the volume unit in cermet with a binder from a pre-
prepared HEA is 1.5-3.0 times higher than in an alloy
with a binder from a mixture of metals.
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Abstract. Materials based on molybdenum-aluminium-carbon compounds have a considerable potential for use under intense wear
conditions at elevated temperatures. This paper presents the experimental results of self-propagating high-temperature synthesis
of compounds within the Mo—Al-C system. By combining two processes: SHS of the elements and SHS-metallurgy, cast
materials containing the Mo,AlL,C, Mo,C, Mo,Al, and Mo,Al; phases were obtained. The experiments used mixtures with
compositions calculated according to the ratio (1 — a)(3M0O,-8Al-C)/a(3Mo-2Al-C), where a varied in the range from 0 to 1.
The synthesis was carried out in a laboratory reactor of 3 L volume at an initial argon pressure of 5 MPa. The mass of the initial
mixtures in all experiments was 20 g. The process of combustion was initiated by a 0.5 mm diameter molybdenum wire spiral
by applying 28 V voltage to it. The resulting end products were studied by X-ray diffraction and local microstructural analysis.
A significant influence of the ratio of the initial reagents on the synthesis parameters, phase composition, and microstructure
of the target products was established. Introduction into the high-exothermic mixture 3MoO,-8AI-C inert “cold” mixture
3Mo—-2AI-C leads to an increase in the content of carbide phases in the ingots. The possibility of obtaining cast materials based
on the triple phase Mo,Al,C, the maximum content of which is 87 wt. % at the content of the “cold” mixture in the charge a. = 0.4
is shown. The presence of secondary phases of molybdenum carbide (Mo,C) and molybdenum aluminides (Mo,Al;, Mo,Al)
in the final products is due to a change in the composition of the initial mixture caused by the ejection of components during
combustion and insufficient existence time of the melt formed in the combustion wave.

Keywords: sclf-propagating high-temperature synthesis, Mo—AI-C system, microstructure, phase composition
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CBC nutbix MaTepuanoB B cucteme Mo-Al-C

B. A. TopmikoB <, I1. A. Munocepnos, [I. 0. Koanes,
O. [I. boapyenko

HNHCTUTYT CTPYKTYPHOH MaKPOKMHETHKH U mpodjieM MaTepuanoBeaenus uM. A.I. Mep:xanosa PAH
Poccust, 142432, MockoBckas 00i1., I. YepHoronoBka, yi1. Akagemuka OcunbsHa, 8

&) gorsh@ism.ac.ru

AHHOTayms. Matepuaibl Ha OCHOBE COCIMHEHUI MONTMO/ICHA ¢ ATFOMUHHUEM M yTIIEPOIOM 00Jadat0T OOIBIINM MOTCHIIHAIOM
JUI UCIIOJIb30BaHMS B YCJIOBHSX HMHTCHCHBHOIO H3HOCA NP ITOBBINICHHBIX TeMIepaTypax. B Hactosmed pabote
MIPEICTaBICHBl YKCIICPUMEHTAIBHBIE PE3yIbTaThl CaMOPACIIPOCTPAHSIOMIETOCS BhICOKOTeMIieparypHoro cuare3a (CBC)
coenunenuil B cucreme Mo—Al-C. IIpu coBmemenun asyx npoueccos — CBC u3 snementoB u CBC-mertamnypruu —
HOJIy4€HBI JIMThIC MaTepualsl, coaepxaimue dassl Mo Al,C, Mo,C, Mo,Al u Mo,Al. B skcriepuMeHTax HCIOJIb30BAIIH
CMECH C COCTaBaMM, PACCYMTAHHBIMU CONIACHO cOOTHOWEHUIO (1 — 0)(3M00,~-8Al-C)/0(3Mo-2Al-C), rue 3nauenue o
MeHsiTi B uHTepBasie oT 0 1o 1. CuHTE3 NpOBOAMIN B 1AOOPATOPHOM peakTope 00beMOM 3 JI IPU HadaIbHOM JaBJICHUU
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W3BECTUA BY30B

aprona 5 Mlla. Macca ucxonHbsIx cMecell Bo Bcex akcnepuMenTax coctasisiia 20 r. IIpouecc ropenus MHULIMUPOBAIN
CHUpaIbI0 U3 MOJIUOICHOBON MPOBOJIOKM auaMmerpoM 0,5 MM IyTeM Hojauu Ha Hee HampsbkeHus 28 B. IlomydeHHble
KOHEUHBIE IPOAYKTHl HCCIEIOBAHBI METOZAMU PEHTIeHO()A30BOr0 M JOKAJIBHOTO MHMKPOCTPYKTYPHOTO aHAJIU30B.
VYCTaHOBICHO CYIISCTBEHHOE BIMSHHE COOTHOIICHHS HMCXOMHBIX PEarcHTOB Ha MapaMeTphl CHHTE3a, (a30BBI cOCTaB
¥ MHKDPOCTPYKTYPY ULEJNEBBIX MPOAYKTOB. BBeneHue B BBICOKOOK30TEPMUUECKYIO cMech 3Mo0O,~8Al-C unepTHOi
«xonomHOI» cMecH 3Mo—-2A1-C mpUBOIMT K YBEIHUCHUIO COAEp KaHMs KapOMIHBIX (a3 B cnuTKax. [TokasaHa BO3SMOXKHOCTh
NOJIy4€HHs JINTBIX MATEPUAJIOB Ha OCHOBE TPOWHON (asel Mo,Al,C, MakcHUManbHOE COIEPKAHUE KOTOPOH COCTABIIAET
87 mac. %, NpH KOJIUYECTBE «XOJIOJHOH» cMecd B HIMXTe, cooTBeTcTBYylowed o= 0,4. IIpucyTcTBue B KOHEYHBIX
NpofyKTax BTOpUUHBIX (a3 kapbuma monubaena (Mo,C) u amomuuunos monubaena (Mo,Aly, Mo,Al) obycnosneno
U3MEHEHUEM COCTaBa UCXOIHOW CMECH BCIEACTBUE BHIOPOCA KOMIIOHEHTOB IIPU FOPEHUU U HEJOCTATOUHBIM BPEMEHEM

CYLIECTBOBaHMS paciuiaBa, OPMUPYIOIIETOCs B BOIHE TOPCHHUS.

KnroueBbie cioBa: caMopaciipoCTPAHSOIIHICS BRICOKOTEMIIEpATypHBIN cHHTE3, cucteMa Mo—Al-C, MukpocTpykrypa, $ha3oBbiit
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Introduction

There are several binary compounds in Mo—Al system—
MoAl,, Mo, Alg, MoAl, and Mo, Al [1]. These compounds,
given their high melting points and mechanical properties,
are promising materials for use under high temperature
and intense wear conditions [2—4]. In Al-C system, the
aluminum carbide phase Al,C, is stable. Al,C, particles
finely dispersed in the aluminum matrix reduce the creep
tendency of the material, especially in combination with
silicon carbide particles. Aluminum carbide can be used
as an abrasive material in high-speed cutting tools [5; 6].
In the Mo—C system, molybdenum and carbon form
carbides Mo,C and MoC, . Among these, molybdenum
carbide Mo,C has the most widespread use in practice.
It is used as a catalyst in hydrodesulfurization reactions,
in dry reforming of methane, for the decomposition of
hydrazine, and in regulators of small rocket engines [7-9].
Various methods are used for the synthesis of molybdenum
carbide: carbothermal reduction of molybdenum (VI)
oxide with graphite in an inert medium, electrochemical
synthesis, melting with graphite, reduction of oxide
using a methane-hydrogen mixture or other carbon
sources [10-12].

Among the ternary molybdenum aluminum carbon
compounds, the Mo,Al,C compound, a superconductor
with a transition temperature of ~9 K, is of greatest
interest. In the studies [13-16], this compound was
obtained by the arc and high-frequency melting at high
pressures (up to 10 GPa). Its transport, magnetic, and
thermodynamic properties were investigated. The bulk
modulus of elasticity is estimated at 221 GPa. Known
methods for obtaining Mo,ALC are inefficient and
energy-intensive. A one-stage method — self-propagating
high-temperature synthesis (SHS) — is a promising
method for obtaining such compounds. It requires
practically no electricity, exhibits high capacity and is
environmentally friendly [17; 18].
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The SHS method allowed to obtain a large number
of binary and ternary element compounds [19-22].
One of the technological trends of application of
self-propagating high-temperature synthesis is SHS-
metallurgy, which allows to obtain “cast” materials by
the complete melting of components in a combustion
wave. A specific feature of the process is the use
of mixtures consisting of metal oxides, a reducing
metal (Al), and carbon. At a certain ratio of reagents,
the combustion temperature exceeds the melting point
of the initial reagents and final products. As a result, the
product during synthesis is formed in the liquid state.
Under the action of gravity, the heavy metal-like and
light oxide phases of the formed products are separated.
Cast materials based on binary and ternary compounds
(MAX phases) in the systems: Cr—Al-C [23-25], Nb—
Al-C [26;27], and V-Al-C [28] obtained by SHS-
metallurgy are of great interest. The mentioned studies
demonstrate that the main synthesis parameter that
determines the composition of the final products is
the existence time of the melt, which depends on the
combustion temperature of the initial mixture. To date,
the authors of this paper have not identified any studies
on the production of cast materials in the Mo—Al-C
system by the SHS method.

The purpose of this paper was to study the possibility
of obtaining cast products within the Mo—Al-C system
by combining the methods of SHS from elements and
SHS-metallurgy.

Materials and methods

Powders of MoO, (“Ch”, purity 99.9 %), Al (ASD-1,
purity 99.2 %, particlesized < 30 um), Mo (PM-M, 99.9 %,
d <10 pm), and graphite (PG, 99.2 %, d <400 um) were
used as initial reagents. In the experiments, stoichiometric
mixtures were used as base mixtures; their composition
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was calculated from a combination of two chemical
reactions:

3MoO; + 8Al + C = Mo,ALC + 3ALO;,  (I)

3Mo + 2Al + C = Mo,ALC. (I1)

. . M L.
The mass ratio of the mixtures o = —% varied in the
1
range from 0 to 1, where M, and M,; are the masses of

the mixtures calculated from reactions (I) and (II),
respectively.

The experiments revealed that the combustion of
the mixture, the composition of which was calculated
according to reaction (I), is characterized by a high rate
and a strong ejection of reagents and synthesis products
from the reaction vessel. The mixture, the composition
of which was calculated according to reaction (II), does
not burn and, when added to the first mixture, behaves
as a “reactive” inert component. The ratios of the initial
compounds in reactions (I) and (II) remained constant in
all experiments.

Before mixing, the powders were dried for 3 h at
a temperature of 60 °C. The charge was prepared by
manually stirring it in a porcelain mortar. The bulk density
reaction mixture was placed in a 20 mm in diameter and
50 mm high quartz mold (Fig. 1, @). The weight of the
initial mixtures in all experiments was 20 g. The syntheses
were carried out in a 3 L reactor (Fig. 1, ») in an argon
atmosphere at an initial pressure of 5 MPa according
to the procedure described in work [23]. The reaction
was initiated with a 0.5 mm diameter molybdenum
wire coil. The combustion process was recorded using
a video recorder. The combustion rate was calculated

from the process video by measuring the time of passage
of the combustion wave along the height of the sample.
The parameters of synthesis were determined from the
following values:

M. 1 . . .
N, = —= — the ratio of the product yield in the ingot
0
and the weight of the mixture;
Ming )
N, = —_ — the completeness of the reaction, the
Ming

ration of the product yield in the ingot relative and its
calculated value;

M, — M,
N3 M,
to the ejection of components from the reaction vessel,
where M, - the weight of the target product (ingot),
M, ifgfc — the calculated weight of the ingot, M, — the mass
of the initial mixture, M, — the total mass of products
after burning.

The end products of the synthesis were studied using
X-ray diffraction (XRD) and microstructural analysis.
The methods for studying the obtained products are
described in more detail in the authors' previous
works [25].

— mass loss during combustion due

Results and Discussion

The samples after synthesis consist of two ingots
that are easily separated mechanically. The material
in the upper part of the sample, according to the XRD
results, is mainly an a-Al,O, phase. At the bottom, an
ingot (target product) with a characteristic metallic
sheen is formed (Fig. 1, ¢). The formation of an ingot

Fig. 1. Quartz crucible with a charge (a), reactor diagram (b), and final products (c)
1 —body, 2 — substrate, 3 — inspection window, 4 — charge, 5 — initiating coil, 6 — oxide layer, 7 — “metal” ingot

Puc. 1. KBapueBblii TUrens ¢ muxToii (a), cxema peaktopa (b) 1 KOHEUHbIE MPOAYKTHI (C)
I — xopnyc, 2 — nojinoXxKa, 3 — CMOTPOBOE OKHO, 4 — IMXTA, 5 — MHULIMKMPYIOIIAs CIIMPalib, 6 — OKCHHBIH CIIOMH, 7 — «METaIMUECKUiD) CIMTOK
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indicates that in the combustion wave a liquid phase
was formed, i.e. the synthesis temperature is higher than
the melting temperature of the initial components and
the resulting products. Different specific masses of the
final products lead to their separation due to gravity —
the heavy “metal” phase settles at the bottom of the
crucible, whereas the light oxide phase forms at the top.

The values of the combustion rate of the initial
mixtures and the pressure increase in the reactor
depending on the value of a are shown in Fig. 2, a. As a
increases, these parameters decrease. When a “cold”
mixture, the composition of which is determined from
reaction (I1), is added to a highly exothermic mixture, the
composition of which is determined from reaction (I),
part of the heat released as a result of a reaction (I) is
spent on its melting, which leads to a decrease in the
combustion rate and pressure increase in the reactor.
Figure 2, b shows the dependences of the reaction
completeness (n,), product yield (n,), and spread
of combustion products (n,) on a. The parameters n,
and n, increase in the range of a from 0 to 0.4, then
there is a gradual decrease. The values of 1, decrease
monotonically over the entire range of a.

The maximum product yield (n, = 67 %, n, = 93 %)
is observed at o= 0.4 (Fig. 2, b). Yield is affected by
two competing factors: reagent spread and combustion

2.2

2.0

1.8

1.6

U, cm/s

o

temperature. An increase in the amount of the “cold”
mixture, on the one hand, reduces the ejection of reagents
from the vessel and, accordingly, increases 7, and,
on the other hand, it reduces the combustion temperature,
which leads to a decrease in n, due to a reduction in
the time spent by the product in the liquid state, where
oxide and “metal” phases spatially separate. X-ray
phase analysis of the products (Figs. 3—5) obtained
by combustion of mixtures with different o showed that
as a result of synthesis, a multiphase material is formed,
which includes Mo,Al,C, Mo,C, Mo,Al, and Mo,Al.
The quantitative ratio of the phases depends on the
composition of the initial charge (see Table).

