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Natural and thermally stimulated
aging of nanosized powders of cobalt ferrospinel

A. A. Nevmyvaka!®, V. A. Zhuravlev?, V. L. Itin'

!'Tomsk Scientific Center of the Siberian Branch of the Russian Academy of Sciences
10/4 Akademicheskii Prosp., Tomsk 634055, Russia
2National University Tomsk State University
36 Lenina Prosp., Tomsk 634050, Russia

&) kaal51@mail.ru

Abstract. This article presents the production of nanosized powders of cobalt ferrospinel through mechanochemical synthesis, resulting
in an average particle size ranging from 3 to 15 nm. The elemental composition of the nanopowders, analyzed using X-ray fluorescent
analysis, is found to be nonstoichiometric and can be represented by the formula: Coy . ,sFe, 3. ,s04- When the duration of mechano-
chemical synthesis exceeds 25 min, the spinel phase constitutes approximately 90 vol. % in the samples. Additionally, the samples
contain hematite phases, the beta modification of iron hydroxide, and an X-ray amorphous phase. Natural aging at room temperature
leads to significant changes in the phase composition of the nanopowders. Specifically, there is an increase in the content of spinel phase,
while the content of hematite and the amorphous phase decrease significantly. Furthermore, the saturation magnetization and effective
field of anisotropy of the cobalt ferrospinel nanopowders exhibit noticeable increments. Consequently, thermal aging of the powders
accelerates the changes in phase composition, structural parameters, and magnetic properties, as well as enhances the transformation
extent during the formation of cobalt ferrospinel.

Keywords: mechanochemical synthesis, cobalt ferrospinel, nanopowders, natural aging, thermally stimulated aging, magnetic anisotropy
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EcTecTBeHHOE Y TEPMOCTUMYNIMPOBaHHOE
cTapeHue HaHOpa3MepPHbIX MOPOLUKOB
dbeppouwnuHenu kobanbTa

A. A. HeBmbiBaka' @, B. A. XXypasnes?, B. V1. VItun'

I Tomckuii HayunbIii nenTp Cubupckoro oraeaenusi Poccuiickoii akageMuu HayK
634055, Poccus, 1. Tomck, Akagemudeckui np-t, 10/4
2 Hayuno-uccaenoBareiabckuii TOMCKHIA rocy1apcTBeHHbI yHHBEPCHTET
634050, Poccus, . Tomck, Jlenuna mp-t, 36

&3 kaal51@mail.ru

AHHOTayms. MeTonoM MEXaHOXHMMHUYECKOTO CHHTE3a IONyYeHbl HAHOpPa3MEpHbIE TOPOIIKH KOOAJIBTOBOH  (heppOIITHHEITH
CO CpeIHUM pa3MepoOM YacTHLl B HHTepBajie 3—15 HM. DIeMEHTHBIH COCTaB HAHOMOPOIIKOB, MHCCIEIOBAHHBIM METOIOM
PEHTTEHOBCKOTO ()IyOPECLEHTHOTO aHaIN3a, HECTEXHOMETPUYSCKHUN U COOTBETCTBYET (hopmyIe Coo,7 io,osFezg i0,050 .- [Ipn Bpemenu
MEXaHOXMMUYECKOTO CHHTE3a 25 MHH H BBIIIIE COJICpIKaHue IMHHEIbHOU (a3bl qocTuraet 90 06. %, B 00pa3iax TakKe MPUCYTCTBYIOT
(hazer remaruta, OeTa-MOIUpUKAINN THIPOKCHIA Kele3a U peHTreHoaMopdHOU (a3bl. B pe3ynbrare ecTeCTBEHHOTO CTapeHHS TIPH
KOMHATHO# Temriepatype (a3oBblii cOCTaB HAHOIOPOIIKOB CYIIECTBEHHO MEHSCTCS: YBEIHMYHBACTCS COACPIKAHWE IIITUHEITBHON
(haszpl, a remaruTa U aMmopdHOU (ha3bl yMEHBIIAETCS B HECKOJIBKO pa3. Takke 3aMETHO BO3pacTaroT HAMArHUYEHHOCTh HACBIIICHUS
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Introduction

Mechanochemical synthesis involves the mechani-
cal processing of solid mixtures, leading to various
processes such as substance disintegration, accelera-
ted mass transfer, homogenization of mixture compo-
nents, and activation of chemical interactions among
solid reagents. The utilization of mechanical grinding
in planetary high-energy mills has proven to be an effec-
tive method for producing powders, including magnetic
powders, with microcrystalline unit sizes reaching as
low as 10 nm or even lower. This approach facilitates
the acceleration of interactions between nanocrystal-
line particles, which becomes particularly significant
in the synthesis of multicomponent systems. In such
cases, both mechanical and chemical forces come
into play within the contact area between particles [ 1-9].

Finely dispersed magnetic powders with the particle
sizes up to 10 nm garnered significant attention from
researchers [10]. The small sizes of these powders and
their unique properties make them suitable for targeted
delivery of genetic material and medications to injured
organs, enhancing magnetic resonance imaging contrast
and other applications [11].

However, nanosized magnetic powders suffer from
agglomeration, which tends to increase as the particle
size decreases. Ultrasonic treatment in a liquid phase
has proven effective in mitigating this drawback. It is
worth noting that extended operation or storage leads
to changes in physicochemical properties, commonly
referred to as aging.

The phenomenon of aging in ferromagnetic materials
exhibits universal characteristics. A study [12] investi-
gated universality in various nonequilibrium lattice mo-
dels with second-order phase transitions. Experimental
data obtained from systems quenched from a high-tem-
perature state at the critical temperature were utilized.

The exponent of the autocorrelation function and
the asymptotic value of the dissipation coefficient were
identified as universal variables. Monte Carlo simula-
tion were conducted to analyze these universal variables
in different lattice models.

Aging effects were further examined in [13; 14] for
a specific case involving behavior of multilayer mag-
netic structures. The study revealed that aging effects
occur not only during nonequilibrium critical behavior
at T=T , (where T represents the critical temperature
of ferromagnetic ordering) but also in wide temperature
range with 7< T'. In such magnetic structures, such as
films with nanosized layers, an increase in the relaxa-
tion time results in deceleration of correlation and
relaxation properties. These effects must be considered
in the development and utilization of various magnetic
structures.

Subsequent research by these authors [15] focused
on calculating the temperature dependencies of equilib-
rium magnetic resistance values for a multilayer struc-
ture Co/Cu(100)/Co with varying thicknesses of cobalt
magnetic layers. The theoretical results exhibited good
agreement with experimental data, indicating an increase
in the magnetic resistance coefficient in accordance with
magnetic laws as temperature decreases and cobalt layer
thickness increases.

The relaxation behavior of magnetization in the mag-
netic superstructure Co/Cu was investigated in [16].
The authors’ analysis demonstrated that the relaxa-
tion behavior follows the pattern of full aging. The relaxa-
tion index, as a function of temperature, reveals distinct
abnormalities during the equilibrium phase transi-
tion from an antiferromagnetic superstructure to para-
magnetic layers.

Significant interest lies in studies examining the influ-
ence of aging on ferromagnetism in hydrogen-induced
magnetic semiconductors with high Curie point [17].
It is known that these compounds exhibit a substantial
increase in magnetization at 300 K after hydrogenation,
particularly in cobalt- and iron-doped ZnO. The induced
magnetization in paramagnetic ZnCo(5 %)O and
ZnFe(5 %)0 granules largely diminishes during storage
due to material degradation.

In most cases, aging in materials is caused by
decomposition of oversaturated solid solutions [18].
Depending on how the crystalline lattice constant
changes, decomposition mechanisms can be categorized
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as continuous or discontinuous. Single-phase decompo-
sition occurs when only one set of X-ray reflections from
lattice of the initial solid solution is observed, while dis-
continuous decomposition involves a dropwise change
in the lattice constant and the appearance of multiple
sets of X-ray reflections.

In massive ferromagnetic materials undergoing sing-
le-phase aging, a single Curie point is observed, and its
position gradually shifts with aging. In the case of two-
phase aging, two Curie points exist, but one of them
diminishes over time [18].

This study explores the influence of natural aging
(at ambient temperature) and thermally stimulated aging
(resulting from annealing at different temperatures)
on the chemical and phase compositions, structural
parameters, and key magnetic properties of nanosized
powders of cobalt ferrospinel.

Experimental

In order to synthesize cobalt ferrospinel nanopar-
ticles, the following reaction was employed:

2FeCl,-6H,0 + CoCl, + Ca(OH), + 3Na,CO, =
= CoFe,0, + CaCl, + 6NaCl + 3CO,1 + 7H,0.

The initial reagents used were of high purity, inclu-
ding pure, chemically pure, and pure for analysis grades.
Furthermore, an inert component, sodium chloride, was
added to the system in weight ratio of m__ : m ., = 1:2.
This addition aimed to reduce the heating degree of reac-
ting mixture (r.m) and thereby prevent particles aggre-
gation in the final product. Subsequently, the system
comprising the initial reagents and the inert component
was placed in steel quenched barrels of a planetary mill
with water cooling (acceleration: 60g). The ball to pow-
der weigh ratio was maintained atc 20:1. The dura-
tion of mechanical processing or mechanochemical acti-
vation was varied between 5 and 60 min.

After the completion of mechanic activation,
the resulting final product was extracted from the plane-
tary mill barrels, washed with distilled water using
a centrifuge (ROTANTA 430R, «Hettich», Germany)
until all salts were completely removed, and dried
at room temperature.

Natural aging of the cobalt ferrospinel nanosized
powder was achieved through maturation in an exicator
for 25 and 10,000 h, while thermally stimulated aging
was conducted in an electric furnace over a temperature
range of 100—600 °C for 60 min.

The chemical and phase compositions, morphology,
dispersity, structure parameters, and magnetic properties
of the cobalt ferrospinel nanopowders were analyzed
following the procedures outlines in references [19-21].
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Result and discussion

Electron microscopy images of cobalt ferrospinel
nanoparticles and a histogram depicting the distribu-
tion of particle sizes can be found in references [20; 22].
The analysis revealed that the nanoparticles, ranging
in size from 3 to 15 nm, exhibit a spherical shape and
tend to aggregate weakly.

These results were corroborated and validated
at the Engelgardt Institute of Molecular Biology,
Russian Academy of Sciences (Moscow) during
an investigation into the impact of cobalt ferrite mag-
netic particles on the spatial arrangement of DNA
molecules [20]. By utilizing specially prepared suspen-
sions and electron microscopy, the authors determined
the average nanoparticle size to be within the range
of 4.0 to 6.5 nm, consistent with the previously obtained
results at the Tomsk Scientific Center, Siberian Branch,
Russian Academy of Sciences. Furthermore, it was
observed that the cobalt ferrospinel nanoparticles tend
to form aggregates. Structural analysis using small-
angle X-ray scattering indicated that the distribu-
tion of nanoparticle sizes encompasses particles with radii
in the ranges of both 1 to 4 nm and 5 to 15 nm, which
aligns with the observations made in reference [20].

The elemental composition of the synthesized nano-
sized powders of cobalt ferrospinel conforms to the for-
mula Co, -, ,sF€,3.0050,- In addition to the main com-
ponents, the powder contains impurities of manganese up
to 0.15 wt. % and chromium up to 0.3-0.4 wt. %, which
originated from the wear of steel balls. Consequently,
X-ray fluorescent analysis demonstrated that the chemi-
cal composition of cobalt ferrospinel deviates signifi-
cantly from its stoichiometric composition.

Figure 1 depicts the phase composition of cobalt fer-
rospinel as a function of the duration of mechanochemi-
cal processing.

For short duration of processing, the samples
exhibit significant heterogeneity. Alongside the spinel
phase, the presence of hematite and the beta modi-
fication of iron hydroxide phase is observed, along
with approximately 10 % of X-ray amorphous phase.
However, as the processing duration reached 25 min and
beyond, the volume fraction of the spinel phase increases
and stabilizes at around 90 %.

In order to assess the effects of natural aging, the struc-
tural and magnetic properties of cobalt ferrospinel were
compared immediately after synthesis (within one day)
with those after being held at ambient temperature for
approximately 14 months (over 10,000 h). Table 1 pro-
vides a summary of the phase composition and structural
properties of cobalt ferrite during natural aging.

During the maturation process of the nanopowders for
over 10,000 h, a significant transformation in the phase
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composition is observed. The aged product no longer
contains any traces of the hematite phase or the beta
modification of iron hydroxide phase (B-FeO(OH)).
Additionally, the content of the amorphous phase
decreases substantially, from 3.0 to 1.0 vol. %, while
the main product, the spinel phase, increases to 99 vol. %
(refer to Table 1). The lattice constant of the nanopow-
ders experiences a slight decrease, and the elastic
microstresses, which are initially very high after mecha-
nochemical synthesis of the nanosized powders, exhibit
a reduction. The average particle size only changes
by a maximum of 5-9 %.

Table 2 summarizes the magnetic properties
of the synthesized nanopowders. The specific satura-
tion magnetization (o, Gs-cm®/g) is estimated using
two methods. In the third column, the magnetization is
determined by linear extrapolation of the high field seg-
ment of 6(H) to zero magnetizing field (H — 0), while
in the fourth column, it is determined by extrapolating
o(H™) to its value at H — 0.

90
80
70 |
60 |-
50 |-
40 -
30 |
20
10 -

Phase composition, vol. %

Duration of mechanic activation, min

Fig. 1. The phase composition of cobalt ferrospinel as a function
of the duration of mechanochemical synthesis
1 — cobalt ferrospinel, 2 — a-Fe,0,,
3 — B-FeO(OH), 4 — amorphous phase

Puc. 1. 3aBucuMocTh (a30BOr0 cOCTaBa OT MPOIOIKUTEIEHOCTH
MEXaHOXMMHYECKOTO CHHTE3a ISl KoOAIBTOBOH (heppoImuHenn
1 - xobansrosas deppomnunens, 2 — a-Fe,0,,

3 — B-FeO(OH), 4 — amopdHas pa3za

The effective fields of magnetic anisotropy (H,)
are determined by studying the second derivative
of the magnetization curve, o(H), following the proce-
dure outlined in reference [21]. The effective constants
of magnetic anisotropy (K ) for the materials under
consideration are calculated using the equation:

2K,
A MS ’
where M= ocp represents the saturation magnetiza-
tion of unit volume in A/m and p denotes the specific
weight of the synthesized powders in N/m?>.

The specific magnetization of the nanopowders
and the field intensity of effective magnetic anisotropy
experience significant changes during 10,000 h natural
aging period at ambient temperature. The magnetiza-
tion of the aged samples increases by approximately
14 % for cobalt ferrospinel (refer to Table 2). This
increase in magnetization exceeds what can be attributed
solely to changes in phase composition resulting from
the transformation of nonmagnetic amorphous phase
and antiferromagnetic hematite into the spinel phase.

It is plausible to assume that this effect is associated
either with a decrease in the thickness of the nonmag-
netic (“dead”) surface layer of the ferrospinel nanopar-
ticles or with a substantial reduction in the defect
structure of the nanoparticle’s crystalline structure
upon aging. Notably, during natural aging, the value
of the effective field of anisotropy for cobalt ferrospinel
increases significantly. This increase can be attributed
to the magnetic anisotropy primarily formed by the cont-
ribution of Co?" ions, which exhibit a strong spin-orbital
interaction (see Table 2).

Thermal processing can greatly stimulate diffu-
sion processes responsible for changes in phase com-
position, structural parameters, and magnetic properties
in nanosized ferrimagnetic powders. Therefore, in this
study, powders of cobalt ferrite obtained with varying
durations of mechanochemical processing were sub-
jected to homogenizing annealing at temperatures
of 100, 300 and 600 °C.

Table 1. The influence of aging at ambient temperature
on phase composition and structural properties of cobalt ferrospinel

Tabsmya 1. Bausinue nNpoaoKUTEILHOCTH cTApeHUsI TP KOMHATHOM TeMIepaTtype
Ha (a30BbIii COCTAB U CTPYKTYPHbIE NapaMeTPbl kK00a1bTOBOM (heppoLITHHeIH

. Phase composition, vol.% Lattice Average particle
Aging . ‘ Amorphous constant size’, nm Ad/ff’
duration, h Spinel Hematite | B-FeO(OH) - @, nm TEM | XSA 10
25 90.0 1.0 6.0 3.0 0.8376 8.5 9.2 8.8
> 10,000 99.0 - - 1.0 0.8370 - 9.6 7.2
* According to transmission electron microscopy (TEM) and X-ray structural analysis (XSA).
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Table 2. The influence of aging and annealing temperature
on basic magnetic properties of cobalt ferrospinel

Tabnuya 2. Bausinue Npo0KUTETbHOCTH CTAPEeHUs
U TeMIIepaTypbl OTKUTa MOCJIe CHHTe3a
HA OCHOBHbI€ MATHUTHBIE XaPAKTEPUCTUKHU
K00a/J1bTOBOM (heppoLITHHeIN

) ) Specific
A;I;ialéflg ‘zﬁg_g magnetization H Oe Keﬂ' 103,
raturg °C | tion, h o, Gy om'/g v Sz
H—0|H—>w»
20 25 22.3 36.1 1740 2.07
20 10,000 | 31.0 41.4 2300 1.75
100 25 55.4 - 1750 -
300 25 60.6 - 2500 -
600 25 58.8 - 4250 -

Figure 2 depicts the relationship between the content
of the spinel phase, average sizes of crystallites, internal
elastic microstresses, and specific saturation magnetiza-
tion for cobalt ferrospinel. It presents these parameters
as a function of both the duration of synthesis and
the annealing temperature.

Annealing at a temperature of 100 °C has a minimal
impact on the structural properties of cobalt ferrospi-
nel. It primarily results in a slight increase in the con-
tent of the spinel phase. However, at higher annealing
temperatures, there is a notable increase in the average
particle size and a significant (around 3—5 times) reduc-
tion in the internal elastic microstresses. These changes
in structural parameters subsequently have a substan-
tial effect on the magnetic properties of ferrimagnetic
nanopowders.

Table 2 provides a summary of the main magnetic
properties, including the specific saturation magnetiza-
tion and the effective field of magnetic crystallographic
anisotropy, for nanosized powders of cobalt ferrite.
These properties are analyzed in relation to the dura-
tion of mechanochemical synthesis and various modes
of thermal processing.

The increase in magnetization is most pronounced
in samples synthesized in less than 25 min. This
increase can be attributed to the growth in average par-
ticle size, leading to a reduction in the relative volume
of the “dead” surface layer and a decrease in the extent
of the defect structure within crystallites. The depen-
dences of the effective field of magnetic anisotropy are
more complex, as they involve a competition between
volumetric and surface anisotropy, as well as contribu-
tion of magnetoelastic interactions.

Changes in the effective field of magnetic anisotropy
of cobalt ferrospinel nanoparticles upon aging warrant
individual discission. As reported in [23], the effective
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Fig. 2. The content of the spinel phase (@), average particle
size (b), internal elastic microstresses (c) and saturation
magnetization (d) as a function of mechanochemical
synthesis time and subsequent heat treatment temperature
1-t=20°C,2-100°C, 3-300 °C, 4—-600 °C

Puc. 2. 3aBHCUMOCTH COfIepIKaHUs IITUHENbHOI (Ba3sl (a),
cpemHero pa3Mepa gactull (b), BHyTPEeHHUX YIPYTHX
MHUKPOHANPSDKEHUH (¢) 1 HAMAarHUYEHHOCTH HachIIeHus (d)
OT HPOJIOJDKUTETBHOCTH MEXaHOXMMHYECKOTO CHHTE3a

U TEMIIEPaTyphl MOCIEeAYIONIeH TePMUIECKOH 00padOTKH
1-1t=20°C,2-100°C, 3-300°C, 4—-600°C
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constant of magnetic anisotropy of the nanoparticles
can be expressed as the sum of'the following components:

V. 14
K = Kyia +k56=(1——S]KV +-— K + A0,
v, v,

where the first and the second terms account for the cont-
ributions of volumetric and surface magnetocrystalline
anisotropies, respectively, while the latter term repre-
sents the contribution of magnetoelastic interactions.
Here K, and K denote the constants of anisotropy for
the internal volume and surface layer, respectively;
A is the coefficient of ferrimagnetic magnetostric-
tion; o = (Ad/d)E represents the value of internal elas-
tic microstresses, where £ is the Young modulus; V is
the volume of the excited surface layer; ¥, is the non-
excited internal volume.