The combustion of mixtures of compositions /
and 2 is non-stationary with a non-linear front and
a considerable ejection of material from the crucible.
X-ray phase analysis of the obtained products (see Fig. 3)
revealed that as a result of synthesis, materials with
a high content of molybdenum aluminides (Mo,Al and
Mo, Al ), more than 65 %, are formed, while the total
content of carbide phases (Mo,Al,C and Mo, ) does not
exceed 35 %. The low content of the latter is apparently
associated with a deficit of carbon due to its ejection
from the crucible in the form of particles or gaseous
oxides. In the combustion wave, the mixture of initial
reagents undergoes a number of physical and chemical

100
A b
80 | '
) N2 o
< 60F /—:\,\‘
=9 o 4
NS

En N n
S T w /

20 ‘_\L

1 1 T ¥
0 0.2 0.4 0.6 0.8 1.0

Fig. 2. Influence of o on the combustion rate and pressure increase in the reactor () and on the synthesis parameters (b)

Puc. 2. Biiusinue nokasaresst o Ha CKOPOCTh TOPSHUSI U IPUPOCT JaBJICHHs B peakTope (@), a Takke Ha mapaMeTpsl cuaTe3a (b)

Phase composition of final products (wt. %)

Da30Bblil COCTAaB KOHEYHBIX NPOAYKTOB (Mac. %)

Composition |  The proportion Mo, AlLC Mo, Al Mo, Al Mo,C
No. of mixture II, wt. % ¢ (P4,32) (Pm3n) (C2/m) (Pbnc)
1 0 0 243 57.3 9.3 9.1
2 16.7 0.2 32.0 39.5 6.1 22.0
3 28.6 0.4 87.0 5.1 23 5.4
4 44.4 0.8 69.0 0.9 13.6 16.9
5 50.0 1.0 77.7 1.9 3.1 19.0
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transformations. In the heating zone, aluminum and
molybdenum oxide melt, forming a liquid-phase
medium with distributed carbon particles. In the zone
of chemical transformation, aluminum and carbon
interact with molybdenum oxide:

MoO, + 2A1 — Mo +ALO,, (11D)

MoO, +xC — MoC_+ CO(CO,)1. av)

As a result, part of the carbon escapes from the
reaction zone in the form of a gas, causing its deficiency
in the system. The higher the combustion temperature
of the mixture, the greater the likelihood of carbon

participation in the redox reaction (IV). The material
obtained as a result of the combustion of mixture /
contains phases of Mo,Al-Mo,Al; intermetallic
compounds forming an eutectoid, as well as Mo,Al,C
and Mo, C (see Fig. 3).

The introduction of a “cold” mixture into the charge
leads to an increase of the content of carbide phases
in the product while the proportion of molybdenum
aluminides decreases (see table). The maximum content
(87 %) of the ternary compound Mo, Al,C in the material
was obtained at o = 0.4 (see Fig. 4).

The phase composition of the combustion products
of mixture 3 is practically equilibrium and is in the
three-phase region Mo,Al,C-Mo,C-Mo,Al. An increase

a
LIV GOF =1.11
4000 -
— L. Rp =7.01
- lobs - Icalc Rw =9.75
I Bragg position
2000 -
o
£
—
0 =
| [ I T T I | [ e | Mo,ALC
| I I [ T R I IR TR I e w1 Mo,C
I T T T T O A TR Y (S N
| | | [ | I [ I | Mo,Al
e A | v A S ho
1 1 1 1 1 1 1 1 1 1 1
25 30 35 40 45 50 55 60 65 70 75 80

Fig. 3. Diffraction pattern (a) and microstructure (b) of the combustion product of mixture /

Puc. 3. Iudpakrorpamma (@) 1 MUKpOCTpYKTYpa (b) mpomykra ropeHus cmecu [
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of the “cold” mixture content in the charge over
the variation range o =0.8+1.0 leads to an increase
in the content of Mo,C in the product while reducing
the content of Mo,Al,C and molybdenum aluminides
(see Table and Fig. 5).

The studies show that when a “cold” mixture is
added to the charge, the combustion rate, pressure
increase, and mass loss (n,) decrease over the entire
range of a (from 0 to 1.0). At the same time, in the
range of o = 0+0.4, there is an increase in the target
product yield into an ingot, whereas at o> 0.4, there
is a decrease. The target product yield into the ingot
is affected by two competing factors: the content in
the charge of the mixture (II), consisting of the target
elements (Mo, Al, C) passing into the ingot as

compounds, and the combustion temperature. With an
increase in the amount of the “cold” mixture, on the one
hand, the proportion of elements of the target phase in
the charge increases and, accordingly, n, and n, increase,
and, on the other hand, the combustion temperature
decreases, which leads to a decrease in 1, and n, due
to a decrease in the residence time of the product
in a liquid state, when there is a spatial separation
of the oxide and “metal” phases. The influence of the
first factor prevails at a = 0+0.4, whereas at o > 0.4,
prevails the influence of the second factor.

A single-phase product containing only Mo,ALC in
accordance with reactions (I) and (II) was not obtained
due to several reasons. Obviously, the above scheme of
reactions, used for the calculation of the equilibrium

6000 - a
o [ GOF=1.17
— L. Rp =737
_[obs_lcalc Rw =10.73
I Bragg position
3000 -
o
E
~
0 J—..—i—LA——MJ
| [ | R T I e [ Mo,ALC
| I 1 [ T T O T T T owmewwwrn ww w1 Mo,C
PV RE T TR WO D w1 Mo, Al
I [ I [ [ [ I Mo,Al
4 | Y "~ A M
1 1 T 1 1 ] 1 1 1
26 30 35 40 45 50 55 60 65 70 75 80
20, deg

Mo,Al-Mo,Al,

Fig. 4. Diffraction pattern (a) and microstructure (b) of the combustion product of a mixture 3

Puc. 4. luppakrorpamma (a) ¥ MEKPOCTPYKTypa (b) mpoayKTa ropeHus cMecu 3
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Fig. 5. Diffraction pattern (a) and microstructure (b) of the combustion product of mixture 5

Puc. 5. Tudpakrorpamma (a) u MEKpOCTpyKTypa (b) IPOIyKTa TOPEHHSI CMECH 5

composition of the target ternary phase Mo,AlC,
does not reflect all the interactions actually occurring
in the multiphase system during SHS. X-ray diffraction
phase analysis of the synthesized material showed that
its phase composition differs from the calculated one.
This indicates that the processes occurring in the liquid
phase formed in the combustion wave and during its rapid
crystallization lead to the formation of a nonequilibrium
composition of the product. In addition, the combustion
process is accompanied by the ejection of components
as a result of the reaction (IV). It is quite likely that
the resulting material is depleted in both carbon and
aluminium. This is indirectly confirmed by the phase
composition of mixture 5, which is practically in the
two-phase region Mo,Al,C-Mo,C.

The analysis of microstructural analysis data
suggests the following mechanism of phase formation
of the final product. The phase composition of the ingot
is formed as a result of a series of phase transformations.
First, refractory Mo,C carbide grains crystallize at a
temperature of about 2500 °C. As a result, a Mo—Al
melt is formed, which surrounds the Mo,C grains.
Then, during cooling in the temperature range of 2500—
1720 °C, Al from the melt and Mo,C interact, which
leads to the formation of a carbide grain of the Mo,Al,C
phase on their surface in a ring pattern (see Fig. 3).
The growth of the layer is caused by the diffusion of
Al from the Mo—Al melt through the Mo,Al,C layer
into the Mo,C grain. At temperatures below 1720 °C,
the intergranular melt crystallizes with the formation of
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Mo,Al and MoAl. Then, at a temperature of 1467 °C,
the MoAlI phase undergoes the eutectoid transformation
MoAl — Mo, Al + Mo, Al [1]. Thus, the formation of
a multiphase cast material is explained by the multistage
nature of its formation and the rapid cooling of the melt.

Conclusion

Cast materials containing the phases Mo, AlL,C, Mo,C,
Mo,Al, and Mo,Al, were obtained by the method of self-
propagating high-temperature synthesis, combining two
modes of the process — SHS from elemental powders
and SHS-metallurgy. A significant effect of the ratio
of reagents in the initial mixtures on the parameters
of the combustion process, microstructure, and phase
composition of the products was found. Introduction
into the high-exothermic mixture 3MoO,-8Al-C inert
“cold” mixture 3Mo-2AIl-C leads to an increase in the
content of carbide phases in the ingots. The maximum
content (~87 wt. %) of the ternary phase Mo,Al,C was
obtained at a = 0.4. The presence of carbide Mo,C and
molybdenum aluminides Mo,Al;, and Mo Al in the
final products is due to a change in the stoichiometric
composition of the initial charge caused by the ejection
of components during the combustion and insufficient
existence time of the melt, which leads to the formation
of a non-equilibrium composition of the product.
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Abstract. A large specific surface area of WC nanopowder determines its high chemical activity and makes it very sensitive
to various impurities, among which oxygen is most harmful and unavoidable. During heating, oxygen interacts with carbon
of WC being removed in the form of CO/CO,, which finally leads to the appearance of embrittling n-phases in the hard
alloy, abnormal growth of WC grains, and formation of a porous microstructure. To prevent heavy decarburization of WC
during vacuum sintering of hard alloy from a nanocrystalline powder mixture WC—6wt.%Co, in this work we compared three
methods: addition of extra carbon to compensate for carbon loss as a result of decarburization; addition of Al to bind impurity
oxygen into Al,O, before it interacts with carbon of WC; and addition of ZrC to compensate for carbon loss and bind impurity
oxygen into ZrO,. Nanocrystalline powder mixtures based on WC-6 wt.%Co with and without additions of C, Al, and ZrC
were prepared from microcrystalline powders of WC, Co, Al, ZrC, and carbon black by high-energy milling, then they were
compacted in a cylindrical mold by uniaxial pressing at a pressure of ~460 MPa and sintered in graphite crucibles for 15 min
at 1380 °C in vacuum of ~1072 Pa. The heating rate to the temperature of sintering was 10 °C/min. The initial powders, powder
mixtures prepared therefrom, and sintered hard alloys were certified using X-ray diffraction, chemical analysis, scanning electron
microscopy, BET adsorption method, helium pycnometry, and Vickers method. The studies performed showed that the average
particle size in all the prepared powder mixtures does not exceed 100 nm, and the content of impurity oxygen in them varies
from 3.3 to 4.3 wt.% depending on the additives. It was established that only a part of oxygen contained in the powder mixtures
is in the chemisorbed state and takes part in the decarburization of WC during vacuum sintering. The Al additive is completely
oxidized during milling of the powder mixture and transforms into nanocrystalline Al,O,, which only aggravates carbon loss
during sintering and results in the formation of a multiphase and relatively porous microstructure of the hard alloy. On the
contrary, using carbon and ZrC additives we managed to prevent the decarburization of WC during sintering of the hard alloy
and to form a less porous microstructure in it. It was shown that the presence of ZrO, inclusions does not impede intensive
growth of WC grains during sintering, but rather promotes it. Carbon deficit slightly suppresses intensive WC grain growth
during sintering of hard alloy leading to the formation of n-phases and to an increase in the density and microhardness, but
the presence of oxide inclusions Al,O, and ZrO, in the microstructure reduces the values of these properties.

Keywords: tungsten carbide, aluminum, zirconium carbide, high-energy milling, nanocrystalline powder, vacuum sintering,
decarburization, hard alloy, microstructure, microhardness
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AHHOTaL‘Mﬂ. bonbmas YACIbHasA TMOBEPXHOCTb HAHOIIOPOIIKa wC O6YCIIOBHI/IBaeT €r0 BBICOKYIO XMMHUYCCKYH) aKTUBHOCTbH

U JeNaeT €ro OYeHb YYBCTBUTEILHBIM K PA3IMYHBIM MPUMECSIM, CPEIU KOTOPBIX KHUCIIOPOI SIBISiETCSl Hanbolee BpeaHOU
u HensoesxkHoi. [Ipu Harpese kucnopos B3aumozeicTayer ¢ yrnepogom WC, ynanssice B Buae CO/CO,, 4To B KOHEYHOM MTOTE
MIPUBOJUT K 00Pa30BAHUIO B TBEPJOM CIUIABE OXPYHMUUBAIOIIUX TM-(a3, aHoManbHOMY pocTy 3epeH WC u GpopMUPOBaHHUIO
MOPUCTOW MHKPOCTPYKTYpBL. JIsi mpenoTBpamenust cuibHOTO obe3yrepoxuBanis WC TpH BaKyyMHOM CHEKaHHH
TBEP/IOTO CIIaBa M3 HAHOKPHUCTAJIHMYeckol mopomikoBoil cmecn WC—6mac.%Co B naHHOH paboTe CpaBHUBAINCH TPH
crocoba: nobaBiieHHe M30BITOUHOTO ymiepoja Ajs KOMIIGHCALUM MOTeph B pe3ylbrare 00e3ylIepOKUBAHUS; BBEACHHE
B IIOPOIIKOBYIO CMECH aJIFOMHUHUS JUISl CBA3BIBAHUS NPUMECHOTO Kuciopona B Al O, 10 B3anMojeiCTBHSA €10 ¢ YIIEpoaom
WC; ucnonbsopanue n100apku ZrC juis KOMIEHCALMH IOTEPU YIIEPOA M CBA3BIBAHUA IIPMMECHOTO Kucinopoaa B ZrO,.
Hanoxkpucrammyaeckue mopomkoBsle cMecu Ha ocHoBe WC—6Mmac.%Co ¢ nodaBkamu C, Al, ZrC u 6e3 HUX TOTOBHIINCH
u3 MUKpokpucTandeckux nopomkoB WC, Co, Al, ZrC u caxku ¢ IOMOLIBbIO BBICOKO?HEPIeTUYECKOIO pa3Moia, 3aTeM
KOMIAKTHPOBAJIUCH B IIUIIMHPUYECKOHU pecc-(hopMe Iy TeM OHOOCHOTO ITpeccoBaHus 1pu gasienun ~460 MIla u cnekanuch
B Ipa(UTOBBIX TUIVIAX B TedeHue 15 mun npu temmeparype 1380 °C B Bakyyme ~10-2 T1a. CKOpoCTh Harpesa 0 TEMIIEPATypPhI
cnekanusi coctapisuia 10 °C/MuH. ATTeCTalusi MCXOAHBIX TOPOIIKOB, MPHUIOTOBICHHBIX M3 HUX TMOPOIIKOBBIX CMeEcCeH,
a TAaK)K€ CIICUYCHHBIX TBEPABIX CINIAaBOB OCYLICCTBJISJIACH C ITOMOIIBIO pCHTFCHOBCKOﬁ )II/I(i)paKLlI/II/I, XUMHUYCCKOIo aHajiusa,
CKaHMPYIOLIEH AJIEKTPOHHOW MHKPOCKONHH, aJcopOruoHHoro Merona bOT, renueBoil nmukHoMeTpun U Metona Bukkepca.
HccnenoBanust OKa3ali, 9TO CPEAHUH pa3Mep YaCTHI] BO BCEX IPUTOTOBICHHBIX MOPOIIKOBBIX CMeCsX He mpeBbiaet 100 HM,
a coleprkaHue MPUMECHOTO KHCIOpOAa B HUX Bapeupyercs oT 3,3 1o 4,3 mac. % B 3aBUCHMOCTH OT J0OABOK. YCTaHOBJICHO,
4TO JIMIIb YaCTb COACPIKAILICTOCA B IOPOMIKOBBIX CMECAX KHCIOpOAa HAaXOAUTCSA B XCMOCOpGI/IpOBaHHOM COCTOSITHUH
U IpUHKUMaeT y4yactue B ooesyniepokuBannu WC ripu BakyyMHOM criekanuu. Jlo6aBka Al ipu pa3zmorie mopomkoBoii cMecu
THOJIHOCTBIO OKHCIISETCS W NPEBPAIAETCs B HAHOKpUCTaIndeckuil okeua Al,O,, 4To ToNbKO yCyryOiseT oTepro yrieposa
[IPY CHIEKaHUU U IPUBOJMT K (POPMHUPOBAHMIO MHOTO(A3HOH U OTHOCUTENBEHO MTOPUCTON MUKPOCTPYKTYPBI TBEPIOTO CILIaBa.
Hao6opor, ¢ momo1ikto 106aBok yriepona u ZrC ynaercs npeaoTBparuTb 00esyriepoxrnsanine WC npu criekaHud TBEPIOTO
cruiaBa U cpopMHUpOBaTH B HEM HAaMMEHEE MOPHUCTYI0 MUKPOCTPYKTYypy. IlokazaHo, 4yTO Hanuyne OKCHUIHBIX BKIIOUEHHUN
ZrO, He NIpenATCTBYeT MHTEHCUBHOMY pocTy 3epeH WC Npu crieKaHHH, a CKopee, Hao00poT, cnocoOcTByeT sToMy. Heduuur
yIIeposia HEMHOTO C/ICPKHMBAECT MHTEHCUBHBIA pocT 3epeH WC mpH ClIieKaHuHM TBEPJOro CIUIaBa, MPHBOIS K 00Pa30BaHHIO
N-(ha3 1 NOBBIIEHHUIO ITIOTHOCTH ¥ MUKPOTBEPAOCTH, HO IPUCY TCTBHE OKCUIHBIX BKIHoueHUi Al,O, u ZrO, B MUKPOCTPYKTYype
CHIKAET BEJTMYUHBI ATUX CBOWCTB.