Considering the negligible changes in the sizes
of ferromagnetic particles during natural aging, the field
changes, and hence the effective constant of aniso-
tropy, are primarily governed by the decrease in internal
elastic microstresses with aging. This implies a change
in the contribution of the magnetoelastic component
to the total energy of crystal anisotropy. Consequently,
the magnetostriction coefficient for nanosized powders
of ferrimagnetic compounds can be estimated using
the following equation

M, A

}\‘S :SHA 587,

where 8H, denotes the change in the field of magnetic
anisotropy during aging.

The magnetostriction constant obtained for cobalt
ferrite nanoparticles is 68-107°, which is approximately
half the value observed for massive crystals. It should
be noted that estimating such values for materials after
annealing is problematic due to difficulties in separating
the contributions of surface anisotropy and magneto-
elastic interactions.

Table 3. The chemical composition of cobalt
ferrospinel nanopowders as a function of the duration
of mechanochemical activation

Tabnnya 3. Bausinue BpeMeHH aKTHBALMH
HAHOINOPOIIKOB K00AIbTOBOI (heppoLINIHETH
Ha ee XMMHUYECKHUIi cocTaB

Duration Content, at. % .
g Chemical
of mechanic formula
activation, min Fe Co U
10 43.34 23.04 Co, ,,Fe, 4O,
20 48.95 17.94 Coy ¢ Fe,,0,
30 14.73 48.94 Co, cFe, 5,0,

Therefore, nanosized powders of oxide ferrimag-
netic materials produced through mechanochemical
synthesis exist in a metastable state and tend to tran-
sition into a stable state during aging at ambient tem-
perature. The evolution of phase composition, structural
parameters, and magnetic properties provides evidence
of relaxation processes upon aging.

One such processes is crystallization of the amor-
phous phase, although its influence on changes in phase
composition and magnetic properties is minimal due
to its negligible content compared to the spinel phase.
Regarding hematite, its absence after aging is likely due
to its dissolution in the spinel phase.

X-ray fluorescent analysis of the elemental phase
of the synthesized samples revealed that, in all cases
after mechanochemical synthesis, the concentrations
of components do not correspond to their stoichiometric
ratio (Table 3). Furthermore, the cubic lattice is main-
tained, with a lattice constant lower than that of mate-
rials in bulk form, and the elastic stresses are very high.

It can be hypothesized that over prolonged aging,
hematite undergoes dissolution in the spinel phase
through solid-phase diffusion under high stress condi-
tions. Consequently, the chemical composition of the fer-
rimagnetic material approaches stoichiometry. Substan-
tial evidence supporting this notion includes a notable
increase in specific saturation magnetization and
alterations in the effective field of magnetic anisotropy.
The primary processes governing the changes in mag-
netic properties of nanosized powders during thermally
stimulated aging are the reduction in the significance
of the surface layer and the extent of magnetic defect
structure.

Conclusions

1. It has been experimentally shown that cobalt
ferrite nanoparticles synthesized through mechano-
chemical methods using iron chloride (III) crystallo-
hydrate exhibit weak agglomeration, a spherical shape,
and sizes in ranging from 3 to 15 nm. The elemental
composition of the synthesized nanopowders is non-
stoichiometric and can be described by the formula:

C00.7i0.05F62.3i0.0504 .

2. X-ray fluorescent analysis (XFA) reveals signifi-
cant changes in the phase composition of cobalt ferrite
nanopowders during aging (>10,000 h after synthesis
at ambient temperature):

—the content of the desired product (spinel phase)
increases to 99.0 vol. %;

— no impurity phases of hematite and iron hydroxide
are detected;

—the final product after aging only exhibits traces
of an amorphous phase.

il
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3. Both natural and thermally stimulated aging result

to an increase in the average particle size and a signifi-
cant decrease in internal elastic microstresses (indica-
ting a reduction in the defect structure of cobalt ferrite
nanopowders).

4. Aging is accompanied by a significant increase

in saturation magnetization due to an increase in the con-
tent of the ferrimagnetic phase and a decrease in the frac-
tion of the surface “dead” layer and the defect structure
of the ferrimagnetic material.
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Thermal explosions in (Ti, Zr, Hf, Nb, Ta)
carbon mixtures

S. G. Vadchenko' %, A. S. Sedegov?, I. D. Kovalev!
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2 National University of Science and Technology “MISIS”
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&3 vadchenko@ism.ac.ru

Abstract. This research focuses on investigating the ignition and thermal explosion behavior of (Ti, Zr, Hf, Nb, Ta) + 5C mixtures
that have been mechanically activated. First, we mechanically activated the metal powder mixtures to produce composite particles
consisting of Ti, Zr, Hf, Nb, and Ta, followed by the addition of carbon, and re-activation. An activation time of 120 min at 347 rpm
resulted in the formation of solid solutions from the metals in the mixture, while large tantalum particles were preserved. The resulting
mixtures were then pressed into pellets, which were heated in argon until ignition occurred. The ignition process involves multiple
phases, with the first being inert heating, followed by progressive heating at # = 420+450 °C, and a subsequent endothermic phase
transformation at 750—770 °C. The temperature then rises rapidly, resulting in a thermal explosion that forms complex carbides, leaving
some unreacted tantalum behind. The (Ti, Zr, Hf, Nb, Ta)C; activated mixtures and high entropy solid solution are unstable and release
titanium and zirconium carbides when heated above 1300 °C, causing changes to the composition of the (Ti, Zr, Hf, Nb, Ta)C, final
product. When diluted by adding 25 and 50 % of the final product, the effective activation energy E, for the (Ti, Zr, Hf, Nb, Ta) + 5C
reaction in the 1100-1580 °C temperature range was found to be 34 kJ/mol.

Keywords: high-entropy alloys, high-entropy carbides, ceramics, mechanical activation, thermal explosion

For citation: Vadchenko S.G., Sedegov A.S., Kovalev [.D. Thermal explosions in (Ti, Zr, Hf, Nb, Ta) carbon mixtures. Powder Metallurgy
and Functional Coatings. 2023;17(3):14-21. https://doi.org/10.17073/1997-308X-2023-3-14-21
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AHHoTayms. B pabote ucciaen0BaHbl 3aKOHOMEPHOCTH BOCIUIAMEHEHHMS M TEIUIOBOTO B3PbIBA MEXaHWYECKHM aKTUBHPOBAHHBIX cMeceil
(Ti, Zr, Hf, Nb, Ta) + 5C. Vx roroBuiu B 2 3Tana — BHaYajae MPOBOIIIN MEXaHHUECKYIO aKTHBALIUIO CMECEH TTOPOIIKOB METAJIOB
JUTS TIONTyYeHUsT KOMIO3UTHBIX yactull Ti, Zr, Hf, Nb, Ta, 3aTrem 106aBnsiin yriaepoa U MpOBOAMIH JOMOJHUTEIBHYIO aKTUBAILIHIO.
[Ipu axktuBanuu B Teuenue 120 MHH IpH CKOPOCTH BpameHHus Oapadanos 347 o06/MHH (HOPMHPOBAIHCH TBEPAbIE PACTBOPHI Ha
OCHOBE BXOJSIIIMX B COCTAB METAJUIOB M OCTABAINCh KPYIHBIE YACTHI[BI TAHTANA. M3 MomydeHHBIX cMeceil mpeccoBaiy TabNeTKy,
KOTOpBIE HarpeBanu B arMoc(epe aproHa A0 BoclulaMeHeHus. [Ipomecc BoCIIaMeHEHHs BKIIOYAeT B ce0s HECKOIBKO CTaIHi.
Ha mepBoii cragum npoucxonuT MHEPTHBIA HarpeB. Ilpm ¢=420+450 °C HaymHaeTCs MPOTPECCHBHBIN pa3orpeB oOpasma
1o temmneparyp 750-770 °C, npu KOTOPBIX MPOUCXOAUT (a30BbIi MEPEX0, CONPOBOKIAAIOUINICS SHIOTCPMUUECKUM dPPEKTOM.
ITocne dazoBoro mepexona Temneparypa pe3ko MOBBIMIAETCS, M TPOUCXOANUT TETIOBOH B3PHIB, B PE3yIbTaTe 4ero (popMHUPYIOTCS
CIIOXKHBIE KapOHJIbl M OCTAETCSI HEIIPOPEArnpOBABIINI TaHTal. AKTHBUPOBAHHAS CMECh U BEICOKOIHTPOIMIHBIN TBEP/BIH PacTBOP
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(Ti, Zr, Hf, Nb, Ta)C, necTabunbHel, u npu Harpese Bbime 1300 °C u3 HUX BhUIENAIOTCS KapOumsl. [Ipu 5ToM U3MEHsETCs COCTaB
tBepaoro pactopa (Ti, Zr, Hf, Nb, Ta)C;. C ncnonb3oBanueM MOCIETHETO /Ul pa3daBieHUs aKTHBUPOBAHHON cmecH Ha 25 %
n 50 % mna peakiun (Ti, Zr, Hf, Nb, Ta) + 5C B nunrepsane temneparyp 1100-1580 °C 6bu1a onpenenena ¢ peKkTHBHAS SHEPTUs

axtusanuu E, = 34 kJlx/mMonb.

KnioueBbie c/10Ba: BBICOKOSHTPOIUHHbIC CIUIABbI, BRICOKOIHTPOINHHbIC KapOu/Ibl, KepaMHKa, MEXaHUYECKOe aKTHBHPOBAHHE, TEILIOBOM

B3PBIB

Ansa untnposanus: Baguenko C.I'., Ceneros A.C., Koaner I./1. Terutooit B3psiB B cmecsx (Ti, Zr, Hf, Nb, Ta) ¢ yrepomom. H3eec-
mus y308. Ilopowkosas memannypeus u Qynkyuonanvioie nokpoimus. 2023;17(3):14-21.
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Introduction

Since 2004, high-entropy alloys (HEA) and high-
entropy ceramics based on oxides, borides, carbides,
nitrides, and hydrides have been subject of intensive
research [1]. Among these materials, high-entropic
carbides (HEC) have received particular attention due
to their unique features [1-3]. Specifically, Ti, Zr,
Hf, Nb and Ta-based HECs form stable monophase
compound [4-7] with exceptional mechanical proper-
ties [8—11], low thermal conductivity [12], good oxida-
tion resistance [13—15] and biocompatibility [16; 17].

To date, more than 20 manufacturing processes
for high-entropy alloys have been developed [1].
Among the most common processes are mechanical
activation (MA), spark plasma sintering (SPS), reduc-
tion from oxides, and hot pressing. Additionally, self-
propagating high-temperature synthesis (SHS) can be
utilized to produced HEAs by exploiting the exother-
mic reactions between group [V—V transition metals and
carbon, boron, nitrogen or silicon [18; 19]. The SHS
product is typically processed using spark plasma sin-
tering to obtain a single-phase HEC. Although SHS is
a rapid and advantageous process, the thermal explo-
sion and combustion of HEC multicomponent mixtures
have not been extensively studied.

The aim of this study is to examine the kinetics
and product formation during a thermal explosion in
(Ti, Zr, Hf, Nb, Ta) + C, mixtures.

Materials and methods

We utilized commercially available domestic pow-
ders:

— hafnium (Hf), GFM-1 grade (TU 48-4-176-85
Specs), 99.1 % purity, 180 um average particle size;

—tantalum (Ta), TaP-1 grade (TU 1870-258-
00196109-01 Specs), 99.9 % purity, d = 4063 um;

—titanium (Ti), PTM-1 grade (TU 14-22-57-92
Specs), 99.2 % purity, d = 5+15 um;

—niobium (Nb), NbP-1a grade (GOST 26252-84),
99.7 % purity, d < 63 pm;

— zirconium (Zr), PCrK-1 grade, (TU 48-4-234-84
Specs), 99.6% purity, d = 40+63 pm;

— graphite powder, (GOST 23463-79), 99.9999 %
purity, ASC 8—4, d < 140 pm.

Activation and ignition occurred in argon of
99.998 % purity. The powder mixture was prepared
in two stages. In the first stage, an equimolar mix-
ture of Ta+Ti+ Nb+Zr+ Hf was activated in
an Activator 2S planetary mill (Activator, Novosibirsk,
Russia). The mixture was placed in pre-vacuumed steel
drums and subsequently filled with argon at 6 atm.
The ball-to-powder weight ratio was 1:18, with a ball
weight of 360 g (5—7 mm diameter) and powder weight
of 20 g. The drum rpm was 347 and the milling time
was 120 min, resulting in the production of a metallic
composite.

To prevent oxidation and self-ignition, the com-
posite powder was unloaded in an argon-filled glove
box. Graphite powder was added to the mixture
inside the glove box to create (Ti, Zr, Hf, Nb, Ta)C,.
The resulting mixture was similarly activated for
60 min and then passivated. The drum was open
for 1-2's to allow air in, then closed and held for
10-12 h. To obtain a homogeneous mixture with
the (Ti, Zr, Hf, Nb, Ta)C; high-entropy alloy made
by SHS, a portion of the composite/graphite powder
was stirred in a porcelain mortar for 30 min. The final
product concentrations in these mixtures were 25
and 50 %. Samples, measuring 3 mm in diameter
and up to 1.0-1.5 mm in height, were pressed from
the mixtures.

The procedure for the ignition temperature test
is depicted in Figure 1 [20]. The cylindrical samples
were positiond on a flat thermocouple that was 30 pm
thick, and then placed into either a boron nitride or
graphite crucible. The crucible was subsequently
placed on an electric graphite strip heater and heated
to the ignition or melting temperature. The accu-
racy of temperature measurement was validated
using the Zn, Al and Cu melting points as a refer-
ence. The margin of error at < 1100 °C was no more
than =10 °C. The thermocouple readings were recorded
at 1 kHz.
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Fig. 1. Sample ignition temperature measurements
1 — sample, 2 — crucible, 3 — thermocouple, 4 — graphite strip heater

Puc. 1. Cxema u3MepeHust TEMIIEPATyPbl
BOCIIJIAMEHEHUS 00pa3IoB
1 — obpaser, 2 — turenb, 3 — repmonapa, 4 — rpaduTOBbII JICHTOUHBII
HarpeBarenb

For XRD of the initial samples and products after
ignition, we employed a DROn 3M diffractometer with
CuK -radiation (Burevestnik, St. Petersburg, Russia).
Furthermore, we used an LEO 1450 VP microscope
(Carl Zeiss, Germany) for canning electron micros-
copy (SEM).

Results and discussion

Figure 2 depicts the thin section microstructure
of the initial Ti, Zr, Hf, Nb, and Ta composite particles.
It was not possible to produce homogeneous composite
particles from the metal powder mixture, as the par-
ticles contained both layered inclusions (/) and indi-
vidual large tantalum particles (2).

Due to insufficient probe positioning accuracy,
it was not possible to analyze smaller particles and
layers. However, the SEM analysis indicated that they
included all of the original elements. XRD analysis

Fig. 2. Microstructure of a (Ti, Zr, Hf, Nb, Ta) mixture particle
after activation and passivation
1 — layered inclusions, 2 — tantalum particles

Puc. 2. Muxpoctpykrypa yactuisl cmecu (Ti, Zr, Hf, Nb, Ta)
MOCJIe aKTHBAIMK U TTaCCUBALIMN
1 — cnoucteie BKITFOUCHUA, 2- YacCTHIIbI TaHTaJa

(Figure 3) indicated that the metal peaks had shifted
to the left, indicating the formation of solid solutions.
The tantalum and niobium peaks were nearly identi-
cal. The small peak located at approximately 40° was
close to the 100 % titanium peak. Ti was found to form
solid solutions with tantalum, niobium, hafnium and
zirconium.

The formation of solid solutions was confirmed
by the plateau observed in the thermal curves at various
heating rates (V) during the initial stage (z <450 °C),
as shown in Figure 4. A thermal curve of the hea-
ting of the titanium sample was also included for
comparison.
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Intensity, a.u.

500

@ Ta, Nb — cubic.

m HfTHf, Ti, ...] — hex.
A Zr[Zr, Ti, ...] — hex.
v Ti[Zr, Hf, ...] — hex.

© HfH,, ZrH

20, deg

Fig. 3. XRD image of the (Ti, Zr, Hf, Nb, Ta) + 5C mixture after activation and passivation

Puc. 3. Perrrenorpamma cmecu (Ti, Zr, Hf, Nb, Ta) + 5C nocre npoiieccoB akTUBAILMY U TTACCHBALITH
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The ignition temperature (7,,) at high heating rates
is 1030 °C. The temperature decreases with the heating
rate downto 760 °C. The thermal curves suggest that this
decrease is due to a phase transformation with a signifi-
cant endothermic effect, resulting in an isothermal seg-
ment in thermal curves. The a—p-transformation tem-
peratures for titanium, zirconium, and hafnium in
the Group IV metals in the mixture are 1, 5= 882, 865
and 1743 °C, respectively. These temperatures are con-
siderabely higher than those indicated on the thermal
curves. It should be noted that the formation of solid
solutions during mechanical activation can lead
to a decrease in the o—f-transformation temperature
in titanium. Okamoto H. and Lyakishev N.P. [21; 22]
reported that 7, for titanium-zirconium equiatomic
solid solutions can drop to 560—600 °C. Polymorphic
transformations in Ti—-Nb metastable solid solutions
can occur at £ = 425+600 °C [23].

Polymorphic transformation generally enhances
diffusion coefficients. This, in turn, accelerates
the reaction between the solid solutions and carbon and
lyp become the critical temperature of thermal explo-
sion (¢,). The sample heating rates at the initial stage
(V,) and after ignition (V) were recorded as follows:

L, °C 760 760 770 790 830 1000
Vi, °Cls ........ 45 47 53 68 95 240
V,, °Cls ........ 4250 5400 9400 11,300 8700 6500

It can be seen that the heating rate of the V, sample
above the critical temperature is two orders of magni-

1800

tude greater than the V| average heating rate at the ini-
tial heating stage (up to 450 °C), indicating a thermal
explosion.

Figure 5 displays the XRD image of the thermal explo-
sion products of the activated (Ti, Zr, Hf, Nb, Ta) + 5C
mixture. The ignition is triggered by the forma-
tion of carbides or solid solutions of carbon in the metals,
but it does not lead to the formation of the final product.
Due to the short holding time at high temperatures and
rapid cooling, some of the metals do not have sufficient
time to react. Comparing the XRD images in Figure 3
and 5, it can be observed that the peak intensity ratio
changes after the thermal explosion due to the forma-
tion of hafnium and niobium carbides.

To investigate the reaction kinetics in this system, we
diluted the initial mixture with the (Ta, Ti, Nb, Zr, Hf)C;
final product obtained by SHS. Figure 6 illustrates
the thermal curves for the samples containing 25 and
50 % of the final product.

Figure 7 shows the XRD images of the products
obtained by adding 25 and 50 % of the final product
to the (Ti, Zr, Hf, Nb, Ta) + 5C activated mixture, and
the XRD image of the final product.

The XRD images of the products obtained by heating
the diluted mixture are nearly identical. The main phase
formed by dilution retains its cubic lattice, but the lat-
tice parameters differ. The XRD images reveal peaks
of titanium and zirconium carbide. The XRD images
of the activated mixture (see Figure 3) exhibit weakly
pronounced titanium and zirconium peaks. When heated
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Fig. 4. Thermal curves for various heating rates of the (Ti, Zr. Hf, Nb, Ta) + 5C mixture and titanium samples
V, °C/s: 240 (1), 95 (2), 72 (3), 68 (4), 53 (5), 47 (6) and 45 (7)

Puc. 4. TepmorpamMMsI TIpH Pa3IMYHBIX CKOPOCTsIX Harpesa o0pasuos u3 cmecH (Ti, Zr. Hf, Nb, Ta) + 5C u o6pasia u3 turana
¥, °Cle: 240 (I), 95 (2), 72 (3), 68 (4), 53 (5), 47 (6) u 45 (7)
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Fig. 5. XRD image of the thermal explosion products of the activated (Ti, Zr, Hf, Nb, Ta) + 5C mixture

Puc. 5. Pertrenorpamma npoayKTOB TEIIOBOTO B3pbiBa akTuBupoBanHoi cmecH (Ti, Zr, Hf, Nb, Ta) + 5C
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Fig. 6. Thermal curves for various heating rates of the (Ti, Zr, Hf, Nb, Ta) + 5C mixtures
containing 25 (a) and 50 % (b) of the (Ti, Zr, Hf, Nb, Ta)C, final product
a—V=550°C/s (1), 480 (2), 310 (3), 280 () and 140 (5)

b— V=730 °C/s (6), 340 (7), 310 (8), 295 (9) and 190 (10)

Puc. 6. TepmorpaMMBI TIpH Pa3INIHBIX CKOPOCTSIX HarpeBa oopasnos u3 cmeceil (Ti, Zr, Hf, Nb, Ta) + 5C,
conepxamux 25 (@) u 50 % (b) xoneunoro nponyxkra (Ti, Zr, Hf, Nb, Ta)C;
a— V="550°Clc (I), 480 (2), 310 (3), 280 (4) u 140 (5)
b— V=730 °Clc (6), 340 (7), 310 (8), 295 (9) 1 190 (10)
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Fig. 7. XRD images of the products obtained by heating the activated (Ti, Zr, Hf, Nb, Ta) + 5C mixture
diluted by 25 % (I) and 50 % (2) of the (Ti, Zr, Hf, Nb, Ta)C; final product (3)

Puc. 7. PeHTreHOrpaMMBbI TIPOIYKTOB Harpesa akruBupoBanuoii cmecu (Ti, Zr, Hf, Nb, Ta) + 5C,
pas6asiennoii na 25 % (1) u 50 % (2), u koneunoro npoxyxra (Ti, Zr, Hf, Nb, Ta)C (3)

above 1300 °C, the peaks of Ti and Zr carbide become
visible. We can conclude that the solid solutions formed
after activation and the dilution of high-entropy phase
are unstable at high temperatures (¢ > 1300 °C), result-
ing in the release of titanium and zirconium carbides.
The composition of the (Ti, Zr, Hf, Nb, Ta)C; high-
entropy phase also changes.

Since the compositions of the ignition products
of the diluted mixture are nearly identical, we used
the max temperature vs. heating rate curves for the two
dilutions to estimate the activation energy using
the Kissinger equation. The reaction rate in the diluted
mixtures decreased significantly, and the sample over-
heating was low. Furthermore, the temperature gra-
dient across the relatively thin samples (about 1 mm
thick) was insignificant. Considering these factors, we
estimated the activation energy for the reaction for-
ming the (Ti, Zr, Hf, Nb, Ta)C; high-entropic phase as

follows:
ln % = ln ﬁ — Ea ,
Tmax Ea RTmax

where B is the heating rate, degrees/s; E, is the activa-
tion energy, kJ/mol; R = 8.314 J/(mol-K) is the gas con-
stant; 4 is the pre-exponential factor of the Arrhenius
equation (particle collision frequency, s™'); 7 is
the max temperature, K.

Figure 8 shows the In [zi] vs. T} curve.

max

The activation energy E, for the reaction of the
(Ti, Zr, Hf, Nb, Ta) + 5C activated mixtures diluted
with the final product in the temperature range of 1100—
1580 °C, was found to be 34 kJ/mol. This value is sig-
nificantly lower, by 75-80 %, than the value estimated
from previous experimental data on gasless combus-
tion of metal-carbon systems [24]. One possible expla-
nation for this discrepancy is that the mechanical acti-
vation process resulted in an increase in the reactivity
of the metals, which may be attributed to the grinding
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‘o _88
90
>
-y
~
= 94
-9.6
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max ?

Fig. 8. The reaction activation energy estimated
with Kissinger’s equation
The activated mixtures (Ti, Zr, Hf, Nb, Ta) + 5C
are diluted by adding 25 % (M) and 50 % (@) of the final product

Puc. 8. Pe3ybrarsl OLICHKH YHEPTHU aKTHBAIIUH PEAKIIMU
1o ypaBHeHHI0 Kuccunmkepa

Pas0aBiieHre KOHEYHBIM TTPOYKTOM aKTHBUPOBAHHBIX
cmeceii (Ti, Zr, Hf, Nb, Ta) + 5C na 25 % (H) u 50 % (@)
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process, the closer contacts between reactants and
the introduction of more crystal lattice defects.

Conclusions

1. The mechanical activation of (Ti, Zr, Hf,
Nb, Ta) + 5C mixtures for 120 min at 347 rpm pro-
duces composite particles and solid solutions of Ti,
Zr, Hf, Nb and Ta, while individual tantalum particles
remain in the mixture.

2. The ignition of the (Ti, Zr, Hf, Nb, Ta) + 5C
activated mixture occurs in several stages, including
inert heating, progressive heating to 420—450 °C and
phase transformation at 750—770 °C. A thermal explo-
sion occurs when the temperature raises abruptly.

3. Despite the high temperatures, the reaction pro-
duces complex carbides, and unreacted tantalum remains
due to the short duration of the thermal explosion.

4. The activated mixtures and high entropy solid
solution are unstable. When heated above 1300 °C,
they release titanium and zirconium carbides.
This process also causes a change in the composi-
tion of the (Ti, Zr, Hf, Nb, Ta)C; final product.

5. The effective activation energy estimated for
the reaction in the (Ti, Zr, Hf, Nb, Ta) + 5C mixture
(E, =34 kJ/mol) is 75-80 % lower than the values
reported for the metal + carbon combustion reac-
tions. This could be attributed to the mechanical
activation of the mixture.
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Influence of thermomechanical treatment
on the formation of the structure in dispersed-reinforced
aluminum alloy-based metal composite materials
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Abstract. The study explored various facets of the structure of dispersed-reinforced aluminum alloy-based metal composite material (MCM)
under different modes of thermomechanical treatment. Replacing traditional structural materials with MCM provides manufacturers
with an opportunity to achieve higher levels of engineering superiority. The ability to choose composition, modify primary component
ratios, and employ a range of MCM manufacturing techniques allows for precise tuning of the material's strength, rigidity, temperature
range, and other physical and mechanical properties. Two prevalent technologies for crafting dispersed-reinforced aluminum alloy-
based MCM exist: liquid-phase and powder technologies. Liquid-phase methodology entails merging the reinforcing component into
the binder alloy's melt, followed by crystallization. This process guarantees the dispersion and fixation of reinforcing particles within
the binder volume. In contrast, powder technology involves simultaneous processing of primary component powders in high-energy
mills, with subsequent amalgamation of the resultant composite granules via pressure molding. The chief aim of thermomechanical
treatment lies in yielding blanks that closely mimic the final product's geometry and reshaping the deformable material's structure to
heighten its strength properties. Powder technology was employed to fabricate monolithic composite material samples. Their structures
were analyzed, accompanied by tests to ascertain density and strength parameters of the MCM at room temperature. Consequently,
dispersed-reinforced aluminum alloy-based MCM possessing a uniform structure, density exceeding 99.0 % of the theoretical value,
and elevated mechanical attributes: 6, = 300+-305 MPa and £ = 87+95 GPa, were successfully produced.

Keywords: metal composite material (MCM), aluminum alloy, thermomechanical treatment, pressing, structure, strength properties
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structure in dispersed-reinforced aluminum alloy-based metal composite materials. Powder Metallurgy and Functional Coatings.
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Ha dopMUpPOBaHUE CTPYKTYpPbl AUCNEPCHO-apMUPOBaAHHOIO
MeTal/In4eCcCKoro KOMMNo3snLUMOHHOro MaTepmuana
Ha OCHOBe aJIloMUHUEBOTrO CMJlaBa
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AHHOTaHMﬂ. HccnenoBanbl acnekTsl (bOpMPIpOBaHPIH CTPYKTYpbl AUCIEPCHO-AaPMUPOBAHHOIO METAJUIMYECKOIO KOMIIO3UIIMOHHOI'O
Marepualia (MKM) Ha OCHOBC QJIIOMHUHHUEBOIO CIUIaBa B 3aBUCUMOCTU OT PA3JIMYHBIX PEKUMOB ,Z[e(bOpMaIIPIOHHO-TCpMPI‘-IeCKOﬁ
06pa60TKI/I. 3ameHa TPpaAVIIMOHHBIX KOHCTPYKIIMOHHBIX MAaT€pUaJIOB Ha MKM no3Bosnut TIPOU3BOAUTECIIAM r[epeﬁm Ha Ka4€CTBEHHO
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0osiee BBICOKHN TEXHUYECKHUI YPOBCHbB. HOZ[60p cocCTaBa, M3MCHCHUC COOTHOULICHUS HCXOAHBIX KOMIIOHCHTOB W IPHUMCHCHUEC
Pa3jiMIHbIX METOAOB H3IrOTOBJICHUSA MKM 1o3BoJISIFOT HaIIpaBJICHHO PEryanpoBaTb MPOYHOCTL, KECTKOCTb, AUAlla3OH pa60‘II/IX
TEMIICpaTyp U Apyrue (1)I/I3I/IKO-MeXaHI/I‘{eCKI/Ie XapaKTEpUCTUKU Marepuaa. CyHIeCTByIOT JBEC Haunbosee PacrpoCTpaHCHHbIC
TCEXHOJIOTUH NOTYYCHUS TUCIIEPCHO-apMHUPOBAHHBIX MKM Ha 0CHOBE QJIFOMHUHHUEBBIX CTLIABOB — )KI/I,HKO(i)aC)HaSI 1 NOPOIIKOBas. HepBasI
IpeanojiaracT pasMenBaHUuEe apMUPYIOIIEIO KOMIIOHEHTA B pacCIljyiaBE MaTpHUYIHOIO CIlJIaBa C 110 cneuyfomeﬁ Kpncmﬂnmauneﬁ, KOTOpas
obecrieyrBaeT pacrpeneicHue u (1)I/IKC21HI/IIO ApMHUPYIOMINX YaCTULl B o0beMe MaTpulbl, a BTOpas NpeACTaBIsICT co0oit COBMECTHYIO
06pa60n<y TIOPOLIKOB UCXOAHBIX KOMIIOHCHTOB B BLICOKOOHEPI€TUYECKUX MCIIbHULAX € IMOCICAYIOIINM 06T>GIII/IHCHI/IGM TMOJTYYCHHBIX
KOMITO3UIIUOHHBIX I'PaHyJI METOAaMU 06pa60n<1/1 naBieHrneM. OCHOBHOM IIEITBIO ,He(bOpMaL[HOHHO-TepMH‘{eCKOfI 06pa6OTKI/I SABIIACTCS
TIOJTYYCHHUE 3ar0TOBOK C q)OpMOfI, MaKCHUMaJIbHO HpI/I6JII/I)KeHHOﬁ K r€eOMETPHUU KOHEUHBIX I/I3Z[CJ'II/Iﬁ, a TaKiKC U3MCHCHUE CTPYKTYPhI
I[e(i)OpMI/IpyeMOFO Marepualia, IpuBOAANICE K ITOBBIIIIECHUTIO YPOBHS ITPOYHOCTHBIX cBoiicTB. B pa60’re C UCIIOJIb30BAHUEM HOpOHIKOBOfI
TEXHOJIOTHH OBbLJIM W3TOTOBJICHBI 06pa3u1;1 MOHOJIUTHOI'O KOMITO3UIIMOHHOI'O MaTre€puaia, UCCICA0BaHa UX CTPYKTypa U IPOBEACHLI
HCHBbITaHUSA C LEJIbIO OINPEACIICHUS TNIOTHOCTU U NPOYHOCTHBIX XapaKTEPUCTUK MKM npu KOMHATHOM TEeMIIEparype. B pe3yiibrare
TIOJTYYCHBI NUCIICPCHO-apPMUPOBAHHBIC MKM Ha 0CHOBE aJTFOMHUHHUEBOTO CIUIaBa C O,I[HOpO,HHOﬁ CprKTypOﬁ, IJIOTHOCTBIO OoJiee

99,0 % ot TeopeTHUECKON ¥ MOBBIICHHBIME MEXaHUYECKUMU CBOKCTBaMu: 6, = 300305 Mlla u £ = 8795 I'Tla.

KnioueBbie croBa: meraminueckuii KoMmo3unuoHHbd marepuan (MKM), amoMHHHEBBIH CiuiaB, AehOpMalnOHHO-TEPMHYECKast
00paboTKa, mpeccoBaHue, CTPYKTypa, IPOYHOCTHBIC XapaKTEPUCTUKN

Ansa yntuposanus: Habxun A.H., Koconanos JI.B., Kypbarkuna E.W. Bausuue nedopmannoHHO-TepMUUECKOi 00paboTku Ha (op-
MHPOBAaHHE CTPYKTYPBI JTUCIECPCHO-APMHUPOBAHHOTO METAIMYECKOTO KOMITO3MIIMOHHOTO Marepuayia Ha OCHOBE AJFOMHHHUCBOTO
cruiaBa. Mzeecmus 8y308. Ilopowkosas memannypeus u gyukyuonanvhvie nokpvimus. 2023;17(3):22-29.
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Introduction

Currently, the creation of promising products in
aviation and rocket-space engineering demands mate-
rials with low density and enhanced strength properties
for primary structures. Such materials, owing to their
distinct properties, can also find utility in ultralight,
high-load structures across various industries [1; 2].

Moreover, a critical concern for contemporary
material developers revolves around devising energy-
efficient production technologies that lead to reduced
product costs, heightened material utilization coef-
ficients in end products, and enhanced product
competitiveness [3-5].

A prospective avenue for addressing the aforemen-
tioned challenges lies in the utilization of metal compos-
ite materials (MCM) based on dispersed-reinforced alu-
minum alloys, coupled with the refinement of techniques
for manufacturing components from these materials
to ensure the requisite levels of physical, mechanical, and
operational parameters in the resultant products [5—10].

Typically, metal composite materials comprise
a plastic metal alloy fortified with solid ceramic rein-
forcement materials in the form of particles characte-
rized by varied sizes and shapes [11-13].

The production of MCM through powder technology
entails the concurrent processing of primary component
powders within high-energy mills, followed by the con-
solidation of the resultant composite granules through
pressure molding. The fundamental goal of thermo-
mechanical treatment is to yield blanks that closely
approximate the final product’s geometry, while also
inducing structural modifications in the deformable
material to enhance its strength properties. The thermo-

mechanical treatment procedure hinges upon the inher-
ent capacity of plastic materials to undergo irreversible
shape changes when subjected to external forces, all
without succumbing to destruction [14].

The structure of dispersed-reinforced MCM comp-
rises a binder metal wherein finely dispersed particles
of the reinforcing phase are uniformly distributed.
The binder metal within the MCM imparts plasticity,
while the ceramic phase enhances strength, rigidity,
thermal resistance and wear resistance. The mecha-
nism underpinning MCM reinforcement is precondi-
tioned by the formation by the strengthening phase
particles of barriers for dislocation movement, similar
to the mechanism in alloys with dispersion hardening.
Opting for aluminum alloys as a binder metal in MCM
is favored due to their superiority over alternative
alloys, encompassing excellent workability, perfor-
mance, and cost-effectiveness [15; 16].

The objective of this study was to investigate
the impact of thermomechanical treatment on the struc-
ture of MCM based on an aluminum alloy from the
Al-Mg-Si system, reinforced with 20 vol. % SiC and
produced via powder technology.

Research methodology

The primary material used for manufacturing dis-
persed-reinforced aluminum alloy-based MCM con-
sisted of composite granules obtained through mecha-
nical alloying in a laboratory planetary ball mill model
PM 100 (SM Retsch, England).

AD31 aluminum alloy was employed as the binder,
while the reinforcing phase consisted of 63C (F800)
silicon carbide particles.
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The composite granules were compressed within
a blind die to produce blanks in the shape of cylindrical
briquettes. Subsequently, these briquettes were heated
to the hot deformation temperature and then pressed
using a k03.032 hydraulic press (Russia).

The necessary pressing force for MCM through
a cone die via direct pressing was determined using
the following formula:

P=0o,, ,1 + 2 ln£+2—L+2—l F,
“1\ 2sina l+cosa) f D d

where 6, is the yield strength of MCM at the pressing
temperature, MPa; a is the angle of inclination of the die
generatix, deg; F and f are the projection areas
of the briquette and the pressed bar on the plane per-
pendicular to the direction of the male’s die movement,
respectively, mm?; L is the height of the briquette, mm;
[ is the height of the die bearing, mm.

The structure of the pressed MCM samples was
examined using an optical electron microscope
Olympus BX51 (Olympus, Japan).

The density of the MCM samples was determined
through hydrostatic weighing.

The porosity of the material was calculated using
the following formula:

n=|1-2r | 100 %,
pcalc

where p, and p_, are the measured and calculated
values of MCM density, respectively, g/cm?.

The strength characteristics of the MCM were
assessed through uniaxial tension conducted in accor-
dance with GOST 1497-84 using a Zwick Roell testing
machine (Zwick Roell Group, Germany).

Results of the study
and their discussion

The morphology of the initial material, which
consists of mechanically alloyed composite granules,
is presented in Figure 1. The majority of these gran-
ules exhibit a spherical shape with a textured surface.
The particle size distribution of the granules predomi-
nantly falls within the range of 600 to 1000 pm.

Cylindrical briquettes were manufactured from
the composite granules using a blind die pressing tech-
nique on a hydraulic press, with the intention of subse-
quently undergoing hot direct pressing via a cone die.

The compaction of granules through blind die
pressing unfolds in multiple stages. During the initial
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Fig. 1. Structure of mechanically alloyed aluminum alloy-based
MCM granules

Puc. 1. CtpykTypa MexaHHYECKH JIeTHPOBaHHBIX rpanyn MKM
Ha OCHOBE aJIFOMUHHEBOTO CILIaBa

phase, the pressing tool induces mutual shifts among
the granules, consequently reducing the available
interstitial space. This, in turn, leads to the decelera-
tion of their mobility due to mounting friction emerg-
ing at the points of contact between the granules.
The ensuing stage is marked by the escalation of con-
tact stresses and the commencement of deforma-
tion processes. Once the stress level matches the yield
strength of the composite material, plastic deforma-
tion pervades the entirety of the briquette’s volume.
Consequently, an intensive alteration in the shape and
condition of the granule contact surfaces transpires.
This culminates in the formation of a compacted
structure within the composite material, characterized
by a porosity ranging from 5 to 10 %.

In[17-19], investigations were conducted
into the impact of specific pressing pressures on the den-
sity of briquettes crafted from powdered materials. It
was demonstrated that upon reaching a density thresh-
old of 90-95 % of the theoretical density, the compac-
tion process slows down, leading to no further density
augmentation despite increased pressing force.

The graph illustrating the correlation between den-
sity and pressing force, as observed in the experiments
carried out in the context of this study, is depicted in
Figure 2. In this diagram, zone / corresponds to the ini-
tial phase of the blind die pressing process, while zone 2
pertains to the subsequent stage.

The deceleration of material compaction can be
elucidated through the specific nature of deforma-
tion processing within the confined space of the blind
die. This is attributed to both the restricted ability for
pressed MCM volume redistribution within the con-
fined dimensions of the blind die and the limited extent
of deformation experienced by the material under
the comprehensive compressive force.
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Fig. 2. Dependence of MCM density on the pressing force

Puc. 2. 3aBucumocts miotHocTd MKM 0T ycuiust npeccoBaHus

The distribution of accumulated deformation fields,
acquired from modeling the pressing procedure within
a blind die, is illustrated in Figure 3. Notably, the cent-
ral region of the briquette displays the most pronounced
structural refinement. Conversely, the upper and lower
portions of the briquette, which were in contact with
the male die and the bottom of the blind die, exhibit
a comparatively lower level of accumulated deforma-
tion, ranging from 0.1 to 0.3. The emergence of fric-
tional forces at the contact surface between the male die
and the blind die’s base curtails the motion of the com-
pressed material within the confined space of the blind
die. Consequently, this uneven distribution of deforma-
tion elaboration within the resulting briquette volume is
engendered [20-22].