KnroueBbie cnoBa: kapou| Bosb(ppama, altoOMAUHUN, KapOUI UPKOHHUS, BBICOKOIHEPTETUYECKUI pa3Mol, HAHOKPUCTAITMYCCKUAN

HOPOLIOK, BAKYYMHOE CIIEKaHUEe, 00e3yIIepoKUBAHIE, TBEPABIN CILIaB, MUKPOCTPYKTYpPa, MUKPOTBEPAOCTh

BbnarogapHocTyM: ucClieIOBaHNE BBIMOIHEHO B paMkax rocyaapctBeHHoro 3amanus WUXTT VYpanbckoro otnenenus PAH

Ne AAAA-A19-119031890029-7.
Asropsl 61aropapusl O.B. MakapoBoii 3a moMollb B U3MepeHuH MI0THOCTH, a Taroke JLIO. bynnakosoit u J[.A. JlaHuoBy 3a
HIOMOLIb B OIPEJEICHUHU COIEPKaHUs YIIIEPOIa U KUCIOPO/a B IIOPOLIKAX.

Ana untuposanus: bpsikynos C.B., Kypnos A.C. MukpocTpykTypa u (a3oBblii cocTaB TBEP/bIX CILUIABOB, H3TOTOBIECHHBIX U3

HaHOKpHcTandeckoil nopoukosoit cmecu WC—6mac.%Co ¢ nobaskamu C, Al u ZrC. Uzeecmus y306. Ilopowikogasn me-
mannypeust u yHkyuonarvhie nokpuimust. 2023;17(1):49-62. https://doi.org/10.17073/1997-308X-2023-1-49-62
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Introduction powders is predominantly in the chemisorbed state,

Thanks to an outstanding combination of high
hardness values and impact toughness, hard alloys,
compared to other cutting materials (such as diamond
or high speed steels), have a wide range of applica-
tions in many industries, e.g. as cutting tools (turning,
milling, drilling tools) for metalworking, as part of the
components of drill bits for well drilling, tunneling,
and road pavement removal, as wear-resistant parts
in drawing and stamping tools, etc. [1-3].

In the vast variety of available hard alloys, WC—Co
system alloys are among the most common and
required. The combination of the high hardness and
strength of WC, which is maintained even at relatively
high temperatures, with the ductility and high impact
toughness of Co results in WC—Co alloys with high
hardness, strength and wear resistance [4; 5]. Research
into the physical, mechanical and performance proper-
ties of these alloys continues to this day. In the last
three decades, the main efforts were aimed at deve-
loping various methods of obtaining nanocrystalline
WC powders and mixtures based on them [6—10], as
well as methods of their consolidation [11-20] for the
production of hard alloys with a submicro- and nano-
crystalline structure, which would enable significant
improvement of their mechanical properties [21-23].

However, the transition from the use of microcrys-
talline to nanocrystalline carbide powders also exa-
cerbates their contamination problem. The extremely
large specific surface area of nanopowders determines
their high chemical activity and makes them very sen-
sitive to various impurities. The surface of carbide
nanoparticles may contain adsorbed water and other
impurities. Oxygen is the most harmful and unavoi-
dable of these contaminants, its content usually greatly
exceeding the total amount of all other impurities and
determining the overall purity of the carbide nanopow-
der [24]. It was shown in [25; 26] that vacuum heating
of nanocrystalline WC powders, regardless of their
production method, is accompanied by decarburiza-
tion of WC and leads to a change in their phase com-
position. When carbon is added to WC nanopowder,
the latter retains its single-phase nature, but the strong
growth of carbide particles is provoked, transforming
the powder into a microcrystalline one. In the case
of WC—-Co hard alloys produced from nanopowders,
decarburization during sintering caused by oxygen
adsorbed on the surface of nanoparticles ultimately
leads to the formation of embrittling n-phases in the
alloy and abnormal growth of carbide grains [27-29].

The study of micro- and nanocrystalline TaC pow-
ders has shown that the content of adsorbed oxygen
in them increases linearly with the specific surface
area of the powder and that most of the oxygen in the

forming several monolayers of the Ta,O, oxide phase
on the particle surface [30]. An assessment of the pos-
sible loss of carbide carbon due to the desorption
of chemisorbed oxygen in the form of CO showed
that high-temperature sintering of nanocrystalline
TaC powders, in contrast to microcrystalline ones, can
be accompanied by their significant decarburization,
which ultimately leads not only to a change in the com-
position (y) of TaC carbide, but also to a change
in the phase composition of the entire powder, which
was later confirmed experimentally [31]. Besides, the
desorption of chemisorbed oxygen in the form of CO
and CO, during sintering of dense compacts of car-
bide nanopowders results in the formation of a porous
structure [32]. To avoid this, the impurity oxygen must
be bound during sintering into strong, hard and refrac-
tory oxides that take the place of possible pores before
the oxygen begins to interact with the carbon of the
carbide. Candidates for this role may be Al or Zr, which
have a higher affinity for oxygen compared to W and
form the oxides Al,0, and ZrO, that are well known
as the basis of modern ceramic materials with high
mechanical strength, hardness, wear resistance, refrac-
toriness, chemical and corrosion resistance [33; 34].

As evidenced by numerous publications [35-38],
the practice of modifying WC—Co hard alloys with
Al O, or ZrO, nanoparticles to improve their physical
and mechanical characteristics and performance has
been in place for a long time. However, to form these
particles during sintering, oxide nanoparticles, rather
than pure metals, are added to WC-based nanocrystal-
line powder mixtures, as a rule. There are studies on
the effect of Al additives in WC—Co powder mixtures,
but they are usually microcrystalline powders with
a low content of impurity oxygen; therefore, no Al,O,
is formed after sintering and only the presence of inter-
metallic Al-Co phases is detected [39].

The aim of this study is to find out whether it is
possible to prevent strong decarburization of WC in
a compacted WC—Co nanocrystalline powder mixture
with the help of Al, ZrC, and carbon additives during
conventional vacuum sintering and how these addi-
tives affect the microstructure and microhardness of
the hard alloy.

Materials and Methods

To compensate for the loss of carbon and prevent
strong decarburization of WC during vacuum sinter-
ing of a hard alloy, the results of using three additives
were compared: carbon — to compensate for losses due
to decarburization; aluminum — for binding impurity
oxygen into solid and refractory oxide Al,O, before
its interaction with the carbon of WC; ZrC — to com-
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pensate for the loss of carbon and binding of impurity
oxygen into refractory oxide ZrO,.

The selected additives were introduced into the pow-
der mixture in different amounts, due to the sequence of
the experiments and the results obtained. The addition
of Al was calculated based on the loss of carbon, which
was determined from the change in the phase composi-
tion during the sintering of the WC nanopowder (with-
out Co). The sample sintered from the WC nanopow-
der contained, along with WC, about 7.5 wt. %' W,C,
which corresponds to ~0.2 % carbon deficiency (loss)
for the formation of single-phase WC. Assuming that
the loss of carbon occurred only as a result of interac-
tion with adsorbed oxygen with the formation of CO,
at least 0.3 % of oxygen would be required to remove
0.2 % of carbon. To bind 0.3 % oxygen into Al,O,
oxide, a minimum of 0.4 % Al is required, taking into
account that there is always an oxide film on the surface
of Al particles the thickness of which in nanopowders
obtained by milling is ~5 nm [40].

The carbon addition was calculated in a similar
way, but by the change in the phase composition of
the hard alloy made from the WC—-6%Co nanocrys-
talline powder mixture. According to the phase com-
position of the sintered hard alloy (wt. %: 83.7 WC,
8.2 Co,W,C, 4.7 Co,W,C, 3.4 Co,W), its carbon con-
tent does not exceed 5.3 %, while it should be at least
5.8 %. Thus, the addition of carbon to the WC—-6%Co
powder mixture to compensate for its loss was 0.5 %.

Likewise, the addition of ZrC was also calculated
from the change in the phase composition of the hard
alloy, but in this case, the possible presence of oxygen
on the surface of ZrC nanoparticles after milling was
taken into account. Therefore, the case of a sufficient
amount of oxygen on the surface of carbide particles
to be removed after interaction with the carbide car-
bon mainly in the form of CO, was considered, rather
than in the form of CO, as was considered in the case
with Al. A minimum of 1.3 % oxygen is required to bind
0.5 % carbon in CO,. But to avoid the loss of carbon
and completely bind this oxygen in ZrO,, at least
4.2 % ZrC is required. Assuming that the interaction of
impurity oxygen with carbide carbon can form not only
CO,, but also CO, 4.0 % of ZrC carbide was added to
the WC-6%Co powder mixture before milling.

Nanocrystalline powder mixtures of WC-6%Co
with and without additives were prepared using
high-energy milling of microcrystalline WC powders
(D,,=6 um,C_=6.15%,C, =0.07%,0,_ = 0.09 %,
Kirovgrad hard alloys plant (KZTS), JSC, Kirovgrad),
Co (D,, = 3 um, KZTS, JSC), Al (D, =25 um, RUSAL,
Krasnoyarsk), ZrC (D, =4 um, C_ =10.26 %,

Ciee = 1.72 %,0,, = 1.40 %, Donetsk Plant of Chemical

'Here and elsewhere - wt. %, unless otherwise stated.
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Reagents, JSC (DZKhR), Donetsk) and carbon black
(soot) grade T-900 (D, = 0.4 um, Russia).

Milling of microcrystalline powders taken in
a given ratio was carried out using a “Pulverisette 7”
planetary ball mill (Fritsch, Germany) using grinding
balls and grinding jar lining made of WC—6%Co hard
alloy. The same grinding mode was used to prepare all
powder mixtures: the rotation speed of the grinding jar
support disk was 600 rpm; the weight of the powder
taken for grinding was 10 g; the weight of the grind-
ing balls with a diameter of 3 mm ~100 g; grinding
jar volume — 45 mL; the volume of isopropyl alcohol
C,HO (high purity, 99.9 %, Component-Reaktiv, Ltd,
Moscow) added during milling was 10 mL. After mill-
ing, the powder mixtures were dried in the vacuum
drying cabinet VDL 23 (Binder, Germany) at a pres-
sure of ~10° Pa and a temperature of 85 °C.

The compaction of powder mixtures was carried
out at room temperature in a steel cylindrical mold
with a punch diameter of 7.45 mm using uniaxial
pressing at a pressure of ~460 MPa. Sintering of com-
pact samples placed in graphite crucibles was carried
out in a high-temperature vacuum furnace LF-22-2000
(Centorr/ Vacuum Industries, USA) for 15 min at
t=1380 °C in a vacuum of ~1072 Pa. The heating rate
to the temperature of sintering was 10 °C/min.

After sintering, the samples were cut in half along
the cross section, the surface of which was then ground
and polished on a “Buehler” machine (Germany) using
grinding discs and diamond suspensions with a disper-
sion of 30 to 1 pm.

The crystal structure, phase composition, and lattice
parameters of the powders were studied using X-ray
diffraction on an XRD-7000 diffractometer (Shimadzu,
Japan) with a Bragg—Brentano flat sample arrangement
in the angle range 26 from 10 to 140° with stepwise
scanning A(20) = 0.03° and an exposure time of 2s
at a point and CuK(11 , radiation. The X-ray phase analy-
sis (XPA) of hard alloys was carried out on a STADI-P
diffractometer (Stoe, Germany) with a Bragg—Brentano
flat sample arrangement in the angle range 26 from
5 to 120° with stepwise scanning A(20) = 0.03° and
CuKu1 , radiation. The X-ray patterns were analyzed

by the Rietveld method using the X'Pert HighScore Plus
Version 2.2¢ software package and the X-ray diffraction
data library built into it. The broadening of diffraction
reflections of WC was used to determine the average
size of coherent scattering regions (DCSR) of X-rays
and the magnitude of microstrains (g).

Chemical analysis of powders for the content of
total (C,,,) and free (C,,,,) carbon was carried out using
a “Metavak CS-30” analyzer (NPO Eksan, Izhevsk).
The total oxygen content (O, ) in these powders was
determined by reductive melting in a carrier gas flow
on an EMGA-620W/C gas analyzer (Horiba, Japan).
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The morphology and particle size of powders, as
well as the microstructure of hard alloys, were studied
using a JSM 6390 LA scanning electron microscope
(SEM) (Jeol, Japan) equipped with a JED 2300 ana-
lyzer (Jeol, Japan) for Energy Dispersive X-ray (EDX)
analysis of the studied area.

The specific surface area (Ssp) of the powders was
measured by the Brunauer—Emmett-Teller (BET)
adsorption method using a “Gemini VII” surface area
and porosity analyzer (Micromeritics, USA) after degas-
sing the powders in a vacuum of ~10 Pa at a temperature
of 350 °C for 1 h. Assuming the approximation of the
same size and spherical shape of particles, the average

particle size Dy = , was determined from the

pcalc sp
measured value Seps where pcalc is the density calcu-
lated by the mixture rule according to the X-ray phase
composition.
The density of hard alloys (p,..) was deter-
mined using an “AccuPyc II 1340” helium pycno-

meter (Micromeritics, USA) and a measuring cham-
ber with a volume of 1 cm?. The porosity of hard
alloys was calculated according to the formula:
p= Pealc ~ Pmeas 100 %.
pcalc

The microhardness of hard alloys was measured
according to the Vickers method on a MICROMET-1
microhardness tester (Buehler, Germany) with an
automatic indentation of a diamond pyramid at a load
0f 200 g and a the duaration of loading of 10 s. At least
10 measurements (diamond pyramid indentations)
were carried out on each sample, after which both
diagonals were measured on each indentation, and the
average microhardness value and the measurement
error were determined from the data obtained.

Results and discussion

The X-ray diffraction patterns of all the initial pow-
ders (Fig. 1) used in this work for the preparation of

Intensity

a
WC (P-6m2) —98.4 %
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1 W,C
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Fig. 1. X-ray diffraction patterns of the initial WC (a), Co (b), Al (¢) and ZrC (d) powders

Puc. 1. Pentrenorpammsl ucxoansix nopomkoB WC (a), Co (b), Al (¢) u ZrC (d)
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nanocrystalline powder mixtures show rather narrow
diffraction reflections, which confirms their coarseness.
The WC powder is two-phase (Fig. 1, @) and, along
with the main phase of hexagonal WC (sp. gr. P-6m?2),
contains a small amount of lower tungsten carbide
W,C with a hexagonal structure (sp. gr. P6,/mmc),
which indicates insufficient content of bound carbon in
the W—C system. According to chemical analysis, the
content of bound carbon (6.08 %) in WC powder is,
indeed, lower than the stoichiometric value (6.13 %),
however, there is present free carbon (0.07 %), there-
fore, the total carbon content in the powder (6.15 %) is
sufficient to achieve single-phase WC during sintering.
Cobalt Co powder (Fig. 1, b) is also two-phase and
contains both crystalline modifications: low-tempera-
ture (up to 427 °C) a-Co with a hexagonal structure
(sp. gr. P6,/mmc) and high-temperature (from 427 to
1495 °C) B-Co with a cubic structure (sp. gr. Fm-3m).
Al (Fig. 1, ¢) and ZrC (Fig. 1, d) powders are single-

phase and contain only cubic phases (sp. gr. Fm-3m)
of Al and ZrC, respectively.

According to SEM images (Fig. 2), the Al pow-
der (Fig.2, ¢) contains the largest particles (up to
30—40 um), which are several times larger than the
particles of other powders. Co and ZrC powders, on
the contrary, appear to be the most dispersed, show-
ing very small rounded particles <1 pum in size, how-
ever, most of them are tightly bound together and
form large agglomerates with a highly developed
surface, ranging in size from hundreds of nanometers
to several micrometers (Fig. 2, b, d). The WC powder
(Fig. 2, a) is similar in particle morphology to Al pow-
der (Fig. 2, ¢), but is closer to Co and ZrC powders in
particle size and their agglomerates (Fig. 2, b, d).

Table 1 shows the average, maximum, and mini-
mum particle sizes of the initial powders, determined
from their SEM images, as well as their specific sur-
face and the average particle size calculated from it.

A

Fig. 2. SEM images of the initial WC (a), Co (b), Al (c¢) and ZrC (d) powders

Puc. 2. COM-u3o6paskenust ucxoaubix mopoiikoB WC (a), Co (b), Al (¢) u ZrC (d)

Table 1. Characteristics of initial powders

Ta6nuya 1. XapaKTepUCTHKHU HCXOIHBIX OPOLIKOB

Powder D, ,pm Dwm | D .uym | S m¥g |p,.gem’ | Dy, pm
wC 3.03 0.52 12.08 0.19+0.01 15.70 1.97
Co 1.37 0.30 4.48 0.98 +0.01 8.80 0.69
Al 7.91 0.70 36.36 0.37+0.02 2.70 6.02
ZrC 1.83 0.39 5.98 0.68 + 0.01 6.63 1.32
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After preparation, all powder mixtures, according
to X-ray diffraction (Fig. 3) and SEM (Fig. 4), look the
same. The X-ray diffraction patterns of the mixtures
(Fig. 3) show the same reflections as for the initial
WC powder (see Fig. 1, @), which belong to the WC
and W,C phases. However, due to the small size of
the CSR and the presence of microdeformations, the
diffraction reflections in the X-ray diffraction patterns
of powder mixtures are noticeably broadened, due to

which weak reflections of Co and Al or ZrC, are not
visible. A quantitative analysis of the broadening of
WC reflections showed that the average CSR sizes and
microstrains for WC particles in all powder mixtures
have close values (Table 2). The same is observed on
the SEM images (Fig. 4), where powder mixtures have
very little differences both in terms of particle size and
morphology, although the initial powders were con-
siderably different, especially Al powder (see Fig. 2).
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Fig. 3. X-ray diffraction patterns of nanocrystalline powder mixtures
WC-6Co (a), WC—6C0-0.5C (b), WC—6Co—0.4Al (¢) and WC—6Co-4ZrC (d)

Puc. 3. PeHTreHOrpaMMBbl HAHOKPHCTAJUTHMYECKHUX TTOPOIIKOBBIX CMeCceH
WC-6Co (a), WC-6Co0-0,5C (b), WC-6Co-0,4Al (¢) u WC-6Co—-4ZrC (d)

Table 2. Characteristics of nanocrystalline powder mixtures

Tabnmya 2. XapaKTepucTHKUA HAHOKPHUCTANIMYECKHUX MOPOIIKOBBIX cMeceii

Powder O, Wt.% | S, m*g | p_.,gem® | Dpo,onm | Dig,nm | € %
WC-6Co 33+0.1 5.81£0.05 14.99 69 47 0.81
WC-6Co—-0.5C 34+0.1 5.03 +£0.04 14.49 82 34 0.70
WC-6Co-0.4A1 | 42+0.1 8.12+0.06 14.74 50 33 0.75
WC-6Co—4ZrC 43+0.1 9.64 +0.06 14.25 44 39 0.88
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Fig. 4. SEM images of powder mixtures
WC-6Co (a), WC-6C0-0.5C (b), WC—-6C0o-0.4Al (¢) and WC-6Co-4ZrC (d)

Puc. 4. COM-u300paxeHHs IOPOIIKOBBIX cMeceit
WC-6Co (a), WC-6C0-0,5C (b), WC-6C0-0,4Al (c) un WC-6Co—-4ZrC (d)

Thus, all the additives used in this work not only did
not affect the grinding of WC, but themselves turned
out to be grinded and subjected to grinding and uni-
form distribution throughout the volume of the powder
mixture, including Al. This is also confirmed by the
values of the specific surface area of powder mixtures
(Table 2), which are an order of magnitude higher than
the values for the initial powders (Table 1), whereas
the average particle sizes in the mixtures calculated
from the specific surface turned out to be close in
magnitude to the average CSR sizes and do not exceed
100 nm (Table 2). It should be noted, however, that
the additives introduced into the powder mixture, as
expected, also introduced additional oxygen; its mea-
sured total content in nanocrystalline powder mixtures
significantly exceeds the amount estimated based on
the change in the phase composition (Table 2).

Despite the similarity of the obtained powder mix-
tures, hard alloys sintered from them significantly dif-
fer from each other both in phase composition (Fig. 5)
and in microstructure (Fig. 6). On the X-ray diffraction
pattern of the WC—-6Co hard alloy (Fig. 5, @), which
was sintered from the WC—-6%Co powder mixture
without any additives, diffraction reflections of three
other phases are clearly visible in addition to the
main phase WC, which indicate a carbon deficiency
and are extremely undesirable in a hard alloy [41].
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The addition of carbon to the powder mixture almost
completely made up for its deficiency in the sintered
hard alloy, its X-ray diffraction pattern of the main WC
and Co phases are observed, however, weak lines of
the Co,W,C n-phase are still present (Fig. 5, b). The
addition of aluminum, on the contrary, only exacer-
bated the consequences of carbide decarburization,
as a result of which the qualitative phase composition
of the alloy became similar to the composition of the
hard alloy from a powder mixture without additives
(Fig. 5, a), while the content of undesirable phases
increased (Fig. 5, ¢). Probably, during the preparation
of the WC-6Co—0.4Al powder mixture, all the alu-
minium introduced was completely oxidized to Al,O,
during intensive grinding, and while sintering, instead
of binding the oxygen adsorbed on the carbide par-
ticles, it, on the contrary, brought additional oxygen to
its surface, resulting in an even greater loss of carbon.
The addition of ZrC to the powder mixture allowed
to preserve fully the WC and Co phases in the hard
alloy sintered from the mixture, binding most of the
adsorbed oxygen into the monoclinic ZrO, oxide, as
evidenced by the X-ray phase composition of the sin-
tered alloy (Fig. 5, d).

According to the XRD results of hard alloys, the
assessment of carbon loss (~0.5 %) and the amount
of oxygen involved (~1.3 %) based on the change in
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Fig. 5. X-ray diffraction patterns of hard alloys
WC-6Co (a), WC-6C0-0.5C (b), WC—6Co0-0.4Al (¢), and WC-6Co—-4ZrC (d)
The inset shows an enlarged fragment of the X-ray diffraction pattern with the most intense (11-1) line of the ZrO, phase

Puc. 5. PertreHorpaMMbl TBEp/IBIX CIUIABOB
WC-6Co (a), WC—-6C0—-0,5C (b), WC-6C0—-0,4Al (c¢) n WC-6Co—-4ZrC (d)
Ha BcraBke — yBenuueHHbIH (parMeHT peHTreHOrpamMMbl ¢ Haubosee uHTeHcuBHON nunuei (11-1) paser ZrO,

the phase composition allowed for fairly accurate cal-
culation of the amount of carbon and ZrC additives
required to prevent WC decarburization. However, the
measured total oxygen content in nanocrystalline pow-
der mixtures (see Table 2) turned out to be several-fold
higher than the estimated one. This means that only
a part of the oxygen contained in the powder mixture
is in the chemisorbed state, while the rest is present
in other forms, including in the form of physically
adsorbed water, which is removed upon heating with-
out taking part in the decarburization of WC.

The microstructure of the WC—6Co alloy sintered
from a powder mixture without additives (Fig. 6, a)
looks rather dense and includes WC grains (light-

colored), the space between which is filled with
cobalt-containing phases (dark-colored) detected by
X-ray diffraction (Fig. 5, a), and a few pores (black)
no larger than 1 um in size. Only WC grains and
their intergrowths separated by a cobalt binder are
observed in the microstructure of the WC—6Co—0.5C
hard alloy sintered from a powder mixture with the
addition of carbon (Fig. 6, b). As can be seen from
XRD-analysis, the addition of Al to the powder mix-
ture filled the microstructure of the hard alloy sintered
from it (Fig. 6, ¢) with a large number of rounded
inclusions (black-colored), resembling pores, among
the grains of WC (light-colored) and cobalt-containing
phases (dark-colored), (Fig. 5, ¢). The EDX analysis
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Fig. 6. SEM images of hard alloys
WC-6Co (a), WC-6C0o-0.5C (b), WC-6C0—-0.4Al (c¢) and WC-6Co—4ZrC (d)
and the results of EDX analysis of the selected areas (e, f)
Puc. 6. COM-u300paxeHnst TBEP/IbIX CILIaBOB
WC-6Co (a), WC-6C0-0,5C (b), WC-6C0-0,4Al (¢) u WC—-6Co—-4ZrC (d)
u pesysnbrarel EDX-ananu3a BelIeIeHHBIX obnactei (e, f)
Table 3. Characteristics of sintered hard alloys
Tabnuya 3. XapaKTepUCTHKH CIIeYeHHBIX TBEPABIX CILIABOB
Sample D ,ym | D um | D_ ,um | HV,GPa | p__ . g/lem® |p_ ,glem®| p, %
WC-6Co 0.80 0.14 2.57 193+0.8 | 15.144+0.01 15.41 1.8
WC-6Co0-0.5C 0.84 0.21 3.23 184+0.5 | 15.03+0.01 15.07 0.3
WC-6Co0-0.4Al 0.78 0.25 1.63 18.0+ 1.0 | 14.76 +£0.01 14.99" 1.5
WC-6Co4ZrC 1.08 0.28 4.43 172409 | 13.79+0.01 13.86" 0.5
* Taking into account that Al and ZrC transformed completely into AL,O, and ZrO, .

showed that the rounded dark areas observed in the
microstructure of the WC-6Co-0.4Al hard alloy con-
tain aluminum and oxygen (Fig. 6, ¢, e) and are Al,O,
particles and not pores. The authors of [36] reported
similar inclusions in the WC-3Co-3Al,0; alloy,
detected using field emission scanning microscopy
(FESEM) and EDX mapping (MAP), which showed
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that these are Al,O,. The microstructure of the hard
alloy (Fig. 6, d) made from a powder mixture with the
addition of ZrC is a dense composition of carbide WC
(light-colored) and oxide ZrO, (dark-colored) grains
surrounded by a cobalt layer, as confirmed by the
EDX (Fig. 6, f) and XFA (Fig. 5, d) analysis. Though
in the WC-6Co0—4ZrC powder mixture WC and ZrC
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nanoparticles are distributed uniformly over the
entire volume, as it can be seen from the SEM images
(Fig. 4, d), individual microcrystalline ZrO, and WC
grains formed in the microstructure of the hard alloy
sintered from the powder, i.e. the growth of grains of
various phases was not limited, as expected, on the
contrary, it was supported.

Table 3 shows the average, minimum, and maximum
WC grain sizes determined from several SEM images
for each hard alloy. According to these data, the car-
bon deficiency in the alloy inhibits the growth of WC
grains, especially in the presence of Al,O, particles,
while the addition of carbon or ZrC, quite the contrary,
promotes the growth of carbide grains, as confirmed by
the average and maximum grain sizes in the hard alloy
(Table 3). It is known that the presence of free carbon
promotes the growth of WC grains during sintering,
especially in the case of liquid-phase sintering [42].
According to [43; 44], during the oxidation of ZrC,
there is a dissolution of oxygen in the carbide lattice;
it is first accompanied by the formation of oxycarbide
with the release of free carbon and zirconium from the
carbide lattice; as oxygen further dissolves, the oxycar-
bide transforms into the cubic ZrO, phase containing a
certain amount of carbon, and then upon complete oxi-
dation, it transforms into the ZrO, monoclinic phase,
which is seen in the X-ray diffraction pattern of the
hard alloy (Fig. 5, d). Unlike ZrC, during the oxidation
of WC, carbon leaves the carbide lattice in the form of
CO/CO,, leading to its decarburization [43; 45]. Thus,
heating of the WC-6Co—4ZrC powder mixture, ZrC
carbide not only binds the adsorbed oxygen into ZrO,
oxide, but also compensates for the loss of carbon in
WC, as is the case with the addition of carbon in the
WC-6C0—-0.5C mixture.