In the images depicting the structure of the MCM
after being pressed in a blind die, the outlines of the ini-

Deformation

Max 1.159
Min 0.02362

Fig. 3. Results of modeling the MCM sample pressing process
in a blind die

Puc. 3. Pe3ynbTaTsl MOJEIUPOBAHMUS IPOLEcCa IPECCOBAHMS
obpas3ia MKM B riryxoii Matpuie

tial granules are discernible (Figure 4). Simultaneously,
the resultant structure captures alterations that trans-
pired within the material during the deformation pro-
cess. Notably, the periphery of the briquette exhibits
higher levels of porosity when contrasted with the cen-
tral region.

The presence of porosity within the pressed mate-
rial exerts a detrimental influence the strength prop-
erties of the MCM, thereby limiting its suitability
as a structural material for part fabrication. In order
to achieve heightened performance, the enhance-
ment and refinement of the material’s structure can be
achieved through subsequent thermomechanical treat-
ment involving increased degrees of deformation.

Within this study, we undertook the process of hot
direct pressing through a cone die and scrutinized
the impact of the elongation ratio on the structure and
properties of the resultant composite material.

Hot direct pressing denotes deformation of a bri-
quette, wherein heated pressed material flows conti-
nuously into the deformation center. This process yields
alterations not only in the material’s shape but also in

Fig. 4. Structure of the MCM sample
pressed in a closed blind die
a and b — peripheral and central parts of the briquette, respectively

Puc. 4. Ctpykrypa npeccoBaHHOTO
B 3aKpBITOi 000iiMe 0bpa3ua MKM
a n b — nepudepuitHast ¥ EHTpaIbHAS YaCTH OPUKETa COOTBETCTBEHHO
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its inherent properties. The external forces exerted
upon the MCM during direct pressing encompass
the male die pressure, normal pressures on the con-
tainer’s side surfaces, the die, and the drawing cylin-
der, alongside friction forces arising on the contact
surfaces between the MCM and the tools. This constel-
lation of forces culminates in material restructuring,
correlating with augmented density and heightened
strength properties of MCM.

The process parameters that exert considerable
influence on the resulting material’s structure dur-
ing pressing have been identified. These parameters
comprise the deformation rate (characterizing the rate
of movement of the press’s male die), the material’s
outflow speed from the die, and the elongation ratio.
The deformation rate, denoting the linear velocity
of the press’s working piece movement in the primary
deformation direction, remains consistent and was set
at 10 mm/s in this study. The material’s outflow speed
from the die and the elongation ratio share an interde-
pendent relationship: the latter determines the extent
of deformation within the pressed material, and its
elevation leads to a proportional rise in the outflow
speed.

It is acknowledged that the presence of a reinforc-
ing element in the form of finely dispersed ceramic par-
ticles classifies disperse-reinforced MCM as intricate
deformable materials, endowed with notable resistance
to deformation. Consequently, to ensure the uniform
flow of MCM during deformation and to diminish
the requisite pressing force, a conical die shape was
selected.

Throughout this study, direct hot pressing processes
with elongation ratios (p) ranging from 10 to 30 were
investigated.

The findings revealed that the highest density (more
than 99.0 % of the theoretical one) was attained for
MCM samples with p > 20. Notably, surface indenta-
tions (score lines) emerged on their surfaces in proxi-
mity to the discarded area. This particular form of defect
is attributed to the gradual thinning of the lubricant
layer applied onto the tool during hot direct pressing,
coupled with the escalation of contact friction forces
within this region. Consequently, the peripheral layers
of the pressed bar start to lag behind the central layers.
This phenomenon can be mitigated through the utili-
zation of multi-component lubricants or by applying
an exceedingly hard coating to the tool’s functional
surface. Employing the Qform 3D software package
for modeling the hot direct pressing process corrobo-
rates the outcomes obtained from the experimental
work. Cumulative deformation within the peripheral
layers of the bar surpasses that within the central
region by a factor of 1.25 (Figure 5).
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Fig. 5. Results of modeling the process of MCM
direct pressing in a cone die

Puc. 5. Pe3ynbrarsl MOJICIMPOBaHUS IIPOLIECCA TIPIMOTO
npeccoanust MKM B koHMYecKol MaTpuie

The structure of the MCM in the pressing direc-
tion exhibits a banded pattern, linked to the material’s
stress distribution during deformation. Specifically,
this is influenced by the presence of tensile stresses
aligned along the deformation axis. The boundaries
of the granules, which were initially set within the bri-
quette’s structure, undergo extension along the axis
of compression, thereby shaping the structure depicted
in Figure 6. Furthermore, for elongation ratio of p > 10,
the structure of the pressed MCM appears non-uniform
(see Figure 6, a), attributed to inadequate compressive
stresses originating within the deformation center. In
contrast, at u > 20 and >30 (Figure 6, b, ¢), the struc-
ture demonstrates higher uniformity.

Samples were manufactured from the resultant bars
for the purpose of conducting tensile tests. The visual
representation of these samples is presented in Figure 7.

The mechanical properties of the pressed dis-
persed-reinforced MCM samples were examined at a
temperature of 20 °C. The tabulated data showcases
the acquired outcomes for strength (o), yield strength
(0,,) and elastic modulus (E).

MCM samples produced with an elongation ratio
of >20, which exhibit a uniform structure, demonst-
rated superior strength characteristics compared
to the samples with p > 10, marked by non-uniform
structure. Meanwhile, elevating u > 30 did not result
in a significant performance improvement, similar
to the density findings detailed earlier.
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Fig. 6. Structure of MCM bars after direct pressing with
elongation ratios of >10 (a), >20 (b) and >30 (c)

Puc. 6. Crpykrypa npyrkoB MKM mnociie npsiMoro npeccoBaHust
¢ kodddurmentamu BITSHKKU >10 (a), >20 (b) n =30 (c)

Values of mechanical parameters of dispersed-reinforced
MCM samples in comparison with aluminum alloy
of AD31 grade

3HavyeHHs] MeXaHHYeCKHX XapaKTepUCTUK 00pa31oB
nucnepcHo-apmupoBannoro MKM B cpaBHenuu
¢ ATIOMHUHHEBBIM CILIAaBOM Mapku AJ[31

Sample u c,,MPa | o,,,MPa | E,GPa
>10 | 290-300 | 235-240 87-93
MCM >20 | 300-305 | 240-245 88-94
>30 | 300-305 | 240-245 87-95
AD31 - 240-250 | 200-205 71-73

Fig. 7. Samples of dispersed-reinforced MCM
for tensile testing

Puc. 7. O6pa3susl u3 qucrnepcHo-apmupoBanHoro MKM st
UCTIBITAaHUH Ha PACTSDKECHUE

Conclusions

1. Thermomechanical treatment of dispersed-rein-
forced aluminum alloy-based MCM through blind die
pressing enables the production of material with poros-
ity ranging from 5 to 10 %.

2. Once the density reaches a threshold of 90-95 %
of the theoretical value, is compaction of dispersed-
reinforced MCM decelerates, and further augmenta-
tion of the pressing force does not lead to increased
density.

3. Subsequent thermomechanical treatment, charac-
terized by intensified material deformation, enhances
the structure and attributes of the aluminum alloy-
based MCM obtained.

4. Hot direct pressing with the elongation ratio
greater than 20 yields dispersed-reinforced aluminum
alloy-based MCM featuring a uniform structure, den-
sity surpassing 99.0 % of the theoretical value and
heightened mechanical properties: ¢, = 300305 MPa
and £ = 87+95 HPa.
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High-temperature oxidation
of ZrB,-SiC-La,O, ceramic material produced
via spark plasma sintering
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S. E. Porozova®, M. N. Kachenyuk

Perm National Research Polytechnic University
29 Komsomolsky Prosp., Perm 614000, Russia
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Abstract. The study investigated the influence of La,0, addition on the oxidation properties of composite ceramics with a composition of
80 vol. % ZrB, and 20 vol. % SiC. The source materials utilized in this study included zirconium diboride (DPTP Vega LLC., Russia),
grade 63C silicon carbide (Volzhsky Abrasive Works JSC, Russia), and lanthanum hydroxide concentrate (Solikamsk Magnesium
Plant JSC, Russia), with the following elemental content (wt. %): La — 54.2, Nd — 4.3, Pr— 2.8, and trace amounts of other elements
(<0.1). The La,O, content in the charge varied between 0, 2 and 5 vol. %. The powders were mixed in a planetary mill with ethyl
alcohol as the medium for 2 h, using a grinding media to powder ratio of 3:1. Consolidation of the powders was achieved through spark
plasma sintering at 1700 °C, applying a pressing pressure of 30 MPa. The heating rate was 50 °C/min, and the isothermal holding time
was 5 min. Oxidation was carried out in air at 1200 °C and the total oxidation time was 20 h. Oxidation experiments were conducted
in air at 1200 °C, with a total oxidation time of 20 h. It was observed that the most significant weight gain occurred within the first
24 h of testing. Specimens containing 5 vol. % La,O, exhibited the smallest weight gain after 20 h of exposure. Regardless of the
presence of La,O;, silicon carbide was found to be the first material to undergo oxidation. In specimens without La,O, addition, the
oxidized layer mainly consisted of silicon monoxide and dioxide. In contrast, specimens with La,O, exhibited a predominantly oxidized
layer composed of ZrSiO, and ZrO,. The study revealed that the introduction of La,O, intensified the formation of zircon, which
subsequently slowed down the oxidation processes in the material.

Keywords: oxidation, spark plasma sintering, zirconium diboride, silicon carbide, lanthanum oxide, oxidized layer, energy dispersive
analysis, elemental composition

For citation: Kulmetyeva V.B., Chuvashov V.E., Lebedeva K.N., Porozova S.E., Kachenyuk M.N. High-temperature oxidation of
ZrB,-SiC-La,O, ceramic material produced via spark plasma sintering. Powder Metallurgy and Functional Coatings. 2023;17(3):
30-37. https://doi.org/10.17073/1997-308X-2023-3-30-37

Ocob6eHHOCTU BbiICOKOTEMNEPaTYPHOro OKUCNIEHUS
Kepamuueckoro matepuana ZrB,-SiC-La,O,,
NONTYYEHHOr O UCKPOBbIM NJIa3MEHHbIM CNeKaHueM
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AHHoTayms. VccienoBaHo BIMSHAE T0OABKU La203 Ha OKHCJIICHHUE KEepaMHKH COCTaBa, 00. %: SOZrBz—ZOSiC‘ B kauecTBe MCXOIHBIX
MarepranoB ucnons3oBanu audopun mupkonus (OO0 AIITIT «Beray, Poccus), xapoun kpemuns mapku 63C (OAO «Bomxkcknit
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abpa3uBHEIN 3aBoay», Poccust) n xonnentpar ruapokena gantana (OAO «ConmkaMckuii MarHHEBEIH 3aBof», Poceust), coneprkanne
AIIEMEHTOB B KOTOPOM COCTaBJsUIO, Mac. %: La — 54,2, Nd — 4,3, Pr— 2,8, ocranbubie — menee 0,1. Comepxanue La,O, B muxre
BapsupoBaiock: 0, 2 u 5 06. %. CmenmBanue MOPOIIKOB IPOBOJMIN C HCIIOIb30BAHUEM IUIAHETAPHON MEIILHUIIBI B TCUEHHE 2 4
B TUJIOBOM CIIMPTE, COOTHOLICHUE MEJIIOIIUX Tell U IIOpoLIKa cocTaBiisiio 3:1. KoHconuaanuio nopomkKos 0CyIeCTBISLIIL METOLOM
HCKPOBOTO ITa3MEHHOTO crekanus npu temmneparype 1700 °C u naBnennn npeccoBanus 30 MIla co ckopoctsio Harpesa 50 °C/muH
U N30TEPMHUUYECKON BBIIEpkKKOH 5 MuH. OKHCIIEHHEe IIPOBOAMIN Ha Bo3ayxe mpu Temmeparype 1200 °C, obmiee BpeMs: OKHCICHUS
cocrasmio 20 4. Hanbosee HHTEHCHBHOE yBEINYEHNE MAacChl OTMEUCHO B TeUCHHUE NEPBBIX 2—4 4 ncnbitanuil. [To ucreuennu 20 g
HaWMEHBIIEE YBETMICHHE MACChl HAOMONANoch y o0pasios ¢ nobaskoi 5 00. % La,O,. YcTaHOBNEHO, YTO BHE 3aBUCHMOCTH OT
Hammaus La,0, kapOun KpeMHHS TIEPBBIM TTO/IBEPTacTCs OKHUCIeHUIo. B o6pasnax 6e3 mobasku La,0, oKucIeHHBIH cloi cocTouT
TPENMYIIECTBEHHO W3 MOHO- U JINOKCHIA KPEMHHSI, TOT/Ia Kak B 00pasuax ¢ La,0, 60Nyt 4acTh OKUCIEHHOTO CII0S COCTABIIIOT
ZrSiO, u ZrO,. Takum 006pa3om, ycTaHOBIIEHO, uTo BBenenne La,O; nnrencupuuupyer npomecc GopMUPOBaHHS IUPKOHA, YTO

CHOCO6CTByeT 3aMCUICHHUIO ITPOLIECCOB OKUCIICHUS.

KnroueBbie croBa: oxuciieHHe, HCKPOBOE ILIa3MEHHOE CIICKaHWe, THOOPUA LUPKOHHS, KapOu KPeMHHsI, OKCU/T JIAHTAHA, OKHCIICHHBIH

CJI0H, YHEPrOIUCIIEPCUOHHBIN aHAJIN3, DJIEMEHTHBINH COCTaB

Ansa yntnpoBanms: Kynemersesa B.B., Uysamos B.3., Jledenera K.H., [Topo3osa C.E., Kauentok M.H. OcoOeHHOCTH BBICOKOTEMITC-
PaTypHOTO OKHUCJICHUs Kepamudeckoro marepuana ZrB,~SiC-La,0,, noay4eHHOro HCKPOBBIM ITA3MEHHbBIM CTICKaHueM. Mzeecmus
6y306. [lopowrosas memannypeus u pynkyuonaivuvie nokpvimus. 2023;17(3):30-37.
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Introduction

To date, the primary concern lies in the development
of materials capable of enduring extended periods in oxi-
dizing environments at high temperatures [1-3]. In this
regard, a noteworthy focus is on ultra-high-temperature
ceramics (UHTC), which consist of a ceramic matrix and
a protective structure that shields the surface from oxida-
tion [1; 4; 5]. In order to produce such materials a deli-
berate selection of additive phases is conducted to facili-
tate the formation of surface structures that can withstand
prolonged exposure to oxidizing environments at high
temperatures. One prevalent example of UHTCs is com-
posite materials based on zirconium or hafnium borides,
which exhibit high thermal conductivity and thermal
shock resistance [6].

Sintering zirconium and hafnium boride powders
requires temperatures exceeding 1950 °C due to their
strong covalent bonds and low self-diffusion coef-
ficient [7; 8]. The sintering process is typically acti-
vated by incorporating sintering additives such as
SiC, Si;N,, La,0,, LaB, [9; 10], tantalum, titanium,
zirconium, molybdenum silicides, etc. The optimum
composition is considered to be the volumetric ratio
of 80 % ZrB, to 20 % SiC [11; 12]. At high tempera-
tures, the oxidation of these ceramics leads to the forma-
tion of a protective multi-layer coating on the surface,
consisting of ZrO,-SiO, and borosilicate glass. This
coating effectively seals cracks and pores on the UHTC
surface, creating a gas-tight film that prevents oxygen
diffusion into the material [13; 14].

Spark plasma sintering (SPS) is a relatively recent
technique that enables the reduction of sintering tem-
perature and time for certain materials when performed
under vacuum or an argon atmosphere [15]. Despite
some existing studies in this area, the phase composition,
structure, and oxidation properties of boride-based com-

posite materials produced through this process have not
been adequately investigated [15-17].

The objective of this study was to examine the impact
of La,O, addition on the oxidation properties of compo-
site ceramics with the following volumetric composition:
80ZrB,-20SiC.

Materials and Methods of Research

The source materials utilized in this study included:

— zirconium diboride (DPTP Vega LLC., Russia);

— lanthanum hydroxide concentrate (Solikamsk Mag-
nesium Plant JSC, Russia), with the following elemental
content (wt. %): La— 54,2, Nd —4,3, Pr—2,8 and trace
amounts of other elements (<0.1);

—grade 63C silicon carbide (Volzhsky Abrasive
Works JSC, Russia).

The particle size distribution of the powders was deter-
mined using laser light diffraction with the Analysette
22 NanoTec plant (Fritsch GmbH, Germany). The ZrB,
powder exhibited a predominant particle size range
of 0.5 to 12 um, with 97 % of particles measuring less
than 11.1 um, and an average particle size of 4.52 pm.
The SiC powder demonstrated a bimodal particle size
distribution, with an average particle size of 3.47 um.
The La(OH), powder exhibited a wide particle size dist-
ribution, with an average particle size of 9.76 pm.

In order to convert lanthanum hydroxide into oxide,
the material was subjected to annealing at 600 °C for
a duration of 1 h in an air atmosphere. The initial pow-
ders were mixed using a SAND planetary mill in ethyl
alcohol. The grinding process lasted for 2 h at a speed
of 160 rpm, a grinding media to powder ratio of 3:1.
The mixtures contained lanthanum oxide in two different
volumetric percentages: 0, 2 and 5.

The specimens were consolidated using spark plasma
sintering (SPS) on the Dr. Synter SPS-1050b equipment
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(SPS Syntex, Japan) at a temperature of 1700 °C. Heating
was achieved by applying a pulsed direct current at a rate
of 50 °C per min. The temperature was monitored using
an optical pyrometer placed on the outer side of the gra-
phite matrix. The material was loaded into the system
just before the heating process began, while maintain-
ing a constant load at a pressure of 30 MPa. The applied
load was removed after the completion of the heating
phase. To prevent any undesirable reactions between
the sintered powder, matrix, and punches, graphite paper
was employed. Additionally, graphite felt was wrapped
around the mold to minimize heat losses. The specimens
were subjected to an isothermal holding time of 5 min.

The apparent density and open porosity of sintered
specimens were analyzed following the guidelines out-
lined in GOST 2409-2014.

For the oxidation study, the specimens were exposed
to air in an electric furnace equipped with silicon carbide
heaters. The crucibles containing the specimens were
placed in the furnace, preheated to 1200 °C. After a spe-
cific duration, the specimens were removed, weighed
to record their weight, and then returned to the furnace.
The total duration of high-temperature oxidation was 20 h.

The phase composition of the specimens was exa-
mined using Raman spectroscopy on a multifunc-
tion spectrometer SENTERRA (Bruker, Germany), with
a laser wavelength of 532 nm. The acquired data were
processed using the OPUS 6.5 software.

Microscopic analysis of the specimens was con-
ducted using an analytical auto emission scanning elect-
ron microscope VEGA3 (TESCAN, Czech Republic).
In order to determine the elemental composition,
an Inca X-Act detector (Oxford Instruments Analytical,
Great Britain) was employed for energy-dispersive ana-
lysis of the elemental composition of the materials.

Results and Discussion

The investigations were conducted on the mate-
rials containing 0, 2 and 5 vol. % of La,0O;. No signifi-
cant changes in the apparent density and open porosity
of the specimens were observed after the SPS process.
The open porosity values ranged from 3.5 to 5.5 % across
all variations.