The additives used not only affected the micro-
structure of the hard alloy, but also led to a decrease
in its density and microhardness (Table 3). The cal-
culated density of the hard alloy with the WC—-6Co
phase composition is 14.97 g/cm?®. However, due to
the loss of carbon during sintering and the resulting
formation of undesirable phases (Fig. 5, a), the den-
sity of the WC—-6Co hard alloy (both calculated and
measured) exceeded the expected one. The hard alloy
WC—-6C0-0.5C turned out to be closest to the WC—-6Co
hard alloy both in terms of phase composition and
density. As X-ray diffraction patterns of hard alloys
produced from powder mixtures WC-6Co—0.4Al and
WC—-6Co—4ZrC did not show reflections of the initial
phases (Al or ZrC), while inclusions close in composi-
tion to ALLO, and ZrO, were found in the microstruc-
ture, the density of the samples pcalc was calculated
from the X-ray phase composition, taking into account
the amount of oxide, into which the entire additive
could turn. Calculations and measured density values

of hard alloys showed that additions of carbon and
ZrC, making up for the loss of carbon during sintering,
contribute to the formation of a microstructure with
the lowest porosity compared to carbon-deficient hard
alloys (Table 3).

Besides, the deviation of the phase composition
of the hard alloy from the perfect WC—6Co is accom-
panied by an increase in the inhomogeneity (scatter
of values) of its microhardness, as confirmed by the
measured value's error (Table 3). Overall, the mea-
surements have shown that carbon deficiency leads
to an increase in microhardness, while the presence
of Al,O, and ZrO, oxide inclusions in the hard alloy
microstructure, on the contrary, reduces it.

Conclusion

Homogeneous nanocrystalline powder mixtures
with the average particle size not exceeding 100 nm
based on WC-6Co with and without additives of C,
Al, ZrC were prepared by high-energy milling from
crystalline powders differing in their composition,
properties, quantity, and average particle size. In the
obtained mixtures, a high oxygen content was found;
the amount of oxygen increases with the introduction
of additives, especially Al. Though the original alu-
minum powder contained very large particles, it was
completely oxidized during milling and turned into
nanocrystalline oxide Al,O;; this fact only increased
the loss of carbon during sintering and led to the for-
mation of a multiphase and relatively porous micro-
structure of the hard alloy.

It was shown that only a part of oxygen contained
in the powder mixtures is in the chemisorbed state and
takes part in the decarburization of WC during vacuum
sintering. The use of carbon and ZrC additives allowed
to prevent the decarburization of WC during sintering
of the hard alloy and to form a less porous microstruc-
ture in it. However, even the presence of ZrO, inclu-
sions could not impede the intensive growth of WC
grains during sintering, on the contrary, it rather pro-
moted it. Besides, the microhardness measurements
have shown that carbon deficiency leads to an increase
in microhardness, while the presence of Al,O, and
Zr0O, oxide inclusions in the hard alloy microstructure,
on the contrary, reduces it.
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Abstract. The influence of nickel on the structure and properties of Ti—Cr—N ion-plasma coatings obtained by arc-PVD method
has been studied. With a nickel content of up to 11.9 at. %, the coating consists of Cr,N, Ti,  Cr N, and metallic Ni. Upon
further increase in Ni concentration in the coating, intermetallic compound Ni,Ti is formed. The structure of the coatings
was studied using the transmission electron microscopy. The coatings of Ti—-Cr—N system are characterized by a columnar
structure, in the columns of which Ti; - Cr N and Ti,  Cr N (x> y) sublayers, being several nanometers thick and containing
variable concentration of titanium and chromium, as well as Cr,N sublayers of about 25 nm are formed due to the complete
solubility of TiN and Cr,N and the planetary rotation of the substrates, resulting in layer-by-layer stacking of the components
of the evaporated cathodes. This structure remains intact in coatings of Ti~Cr—N-Ni system with a low nickel concentration (on
the order of tenths of at. %). However, upon that, the column size refinement and an increase in biaxial compressive stresses
from 6.7 to 9.7 GPa are observed, which results in an increase in hardness from 30 to 42 GPa. The coatings with a high nickel
content are characterized by a multilayer architecture with an equiaxed polycrystalline structure of nanograins in layers. As Ni
concentration increases, the hardness of the coating decreases to 16.7 GPa, which is associated with an increase in the fraction
of relatively soft nickel in the coating and a decrease in macrostresses to —0.6 GPa. Upon that, the wear intensity increases from
3:107"5 to 5-10°"° m3*/(N-m). The studied coatings of Ti—Cr-N and Ti—Cr-N-Ni systems are resistant to adhesive and cohesive
destruction. With an increase in the nickel content upon measuring scratching, the destruction of the coatings occurs exclusively
due to the plastic deformation.

Keywords: ceramic coatings, ceramic and metal coatings, wear resistance, tribology, nitrides, hardness
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AHHOTaums. ViccrienoBaHo BIHMSHUAE HUKETIS HA CTPYKTYPY M CBOMCTBa MOHHO-TDIa3MEHHBIX MOKPHITHHA Ti—Cr—N, MOMy4eHHBIX

metonom arc-PVD. Tlpu conepxannn nukens no 11,9 at. % noxpertue cocrout uz Cr,N, Ti;  Cr N u merammyeckoro Ni.
IIpu nanpHeleM yBenudeHuH KoHIeHTpauy Ni B HOKpbITHH 00pasyeTca uarepmerannu Ni, Ti. MeTtozom npocseunparomeii
9JIEKTPOHHON MUKPOCKOITMHU H3Y4€Ha CTPYKTYpa MOKpITHHA. J{j1st mokpeiTuii cucteMbl Ti—Cr—N XxapakTepHO CTOJI0UaTOe CTPOSHHE
CTPYKTYpBI, B CTOJIOUAX KOTOPOH, Beaencrue nonHoi pactsopumocti TiN i Cr)N U IIaHETapHOrO BPAlIEHHUs MOIJIOKEK,
IIPMBOJISALIETO K NOCJIOHHOH yKIIa/Ike KOMIIOHEHTOB MCIIApAEMbIX KaTon0B, 00pasyrorcs cydcnon Ti; - Cr Nu Ti, O N x>
TOJIIMHON HECKOJILKO HAHOMETPOB € MepeMEeHHOH KoHueHTpayell TuTana 1 xpoma 1 cybenoun CryN nopsaka 25 nu. JlanHas
CTPYKTYpa COXpaHsAeTCst v Jy1st HOKPBITHH cucTeMbl Ti—Cr—N-Ni ¢ Masioii KoHIIeHTpalyei HUKeIs (IopsaKa AeCSThIX 1oNIeH aT. %).
OJHAKO TP 3TOM HAOMIONAIOTCS H3MENBUCHIE Pa3Mepa CTOJIOIOB U POCT ABYOCHBIX CXKUMAFOIINX HAPshKeHHH ¢ 6,7 10 9,7 I'la,
YTO MPUBOAUT K MOBbImeHHIO TBepaocTH oT 30 mo 42 I'Tla. [Ins mokpbITUH ¢ BBICOKUM COJEp:KaHUEM HMKENsl XapaKTepHa
MHOTOCJIOIHas apXUTEKTypa ¢ PaBHOOCHOMU IOIMKPUCTAIUIMYECKOI CTPYKTypoil HaHo3epeH B ciosdx. Ilo mepe yBemuueHus
KOHLEHTpamy Ni TBepIOCTh NOKPHITHS CHUKaeTcs 10 16,7 I'Tla, uTo cBA3aHO ¢ BO3pacTaHUEM AOJIM OTHOCUTEIBHO MSTKOTO
HUKEJIS B [IOKPBITUM U YMEHbIIEHUEM BEIUYMHBI MakpoHanpsbkeHud 1o —0,6 I'Tla. IIpy 5ToM MHTE€HCHBHOCTH M3HALIMBAHUS
yBenuuuBaercs ¢ 3-1071 1o 5-1071 m3/(H-m). Uccnenyemsie mokpbitus cucteM Ti—Cr—N 1 Ti—Cr—N-Ni 06/1a1al0T CTOWKOCTBIO
K aJIF€3MOHHOMY M KOT€3HOHHOMY pa3pylleHuo. C pocTOM COAEpKaHUs HUKE [IPU U3MEPUTEIILHOM LlapallaHuy pa3pyLeHue

HOKPBITHIT IPOUCXOUT UCKITFOYUTEIBHO BCIICCTBUE TNIACTHYECKOTO JIe(pOpMUPOBAHUSL.

KnioyeBbie crroBa: kepaMUUeCKUE MOKPLITHSA, KEPAMUKOMETAINUECKHE TTOKPBITUS, H3HOCOCTOMKOCTD, TPHOOIOTHSI, HUTPHIBI,

TBEPAOCTH

bnarogapHocTyu: ViccienoBanue BBITIONHEHO 3a cdueT rpaHta Poccuiickoro HaydHoro ¢ouma Ne 19-19-00555, https://rscfru/

project/19-19-00555/

ABTOPBI BbIpaXKatoT 06;1arofapHOCTH JOKTOpy TexHudeckux Hayk @.B. Kuproxannesy-Kopueesy (HUTY MHCHC) 3a nomouis

B MIPOBEICHUN MCCIIEJOBAHUH MO KAPOCTOUKOCTH TTOKPHITHH.

Ans yntuposaHus: Yepuorop A.B., biunkos U.B., benos JI.C., Cepresuun B.C., [lemupos A.I1. BiusHue HUKeNs Ha COCTaB,
cTpykTypy u cBoictBa nokpbiTuil Ti—Cr—N. Hzeecmus 6y306. Ilopowikosas memaiiypeus u (yHKYUOHAIbHbIE NOKPLIMUSL.
2023;17(1):64-74. https://doi.org/10.17073/1997-308X-2023-1-63-74

Introduction

At present, the studies of strengthening and friction-
adjustable coatings are focused on their development
based on multiphase systems, in which the presence
of various elements and phases significantly changes
the properties compared to two-component coa-
tings [1-5]. Systems based on transition metal nitrides
are characterized by enhanced mechanical properties.
Thus, three-component systems Ti—Cr—N, Cr—Mo—N,
and Ti—-Mo—-N are significantly superior to two-com-
ponent systems Me—N in their hardness, tribological
properties, and heat resistance [3; 5-9]. Ti—Cr—N-Ni
based coatings, in which chromium and titanium based
nitride phases provide a combination of heat resis-
tance [10] and high hardness [5; 7], are of interest. Due
to the refinement of the nitride phase and the formation
of a dispersion-hardened structure with a plastic nickel
frame, the introduction of metals with low affinity for
nitrogen and limited solubility in them, for instance,
nickel, into nitride coatings contributes to the forma-
tion of a material with high viscosity combined with
hardness [11]. The improved performance properties
of these coatings will be largely determined by the
capability of controlling the composition and structure
of the deposited material.

An analysis of the literary sources reveals the ab-
sence of studies in this field for coatings of Ti—Cr—N-Ni
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systems. In this regard, the goal was set to study the influ-
ence of nickel on the processes of structure formation,
phase formation and the properties of these coatings.

Research Methods

The coatings were deposited on VK6 alloy sub-
strates by arc-PVD method using a three-cathode
vacuum-arc ion-plasma unit equipped with two mag-
netic drop fraction separators. The planetary rota-
tion of the substrate holders ensures the formation of
a coating with a two-level structure, including the lay-
ers obtained by rotating the substrate holders around
the table axis, and the sublayers several nanometers
thick with a well-defined interface, which are formed
due to the rotation of the substrate holders around their
axis [12]. The current strength of the arc evaporating
the cathodes was determined on the basis of its value
ensuring stable arc burning and the absence of a con-
siderable amount of the droplet phase in the formed
plasma flow. The current strength during the evapo-
ration of TiNi, Cr, and Ti cathodes was 120, 120 and
130 A, respectively. All coatings were deposited for
90 min at a negative bias potential U, = 120 V applied
to the substrate and partial pressures of nitrogen and
argon of 0.8 and 0.6 Pa, respectively.

X-ray phase analysis (XPA) was conducted using
“D8 Discover” unit (Bruker AXS, Germany) with
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copper radiation. The survey was performed by
sliding beam method at 20 = 3° and a step of 0.01°.
The macrostressed state of the coatings was studied
by sin*y method. The binding energy and composi-
tion of the coatings were investigated by X-ray pho-
toelectron spectroscopy (XPS) using “VersaProbell”
unit (ULVAC-PHI Inc., the USA). Photoemission was
excited in monochrome radiation AlK, with a power
of 25 W and a beam diameter of 100 um. The spectral
data were collected at an analyzer transmission energy
of 11.75eV and a data collection density of 0.1 eV
per step. Furthermore, the concentration profiles
of the coatings obtained by sequential ion (Ar) etching
at a rate of 9.4 nm/min at an ion energy of 2 keV and
a raster of 2x2 mm were also examined.

The elemental composition, surface morphology
of the coatings prior to and after the oxidation, and
the wear track after tribological researches were studied
using a JSM-7600F scanning electron microscope with
JED-2300F attachment for energy-dispersive spectro-
metry (JEOL, Japan). The heat resistance of the coat-
ings was evaluated by the depth of oxygen penetra-
tion into the samples of coated hard alloys. The con-
centration profiles of the elements along the thickness
of the samples after oxidative annealing were deter-
mined bythe method of glow discharge optical emission
spectroscopy (GDOES). The studies were performed
using “Profiler 2” device (Horiba Jobin Yvon, France).
The resolution for the concentration of chemical ele-
ments contained in the coating was 0.01 at. %.

The structure of the coatings was studied using
the high-resolution transmission electron microscope
(TEM) JEM 2100 (JEOL, Japan). Thin coating lamel-
lae obtained by ion etching were used as samples.
Mechanical properties (hardness, Young’s modulus,
elastic and plastic deformation energy ratio) were
measured during indentation using “CSM Micro-
Hardner Tester” (CSM Instruments SA, Switzerland).
The scratching of coated samples was measured using
the Revetest scratch tester as per the “Methodology

for Measuring Adhesion and Cohesion Strength with
the Revetest Scratch Tester, available from CSM
(Switzerland) MVI AKP/09” (FR.1.28.2010.07503).
The friction coefficient and wear were measured using
“Tribometer T50” unit (Nanovea, the USA) using
the pin-on-disk method with Al,0O, counterbody, a load
of 5 N, a speed of 0.1 m/s, and a track radius of 6 mm.
The friction track profile was determined using the
WYKO NT1100 optical profilometer (Veeco, the USA).

Results and Discussion

The elemental composition of the obtained coatings
is shown in the Table. The change in the composition
was achieved by different arrangement of the used
cathodes (TiNi, Cr and Ti) in the corresponding evapo-
ration blocks of the unit, taking into account the fact
that up to 80 % of the evaporated material vanishes in
them, in the presence of magnetic separators [12].