The specimens were subjected to oxidation in an air
environment for a duration of 20 h. The time intervals
for recording the specific weight gain of the specimens
increased as the weight gain decreased. The results are
presented in Figure 1. The most substantial weight gain
occurred within the initial 2—4 h of testing.

Among the specimens, those with 5 vol. %. of La,O,
exhibited the lowest weight gain after the 20-hour expo-
sure. It is worth noting that up to 9 h of exposure, the dif-
ferences in specific weight gain were minimal. Only
with further increases in oxidation time did the impact
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Fig. 1. Specific weight gain of ZrB,~20 vol. % SiC ceramic
specimens with different content of La,O, after oxidation
for 20 h at 1200 °C
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Puc. 1. YnenbHblii npuBec 00pa3ios
kepamuku ZrB,~20 06. % SiC ¢ pasnuunbiM conepskanuem La,O,
nociie okucaenus B teuenue 20 u npu ¢ = 1200 °C
La,0,,06.%:1-0,2-2u3-5

of La,0O, on the material’s oxidation resistance become
more pronounced.

It has been established that the resistance of ZrB,
composite materials to high-temperature oxidation is
primarily influenced by the composition of the pro-
tective layer formed on the material’s surface [18].
The fractures in the specimens were examined using
scanning electron microscopy (SEM) along with energy
dispersive analysis. SEM images and maps displaying
the distribution of silicon, zirconium, and boron within
the specimens were obtained (Figure 2: spectrum / rep-
resents the surface layer of the specimen; spectrum 2
corresponds to an internal structure displaying significant
visual dissimilarity; spectrum 3 pertains to a deeper layer
of the material).

In the specimen without the addition of La,O,,
a continuous protective layer composed of silicon-con-
taining phases is formed on its surface (spectrum / in
Fig. 2). When La,O, is introduced, the silicon content
on the specimen surface is also higher (spectrum /)
compared to the subsequent layers (spectra2 and 3).
However, the thickness of these layers is significantly
reduced. Figure 3 presents a histogram depicting the cal-
culated thickness of the oxidized layers, determined
through analysis of the material’s microstructure (as
shown in Figure 2).

Table 1 displays the outcomes of the energy dis-
persive analysis, providing the elemental composi-
tion of the specimens following a 20-hour oxida-
tion process. The first layer exhibits identical composi-
tion across all three cases. Notably, boron is not detected
in the spectra, which is consistent with the challenges in
accurately capturing elements from the second period
of the periodic table using spectral methods [19].
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Fig. 2. SEM-images of fractures (a—c) and silicon distribution maps (d—f) after oxidation
for 20 h of ZrB,~20 vol. % SiC specimens
Addition of La, Oy, vol. %: 0 (a, d), 2 (b, e) and 5 (c, f)
White and light gray colors on distribution maps — silicon-containing phases

Puc. 2. COM-u300pakeHns H3IOMOB (@—¢) 1 KapThl pacupeaeaeHus KpeMuust (d—f) mocie OKuCIeH s
B Tedenue 20 9 06pasnos cocrasa ZrB,~20 06. % SiC
Jobaska La, 05, 00. %: 0 (a, d),2 (b, e) u 5 (c, f)
Bernblii u cBEeTIO-CcephIii [[BeTa HA KApTax pacrpeiesieHns — KpeMHuiicoaepxkamme (hasbl

Table 1. Outcomes of the energy dispersive analysis of the elemental composition
of the specimens after oxidation for 20 h

Ta6nuuya 1. Pe3yabTaThbl JHEPrOAUCIIEPCHOHHOTO AHAJIM3A JJIEMEHTHOI'0 COCTaBa 00Pa3Io0B
nocJjie OKUCJIeHus B TeueHue 20 g

Imaging place Elemental composition (wt. %) with the addition of La,0O,, vol. %
(see Figure 2) 0 P 5
Spectrum / 0.740.43 0.733.36 0.741.41
Upper layer Si—54.45 Si—12.12 Si—12.06
Zr—2.90 Zr—54.52 Zr—46.53
0 -46.39
Spectrum 2 O —38.25 Si—5.80 O.f 45.47
Oxidized intermediate layer Si-11.33 Zr=36.77 Si-6.10
Zr—47.81 B-9.79 Zr —46.96
La-0.55
0-834 0-24.96 0-33.16
Spectrum 3 Si—8.43 Si—3.45 Si—5.28
Oxidized layer Zr—48.42 Zr—57.90 Zr—53.60
B -34.50 B-13.13 B-7.58
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160 Raman spectroscopy confirmed the presence

~ =
SN
S O

60
40
20

Layer thickness, pm
(o]
S

0 2 5
Content of La,0,, vol. %

Fig. 3. Dependence of the thickness of oxidized layers
on the surface of specimens of the ZrB,-20 vol. % SiC
composition without additives and with addition
of 2 and 5 vol. % La,0, after oxidation for 20 h
[0 - spectrum /, [l — spectrum 2 (see Fig. 2)

The third layer is not shown because it was only partially
in the imaging area

Puc. 3. 3aBUCHUMOCTD TOJIIHMHBI OKUCIECHHBIX CIIOEB
Ha MOBEPXHOCTH 00pa3ioB cocTasa ZrB,—20 06. % SiC
0e3 n06aBKy 1 ¢ BBEIeHHeM 2 U 5 00. % La,0,
MocJjie OKKUCIIeHUs B TedeHue 20 u
[ - cnexrp /, [l — ciextp 2 (cM. puc. 2)

Tperuii c0it He NPUBEEH, TaK KaK B 30HY ChbEMKH
OH TIOTIAJI JIUIIb YaCTHIHO

Table 2 presents the results of calculating the atomic
composition of the layers, with values rounded to the first
decimal place after considering the atomic weights
of the elements (and then multiplied by 10).

The assumed chemical composition is derived
from the known composition of the initial specimens
and the determined element ratios within the layers.
The primary stoichiometric phases that are likely
to be present are listed in Table 2. It should be noted
that the formation of silicon monoxide as a crystalline
compound has been previously documented in multiple
instances [20-22].

The possibility of non-stoichiometric compound for-
mation, such as borosilicate and borate glasses, should
also be taken into consideration [23].

of zircon (ZrSiO,) and monoclinic zirconium dioxide
(ZrO,) as the main phases of the oxidized material
(Figure 4) [24]. The imaging was conducted from the sur-
face of the specimens, thereby removing the first layer.
One of the obtained spectra is presented, with the others
being identical. The only distinction lies in the intensity
ratio of the peaks corresponding to the main phases.
The absence of silicon oxide lines in the specimen with-
out lanthanum addition can be explained by the fact
that well-oxidized phases in the second layer hinder
the detection of amorphous or concealed-crystalline sili-
con oxide phases.

250

200

150

100

Raman intensity, abs. units

50

200

800 600 400

-1
‘Wave number, cm

Fig. 4. Fragment of the Raman spectrum of the upper oxidized
layer on the surface of a specimen with addition of 5 vol. %
La,0, after oxidation for 20 h
Designations of crystalline phases:

W - zircon; @ — monoclinic zirconium dioxide

Puc. 4. ®parment KP-criekTpa BepXHEro OKUCICHHOTO CIIOSI
Ha TIOBEPXHOCTH 00pasiia cocTasa ¢ 1obaskoi 5 00. % La,0,
nocje okucieHus B Teuenue 20 u
0O003HauCHHUS KPUCTAJUTNUECKUX (a3:

- — OUPKOH; . — MOHOKJIMHHBIH JUOKCUI TUPKOHUS

Table 2. Ratio of elements in the layers after oxidation

Tabamya 2. CooTHOIIEHHE YJIEMEHTOB B CJIOSIX MOCJIe OKHCJIEHUS

) Ratio of elements and the most probable chemical composition
I(magllzr_lg plag with the La,0, content, vol. %
see Figure
& 0 2 5
Zr Si O Zr Si,0
; 6>l 597426
Spectrum / Zry 351,005 Z1Si0, and ZrO Z1Si0, and ZrO
Upper layer SiO, and SiO . 4 2 4 2
2 Insignificant oxygen excess Oxygen excess
Spectrum 2 Zr Si,0,, Zr Si,0,,B, Zr Si,0,,
Oxidized intermediate Z1Si0, and ZrO, ZrB,, Z1SiO, ZrSi0, and ZrO,
layer Oxygen excess Oxygen excess Oxygen excess
ZrSi,0.B Zr SiO, B Zr Si,0,.B
57735732 6 16712 627217
Spectrum 3 ZiB,, Si0, or SiO 7B, Si0 ZiB,, ZrSiO
Oxidized layer L2 2 2 2 2 4
Significant boron excess Oxygen excess Oxygen excess
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There is a noticeable disparity in the distribu-
tion of zirconium on the surface of specimens with
and without La O, (Figure 5, a—). In the case without
La,0O;, ZrO,, despite its relatively low overall content
(as seen in Table 1), is distributed relatively (Figure 5, ).
Presumably, it is integrated within the primary silicon-
containing phases. However, the addition of lanthanum
oxide results in the growth of zirconium-bearing phase
grains and the emergence of agglomerates and large
pores between these phases. In this scenario, the forma-
tion of silicon oxides is unlikely.

Figure 5, d illustrates a fragment of the boron distri-
bution map in the upper layer of the specimen containing
5 vol. % La, 0, corresponding to the fragment of the zir-
conium distribution map in Figure 5, c. Since boron could
not be detected during the determination of the mass
content of elements (as indicated in Table 1), it can be
inferred that boron is present in the form of silicate
glasses (refer to Figure 2, 1) that fill the gaps between
zircon and zirconium dioxide grains [25].

Consequently, on the surface of specimens without
La,O; additives, phases comprising silicon oxides
with traces of boron and zirconium oxides are formed.
In the presence of La,O, additives, the main phases
observed are zirconium dioxide and zircon, along with
an excess of oxygen. However, neither case effectively
acts as a significant barrier against the deep penetra-
tion of oxygen into the material. The presence of lantha-
num oxide appears to enhance the formation of zircon,
a phase that exhibits greater resistance to thermal shock
than monoclinic zirconium dioxide and contributes
to the deceleration of the oxidation process.

Fig. 5. Fragments of distribution maps
of zirconium (a—c) and boron (d)

Puc. 5. ®parMeHThI KapT pacipe/ieieHust
nupkoHus (a—c) u 6opa (d)

Conclusion

The aim of the study was to investigate the impact
of La,O, addition on the oxidation properties of compo-
site ceramics with a composition of 80 vol. % ZrB, and
20 vol. % SiC, consolidated through spark plasma sinte-
ring. The materials were examined in three variations:
without La,O,, with 2 vol. % La,O, and 5 vol. % La,0,.
In all cases, SiC acted as a sacrificial material, being
the first to undergo oxidation. Specimens without La,O,
addition exhibited a surface layer consisting mainly
of SiO, and SiO. On the other hand, specimens with
La,0, addition showcased surface layers composed pri-
marily of ZrSiO, and ZrO,.

Consequently, the introduction of La,O, intensified
the formation of zircon and decelerated the oxidation pro-
cesses. However, it did not serve as a complete barrier
to the deep penetration of oxygen into the material.
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Calculating the penetration depth
of reaction in chemical gas-phase deposition
of boron nitride within porous bodies
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Abstract. The thermodynamic calculations conducted using the TERRA software package for the B-CI-N-H system revealed that
the inclusion of hydrogen into the B—CI system significantly diminishes the thermodynamic stability of BCI, with the possibility
of boron formation in the condensed phase. On the other hand, the introduction of ammonia, which includes hydrogen, results
in the synthesis of boron nitride across a broad temperature spectrum. The analysis of kinetic relationships uncovered three distinct
regions in the boron nitride deposition process: K — kinetic region (up to 1400 K), D — diffusion region (above 1800 K) and 7— transition
region. The activation energy for the kinetic region was calculated as £, = 134 kJ/mol. Within the temperature range of 1023-1123 K,
linear dependences were observed. The computation of the penetration depth for the boron nitride deposition process assumed a gas
mixture of boron trichloride, ammonia, and argon (BCl, + NH, + 30Ar). The results indicated that boron trichloride governs the extent
of penetration. The depths of penetration for the chemical vapor infiltration boron nitride (CVI-BN) process, conducted at 0.1 kPa within
the temperature range of 1100-1400 K, were determined for pore diameters of 1, 10, 30, 100, 200 and 300 pm. When porosimetry data
for a specific preform is available, the acquired penetration depth relationships for the CVI-BN process under specific parameters and
process temperatures facilitate the estimation of essential parameters for interphase formation using pyrolytic boron nitride.

Keywords: pyrolytic boron nitride (PBN), interphase coating, thermodynamic calculation, chemical vapor infiltration boron nitride
(CVI-BN)

For citation: Timofeev A.N. , Razina A.S., Timofeev P.A., Bodyan A.G. Calculating the penetration depth of reaction in chemical gas-
phase deposition of boron nitride within porous bodies. Powder Metallurgy and Functional Coatings. 2023;17(3):38-46.
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PacueT rny6MHbl NPOHUKHOBEHUSA peaKUuumn
NPU XMMUUYECKOM rasopasHoOM ocCaXkaeHum
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AnHoTayums. Tposenennbie ¢ momolnsio nporpammuoro komiiekca « TERRA» tepmogunamuueckue pacderst cuctembl B—Cl-N-H
TIOKa3a/u, 9T0 BBeJeHUE Bonopoaa B cucteMy B—Cl pesko cHUKaeT TepMOAMHAMHUYECKYIO ycToiunBocTh BCL, ¢ BO3MOXKHOCTBIO
o0pasoBaHusi OOpa B KOH/ICHCHPOBaHHOW (ase, a J00aBKa aMMHKA, KOTOPBIH CONEPKUT BOIOPOJ, NPUBOAUT K OOpPa30BaHUIO
HUTpuzAa Oopa B IIMPOKOM HHTEpBane TeMmmeparyp. AHAIN3 KHHETHYECKHX 3aBHCHMOCTEH MOKa3bIBaeT HAIMYHE Tpex oOmacTeit
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nporecca ocaxaeHus HuTpuna 6opa: K — kunernueckas obmacts (ot 1400 K n mmke), [l — mudpdysunonnas obmacts (ot 1800 K
u Bbiuie) u [T — mepexosHas o0nacTs. s KHHETHYECKOH 00IaCTH OTIpeieNieHa SHEPTHUsl aKTUBAIMK Tponecca £, = 134 kJlx/mons.
B mmamazone temneparyp 1023-1123 K moxyuens! nuHelHbIE 3aBUCUMOCTH. [t pacyeToB ITyOHHBI IPOHUKHOBEHUS IIporecca
OCaXKIEHHS HUTpUAA Oopa B IOPHCTOE TeJIO OBUIO NMPUHATO, YTO Ta30Bas CMECh COCTOUT M3 TPHUXJIOpHaa Oopa, aMMHaKa M aproHa
(BCl, + NH, + 30Ar). Pesynsrarhl pacueToB MOKa3alH, YTO PEArcHTOM, JIUMHUTHPYIOIIMM DIyOMHY NMPOHUKHOBEHWS, SBIAETCS
Tpuxiopuy 6opa. Beumn onpeneneHsl TIyOHMHBI IPOHUKHOBEHHS IIPOLECCAa XMMHYECKOTO OCAXKICHHsS HUTpHUAA Oopa W3 ra3oBOH
¢assl (CVI-BN — chemical vapor infiltration boron nitride) npn nasnenun 0,1 x[la B Temneparypaom untepsaie 1100-1400 K
npu quamerpax nop 1, 10, 30, 100, 200 u 300 Mxm. [Tpy HaMIMK pe3yIbTaTOB ITIOPOMETPHN KOHKPETHOH IpedOpMBI Oy YEeHHBIC
3aBHCUMOCTH DIyOMHBI TpoHMKHOBeHHs mnporiecca CVI-BN B mopucroe Temo OT TeMmIeparypbl HPH OIPEAEICHHBIX YCIOBUIX
MIO3BOJISIIOT OLIEHUTH HEOOXOAMMEIE TTapaMeTphl IPOLEccoB (GOPMUPOBAHUS MHTEP(A3bI U3 MHPOTUTHIESCKOTO HUTpHAA Oopa.

Knrouesbie cnoBa: nuponutndeckuit Hutpun Oopa (ITHB), unTepdazHoe MOKpHITHE, TEPMOJMHAMHYECKHH pPacyeT, XHMHYECKOEe

OCaXJIeHuE HUTpUAa 00pa U3 ra30Boi (asbl

Ana untupoBanma: TumodpeeB A.H., Pasuna A.C., Tumodeer IL.A., bomsn A.I. Pacuer miyOMHBI NPOHUKHOBEHHS PEAKIMH
IIPU XMMHUUYECKOM ra30(hasHOM OCaKICHUHM HUTPpHIA Oopa B MOPUCTHIX Tenax. M3zeecmus 6y306. [lopowkosas memaniypeus u Qynx-
yuonanvhwie nokpvimusi. 2023;17(3):38-46. https://doi.org/10.17073/1997-308X-2023-3-38-46

Introduction

Interest in pyrolytic boron nitride (PBN), which
boasts a range of exceptional properties (high dielec-
tric properties, chemical resistance in aggressive gases,
liquids, and metal melts, heat resistance, low microwave
energy absorption coefficient), remains unabated to this
day [1-5]. Due amalgamation of these favorable attributes
and their endurance at elevated temperatures and in deep
vacuum conditions, this material has found extensive uti-
lity in electronics, electrical engineering, nuclear power
engineering, the semiconductor industry, high-temper-
ature technology, and the fabrication of containers and
protective screens for synthesizing ultra-pure compounds.

At the turn of the century, with the advancement
of silicon carbide fibers and materials derived from them,
PBN began to serve as an interphase between fibers
and matrices, imparting robust mechanical properties
to SiC//SiCm composite material [6-10]. The evolu-
tion of ceramic fibers encompassing diverse composi-
tions (Si,N,, AIN, BN, etc.) and the composites founded
upon them will further solidify the demand for PBN,
functioning both as an interphase and matrix.

Simultaneously, it’s imperative to acknow-
ledge that the parameters for establishing the inter-
phase on fibers or the matrix of composite materials
via the chemical vapor infiltration (CVI) technique
within a porous structure are fundamentally influenced
by the preform’s porous structure (pore size, tortuosity,
etc.). In contemporary contexts, diverse reinforcement
schemes and techniques for fabricating fiber preforms
are employed in structures [11-13], each delineating
a unique porous structure. This accentuates the necessity
to tailor CVI process parameters according to the speci-
fics of each structure.

This paper presents an analysis of the admissible
parameter regions for the boron nitride deposition pro-
cess via the CVI method, taking into account varied pore
sizes and thicknesses of porous bodies.

Thermodynamic analysis
of the B-CI-N-H system

In order to determine the acceptable parameters ranges
for the chemical deposition of boron nitride from the gas
phase (temperature (7), pressure (P), and the ratio of initial
reagents in the gas mixture), the TERRA software package
(Russia, Moscow, Bauman Moscow State Technical
University), was employed for thermodynamic analysis
of the B-CI-N—H system.

In the initial stage, equilibrium compositions
of the B-Cl, N-H, B-CI-N, and B-CI-H systems were
scrutinized to approximate the initial temperatures
of boron trichloride and ammonia disproportionation.
The impact of hydrogen and nitrogen on this process
under varying pressures within the system was also eva-
luated. The analysis, illustrated in Figure 1, a, indicates
that at P = 10 kPa, BCI, remains stable up to 7= 1800 K.
Beyond this threshold, the process of dispropor-
tionation into boron dichloride and monochloride is ini-
tiated. In the N—H system, where ammonia is a key com-
ponent, its decomposition into nitrogen and hydrogen is
nearly complete at 7= 600 K and P = 10 kPa (Figure 1, b).

The introduction of nitrogen into the B—Cl system
does not lead to the formation of boron nitride and does
not significantly impact the thermodynamic stability
of boron trichloride (Figure 1, ¢). However, the inclu-
sion of hydrogen in the B—Cl system markedly dimini-
shes the thermodynamic stability of BCI, (Figure 1, d).
This situation introduces the potential for boron to form
in the condensed phase, with its proportion increa-
sing alongside higher hydrogen content in the mixture.
The analysis also indicates that decreasing pressure
within the system decreases the thermodynamic stability
of boron trichloride and ammonia.

The introduction of ammonia, which contains hydro-
gen, into the B—CI system reduces the thermodynamic
stability of boron chlorides and leads to the forma-
tion of boron nitride across a wide temperature range.
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Fig. 1. Equilibrium composition of systems at 10 kPa pressure
a — B—Cl system formed by the BCI, gas mixture; b — B-N formed by NH,;

¢~ B-CI-N formed by BCL, + N,; d — B-CI-H formed by BCL, + H,

Puc. 1. PaBHOBecHEIH cocTaB cucteM rpu gasiaenun 10 xI1a
a — cucrema B-Cl, o6pasosannas razosoii cmecoio BCly; b — B-N, oOpasosannas NH,;
¢—B-CI-N, ob6pasosannas BCl, + N,; d — B-Cl-H, o6pasosaunnas BCl; + H,

Figure 2 illustrates the analysis results, show-
casing the relationship between the yield of condensed
boron nitride in the B-CI-N-H system and temperature
at a pressure of 10 kPa, while varying the initial reagent
ratios. The findings reveal (Figure 2, a) that when
BCL:NH;:H, = 1:1:0, the thermodynamic stability of
boron trichloride is sustained nearly until 2200 K, but
this doesn’t yield the maximum output of boron nitride.
The introduction of hydrogen into the BCI, + NH, gas
mixture promotes an escalation in the extent of boron tri-
chloride decomposition, subsequently enhancing the the-
oretical yield of boron nitride (Figure 2, b, ¢). However,
elevating hydrogen concentration beyond the ratio of 1:5
(BCL;:NH;:H, = 1:1:5) does not yield further increases
in boron nitride yield, as near-complete decomposi-
tion of boron trichloride is already achieved.

It’s noteworthy that augmenting the hydrogen content
within the system could be accomplished by increasing
the amount of ammonia in the mixture. For instance,
with the BCI;:NH, = 1:3 (Figure 2, d), the theoretical
yield of condensed-phase boron nitride becomes nearly
equivalent to the situation where hydrogen is introduced
into the system with a BCl,:NH,:H, = 1:1:5 (as shown in
Figure 2, b).
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Consequently, the thermodynamic analysis of the equi-
librium composition within the B-CI-N—H system, gen-
erated from the gas phase through the utilization of ini-
tial reagents BCl,, NH; and H,, facilitated the assessment
of the admissible parameter range for the chemical depo-
sition process of boron nitride. The acquired outcomes
provided the foundation for constructing the experimen-
tal matrix for PBN) production.

Experimental procedure

The following reagents were employed to investigate
the kinetic patterns of the PBN deposition process:

BCl; — grade A boron trichloride (TUI-00-
07526811-23-92);

— NH, — ammonia (GOST 6221-90);

— Ar — high-purity argon (GOST 10157-79).

In order to explore the kinetic trends of PBN coa-
ting formation on impermeable substrates, we utilized
samples crafted from C-3 grade graphite, manufactured
by JSC “Karbotek” (Moscow, Russia), featuring pyro-
lytic carbon coating. For porous substrates, we employed
preform (skeleton) samples generated through the hyd-
rajet method from Keralan silicon carbide ceramic
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Fig. 2. Equilibrium composition in the B-CI-N-H system at 10 kPa pressure,
formed by gas mixtures BCl, + NH, (a), BCl, + NH, + 5H, (b), BCI, + NH, + 10H, (¢) and BCI, + 3NH, (d)

Puc. 2. PaBrosecHbiii coctaB B cucreme B—Cl1-N-H npu gasnennu 10 kI]a,
obpaszoBanHoii TazoBbiMu cmecamu BCL, + NH; (@), BCL, + NH, + 5H, (b), BCI, + NH, + 10H, (¢) u BCI, + 3NH, (d)

filament (TU 20.60.13-952-56897835-2022), produced
by JSC “Kompozit” [14].

The porosity of the preform was evaluated using refe-
rence porosimetry via the reference contact porometer
Porotech 3.2 at the Leonov University of Technology
(Korolyov, Moscow Region, Russia).

Deposition of pyrolytic boron nitride was con-
ducted using the BN 2.0 plant (Leonov University
of Technology). The presence of the interphase BN coa-
ting and its thickness on framework fibers were assessed
via scanning electron microscopy (SEM) utilizing
a JSM-6610 LV device (JEOL, Japan).

The phase composition of PNB was ascertained using
an X-ray diffractometer EMRYREAn (PANalytical,
the Netherlands).

Results and discussion

The chosen parameters for the chemical vapor depo-
sition (CVD) process were based on thermodynamic
analysis:

P = 0.1 kPa for the temperature range of 1023-1123 K
at a ratio of reagents of BCL;:NH, = 1:1;

P=0.2 kPa for T=2023+2123 K at BCI;:NH, = 1:3.

In both cases, argon was employed as the carrier gas
for boron trichloride.

Since the commencement temperatures for the decom-
position of ammonia and boron trichloride are notably dis-
parate (as seen in Figure 1, a, b), it is prudent to separately
introduce them into the reaction zone to prevent premature
interaction. This was accomplished in the BN 2.0 plant
through a coaxial tube.

Figure 3 depicts the dependency of the boron nitride
coating deposition rate constant on temperature, as
obtained from [3] (where hydrogen was employed
as the carrier gas), alongside the results derived
by the authors of this paper. Thermodynamic analy-
sis revealed that within the low-temperature range
(1000-1200 K), the theoretical yield of condensed-phase
boron nitride in the is relatively consistent for a BC1;:NH,
mixture ratio of 1:1, both with and without hydrogen.
Meanwhile, within the high-temperature range, the intro-
duction of hydrogen into the mixture or an increase in
ammonia content amplifies the theoretical yield of con-
densed-phase boron nitride. Similar conclusions were
reached in experimental studies conducted by [15-19].

The analysis of kinetic dependences acquired
from [3] uncovers the existence of three process regions
in boron nitride deposition:

K — kinetic region (1400 K and below);

D — diffusion region (1800 K and above);

T — transient region.
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Fig. 3. Dependence of the deposition rate constant
of a pyrolytic boron nitride coating on temperature
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In the kinetic region, the activation energy of the pro-
cess was determined to be £, = 134 kJ/mol. In the tem-
perature range of 1023-1123 K, linear dependences
were also observed. Their similarity to the dependencies
obtained in [3] suggests a comparable activation energy,
despite the variations in process pressure. This could
be attributed to the fact that within the considered pres-
sure range of 0.1+0.2 kPa, the deposition rate’s correla-
tion with pressure and, consequently, reagent concentra-
tion in the kinetic region is not pronounced. As a result,
the process rate is dictated by the reaction rate, whose
mechanism remains consistent between the conditions
outlined by the authors in [3] and our study.

In the future, as we refine the results, adjustments
might be made to the analysis of the activation energy.
In that case, for the kinetic region, the boron nitride depo-
sition rate constant (k, kg/(m?:s)) at a pressure of 0.1 kPa,
using a reaction mixture of BCl, + NH, in a 1:1 ratio,
can be expressed as follows:

()

k=0.24 exp[—wj,

RT

where Ris the universal gas constant, J/(mol'K); 7 is
the temperature of the PBN deposition process, K.

It is worth noting that the density of PBN obtained
within the temperature range of 7'=1023+1123 K is
approximately 1.4-10% kg/m?, while for the temperature
range of 2023-2123 K, it is on the order of 2.0-10° kg/m?.
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Drawing from the findings of [3], we can hypothesize
that the dependence expressed by equation (1) remains
valid up to at least 1400 K, with possible deviations
linked to changes in PBN density.

Determining the kinetic region stands as a pivo-
tal stride, enabling the progression to the modeling
of'the PBN deposition process on the surface of a porous
preform’s pores. The central objective in investiga-
ting the kinetics of PBN deposition within a porous
preform is to ascertain the depth of the coating forma-
tion reaction’s penetration on the pore surface. This,
in turn, facilitates estimating the maximal thickness
of the preform — a volume within which PBN will pre-
cipitate onto the pore surface. To achieve this estimation,
the computational-theoretical model outlined in [20]
can be effectively utilized. It can be expressed as fol-
lows, taking the form of a first-order reaction equation:

Ad RT 1—exp (— ij
/ 3IM A 2
- 4Xk ’

12

where L is the depth of the reaction’s penetra-
tion into the porous preform, m; A is the free path length
of a gas molecule, m; d is the pore diameter, m; M is
the mass of a gas molecule, kg; k is the rate constant
of the heterogeneous reaction on the surface, kg/(m?:s);
X is the tortuosity coefficient, kg/m?.

For a gas phase composed of a mixture of molecules

from various substances 1, 2, 3 ..., the path length is equal

to [19]
A, =KT n[NlcfﬁJercg /1+% +
2

-1

M,
+N,03 ’1+Vl+"}p , 3)
2

where N is the mole fraction; K is the Boltzmann cons-
tant, J/K; o is the molecule diameter, m; P is the pres-
sure within the system, Pa; p is the density of the gas
phase, g/cm?.

For the analysis, it was considered that the gas
mixture comprises BCL, +NH, +30Ar composition,
wherein boron trichloride and ammonia are determined
via thermodynamic analysis, and argon is employed as
a diluent gas. In order to mitigate random errors arising
from using molecule diameter (o) values from disparate
sources, a standardized calculation procedure was imple-
mented employing the formula

1/3
6=1329-10"% [ﬂj , 4)
p
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where p is the density of the condensed phase, kg/m?
(Pgy, = 1345 10° kg/m3 [21]).

As a result, the following values were obtained:
gy, = 5.89-10"m; Oy, = 3-88 10"m; 6, =4.15-10""m
and A, = 9.05° 10°7/P m; Ay, =215 10°7/P m.

The tortuosity coefficient for woven and
needle-punched frameworks with a density of
(0.4-0.5)-103 kg/m? was approximated to be 1.3 [22].

The analysis revealed that the limiting reagent dicta-
ting the extent of penetration of the PBN deposition reac-
tion into the porous body L__ is boron trichloride.
Figure 4 depicts the calculated relationships of the depth
of PBN deposition penetration onto pores of varying
diameters within the temperature range of 1100-1400 K,
at a pressure of 0.1 kPa.

The pore diameter in preforms of ceramic matrix
composite materials is contingent on the reinforcement
schemes and potential subsequent process stages aimed
at obtaining porous blanks. Thus, within the pore space
of 3D and 4D structural reinforcing frameworks, dis-
tinct types of porosity emerge: inter-strand (inter-rod)
and inter-filament. In the former scenario, the dimen-
sion of inter-strand (inter-rod) pores is determined
by the diameter of the strand (rod). For instance, in
a 4D framework crafted from rods of 0.7 mm diameter,
the inter-rod pore diameter measures 135.45 um [22].

In preforms showcasing a 2.5D structure anchored
on UT-900P carbon fabric interwoven with Ural-NSh24
carbon thread, three categories of pores have been
discerned [22]:

1) pores in the range of up to 0.8 um in diameter
originated from fiber imperfections and resin coke and
pyrocarbon porosity;

2) the set of pores sized between 0.8+3.6 um prima-
rily arises from inter-filament pores;

3) the assortment of pores encompasses both inter-
strand pores (d=3.6 to 36.0 um) and interlayer pores
(d>36.0 um).

In a similar preform, albeit fashioned from Ural-TM/4
carbon fabric coupled with Ural-NSh24 carbon thread,
the prevalent pores possess radii of 0.1+1.0 um (coke
pores and inter-filament pores), and 1-10 um (inter-
filament (inter-strand) pores). Pores with a radius less
than 0.1 pm or exceeding 10 pm are less abundant in
the material. Discrepancies in the porous structure’s
characteristics are ascribed to the distinct properties
of Ural-TM/4 and UT-900P fabrics. Furthermore, the fila-
ment diameter, strand diameter, and framework density
exert an impact on the pore size.

In [14], three primary observable pore sizes that cont-
ribute to the overall porous structure were identified
for the nonwoven framework crafted from Siquolox
silicon carbide fibers (JSC “GNIIChTEOS”, RF): 15,
40 and 250 pm. Similar findings were also obtained for
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Fig. 4. Penetration depth of the CVI-BN reaction
at P =0.1 kPa into a porous body at 7= 1100-1400 K (a),
1100, 1300 and 1400 K (b) and 1100-1400 K (c)

The numbers next to the curves are the pore diameter

Puc. 4. Tny6una npornkHoBenust peakiuun CVI-BN
mpu P = 0,1 xI1a B mopuctoe teno mpu 7'= 1100+-1400 K (a),
1100, 1300 u 1400 K (b) n 1100-1400 K (c)

Ludps! y KpUBBIX — IHAMETP TOP

frameworks relying on Keralan carbide-silicon fibers
(JSC “Komposit”, RF) [14].

Utilizing the outcomes of these computations,
the PBN deposition mode at 7=1100+1400 K and
P=0.1kPa into the nonwoven framework founded
on Keralan carbide-silicon fibers was subjected to testing.
Figure 5 illustrates the microstructure of the acquired
sample, showcasing the silicon carbide framework with
a PBN interphase coating.
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Fig. 5. Formation of a pyrolytic boron nitride interphase coating
with a thickness of 250 nm on Keralan silicon carbide fiber

Puc. 5. Buemnuit Bug nHTEp(Ha3HOTO MOKPHITHS
MUPOIUTUYECKOTO HUTPpHIA O0pa TOMMUHON ~250 HM
Ha KapOumoKkpeMHIEeBOM BosokHe Kepanan

The findings from determining the phase composi-
tion of the fiber sample reveal the existence of a hexago-
nal modification (P6mc) on the surface of PBN carbide-
silicon fibers. This hexagonal modification possesses
a low shear strength within its fundamental plane, which
is crucial for facilitating the functionality of the inter-
phase coating [8].

Conclusion

Hence, the outcomes of porosimetry conducted
on specific preforms and the established relationships
depicting the penetration depth of the CVI-BN process
under specific conditions within the porous structure pro-
vide us with the means to estimate the essential param-
eters for crafting interphases using PBN and creating
composites with a matrix composed of PBN.
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Trajectories of titanium powder particles
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Abstract. The study focused on analyzing the trajectories of powder particles within a plasma flow, a process utilized for applying functional
coatings and producing powders. An overview of contemporary scientific research dedicated to modeling these processes is presented.
The primary objective of this study was to ascertain how the particle size of the powder, used as a raw material, influences the path of
particles within a vertically directed plasma flow. We examined three sizes of titanium powder: 1 um, 50 um and 100 um. These sizes
were chosen based on production practices for the considered processes and the particle size distribution of the powder material used in
full-scale experiments, employing specialized CAMSIZER-XT equipment. Our study reveals the significant impact of powder particle
size on various parameters, including the opening angle, length, and width of the illuminated section of the plasma torch, as well as the
distance traveled by particles entrained by the plasma flow from the plasma head. To investigate these effects, we conducted computer
simulations, followed by validation through full-scale experiments for each case. Specifically, we employed the MAK-10 laboratory
plasma facility at the Institute of Metallurgy, Ural Branch, Russian Academy of Sciences, which is designed for powder production and
functional coatings. In order to ensure the reliability of our measurements, we performed statistical data processing of the full-scale
experiment results using scatter plots and determination of their average values. The comparative analysis of results from both natural
and computer experiments demonstrated a satisfactory level of convergence. This comparative analysis of three particle sizes of powder
enabled us to formulate practical recommendations for enhancing equipment and process technology in the context of the considered
procedures. Furthermore, our article introduces a computer model capable of predicting the dimensions of the reactor (the chamber for
receiving powder materials), the optimal shape of components within the plasma facility, and the positioning of the substrate on which
functional coatings are applied. This model can be applied to address similar problems within the scope of this study, facilitating the
control of coating application processes and powder production.

Keywords: gravity force, particle trajectory, plasma method, powder production, coating application
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AHHOTaL‘Mﬂ. HCCHG}IOBaHbl TPACKTOPUMN JABUKCHHSA YaCTULl IOPOLIKAa B IJIa3MEHHOM IIOTOKE, KOTOprﬁ UCIIOJIB3YETCA IJId IMPOLECCOB

HaHeceHUs! (PYHKIMOHATIBHBIX IMOKPBITUI U MONYYEHHs TOPOIIKOB. BhINoiaHeH 0030p COBPEMEHHBIX HAyYHBIX HCCIIEIOBAHHM, MO-
CBSIILCHHBIX MOJICTIMPOBAHUIO paccMaTpUBaeMBbIX MpoleccoB. Llenab paboThl 3aKiitouaach B ONPEEICHUM BIMAHUS pa3Mepa 4acTUI
IIOPOLLIKA, UCIIOJIB3YEeMOTI0 B Ka4€CTBE ChIPhsl, HA TPACKTOPHUIO ABMKEHHS YAaCTHUI] B IUIA3MEHHOM IIOTOKE, HAlIPaBIEHHOM BEPTUKAJIBHO
BBepX. Mccnenosanu tpu (pakuuu turaHoBoro nopomika: 1, 50 u 100 MkM, BBIOpaHHBIC UCXOMSI U3 MPOM3BOACTBECHHOM MPAKTHKH
BEJICHUS PACCMOTPEHHBIX MPOLIECCOB U PE3YJIBTAaTOB IPAaHYJOMETPUYECKOI0 COCTaBa IOPOLIKOBOIO Marepuala, UCIOIb30BaHHOIO
B HATYPHOM JKCIIEPUMEHTE, ITPU [OMOLIH criennanu3uposanHoro obopynosanus CAMSIZER-XT. B pa6ote npoieMOHCTpUPOBAHHO,
KaKuM 00pa3oM pa3Mep YacTHI] MOPOLIKA BIUSIET Ha YTOJl PACKPBITHS, JUIMHY ¥ IIUPHUHY CBeTsIIeics Gpakiuu miasMeHHoro daxena,
a TaKXKe YIAJICHHOCTh YBJICUCHHBIX IUIa3MEHHBIM [TOTOKOM YacTHUI] OT IIa3MEHHOM rojoBku. VceienoBanue BBIIIOIHEHO ¢ TIOMOLIBLIO
KOMIIBIOTEPHOI'0 SKCIIEPHUMEHTA C HOCIe/yolIei BeprudUKaueii myTeM IPOBEeACHHsT HATYPHOTO SKCIIEPUMEHTA JUIsl Ka)XKI0ro U3 pac-
cMaTpuBaeMbIX ciaydaeB. [Ipu 3Tom ucnosnb3oBaiack saboparopHas miasMenHas ycranoska MAK-10 (MMET YpO PAH), npumensie-
Masi JUTS OJTyYeHHSI TIOPOILIKOB M HAHECEHHMS! (DY HKIIMOHAIBHBIX MOKPBITHH. C LeIbI0 HaI)KHOTO MOTy4YEeHHs] HTOTOB U3MEPEHUit ObL1a
IpOBE/ICHA CTaTHCTUYEeCKasi 00paboTKa pe3yabTaToB HATYPHOIO SKCHEPUMEHTa METOIOM TOYEUHBIX JAUAarpaMM pa3MaxoB M OIpeie-
JICHUS UX CPETHUX 3HAYCHUM. Pe3ynbraTsl CpaBHUTEIBHOIO aHAJIN3a HTOTOB HATYPHOTO M KOMIIBIOTEPHOIO SKCIIEPUMEHTOB [10Ka3aJIn
Y/IOBJICTBOPUTENBHYIO CXOMUMOCTh. CpaBHUTENBHBII aHAIN3 MPUMEHEHUs TpeX (pakLi ITOpOIIKa MO3BOIWI pa3paboTaTh Mpak-
TUYECKUE PEKOMEHJIALMK 10 COBEPIIEHCTBOBAHUIO 00OOPYIOBaHUS U TEXHOJIOIUH BEJCHUS paccMaTpUBaeMbIX IpoleccoB. B crarbe
OIUCaHA KOMIBIOTEpHAs MOJEJIb, O3BOJISIONIAs IPOrHO3UPOBATh pa3Mephl peakTopa (KaMephl IpueMa IMOPOLIKOBOTO MaTepuala),
paLroHANIBHY0 GOPMY COCTABHBIX YacTel IIa3MEHHOMN YCTaHOBKH H TTOJIOXKEHHE MOJUIOKKH, Ha KOTOPYIO HAHOCHTCSI (DyHKI[HOHAITb-
Hoe nokpbITue. [IpeacraBieHHy0 MOAEIb MOXKHO MCIONB30BaTh Ul PELICHUs 3a/ad, I0A0OHBIX TOCTABICHHON B paMKaxX JaHHOI'O

UCCJIEAOBaHUs, C LCJIbIO YIIPABJICHUA ITPOLECCaAMH HAHECCHU A l'lO](prTl/Iﬁ U IIOJIYHCHUS ITOPOLIKA.
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Introduction

Plasma sputtering presents an efficient method for
acquiring functional coatings [1; 2]. By precisely man-
aging plasma parameters and deposition conditions, it
becomes feasible to achieve top-quality coatings [3].
Extensive research exists concerning the examina-
tion of how deposition process parameters impact
the characteristics of the resultant functional coat-
ings [4-6]. Additionally, plasma spraying serves as
a technique for generating powders that find applica-
tion in additive technologies [7—10].