In the paper, the resulting coatings were designated
as Ti Cr, N —zNi, where x is the relative concentra-
tion of chromium obtained from the ratio of the con-
centration of chromium to the sum of the concentra-
tions of chromium and titanium, rel. units; y is the rela-
tive nitrogen concentration obtained from the ratio
of nitrogen concentration to the sum of chromium and
titanium concentrations, rel. units; z is absolute nickel
concentration, at. %.

No nickel-containing phases were detected by the
XPA for coatings of Ti—Cr—N—Ni systems with a nickel
concentration up to 11.3 at. %. Upon that, according
to XPS data, the binding energy of nickel photoelec-
trons in these coatings is approximately 852.4 eV, which
shows the presence of the Ni metal phase only [13].
This is due to the fact that nickel is characterized
by a low thermodynamic affinity for nitrogen and does
not form a nitride phase in contrast to other elements
of the coating [14—17]. Taking into account the low
solubility of nickel in nitrides as well as the absence of
its diffraction lines in the diffraction patterns, it can be

The elemental and phase composition of the coatings

D/eMeHTHbIH 1 (a30Bblii COCTAB NOKPBITHI

Coating El'emental composit'ion, at. % Phase composition
Ti Cr Ni N

Ty 4,Cry 5:Np g0 22.9 30.1 - 47 TiCr, N
Ti,,,Cry Ny;s0.INi | 19.4 37.5 0.1 43 TiCr, N
Ti, sCr; N5, —8.7Ni 9.2 51.1 8.7 31 Ni, Ti Cr,_ N, Cr,N
Ti,,Cry Ny~ 10.9Ni | 12.4 36.3 10.3 41 Ti Cr, N, Ni
Ti,,sCr,, Ny ,—11.3Ni | 12.5 37.2 11.3 39 TiCr, N,Ni
Tiy5,Cry 56N, ¢, ~13.8Ni | 21.7 8.6 13.7 56 Ni, Ni,Ti, Ti Cr, N
Ti 0,Cry 06Ny 75—36.8Ni | 33.4 1.9 36.7 28 Ni, Ni;Ti, Ti Cr; N
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assumed that the coating contains nickel in X-ray amor-
phous state that corresponds to the results presented in
the paper [11].

XPS spectra obtained using layer-by-layer etching
method exhibit the formation of a solid solution
of a complex nitride for Ti—Cr-N coating (Fig. 1).
The binding energies of N1s and Ti2p3/2 are within the
range of values characteristic of titanium nitride (396.6
and 455.5 eV, respectively [18]). The binding energy of
Cr2p3/2 decreases from 575.5t0 574.5 eV as the concen-
tration of Ti increases (the binding energy of Cr2p3/2 for
CrN compound is 575.8 €V, it is 576.1 eV for Cr,N, and
574.0 eV for metallic Cr [19]). The change in the bind-
ing energy of photoelectrons of chromium depending
on its concentration and the concentration of titanium
in solid solution is caused by an increase in metallic
bond fraction in the complex nitride (Cr, Ti)N [20]. Its
formation is possible as a result of the close crystallo-

graphic parameters of titanium and chromium nitrides
as well as their high mutual solubility [21; 22].

For Ti—Cr—N-Ni coatings with a concentration of
no more than 11.3 at. % Ni, the binding energies of
Cr2p3/2 and Ti2p3/2 in layers enriched with chromium
(line 7 in Fig. 2) are 574.4 and 455.5 eV. Since the dif-
fraction lines of Cr,N and metallic Cr were not detected
in the diffraction patterns of coatings of these compo-
sitions, the shift of Cr2p3/2 spectrum towards lower
energy is caused by a phenomenon similar to coatings
of Ti—Cr—N system, i.e. the formation of a comp-
lex nitride. Upon that, according to the XPS spectra
of nitrogen, the binding energy of Nls (397.2 eV) is
higher than that in nitrides of stoichiometric composi-
tion TiN and CrN (396.6 ¢V [19]) that exhibits the non-
stoichiometric nature of Ti and Cr nitrides and is con-
firmed by N/(Ti + Cr) ratio, lying within the range from
0.75 to 0.83.
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Fig. 1. XPS spectra of Cr2p (a) and Ti2p (b) in Ti

570 470 465

460 455 450
Binding energy, eV

Cr, ..N,

043510 57N g9 COAING 1N the areas

with Cr and Ti concentrations of 44 and 8 at. % (1), and 22 and 26 at. % (2), correspondingly

Puc. 1. POD-cnexrpst Cr2p (a) u Ti2p (b) B nokpsituu Ti

0.43CT0 57N g B 00IACTAX

¢ xorueHTpanusamu Cr u Ti coorBeTcTBeHHO 44 1 8 at. %’(1) 122 1 26 ar. % 2

7000
2p3/2
6000
5000 |-
4000

3000

Intensity, rel.units

2000

2000 | | | |

o 2p3/2
B 2172

595 590 585 580 575
Binding energy, eV

Fig. 2. XPS spectra of Cr2p (a) and Ti2p (b) in Ti

570 470

465 460 455 450
Binding energy, eV

Cr,

034C0.66Ng.75—0- INi coatings

in the areas with Cr) and Ti concentrations of 47 and 8 at. % (1), and 25 and 24 at. % (2), correspondingly

Puc. 2. POD3-cnexrpst Cr2p (a) u Ti2p (b) 6 nokpertusx Ti

Cr, N

0,34=70,66~ °0,75

—0,1Ni

B obmactsx ¢ konnenTpanusamu Cr u Ti coorBercTBeHHO 47 1 § at. % (1 ) v 25 u 24 ar. % 2

66



“Pop e rc

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(1):63-74
Chernogor A.V., Blinkov 1.V.,, etc. The influence of Ni on the composition, structure and properties ...

2500

— TiCr, N
—-—- Ni,Ti

2000

1500

1000

Intensity, rel.units

500

35 45 55 65 75 85
20, deg

Fig. 3. The diffraction pattern of Ti,,Cr,,N, o,—13.8Ni coatings
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With an increase in the nickel concentration above
13 at. % in the coating, intermetallic Ti;Ni is formed
along with TiCr, N solid solution and metallic
nickel, as can be seen in the diffraction pattern for

Ti, ,,Cr, 5N, ¢,—13.8Ni coatings (Fig. 3).

The increase of the nickel concentration in
Ti—Cr—N-Ni coatings is accompanied by a change in
their morphology (Fig. 4). The coatings with a nickel
concentration of less than 13.8 at. % are characte-
rized by a dense cellular surface, the formation
of which is caused by the replica of the substrate sur-
face by the coating. With increasing Ni concentration,
the coatings turn loose and rough due to the formation
of a large amount of the droplet phase, which poorly
wets the nitrides [11].

According to TEM data (Fig. 5), nickel also affects
the coating structure. Thus, for Ti—Cr—N systems,
the coatings exhibit a columnar structure with a column
size of about 400-500 nm (Fig. 5, a). The introduc-
tion of nickel into this system at concentrations up to
3 at. % causes the refinement of the structure, which is
still characterized by well-defined columns elongated
in the direction of coating growth, about 220-300 nm
in size (Fig. 5, b). Upon that, the TEM images for these
samples clearly show that the columns consist of sublay-
ers with a thickness ranging from several nanometers to
25 nm. According to the modeling of plasma mass trans-

Fig. 4. The morphology of coatings of Ti—Cr—N and Ti—Cr—N-Ni systems

@ —Tig ;,Cry 53N 59> b = Tig 3,Cry 66N 5

—0.INi, ¢ —Ti

Cr, N,

015CT 5N 5,8 TNL, & = T, Cr o (N 7,-36.8Ni

1 — the elements of the cellular structure of the surface, 2 — droplet phase

Puc. 4. Mopdomnorus nmokpsrtuii cuctem Ti—Cr—N u Ti—Cr—N-Ni

a— Ti0’43Cr N, b—Ti ,Cr, N
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Fig. 5. The TEM image of the cross section of Ti~Cr-N-Ni coatings formed at U, = 120 V
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fer and the growth of coatings of these systems [23],
they are caused by planetary rotation of substrates rela-
tive to evaporating cathodes and consist of solid solu-
tions of variable concentrations of titanium and chro-
mium (Ti; CrN and Ti, _yCryN (x>y)) and CrN.
With a subsequent increase in the nickel concentration
up to 12 at.%, the coatings are already characterized by
a multilayer polycrystalline architecture with a modula-
tion period of 25 nm and an average grain size of 18 nm
(Fig. 5, ¢). These results may show that, due to the low
solubility of nickel in nitrides, it prevents their growth,
refines the structure, and changes the architecture of the
coatings.

Ti, ,;Cry ;N o and Tij,,Cr, N - ~0.1Ni coatings
are characterized by high compressive macrostresses,
being 6.7 and 9.7 GPa, respectively. It is known
that compressive macrostresses for nitride coatings
obtained by the method of ion-plasma vacuum-arc
deposition can range from 4 to 12 GPa. The formation
of such a “highly stressed” structure is associated, first
of all, with its defectiveness: during the deposition of
coatings, the flow of high-energy particles bombard-
ing the surface contributes to the appearance of a large
number of point and linear defects [24]. The introduc-
tion of nickel increases the magnitude of macrostresses
due to the refinement of nitride grains, bearing in
mind that an increase in the interface length leads to
an increase in the number of grain boundary defects.
For coatings with a high nickel content (>12 at. %),
there is a significant decrease in macrostresses due to
the effect of their relaxation caused by plastic deforma-
tion of nickel in the field of emerging stresses.

The thermal stability of the composition and struc-
ture of the coatings was studied after their high-tem-
perature annealing in vacuum at temperatures of 650

68

and 850 °C. For Ti—Cr—N and Ti—Cr—N-Ni samples
with a low nickel content, it is typical (Fig. 6) that the
diffraction lines corresponding to TiCrN compound
split into TiN and CrN during the annealing. This is
most likely due to the dissolution of the adjacent sub-
layers Ti; Cr N and Ti, Cr N (x> ) with different
concentrations of titanium and chromium, thus forming
solid solutions of average composition enriched with
titanium and chromium, which we observe in the dif-
fraction patterns. These conclusions are also confirmed
by the TEM images (Fig. 7), demonstrating an increase
in the average grain size after the annealing.

According to the XPS data, during oxidative
annealing of Ti ,,Cr, ;N ¢, coatings with a chromium
concentration of 27 at. % at =800 °C, Cr,0, and
TiO, phases are formed, the oxygen concentration in
the coating is ~4+5 at. % with an oxidized layer thick-
ness of about 0.25 pm (Fig. 8). Upon that, the coating
remains intact. With an increase in the oxidation tem-
perature to 850 °C, the oxygen content in the coating
of this composition increases to ~19 at. %. Taking into
account considerable differences in the molar volu-
mes of titanium oxide and nitride, the surface layer
of the coating becomes loose, its barrier functions with
respect to oxygen decrease, the depth of oxygen penet-
ration into the coating reaches 0.8 pm, as evidenced
by the data of GDOES (Fig. 9). The analysis of the sur-
face of the coatings by SEM method (Fig. 9) in this
case demonstrated the destructive oxidation of samples
of this composition, which is characterized by a local
breaking of the coating to the substrate.

As the chromium concentration increases to 36 at. %,
the fraction of oxygen in the coating after oxidative
annealing at =850 °C decreases to 14 at. % with a
decrease in the depth of the oxidized layer to 0.4 um, but
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Fig. 6. The diffraction patterns of Ti—Cr—N coatings prior to and after the annealing
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the areas of local breaking of the coating to the substrate
are still observed on the surface of the samples (Fig. 10).

The microindentation method was used to obtain
data on the hardness of the studied coatings (Fig. 11),
according to which Ti, ,,Cr, N, . —0.1Ni coatings are

> 034066 0.75
characterized by the highest hardness (about 42 GPa),

Fig. 7. The TEM images of the structure of Ti—Cr—N-Ni samples

priot to (@) and after (b) the annealing
The coating grains elongated in the direction of growth are identified

Puc. 7. TIDM-u3o6paxenus ctpykrypsl 006pasioB Ti—Cr—N-Ni
1o (a) u nocie (b) omxura
BBII[CIIGHLI BBITSIHYTBIC B HAIIpaBJICHUH POCTA 3€pHA HOKpBITI/II‘/'I

which can be explained by a high level of compressive
macrostresses [25], being 9.7 GPa. With an increase in
the nickel concentration, the hardness of the coatings
decreases to 16 GPa (with a nickel content of 13.8 at. %),
which is associated with an increased concentration of
plastic metal phase Ni in the coating composition.
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f\_; Cr
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10 I~ O

~ b
1 1 1
0 0.2 0.4 0.6 0.8 1.0

Etching depth, pm

Fig. 8. The image of the surface (@)
and the concentration profile of the distribution of elements (b)
in Ti ,;Cr, .,N; .—0.1Ni coating
after oxidative annealing at # = 800 °C
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W KOHIICHTPAIIMOHHBIN MPOGUIIL pactpeenieHus 31neMeHToB (b)
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Fig. 9. The image of the surface (@)
and the concentration profile of the distribution of elements (b)

in Ti ,,Cr, .,N; .—0.1Ni coating

after oxidative annealing at r = 850 °C

Puc. 9. 306pakenue OBepXHOCTH (&)
Y KOHIIEHTPAIIMOHHBIN POQMIIE pactpeeneHus 31eMeHToB (b)

B okpbiTan Ti , Cry 5N o—=0,1Ni

MocJie OKMCIUTENFHOTO oTxHra mpu ¢ = 850 °C

The results of scratch measurements (Figs. 12
and 13) indicate that up to a load of 75 N, the coatings
of Ti—-Cr—N and Ti—Cr-N-Ni systems (1 at. % Ni)
do not exhibit any chips and cracks in the scratch
body, the wear of the coating lies in partial abra-
sion of the protruding irregularities of the coating
and plastic pressing of material out of the scratch
body. When a load of 75 N is reached, cracks begin
to form at the bottom of the scratch (Lcl), which is
accompanied by a drastic increase in the amplitude
of acoustic emission, and at a load of ~85+87 N (Lc3),
a local appearance of the substrate occurs. Such a high
fracture toughness and wear resistance during measu-
ring scratching testify to the high cohesive strength
of the coatings and their adhesion to the substrate, as
determined by the high values of compressive stresses
realized in the coatings [26].