The finite element method serves as a convenient and
precise tool for predicting and elucidating the influence
of various factors on both powder production and coat-
ing application processes. Computer simulations are in
high demand, especially for the investigation of func-
tional coatings composed of high-entropy alloys like
GdTbDyHoSc and GdTbDyHoY [11]. studies related
to coating deposition [12—14], software packages such
as ANSYS, SolidWorks, and JmarPro were employed.
For simulating the powder production processes using
the plasma method, researchers utilized ANSYS [15],
FLOW-3D [16] and COMSOL [17].

The trajectories of particles within a plasma flow
significantly affects the characteristics of coatings and
the properties of the resulting powders. Conversely, it is
also influenced by the particle size of the raw powder
material. Additionally, among the contributing fac-
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tors, the shape of the internal channel, which is defined
by the components of the plasma head and the operational
features of the facility, plays a pivotal role. While there
are publications that discuss the impact of factors like
nozzle shape [18], operating modes [19], powder mate-
rial introduction methods [20], interelectrode inserts [21]
and gas swirler shapes [22], insufficient attention has
been given to exploring the effect of powder particle size
on particle motion trajectories within the plasma flow.

The primary objective of this study was to investigate
how three particle sizes (1, 50 and 100 pm) of titanium
powder, used as raw material, influence the trajectories
of particles within a vertically directed plasma flow.

Experimental

A computer model of the plasma facility was developed
to predict plasma flow parameters, employing the finite
element method. The SolidWorks Flow Simulation soft-
ware package (version 2016) served as a valuable tool
for computational fluid dynamics (CFD). Subsequently,
the results of the computer experiment underwent veri-
fication. In the numerical solution process, the Euler
and Navier-Stokes equations were employed. In order
to accurately represent surface, subsurface, and interme-
diate processes occurring within the flow, a finite element
grid size of 0.24 mm was chosen. This grid size ensured
that a minimum of 8§ elements were positioned within
the narrowest section of the three-dimensional compu-


mailto:okulov.roman@gmail.com
https://powder.misis.ru/index.php/jour/search/?subject=сила тяжести
https://powder.misis.ru/index.php/jour/search/?subject=траектория движения частиц
https://powder.misis.ru/index.php/jour/search/?subject=плазменный метод
https://powder.misis.ru/index.php/jour/search/?subject=получение порошков
https://powder.misis.ru/index.php/jour/search/?subject=нанесение покрытий
https://doi.org/10.17073/1997-308X-2023-3-47-54

Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2023;17(3):47-54
Okulov R.A., Akhmetshin S.M., etc. Trajectories of titanium powder particles of diffferent size ...

ter model of the plasmatron, specifically, the plasma-
forming gas inlet channel of the swirler with a diameter
of 2 mm [23].

In order to carry out a computer experiment, a three-
dimensional model was created based on the MAK-10
laboratory facility, which is located at the premises of IMET,
Ural Branch, Russian Academy of Sciences. The design
and parameters of this facility are depicted in Figure 1.

The initial data for the computer experiment are as
follows:

* plasma forming gas flow rate: 20 1/min;

* gas type: argon;

* gas pressure in the supplying system: 2 atm;

« diameter of the central hole of swirlers: 24 mm;

* plasma-forming gas is supplied in a tangential pat-
tern through 6 channels, each with a diameter of 2 mm,;

e the chosen raw material is titanium powder VT1-0,
selected from the library of standard materials within
the software package (State Standard GOST 19807-91)
with the following composition (wt. %, not exceed-
ing): N-0.04, C-0.07, H-0.01, Fe — 0.25, Ni— 0.04,
Si—0.1,0-0.2).

The environmental conditions are set as follows:

* gas type: air;

* absolute gas pressure at the outlet of the anode unit
is 98,100 Pa, equivalent to the altitude of Yekaterinburg;

e temperature corresponds to room temperature,
at 293 K.

The study focused on particle motion trajectories
within the plasma flow for particle sizes of 1, 50 and
100 um. The mass flow rate for each fraction was set
at 1 g/s.

An indirect-acting plasmatron was employed with
the following specifications:

* voltage: 26 V;

e current: 250 A;

®
X

* spraying direction: vertically, directed upwards;
e reactor length: 2.8 m;
* diameters of respective segments: 250 and 500 mm.

Results and discussion

In Figure 2 the trajectories of 100 particles for each
of the three fractions are depicted. It’s important to note
that the particle sizes in the figure do not correspond
to scale and have been chosen arbitrarily for illustra-
tion purposes. We assumed that the temperature at which
titanium powder begins to glow and produce bright sparks
is above 1573 K. This determination was based on refer-
ence data regarding the colors of heated titanium (bright
red — 900 °C, yellow — 1200 °C, white — 1300 °C) [24].
Through computer simulation, several key findings were
obtained, including the dimensions of the torch contain-
ing the luminous powder fraction with temperatures
exceeding 1573 K, as well as the maximum distance
covered by powder particles within the flow.

The obtained data is presented below:

Powder particle size, pm . .. ............... 1 50 100
Length of luminous fraction, mm . .......... 570 500 320
Width of luminous fraction, mm............ 45 55 60

Distance of particles to plasmatron edge, m ...2.8 1.8 1.6

As observed, there is a negative correlation between
particle size and the length of the luminous fraction, as
well as the distance particles are carried by the flow away
from the plasma torch’s end. Conversely, the width and
opening angle of the plasma flow torch increase with
larger particle sizes. This phenomenon can be attributed
to the influence of gravity acting upon powder particles
entrained by the plasma flow. Notably, smaller powder

Fig. 1. The design of the plasma head of the installation in a disassembled state («) and in cross section along the axis (b)
1 —anode, 2 — anode case, 3 — swirler, 4 — cathode, 5 — cathode sleeve, 6 — cathode case, 7 — sealing rings, 8 — sleeve

Puc. 1. KoHCTpyKIHs TTa3MEHHO# TOJIOBKH YCTAHOBKH B pa300PaHHOM COCTOSIHUY (@) ¥ B TIOTIEPEIHOM CEUCHUH BI0Jb OcH (b)
1 —anon, 2 — Kopiyc aHoja, 3 — 3aBUXpUTEb, 4 — KaTo/, 5 — BTYJIKa Karosia, 6 — KOPIyC Karoja, 7 — yIUIOTHUTEIbHBIE KOJIbLA, 8 — BTYIKa
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T,K
1573

1431
1289
1146
1004
862
720

578

435

293

Fig. 2. Trajectories of particles with sizes of
100 (a), 50 (b), and 1 (c¢) pm

Puc. 2. KapTuHbI TPAeKTOPHUI YaCTHUIl pa3MepamMu
100 (a), 50 (b) u 1 (¢) MM

particles tend to follow longer flight paths within the flow,
resulting in greater distances from the plasma head.

In order to validate the outcomes of the computer
experiment, two full-scale experiments were conduc-
ted. The first experiment aimed to compare the width
and length of the torch containing luminous par-
ticles of PTM-1 titanium powder, which was sprayed
using a laboratory facility (TU 14-22-57-92). In terms
of chemical composition, PTM-1 corresponds closely
to the titanium powder VT1-0 employed in the computer
experiment (wt. %, not exceeding: N —0.08, C —0.05,
H-0.35, Fe+Ni—0.4, Si—0.1, Ca—0.05, C1 - 0.004).
The second full-scale experiment was designed to deter-
mine the temperature of the plasma flow during the plasma
torch’s idle mode (without powder particle spraying).
This measurement aimed to assess the correspondence
of this value to the one determined through the computer
experiment.

Each of the full-scale experiments was conducted
in five separate runs to ensure robust and reliable mea-
surement results. In order to enhance the accuracy and
credibility of the measurements, we applied statistical
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processing using scatter plots and the calculation of their
average values [25-27].

In the first full-scale experiment, a granulometric
analysis of PTM-1 titanium powder was conducted using
CAMSIZER-XT (Germany). The data obtained revealed
that 90 % of the powder had a size of less than 91 pm,
while 50 % had a size of less than 50 um. Furthermore,
98.1 % of the powder material exhibited a sphericity coef-
ficient exceeding 0.9 (the ratio of the smallest particle
size or diameter to the largest), and 90.9 % of the studied
powder displayed sphericity coefficients exceeding 0.9.
The particle size range of PTM-1 titanium powder fell
within the range of 1-97 um. Figure 3 presents a visual
representation of the data from both full-scale and com-
puter experiments.

In the first full-scale experiment, the initial conditions
were as follows:

* plasma-forming gas flow rate: 20 I/min;

* gas type: argon; purity 99.993 % (complying with
State Standard 10157-2016);

* gas pressure in the supplying system: 2 atm;

T,K
1573

1431
1289
1146
1004
862
720
578
435

293

Fig. 3. Data from full-scale («) and computer (b) experiments on
the length and width of the luminous fraction

Puc. 3. JlanHble HaTYpHOTO (@) 1 KOMITBIOTEPHOTO (b)
HKCHEPUMEHTOB [UIMHBI ¥ IIUPUHBI CBETAIIEHCs ppakimuu
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Comparison of the results of full-scale and computer experiments

Pe3yibTaThl CpaBHEHUS HATYPHOI0 M KOMIILIOTEPHOI0 3KCIIePHMEHTOB

Llens exp(éfiﬁzgfinm experilirili:lrclit, mm D, %
Copper M1 141 135 4.4
Steel 10 82 85 3.5
Lanthanized tungsten 19 20 5.0

« diameter of the central hole of the swirlers: 24 mm,;

* plasma-forming gas was introduced in a tangential
pattern through 6 channels, each with a 2 mm diameter.

The environmental conditions were set as follows:

* gas type: air;

* absolute gas pressure at the outlet of the anode unit:
98,100 Pa, equivalent to the altitude of Yekaterinburg;

* temperature was maintained at room temperature —
293 K.

The study focused on analyzing the motion trajecto-
ries of particles within the plasma flow, encompassing
particle sizes ranging from 1 to 97 um. The mass flow rate
for each fraction was set at 1 g/s. An indirect-acting plas-
matron was employed, with the following specifications:

* voltage: 26 V;

e current: 250 A;

* spraying direction: vertical, directed upwards;

e reactor length: 2.8 m;

* diameters of respective segments: 250 and 500 mm.

During the experiment, measurements were taken
for the length and width of the luminous fraction of tita-
nium powder, which amounted to 600 mm and 65 mm,
respectively. As a result, the deviation from the results
of the computer experiment did not exceed 7.7 %.

In the second full-scale experiment, conducted during
the idle mode of the plasmatron (without the use of pow-
der), the temperature of the plasma flow on its axis was
studied. To achieve this, a method involving the place-
ment of rods with known melting temperatures within
the plasma flow was employed. Specifically, 3 rods with
a 3 mm diameter, composed of copper M1 (compliant
with State Standard GOST 859-2014), steel 10 (in accor-
dance with State Standard GOST 1050-2013) and lantha-
nized tungsten (as per Specifications TU 48-19-27-88)
were selected. These materials were chosen for their
varying melting points. The rods were fixed in a man-
ner where one end was securely clamped, and the other
end was left free to be exposed to the plasma flow.
The head of the plasmatron was mounted on a manipula-
tor, which enabled its uniform movement along the axis
toward the rod at a speed of 10 mm per minute. The dis-
tance between the free end of the rod and the end plane
of the anode of the plasmatron’s head unit was meticu-
lously recorded throughout the experiment. The initial
distance between the free end of the rod and the plasma

torch’s head was assumed to be 0.5 m. When the melt-
ing process commenced on the rod’s surface, the distance
from the rod to the plasma torch was recorded.

In order to determine the temperature of the rod’s sur-
face at the point of melting onset, an optical pyrometer
(EOP-66, Type No. 240, compliant with GOST 5.278)
was employed. This pyrometer is specifically designed
for accurately estimating the brightness temperatures
of heated objects through their thermal radiation, cov-
ering a range from 900 to 10,000 °C. The measurement
error does not exceed 5 °C.

In the second full-scale experiment, the initial condi-
tions were as follows:

* plasma-forming gas flow rate: 20 I/min;

* gas type: argon; purity 99.993 % (complying with
State Standard 10157-2016);

* gas pressure in the supplying system: 2 atm;

* diameter of the central hole of the swirlers: 24 mm;

* plasma-forming gas was introduced in a tangential
pattern through 6 channels, each with a 2 mm diameter.

The environmental conditions for this experiment
were as follows:

* gas type: air;

* absolute gas pressure at the outlet of the anode unit:
98,100 Pa, equivalent to the altitude of Yekaterinburg;

* temperature was maintained at room temperature —
293 K.

T,K
7000
6000
5000
4000
3000
2000
1000

0 0.05 0.10 0.15 /,m

Fig. 4. Temperature distribution along the plasma flow axis (/)
according to full-scale experiment
I — lanthanated tungsten, II — steel 10, III — copper M1

Puc. 4. PactipeqienieHre TEMIIEPATypPhl BIOJIb OCH INTa3MEHHOTO
notoka (/), o JaHHBIM HaTYPHOTO 3KCIIEPUMEHTA
1 — nantanupoBaHHsLi Bonbdpam, I1 — crans 10, 111 — mens M1
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For this experiment, an indirect-acting plasma-
tron with the following specifications: was utilized:

* voltage: 26 V;

e current: 250 A;

* spraying direction: vertical, directed upwards;

* reactor length: 2.8 m;

* diameters of respective segments: 250 and 500 mm.

The data derived from the second full-scale experi-
ment indicated that the onset of melting for each
of the rods occurred at temperatures closely aligned with
the reference data for each rod material, with a slight
deviation of no more than 22 K. A comprehensive account
of this experiment can be found in [28] and the results are
visually presented in Figure 4 and detailed in the accom-
panying Table.

Thus, the comparative analysis of the computer
and field experiments demonstrated a satisfactory level
of agreement, with the discrepancy not exceeding 5 %.

Conclusions

A comparative analysis of the motion trajectories
of titanium powder particles of varying sizes in a ver-
tically directed plasma flow has been successfully con-
ducted. The study revealed that the size of powder par-
ticles significantly influences various parameters, inclu-
ding the dimensions of the luminous fraction, the opening
angle of the plasma torch, and the distance of particles
carried by the plasma flow from the plasma head. These
findings are of great significance for processes involving
coating and powder production.

Furthermore, the development of a computer model
describing a laboratory plasma facility for applying func-
tional coatings and producing powder materials represents
a valuable contribution. This model can be employed
to predict outcomes in powder production processes.
Additionally, it enables the determination of optimal
reactor (powder receiving chamber) dimensions and
shapes, with the dual goal of reducing internal volume
and mitigating issues such as molten particles adhering
to chamber surfaces. This optimization is essential for
minimizing the material consumption of process equip-
ment, reducing facility dimensions, and cutting opera-
tional costs, especially when inert gases are used to fill
the receiving chamber. A well-designed chamber shape
not only lowers the unit cost of produced powder but also
prevents contamination of internal reactor surfaces.

In the context of vertically upward plasma flow,
the influence of gravity leads to a natural separa-
tion of sprayed powder into different fractions. Finer
particles exhibit a larger scatter radius, while coarser
ones are concentrated closer to the plasma jet’s axis.
This phenomenon can be harnessed for the selective col-
lection of powdered material. As part of the chamber’s
design improvement, the proposal to introduce additional
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internal walls for particle deposition based on size is
an innovative approach.

Overall, the use of gravity’s effect in vertically
directed spray patterns serves as an additional tool for
segregating the produced powder material.

These study results hold particular utility in the appli-
cation of functional coatings, aiding in the optimal
positioning of the substrate on which they are applied.
The computer model offers the capability to predict
plasma flow torch characteristics, such as the opening
angle and width, in relation to the distance from the plas-
matron. This information is invaluable for estimating
the coating area, determining the number of required
passes of the plasma torch for surface coverage and con-
sidering particle temperatures. Moreover, it assists in
defining the optimal substrate-to-plasma head distance
and inclination.

The choice of directing the atomization process
vertically upwards, taking advantage of the natural ten-
dency of heat to rise due to the pressure difference in
heated gases, offers several advantages over directing
the plasma flow vertically downwards. In this configura-
tion, the heat flow from the plasma is directed toward
the substrate positioned above the plasma source. This
setup minimizes the risk of overheating and potential
damage to the plasma equipment’s components, reduc-
ing the likelihood of plasma source failure. Additionally,
when the plasma flow is directed upwards, the substrate
receives more effective heating.

These recommendations have practical significance
for both consumers and developers of technological
equipment used in coating processes and powder pro-
duction. By employing a computer model, it becomes
feasible to anticipate process outcomes and make adjust-
ments by manipulating influencing factors.

Furthermore, the results of the computer experi-
ment were validated through a full-scale experiment and
the comparative analysis of their findings demonstrated
a satisfactory level of agreement.
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Effect of HG40 and HS123 hard alloy tool substrates
on the properties of hardening coating

V. S. Sergevnin®, I. V. Blinkov, D. S. Belov, A. P. Demirov, A. V. Chernogor,
T. A. Lobova, A. 1. Laptev

National University of Science and Technology “MISIS”
4 bld. 1 Leninskiy Prosp., Moscow 119049, Russia
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Abstract. This article examines the impact of surface and near-surface layer properties of a hard alloy on the physico-mechanical
and tribological properties of Mo—Ti—Ni—Si—Al-N CAPVD-coatings deposited on HG40 and HS123 cutting tools. In both cases,
the coatings had similar composition, multilayer architecture, and nanograin structure, with crystallite sizes ranging from 6 to 10 nm.
However, there were significant differences in the hardness, elasticity modulus, and relative work of plastic deformation between
the coatings. Specifically, on HG40 substrates, the hardness, elasticity modulus, and relative work of plastic deformation were equal
to 27.6 GPa, 647 GPa and 38.2 %, respectively, while on HS123 substrates, they were 34.2 GPa, 481 GPa and 46.2 %, respectively.
Furthermore, coatings formed on HS123 hard alloy demonstrated superior wear resistance and stronger adhesion. This can be attributed
to the presence of higher compressive macrostresses within the coating. The maximum value of this property, approximately 5.2 GPa,
was achieved when deposed to HS123 hard alloy, whereas the coating applied to HG40 reached a maximum value of approximately
3.2 GPa. Additionally, a more extensive diffusion zone between the substrate and coating components, along with associated structural
phase heterogeneity, was observed at the coating-substrate interface when applied to HS123 substrate.