An increase in the plasticity of Ti-Cr—N-Ni coating
material upon the growth of Ni concentration results in
a considerable change in the nature of its destruction
during scratching. The coating is destroyed through
plastic deformation in the entire range of applied
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Fig. 10. The image of the surface (@)
and the concentration profile of the distribution of elements (b)
in Tl(.)‘3 4C.r0‘ 66N0‘75—Q. INi coating
after oxidative annealing at r = 850 °C
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loads in the absence of cracking. This is evidenced
by the acoustic emission data and visual observations
of the scratch (Fig. 14). The destruction of the coa-
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Fig. 11. The influence of nickel concentration
on the hardness of Ti-Cr—N-Ni coatings
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Ha TBepA0CTh MOKphITHI Ti—Cr—N-Ni
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Fig. 13. The dependence of acoustic emission (AE), friction force (F) and friction coefficient (1)

on the load upon measuring scratching (a) and scratch images (b, ¢) for Ti ,,Cr, [N

0.75—0.1Ni coatings

Puc. 13. 3aBucuMocTh akycTuueckoi amuccuu (AD), cuibl TpeHus (F) u koaddurmenta tpeHus (L)

OT Harpy3KH IIPH U3MEPUTEIILHOM Lapananuy (a) u n3odpaxeHus uapanussl (b, ¢) 1t nokpeituid Ti

ting occurs through the pressing of the material out
of the scratch body. At loads on the indenter of more
than 90 N, the coating remains intact. This type of
destruction is attributed to the influence of the plastic
component in its composition (Ni) on the relaxation of
stresses arising in the coating during scratching.

Upon the introduction of 0.1 at. % of nickel into
Ti—-Cr-N coatings, the friction coefficient increases
from 0.6 to 0.7 (Fig. 15). A decrease in the wear resis-
tance of coatings is not observed, and the wear inten-
sity is approximately 2.5-107'° m3/(N-m). The growth
of the friction coefficient is associated with an increase
in the hardness of coatings (from 30 to 42 GPa) and
a decrease in their fracture toughness, as evidenced
by a decrease in plastic deformation ratio (from 67
to 40 %), determined by indentation of the coating
material.

As the nickel concentration in the coatings increases
from 8.7 to 11.8 at. %, the wear coefficient increases

Cr, N

0,66

0,1Ni

0,34 0,75

from 3:107'5 to 4.8-107'> m3/(N-m), respectively. This is
attributed to the relatively low hardness of the coatings.

Conclusion

Ti—Cr—-Ni-N coatings obtained by arc-PVD method
are composed of Cr,N, Ti 7xCrxNy nitrides and metallic
Ni. The formation of nickel based intermetallic
compounds is observed only at its concentration in the
coating above 11 at. %.

The planetary rotation of the coated samples and the
mutual solubility of chromium and titanium nitrides
result in the formation of a complex architecture
of coatings with the nickel content of tenths of at. %,
consisting of columnar grains Ti, 7xCrxNy, including
sublayers, being several nanometers thick, which
are made of Ti—-Cr-N solid solution of variable
composition and the sublayers of Cr,N, being about
25 nm thick. As the nickel content in the structure of

/1
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Ti—Cr—Ni-N coatings increases, a multilayer archi-
tecture is formed.

The introduction of nickel into Ti—Cr—N coatings,
resulting in the refinement of the grain structure
of the nitride phase, is accompanied by an increase
in compressive macrostresses from 6.7 to 9.7 GPa
(at a nickel content of the order of tenths of at. %).
With a further increase in its concentration, the values
of compressive macrostresses decrease to 0.6 GPa, which
may be caused by their relaxation through the process of
plastic deformation of metallic nickel in the stress fields.

It has been established that coatings based on
Ti—-Cr-Ni-N  multicomponent  system  exhibit
the following properties, depending on the nickel
content: hardness of 42—16 GPa; fracture toughness,
characterized by the relative energy of plastic
deformation, of 50-65 %; wear intensity being up
to 107" m¥/(m-N); adhesive strength with substrate
(Lc3) being over 75-80 N, heat resistance being up
to 850 °C. The coatings of this composition have
shown high efficiency for wear protection in sea water

6 0.72
oo P 4 0.68
2z
2% 4
g £ - 0.64
2 3 =
saa 4 0.60
2e ?
i L 4 0.56
1 1 1 1 1 052
0 2 4 6 8 10 12

Ni, at. %

Fig. 15. The influence of nickel concentration
on the tribological properties of the Ti—-Cr—Ni—N coatings
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72
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of a steel (20X13) liner paired with carbon fiber in
sliding-surface bearings used in the friction units of
ship mechanisms [27].
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Comparative analysis
of the tool life of submicron hard alloy WC-10Co
sintered from powder obtained
by electro discharge in oil

M. I. Dvornik, N. M. Vlasova®

Institute of Materials Science of the Khabarovsk Federal Research Center
of the Far Eastern Branch of the Russian Academy of Sciences
153 Tikhookeanskaya Str., Khabarovsk 680042, Russian Federation

&3 vlasova64@yandex.ru

Abstract. In this paper, comparative studies of the microstructure, mechanical characteristics and service life of a cutting insert
made of submicron cemented carbide WC—10Co, obtained as a result of recycling VK10 cemented carbide by Electro Discharge
Erosion (EDE) in oil, were carried out. The specific energy consumption directly for the formation of pulses in the process of
EDE is to a relatively small value (5.7 kW-h/kg). Excess carbon formed as a result of oil pyrolysis during EDE was removed by
heat treatment. The granulometric composition of the obtained powder and the microstructure of the particles were studied. It is
shown that the particles of the resulting powder consist of plate-like WC grains with an average diameter of 0.46 wm and interlayers
of cobalt. The WC—10Co cutting insert, obtained by sintering this powder in vacuum, was used for a comparative analysis of
service life during fine turning of aluminum alloy D16T. As objects for comparative analysis, cutters equipped with blades
made of industrial alloys VK8 and VK60M of a similar design were used. The microstructure and mechanical characteristics
of the experimental alloy and the analogues presented have been studied. On the basis of studies of the microstructure and
chemical composition of the back surface of the cutting inserts, the wear mechanism of the cutters was analyzed. It is shown
that the hardness of the alloys has the main effect on their wear resistance when cutting an aluminum alloy with the presented
cutters. The influence of the hardness of the cutters on the surface roughness of the resulting part was also studied. The obtained
submicron cemented carbide WC—-10Co exhibits the highest hardness (1590 HV) and wear resistance of the presented samples
due to the smallest WC grain diameter (0.59 um).

Keywords: cemented carbide, service life, wear, recycling, electro discharge erosion
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AHHOTaLlMﬂ. HpOBEHeHBI CPaBHUTEJIbHBIC UCCICAOBAHUA MUKPOCTPYKTYPBI, MCXaHNYCCKUX XapaKTCPUCTUK U 3KCHIIyaTaHPIOHHOI71

CTOMKOCTH peXyIIel IIIacTHHBI U3 cyOMUKpoHHOro TBepaoro cmiasa WC—10Co, monydeHHOro B pe3yssrare nepepadoTKy
orxonoB TBepaoro craBa BK10 snexTposposnonnbM mucneprupoBarneM (D3]1) B macne. YmenbHBIE 3aTpaThl SHEPTUH
HEMOCPE/ICTBCHHO Ha (OPMUPOBAHUE HMMITYIBCOB B Iporecce DD/ COCTaBHIM OTHOCHTENBHO HEOOJBIIYHO BEIHYUHY
(5,7 xBt-u/kr). 30BITOK yIiIepoaa, 00pa30BaHHBIN B pe3y/bTrare MUpoin3a Macia npu DO/], ObUT yaieH myTeM TepMooOpaboTKy.
W3yueHsl TpaHylIOMETPUYECKHH COCTaB IMOTYyYEHHOTO MOPOLIKA M MUKPOCTPYKTypa €ro 4actuil. Iloka3zaHo, YTO YaCTHUIIBI
TTOPOIIIKA COCTOSIT U3 BREITAHYTHIX 3epeH WC (dcp = 0,46 MxMm) 1 ipociioek kobanera. [Imactuaa WC—-10Co auist pesnia, momydeHHast
CIEKaHUEM 3TOTO MOPOLIKA B BaKyyMe, Oblia HCIOIb30BaHa JUIsl CPABHUTEIBHOIO aHAJIN3a SKCIUTYaTallMOHHONW CTOMKOCTH HPH
YHCTOBOM TOYEHMH agroMuHMeBoro cruiasa J[16T. B xauectBe 0ObeKTOB JJIsi CPAaBHUTEIBHOTO aHAIN3a MPUMEHSIM pPe3Lpl,
OCHAILICHHbIE [JIACTUHAMU U3 IIPOoMBbIIILIeHHBIX ciuiaBoB BK8 1 BK60OM ananoruuHoi koHcTpykiuu. M3ydeHbsl MUKPOCTPYKTYpa
U MEXaHMYECKUE XapaKTEepHUCTHKU SKCIIEPMMEHTAJILHOTO CIUIaBa M IpEJICTaBICHHBIX aHajoroB. Ha ocHoBe wucciemoBaHuit
MHKPOCTPYKTYpPBI U XMMHUYECKOI'O COCTaBa 3aHel OBEPXHOCTH PEXKYLINX IUIACTUH ObLI MPOAHANIU3UPOBAH MEXaHU3M H3HOCA
pe3uoB. [TokazaHo, 4TO TBEpIOCTH CIUIABOB OKA3bIBAET OCHOBHOE BIMSIHME HAa UX M3HOCOCTOMKOCTh IPH PE3aHUH aJIFOMUHHAEBOTO
CIJIaBa CPAaBHMBAE€MbIMHM pe3LaMH. Takke MCCIIENOBAHO BIMSHUE TBEPHAOCTH PE3LOB Ha IIEPOXOBATOCTH ITOBEPXHOCTH
obpabarsiBaemoii fetanmu. [lomyueHHblit cyOMuKpoHHBIH TBepabii cruiaB WC—10Co o06mamaer HauBBICHICH TBEPIOCTHIO
(1590 HV) n ny4iieii '3HOCOCTOWKOCTBIO M3 M3yUYCHHBIX 00pa3IoB 3a cueT HaumeHblero auamerpa seped WC (0,59 mMkm).

KnioueBble cioBa: TBepblil CIIaB, IKCILTyaTallHOHHAs CTOHKOCTh, H3HOC, IepepaboTKa, MICKTPOIPO3HOHHOE UCIICPIUPOBAHHE

Ans yntnpoBauus: JIeopuuk M.U., Bnacosa H.M. CpaBHHUTENBHBIA aHAN3 3KCIUTyaTallMOHHON CTOWKOCTH CyOMHKPOHHOTO
tBepaoro craBa WC—10Co, criedeHHOro M3 MOpOUIKa, MMOJYYEHHOTO AIEKTPOIPO3UOHHBIM JTUCIIEPTUPOBAHUEM B Maciie.
Hzeecmus 8y306. [lopowkosas memannypeust u (hyHkyuonatvHvle nokpuimusi. 2023;17(1):75-84.
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Introduction

Due to the combination of high indices of strength,
hardness and wear resistance, tungsten-cobalt (WC—Co)
cemented carbides are extensively used in industry [1-3].
Obtaining submicron and ultrafine grained cemented
carbides of high hardness and wear resistance as well
as reducing the costs of their production represent an
urgent task nowadays [4; 5]. High cost of cemented
carbides associated with the limited reserves of cobalt
and tungsten. In the view of this, all cemented car-
bide wastes are recycled and used for the production
of new articles. Owning to high hardness, strength and
chemical stability, the cemented carbides are to be pro-
cessed by costly chemical methods using hazardous
and environmentally destructive chemicals [6—9]. One
of the promising alternative methods for obtaining
powders directly from pieces of material without us-
ing of hazardous reagents is Electro Discharge Erosion
(EDE) [10-16].

The EDE method is based on the erosion of elec-
trodes and the formation of particles during a spark dis-
charge passing in a dielectric liquid. Under the impact
of a spark discharge, the surface of the electrodes is
heated up to ~10* K [17; 18] that results in the melting
and boiling of the initial material inside a vapor bubble
formed upon the boiling of dielectric liquid. After the
spark discharge passes, the vapor bubble collapses, the
molten and boiling material is ejected into the interelec-
trode gap and cooled at a rate of 10°-10° K/s. Cooling
results in the formation of ultrafine-grained particles of
predominantly spherical shape.

76

Researchers have already developed a technology for
processing the alloy, including the production of powders
by EDE method, thermochemical treatment and vacuum
sintering [14; 15]. Due to a small grain size, the obtained
samples of cemented carbides are not inferior to their ana-
logues, obtained by other methods, in terms of the com-
bination of hardness and fracture toughness. However, no
works on the research of the service life of the cutting
tools equipped with these carbides have been found in the
available literature, which makes it difficult to identify the
prospects for their application. This problem applies to all
ultrafine-grained and submicron carbides whose produc-
tion has commenced in recent decades.

To answer the question about the prospects of using
submicron cemented carbides produced by sintering
the powders obtained by EDE and other methods, it
is required to research their service life in comparison
with their analogues during the mechanical processing
of the material in the conditions corresponding to these
carbides. The closest analogues of submicron cemented
carbides are medium-grained and extra fine-grained
cemented carbides produced by modern industry and
applied for the treatment of non-ferrous alloys.

The paper was aimed at the research of wear resistance
of submicron cemented carbide, produced by sintering of
the powder, obtained by recycling by EDE method, and
its analogues during the cutting of aluminum alloy.

Methods

The powder for the initial carbide was obtained by
electro discharge erosion of VK10 (90 % WC + 10 % Co)
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Fig. 1. Cutters studied for wear resistance (a) and the top view of cutting
inserts made of VK8 (b), VK60OM (c), and WC-10Co (d) alloys

Puc. 1. VccrneoBaHHbIC Ha H3HOCOCTOMKOCTB PE3LbI (@) M BUJI CBEPXY PEKYIIMX IUTACTHH
n3 crutaBa BK8 (b), BK60OM (¢) u WC—-10Co (d)

medium-grained carbide. The refined carbide inserts with
the dimensions of 10-20 mm and a total initial weight
of 50 g were subjected to electro discharge erosion for
60 min on a specially designed plant [14; 15]. The pulse
generator parameters are as follows: average pulse
energy — 5 J, pulse frequency — 35 Hz, pulse voltage —
250V, used liquid — dielectric oil (GK-1), EDE dura-
tion — 1 h. The energy expended directly for the passage
of power pulses was calculated based on the current-
voltage characteristics, which were measured by means
of analogue-to-digital converter connected to the anode
and cathode through a voltage divider.

After EDE, the powder was collected as a deposit.
The obtained paste was placed in a ceramic crucible and
subjected to vacuum drying at a temperature ¢ = 500 °C
in “Carbolite STF” wvacuum furnace. Afterwards,
the powder was ground for 5 min by means of “Retsch
PM 400 grinder, weighed, analyzed for carbon con-
tent using “Emia 320V2” analyzer, and excess carbon
was removed by heating the powder at = 1000 °C
for 20 min in CO, environment. The granulometric
analysis was performed by means of “Analysette 22
Microtec” analyzer. The microstructure of the particles
was studied after they were mixed with epoxy resin and
polished. A batch of the obtained powder was mixed
with a binder (benzine-based adhesive), then dried (the
concentration of the binder was 1 wt. %), granulated,
and 3 blanks were pressed from it. The blanks were
sintered at = 1410 °C in a vacuum furnace for 1 h.

Standard straight-turning side cutters equipped with
brazed inserts made of VK8 and VK60OM hard alloys
were used as analogues for the analysis of wear resis-
tance. A cutting insert of experimental WC—10Co alloy
with the same shape of cutting edge was made and fixed
mechanically (Fig. 1, a). The main parameters of the
used cutters were the same: primary back clearance
angle — 10°, primary front clearance angle — 0°, primary
entering angle — 80°, root radius — 0,5 mm (Fig. 1, b—d).

The microstructure of the samples was studied after
grinding and polishing of the surface. The average WC

grain diameter was calculated according to the standard
method (ASTM E112-13:2021), namely by intercept
method. Vickers hardness of all alloys was measured by
means of HVS-50 hardness meter (error 2 %) under load
P =294 H (30 kgf). Fracture toughness (K, .) calculated
according to the total length of the cracks (}/) under
Palmqvist scheme (ISO 28079) using Shetty equation:

K, =0.028 /HV%.

The service life of the cutters was studied by fine
turning of aluminum alloy D16T, which is one of the
most demanded structural materials for the manufac-
ture of parts in the aerospace and shipbuilding indus-
try. The turning of the blank (Fig. 2) was performed
on 16K20 turner under the same conditions until the
wear of back face of 100 um was reached. The maxi-
mum possible cutting speed 7 =300+ 20 m/min,
ensured by this turner, was chosen. The depth of cut
was 0.5 mm, the feed was 0.07 mm/rev. Back surface
wear was measured by means of “Altami” optical

Fig. 2. The machined blank and the cutter during turning

Puc. 2. O6pabarsiBaemasi 3aroToBKa U pe3ell
B IIPOLIECCE TOUCHHUSI
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microscope every 15 min (4.5 km) for VK8 alloy and
every 45 min (13.5 km) for VK60OM and WC-10Co
alloys. The microstructure of the back surface of the
cutting inserts was studied using “Tescan Vega” scan-
ning microscope. The surface of the cutting inserts
was previously cleaned with alkali to remove build-up
and adhered chips. The content of oxygen and metals
in the back surface of the cutter was studied using
“Oxford X-Max 80 SDD-EDXS” energy dispersive
X-ray fluorescence detector.

Results and Discussion

As a result of recycling VK10 cemented carbide
by Electro Discharge Erosion (EDE) in oil, spheri-
cal microparticles and agglomerates of nanodispersed
particles mixed with free carbon, formed as a result of
pyrolysis of hydrocarbons, were obtained. The process
rate was 32 g/h, the specific energy consumption for
the passage of current pulses through the unit made up
5.7 kW-h per 1 kg of powder. If required, the process
rate can be increased many times by increasing the
power of the pulse generator [16].

The phase composition of the obtained powder after
drying at a temperature of 600 °C does not differ from
the original carbide (WC + Co). The total carbon con-
tent in the powder increased to 8.1 % due to the for-
mation of free carbon during the oil pyrolysis. Using
the proven methodology [14], excess carbon (2.6 %)
was totally removed by means of powder anneal-
ing at £ =1000 °C in vacuum furnace, filled with the
equivalent CO, content. The powder obtained after the
removal of free carbon, consisted of WC—Co particles
(Fig. 3, a), the average diameter of which was 11.2 pm
(Fig. 3, b). The spherical particles were plate-like WC
grains with an average diameter of 0.46 um (Fig. 3, ¢),
the space between which was filled with cobalt.

When sintering WC—10Co carbide, the average dia-
meter of WC grains increased up to 0.59 um (Fig. 4, a).
After sintering, WC-10Co cutting insert was produced,
then it was mechanically fastened on the holder and
turned. The reduced rigidity of the insert with mechani-
cal fastening does not cause deformations that impact
the wear of the cutters, since cutting forces do not
reach significant values with the selected cutting mode
(fine turning). Due to the low hardness of the alloy
being processed and the small depth of cut (finish-
ing), the resulting forces could not cause cracking of
the brazed inserts and displacement of the insert with
mechanical fastening. The characteristics of alloy
materials, which primarily depend on their composi-
tion and microstructure, exert a major influence on the
wear resistance of the cutter.

The hard alloys used are distinguished from each
other by their cobalt content, the presence of TaC in
VKO60M alloy, as well as grain shape and size. Since
the selected alloys differ slightly in their chemical com-
position, the mechanical characteristics of the alloys,
which depend on the grain diameter and cobalt content,
have a major influence on the wear rate. The micro-
structure of the alloys (Fig. 4) clearly shows that VK8
alloy exhibits the largest grain diameter and the experi-
mental WC-10Co alloy — the smallest.

Using data on the average grain diameter, mass frac-
tion of cobalt (see the Table) and the simple ratios for
calculating the volume fraction of cobalt and adjacency,
the theoretical hardness values for the presented hard
alloys were calculated based on the Gerland and Lee
model [19; 20]. The obtained results are in satisfactory
agreements with the experimental values (Fig. 5, a).
Medium-grained VK8 alloy exhibits the lowest hard-
ness. WC-10Co and VK60M submicron alloys have
approximately equal values HV. The high hardness
of WC-10Co alloy is provided by a smaller average

Fraction rate, vol. %
o
()
T

aml

1
w
Integral rate, vol. %

0.01 0.1 1

Diameter, pm

0
10 100 1000

Fig. 3. Powder morphology (a), its granulometric composition (b) and particle microstructure (c)
after drying and heat treatment

Puc. 3. Mopdosnorust moporika (@), ero rpaHyJIOMETPUUCCKUiT cocTaB (b) U MUKPOCTPYKTYPa YaCTHIIBI (€)
[0CJIe BBICYIIMBAHUS U TEPMOOOPAOOTKH
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grain diameter, despite the higher cobalt content com-
pared to VK60OM alloy. VK8 alloy is characterized
by the highest fracture toughness among the presented
alloys, VK60M alloy is characterized by the lowest frac-
ture toughness due to the low cobalt content. The frac-
ture toughness of experimental WC—10Co alloy turned
out to be slightly higher than that of VK60OM alloy
(Fig. 5, b) due to the higher cobalt content and the pre-
sence of plate-like WC grains, which improve the ove-
rall characteristics of the alloy [14; 21]. The conducted
tests were selected in accordance with the application of
VK60M and VK8 alloys used, among other things, for
turning aluminum alloys.

1700

1600 |-

1500 |-

1400 |-

Experimental hardness, HV

1300 1400 1500 1600 1700
Estimated hardness, HV

50
45 |-
40 |-
35 -
30 -
25 -
20 |-
15 -

Fracture toughness
K,c» MParm'"”

800 1000 1200 1400 1600 1800 2000
Hardness, HV

Fig. 5. The comparison of experimental values (symbols)
and estimated values (straight line) of hardness (&)
and dependence of fracture toughness of the studied alloys
and their analogues [23] on hardness (b)

Fig. 4. The microstructures of hard alloys
WC-10Co (a), VK8 (b), and VK60OM (c)

Puc. 5. ConocraBnenue SKCIepuMEHTaIbHBIX (3HAYKH)
U pacueTHBIX (IpsiMast) 3HaYCHUI TBepAOCTH (a)

Puc. 4. MUKpOCTPYKTYpPbI TBEp/IbIX CIIIABOB ¥ 3aBHCHMOCTB BSI3KOCTH Pa3pylLICHUs HCCICAYEMBIX CIUIABOB
WC-10Co (a), BKS (b) 1 BK60OM (c) n ux a"anoros [23] ot TBeproctH (b)

Main characteristics of alloys

OCHOBHBIE XapaKTePUCTHKU CILIABOB

Alloy Cobalt content, ' Average grain Hardness, Fracture toughness,
wt. % diameter of WC, um HV MPa-m'?
VK8 8 1.54 1360 19.0
VK60OM 6 1.09 1550 13.2
WC-10Co 10 0.59 1590 14.1
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Fig. 6. The results of energy dispersive analysis
of the back surface of VK8 (a), VK60OM (b) and WC—-10Co (c)
cutting inserts after wear resistance testing

Puc. 6. Pe3ynbrarsl 9HEProMCIIEPCHOHHOTO aHAIN3a
3a7Hel noBepxHOCTH pexynmx miactiue BK8 (a), BK6OM (b)
u WC-10Co (c¢) mociie uCnbITaHUSI HA H3HOCOCTOMKOCTh

The Mechanism of Wear

According to modern researches [22], when turning
an aluminum alloy, the adhesive, diffusion and abra-
sive wear of carbide cutting inserts is observed. The

80

temperature of the cutter tip under close turning con-
ditions (cutting speed of 360 m/min) is 315 °C [22].
Increased temperature and high contact pressure
on the tip of the cutter on the side of the machined
workpiece result in mechanical sticking or fusing
of the machined aluminum alloy on the back surface
of the cutter. The diffusion wear is insignificant in such
conditions, since the solubility of cobalt in aluminum
is low at this temperature [24]. An adhesive layer is
formed under the build-up surface, it contains the
compounds of cobalt, tungsten, aluminum and their
oxides, which are removed during cutting. The formed
build-up is involved in cutting and is periodically cut
off. When it is cut, the wear of the edge and the back
surface of the cutter occurs.

Upon cutting, the cobalt layers are removed first
because of their lower hardness and greater chemical
reactivity. The energy-dispersive analysis of the stu-
died sections confirmed that there was a decrease
in the concentration of cobalt on the back surface of the
cutter by a constant value of 25 % of its initial content
(Fig. 6). Since the decrease in the fraction of cobalt
indicates the depth of its location, it can be con-
cluded that it is removed to a certain depth, regardless
of the size of WC grains. The removal of cobalt results
in the formation of microroughnesses from protru-
ding carbide grains, which are clearly visible at high
magnification (Fig. 7, b, d, f). The results of energy-
dispersive analysis also indicate that the components
of the aluminum alloy do not penetrate into the surface
layers of the hard alloy (Fig. 6). The oxygen content
in the surface layers of wear (1.5-2.0 %) exceeds its
concentration in the surface of alloy (1.1 %), which may
indicate oxygen diffusion and oxide layer formation.

The wear surface of VK8 alloy (Fig. 7, a, ) shows
shallow, smooth grooves with slip bands in them, formed
by shearing off the adhesive layer. In the VK60OM
and WC-10Co alloys, no grooves are detected even
at the highest magnification (Fig. 7,d,f). Namely,
the removal of components of harder alloys (VK60OM
and WC—-10Co) occurs only in a layer less than 1 pm
thick. The wear of the edge of VK8 hard alloy can also
be noticed (Fig. 7, a). The wear of the edge of VK60OM
and WC-10Co alloys is insignificant, since their hard-
ness is higher.

The kinetic dependence of increase of wear value
along the back face on the covered distance consists
of cutting-in and linear wear sections (Fig. 8, a).
The wear of the studied alloys at the initial stage dif-
fers insignificantly (~0.03 mm). Deviations from
a straight line in a linear section are also insignificant.
An increase in hardness results in an increase in ser-
vice life of hard alloys (Fig. 8, b), what is typical for
micro-abrasive wear. VK8 alloy has the least service
life (the reciprocal of wear) (90 min). Due to the higher
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Fig. 7. The photos of the worn back surface of VKS (a, b),
VKO60OM (c, d) and WC-10Co (e, f) cutters after testing

Puc. 7. ®ororpaduu u3HOIIEHHOH 3aHe# noBepxHOoCcTH pe3noB BKS (a, b),
BK60OM (¢, d) m WC—-10Co (e, f) nocne nuctsITaHuii

hardness, the service life of experimental WC-10Co
alloy (360 min) exceeds that of VKO6OM alloy
(315 min) by 45 min. The service life of all studied
hard alloys is sufficiently high (>35 min) and meets
the standard requirements (GOST 5688-61). However,
a further increase in tool life is necessary to save cut-
ters and time. Due to the high hardness, the cutting dis-
tance (about 100 km) covered by cutters equipped with

VK60M and WC-10Co alloys turned out to be longer
than the distance (20 km) covered in a similar study
(ISO K10 Sandvik Coromant carbide) [25].

The average wear rate in the linear section (normal
wear) decreases with increasing hardness according
to the Archard law (Fig. 8, ¢). This is consistent with
modern research showing an increase in wear resis-
tance along with an increase in hardness as a result
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of a reduction in the average grain diameter in the hard
alloys [5; 22]. For the aforementioned reasons, the wear
resistance of hard alloys is to decrease with an increase
in fracture toughness both upon micro-abrasive and
adhesive wear [23].

The roughness of a workpiece depends on cutting
speed, depth of cut, feed, rigidity of the technologi-
cal system, hardness and strength of the cutting edge.
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Fig. 8. The dependence of hard alloy wear
on the covered distance (a); the dependencies of tool life
of the hard alloy (b), the rates of wear along its back face (c)
and the workpiece roughness (d) on the hardness
of the cutting inserts

Puc. 8. 3aBucuMocTb M3HOCA TBEPOTO CILIABA
OT NPOMIEHHOTO IyTH (a); 3aBUCUMOCTH MEPHOJa CTONKOCTH
TBeporo crasa (b), CkopocTH U3HOCA IO €ro 3aJHel rpaHi (c)
U IepoxoBaTtocTy obpabarsiBaeMoii netanu (d)
OT TBEP/IOCTH PEXYIIHUX TIACTHH
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After machining, the profiles of the workpiece differ in
roughness height only. The back surface of VK8 alloy
contains a number of grooves, being caused by defor-
mation due to the relatively low hardness of the alloy.
In addition, the edge of the cutter is deformed that
results in the increase of cutting force and the deforma-
tion of the cutter tip. As a result, the surface roughness
of the workpiece during the machining with VK8 alloy
increases up to R, = 1.07 um. Almost no grooves can
be seen on the back surface of VK60OM and WC-10Co.
There is no change in the edges of these cutters, which
is to facilitate the reduction of the workpiece roughness
as well. Upon machining using the cutters equipped
with VK60M and WC-10Co, the workpiece roughness
makes up R, = 0.85 and 0.82 correspondingly.

Conclusion

This paper presents a method for obtaining
WC-10Co cemented carbide, which outperforms one
of the hardest industrial hard alloys VK60M in terms
ofthe service life due to its higher hardness, from scrap.
As a result of Electro Discharge Erosion (EDE) of the
medium-grained VK10 alloy scrap, a powder with
the required phase composition is formed. The spe-
cific energy consumption directly for the formation
of pulses made up 5.7 kW-h/kg. Submicron WC-10Co
alloy with an average grain diameter of 0.59 pm and
increased hardness (1590 HV) was obtained by sinte-
ring the produced powder after its heat treatment.

A comparative analysis of tool life upon turning
of aluminum alloy with the experimental submicron
alloy and its industrial analogues (VK8 and VK60OM)
showed that the tool life increases in proportion
to the increase in hardness of the hard alloys used. Due
to high hardness, the tool life of experimental WC-10Co
alloy (360 min) turned out to be higher than that of the
extra fine-grained VK60M alloy (315 min) and VK8
alloy (90 min). The workpiece roughness after turning
with harder alloys (VK60OM and WC-10Co) was lower
(R,=0.85 and 0.82 correspondingly) than the work-
piece roughness exhibited by turning with VK8 alloy
(R, = 1.07) due to the higher hardness.
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