Keywords: coatings, arc-PVD, macrostresses, hardness, substrate—coating boundary
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BnuaHune tBeppocnnaBHOM UHCTPYMEHTaNIbHOMU OCHOBDI
BK10 n T14K8 Ha cBoMCTBa ynpoUHAOWEro NOKpbITUS

B. C. CepreBuun %, 1. B. biunkos, [I. C. benos, A. I1. lemupos,
A. B. Yepnorop, T. A. Jlo60Ba, A. I1. lanteB

HanunonanbHblii Hcc/ie1oBaTeIbCKMil TexHoornyeckuii ynusepeuter «MUCHUC»
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AHHoTayums. ViccaenoBaHo BIHMSHHE CBOHCTB ITOBEPXHOCTH M IPHUITIOBEPXHOCTHOTO CJIOS TBEPAOTO CIUIAaBA HA (PU3MKO-MEXaHHIECKUE
u Tpubonormdeckne xapakrepucTuky arc-PVD-nokperruit Mo—Ti—Ni—Si—Al-N, HaHeceHHBIX Ha TBepIocIUIaBHbIE TacTHHE! BK10
n T14KS8. B oboux ciydasix MOKpPBHITHS XapaKTEPH30BAJINCh MPUMEPHO OIMHAKOBBEIM COCTABOM, MHOTOCIOWHON apXUTEKTYpOi
U HAHO3EPEHHOH CTPYKTYpoH ¢ pazmMepoM KpucTtammutoB 6—10 Hm. [Ipm 3TOM TBEepmOCTh, MOMYNE YIPYTOCTH M OTHOCHTEIIBHAS
pabora rracTH4ecKkor 1eopMaIiy MOKPBITHH CYIIECTBEHHO OTINYaIHCh U coctaBisumn 27,6 ['Tla, 647 I'Tla, 38,2 % u 34,2 I'lla,
481 I'Tla, 46,2 % coorBercTBeHHO Ha mominokkax BK10 m T14K8. OmHOBpeMEHHO MHHUMAJBHBI HM3HOC W IIOBBIIICHHAS
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a/Ire3MOHHAsT IPOYHOCTh TaKKe OBLIN CBOMCTBEHHBI IMTOKPBITUSAM, C(OPMHPOBAHHEIM Ha TBepzoM ciuiaBe T14K8. O6HapykeHHBII
3¢ deKT 0OBSICHIETCS C MO3UINH MOBBIICHHBIX 3HAYCHNH CKUMAIONIIX MaKpOHANPSUKCHUH, BOSHUKAIOMINX B TOKPBITUH. 3HAUYCHUS
JTaHHOM XapaKTEPUCTUKH JUI UCCIEAOBAHHOIO IOKPBITHUS UMEIIM MaKCUMalbHOe 3HadeHue ~5,2 I'Tla npu HaHeceHuu Ha TBepAblid
craB T14K8 mporus ~3,2 I'Tla st nokpertus, HanecenHoro Ha BK10. Ipu sTom HanGonee npotspkenHas nuddy3noHHas 30Ha
ME>K/ly KOMITOHCHTaMU TTO/VIOKKH M TOKPBITUS M CBSI3aHHAs C HEll CTPYKTYpHO-(ha30Bast HEOTHOPOAHOCTH (POPMHUPYIOTCS Ha TPAHHILIE

HOKPBITHE—TIOUIOKKA TP HaHECeHUU Ha nou1okKy T14KS.
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Introduction

The studies conducted in the field of functional nano-
structured surface coatings development have shown
that multicomponent coating structures with different
architectures based on nitrides exhibit superior opera-
tional performance compared to two and three compo-
nent systems. These coatings possess enhanced elastic
properties, resulting in greater resistance to plastic
deformation. The inclusion of additional components
in mononitride coatings leads to a reduction in ave-
rage crystallite sizes and an increase in microdeforma-
tion, offering a potential approach to achieve coating
materials that combine high hardness and resistance
to destruction. Furthermore, these systems exhibit ele-
vated heat resistance and thermal stability [1-5].

The fabrication process of Mo-Ti-Ni—Si—Al-N
ion plasma arc vacuum coatings on heat resistant alloy
substrates, as well as their properties, are discussed in
reference [6]. The coating exhibits a multilayer struc-
ture consisting of nanograins with a crystallite size
ranging from approximately 6 to 10 nm. The hardness
of the coating is approximately 48 GPa, and it demonst-
rates high ratios of hardness to the Young modulus:
H/E=0.12 and H?*/E*=0.61 GPa. These values indi-
cate that the material has increased resistance to both
elastic and plastic deformations [7; 8]. The coating
shows a cohesive pattern of destruction when sub-
jected to scribing, with partial substrate opening
observed at an indenter load of approximately 70 N.
Additionally, it is important to mention the tribological
properties of the coating.

The combination of the aforementioned properties
suggests that these coatings hold great potential for use
as surface hardening for cutting tool [9—11]. However,
the influence of the tool substrate’s nature on the func-
tional properties of these coatings remains unsolved.
Several studies in this field have shown that the perfor-
mance of substrate-coating composites is significantly
affected by factors such as substrate composition, hard-
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ness, surface roughness, and the coefficients of thermal
expansion of both the coating and the substrate.

This research aims to investigate the influence of two
different types of hard alloys substrates on the proper-
ties of the hardening coating and the resulting substrate-
coating composite. By examining the obtained results,
we can determine the role of the substrate in shaping
the functional properties of the coating and identify its
most promising application.

Experimental

Coatings were applied to the surface of hard alloy
substrates, specifically HG40 and HS123 hard alloy
grades, which are commonly used for semifinal and
rough milling [15; 16]. The coatings were fabricated
using the arc-PVD method, which involves ion plasma
vacuum arc spraying. The equipment used for this
process included three evaporated cathodes (made
of molybdenum, Al-Si alloy with 20 at. % and Ti—Ni
alloy with 50 at. %). Toroidal electromagnetic separa-
tors were employed to prevent the deposition of sprayed
material into the coating structure. To ensure uniform
deposition, a kinematic rotating mechanism of the plan-
etary type was used, rotating the substrates at a rate
of 1 rpm with respect to the evaporated cathodes.

The coatings were deposited in a nitrogen atmo-
sphere at Py, ~ 3-107' Pa. The electric arc current
supplied to the evaporate cathodes was 120 A, while
a negative bias voltage (U,) —120V was applied
to the substrates. Prior to the coating deposition,
the processed items’ surfaces were subjected to pre-
liminary gas abrasive processing using a mixture
of air and corundum abrasive particles with a particle
size distribution of 20-30 um. This process resulted
in a surface roughness of R ~ 0.1 um. The thickness
of the obtained coatings was 4 + 0.1 um.

The morphology of the coating was analyzed using
JSM-7600F and JSM-6700F scanning electron micro-
scopes (JEOL, Japan). The transversal cross-sec-
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tion structure of the Mo-Ti—Ni—-Si—Al-N coatings
was examined using a JEM-1400 transmission elec-
tron microscope, utilizing bright and dark field imaging,
microdiffraction, and phase composition estimation.

X-ray photoelectron spectroscopy (XPS) was used
to determine the bond energies of the elements present
in the coating material, along with the simultaneous
determination of their concentrations and the plotting
of concentration profiles. This analysis was carried out
using a Versa Probell device (ULVAC-PHI, Japan).
Layer-by-layer analysis was conducted by spray-
ing the coating surface with an argon ion beam with
an energy of 2 keV and a 2x2 mm? grid, corresponding
to an etching rate of 13 nm/min for SiO,. The diameter
of the analyzed region was 100 um, and photoemis-
sion was excited using monochromatic AlK radia-
tion with a power of 25 W. High-resolution photoelec-
tron spectra were obtained with an analyzer transmis-
sion energy of 11.75 eV and a data acquisition density
of 0.1 eV/step.

The diffusion zone at the interface between the coa-
ting and substrate was analyzed using electron Auger
spectroscopy with a PHI-680 instrument (Physical
Electronics, USA). Layer-by-layer ion etching of the
material was performed using argon ions with ener-
gies of 1 and 2 keV at rates of approximately 5 and
20 nm/min, respectively, within a 1x1 mm grid and
an incident angle of 60°.

The hardness (H) and elasticity modulus (F)
of the Mo—Ti—Ni—Si—Al-N coatings applied to HG40
(WC-10Co) and HS123 (WC-14TiC-8Co) substrates
were determined using continuous indentation in
the load range of 5 to 100 mN, following the Oliver—
Pharr method [17]. The relative work of plastic defor-
mation was estimated based on the obtained loading-
unloading curves, which was then used to estimate
fracture toughness. The measurements were conducted
with the indenter penetration depth not exceeding 10 %
of the coating thickness to ensure that the material did
not influence the determined parameters, in accordance
with requirements of ISO/CD 14577.

The coefficient of friction and wear resistance
parameters of the coatings were investigated using
an automatic Tribometer friction machine (CSM
Instruments, Switzerland). Tribological tests were
conducted in a pin-on-disk configuration at ambient
temperature in an air environment, using an Al,O,
counterbody. The normal contact load on the counter-
body was 5 N, the friction velocity was set at approxi-
mately 10 cm/s, and the friction path length was 100 m.
The wear intensity of the samples was determined
through optical profilometry using a WYKO NT 1100
device («Veeco», USA).

The adhesion/cohesion strength in the coating—sub-
strate system was estimated by performing scratching
tests using a Revetest scratch tester (CSM Instruments,
Switzerland). A series of scratches was applied
to the coating surface using a diamond indenter
with gradually increasing load up to 90 N. During
this procedure, contact parameters such as acoustic
emission (4E) from the contact area, force of fric-
tion between the indenter and sample surface (F) and
the coefficient of friction (n) were recorded. The criti-
cal loads, L, and L, were determined, correspon-
ding to the occurrence of the first scratch and the point
at which the indenter made contact with the material,
respectively. Additionally, the pattern of material
destruction along the scratch was observed using opti-
cal microscopy.

The macrostresses in the coating, resulting from
the difference in thermal expansion between the coa-
ting and substrate, as well as the different specific
volume of phases, can be calculated using the Stoney
equation. This equation is based on the curvature radius
of the coating-substrate composite, which becomes
curved due to these macrostresses. When the thickness
of the coating is significantly smaller than the thick-
ness of the substrate, the Stoney equation can be used
to calculate the macrostresses caused by this difference
in thermal expansion [18-21]:

2
oo ML_1)_Er W
6\R R, )(1-v,)t,

where E_represents the Young modulus of the sub-
strate, GPa; v_is the Poisson ratio of the substrate;
R and R are the curvature radii of the substrate before
the application of the coating and after the deposi-
tion of the substrate-coating composite, respectively, m.
The thicknesses of the substrate and coating are denoted
by ¢ and ¢, respectively, and they were determined
by analyzing micro images of transversal fractures
using a JSM-6700F scanning electron microscope.

To calculate the curvature radii of the blades before
and after the deposition of the coating (R and R,)), profilo-
grams of the sample surface were obtained using an opti-
cal profilometer. The following equation was used:

2
R=§—b, @

where L represents the end-to-end length of the sample
upon bending, m; b is the bending parameter.

Results and discussion

The surface morphology of the coatings obtained
was characterized by a cellular structure, as depicted in
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Figure 1. This structure was formed due to the replica-
tion of the relief of the substrate surface by the coa-
ting after undergoing preliminary gas abrasive treat-
ment. The parameters of surface roughness (R,)
for all the coatings obtained were measured to be
0.10 £ 0.005 um, indicating sufficiently uniform
morphology.

The application of Arc-PVD Mo-Ti—Ni—-Si—Al-N
coatings on the utilized substrates resulted in coatings
with a multilayer architecture, exhibiting a nanograin
structure and crystallite sizes ranging from 6 to 10 nm
(Figure 2).

The electron diffraction patterns of the coatings
(Figure 3) reveal distinctive lines of electron diffrac-
tion. These lines can be attributed to both the TiN and
Mo,N phase due to the observed decrease in intraplane
distances. This indicates the presence and consistent
nature of the texture in the coatings formed on the two
substrates, where the predominant crystallographic
orientation of structural constituents aligns in the (100)
direction, which corresponds to the direction of coa-
ting growth.

The elemental composition of the coatings was
investigated using X-ray photoelectron spectroscopy
(XPS), which provided data on the binding energy
of the elements, enabling the determination of their
phase composition. Table 1 presents the concentra-
tions of elements in the coating at different depths after
etching for 10 and 20 min. The experimental findings
revealed the presence of regions within the coating struc-
ture enriched with various components. The periodical
distribution of elements in the coatings was attributed
to the rotation of substrates at a predetermined velo-
city relative to evaporated cathodes of specific com-
position. The laminar architecture of the coatings, as
observed in Figure 2 using transmission electron spect-

Fig. 1. SEM image of morphology
of Mo-Ti—Ni-Si—Al-N coating

Puc. 1. COM-mukpodororpadus mopdonoruu
nokpsrtust Mo—Ti-Ni—Si—Al-N
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roscopy (TEM), was further confirmed by concentra-
tion profiles obtained during the layer-by-layer etching
of the surface with argon ions (Figure 4).

Fig. 2. TEM images of structure of Mo—Ti—Ni—Si—Al-N coatings
on carbide alloy substrates HG40 (a, ¢) and HS123 (b)

Puc. 2. TIDM-u300paeHust CTPyKTYpbI HOKPBITHI
Mo-Ti—Ni—Si—Al-N Ha TBepHOCIUIaBHEIX OCHOBAaX
BK10 (a, ¢) u T14K8 (b)
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Fig. 3. Electron diffraction patterns of Mo—Ti—Ni—Si—Al-N coating on HG40 (a) and HS123 (b)

Puc. 3. Dexrpororpammsr mokpeiTHst Mo—Ti—Ni—Si—Al-N Ha nommoxkax BK10 (a) u T14K8 (b)

Table 1. Composition of Mo—Ti—Ni—Si—Al-N coatings on carbide alloy substrates HG40 and HS123
after surface etching with argon ions during XPS (at the depth of ~130 and 260 nm)

Ta6nuya 1. Coctas nokpbiTHii Mo—Ti—-Ni—Si—Al-N, c¢opMHpoBaHHBIX Ha TBEPAOCIJIABHBIX MOAI0KKAX
BK10 u T14K8 nocJie TpaB/ienusi nOBepXHOCTH HOHAMH aproHa B npouecce POIC (na riuyoune ~130 u 260 nm)

Etching Concentration of elements, at. %
duration, min 0 N Ti Mo Ni Al Si
10 35+0.1 |45.0+0.1|144+0.1| 30.0+0.1| 5.6+0.1 | 1.5+0.1
20 - 413+0.1| 83+0.1 | 264+0.1| 47+0.1 |14.6+0.1| 4.7+0.1

It is important to consider that XPS signal accu-
mulation occurs from a region with a depth of seve-
ral nanometers. As a result, the concentration pro-
files of coating elements obtained during the etching
of the coating surface with argon ions may exhibit
smoothed boundaries between individual layers [22].
This introduces some inconsistency in our understand-
ing of the structure of the coatings, as observed through
TEM data, which show well-defined layer boundaries,
and XPS data, which exhibit smoothly varying concent-
ration profiles of elements within the layers.

The coatings applied on two different substrates
consisted of Mo,N, AIN, Si;N,, TiN and Ni. This is
supported by the analysis of energy spectra of photo-
electrons from Mo 3d, Al 2p, Si2p, Ti 2p and Ni 2p,
which exhibit bond energies of 228.2 (3d5/2), 74.0,
102.2, 455.0 (Ti 2p3/2) and 853.1 (2p3/2) eV respec-
tively [23-26].

Table 2 provides an overview of the hardness (H),
elasticity modulus (£) and relative work of plastic defor-
mation w,) for the coatings on different substrates.

The coatings that were obtained and had similar ele-
mental and phase compositions when applied to diffe-
rent hard alloy substrates exhibited notable differences
in terms of hardness. These differences were observed

while adhering to the “ten percent” rule during hard-
ness measurements [27]. However, despite the similar
average coefficients of friction of approximately 0.6
observed during tribological tests (Figure 5), the wear
of the coatings manifested in various manners.

100

Mo 3d

Intensity, rel. units

0 2 4 6 8 10 12 14 16

Etching duration, min

Fig. 4. Distribution of chemical elements
in Mo—Ti—-Ni-Si—Al-N coatings on carbide substrates during
argon ion etching (nitrogen excluded)

Puc. 4. PactipeieiieHue XUMHYECKHX DIIEMEHTOB
B TOKpeITHH Mo—Ti—Ni—Si—Al-N Ha TBepmoCIIIaBHEIX
HOUIOKKAX B HPOIIECCE TPABICHNSI HOHAMHU aproHa
(0e3 yuera azora)

59



DM v on

W3BECTUA BY30B

W3BECTUA BY30B. [TOPOLIKOBAA METANNYPTUA U GYHKLLIMOHANBHBIE MOKPbITUA. 2023;17(3):55-66
CepeesHuH B.C., bauHKkos W.B. u Op. BavsaHwWe TBepA0CNNABHOM MHCTPYMEHTaNbHOM ocHOBbI BK10 1 T14KS ...

0.8

0.7

0.6 H

0.7 f

0.6 -

0.5 -

0.4 1 1 1 1
0 10 20 30 40

50

60 70 80 90 /,m

Fig. 5. Friction coefficient as a function of friction path for Mo—Ti—Ni—Si—Al-N coating
on HG40 (a) and HS123 (b) at a load of 5 N on Al O, counterbody

Puc. 5. 3aBucumocTb K03 GUIIEHTa TPEHHS OT Iy TH TpeHust st HokpbiTHs Mo—Ti—Ni—Si—Al-N
Ha nomioxkkax BK10 (a), T14K8 (b) npu narpyske 5 H na xontpreno u3 AlO,

Based on the wear track profiles shown in Figure 6,
it can be observed that the Mo-Ti—Ni—Si—Al-N
coating on HSI123 substrates experienced minimal
wear, with the track depth comparable to the rough-
ness of initial coating surface. On the other hand,
the coatings on HG40 substrates exhibited wear
of approximately 2.622-10~° mm?3/(N-m). These results
can likely be attributed to the differing hardness of the
Mo-Ti-Ni—Si—Al-N coating on the different subst-
rates.

It is important to note that the nature of the substrate
also plays a significant role in the adhesion between
the coating and the substrate.

Table 2. Physicomechanical properties of the considered
samples of Mo—Ti—Ni—Si—Al-N coatings
HGA40 and HS123 substrates
Tabnuya 2. PU3UKO-MeXaHHYECKHe XapaKTePUCTUKH

ucciaeayemMbix oopa3uoB nokpbituii Mo—Ti—Ni—Si—Al-N
u noaJioxkek BK10 u T14K8

Substrate E, GPa H, GPa Wp, %
Samples with coating
HG40 647 +25 276+ 1.1 382+1.5
HS123 48119 342+ 13 462+ 1.8
Samples without coating
HG40 574 +£22 12.9+0.5 -
HS123 520+£20 174+£0.7 -
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Figure 7 depicts the variations in three recording
parameters (AE, F, and p) in relation to the of scratch
length and increasing load on the indenter during
the measurement of the scratching process on the coat-
ings applied to HG40 and HS123 substrates. The coat-
ings in both series undergo destruction in multiple
stages as a result of the diamond indenter. As the load

0.7
a
0.6
0.5
E o4l
=
.%D 0.3 | I 1 1
=
0.6
2 b
=
©
~ 0.5
0.4
0.3 ! ! ! !
0 200 400 600 800 1000

Scanning path, pm

Fig. 6. Profilograms of wear tracks of Mo—Ti—Ni—Si—Al-N
coating on HG40 («) and HS123 (b) substrates

Puc. 6. TIpoduorpaMmbl JOPOKEK U3HOCA TOKPBITHS
Mo-Ti—Ni—Si—Al-N na nmognoxkax BK10 (a) u T14KS8 (b)
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Fig. 7. Friction force (F f) (1), coefficient of friction (1) (2), acoustic emission (4E) (3) during scratch test
of Mo-Ti—Ni—Si—Al-N coatings on HG40 (@) and HS123 (b) substrates

Puc. 7. 3aBucumocTi cuiibl TpeHus (F f) (1), xoadpdurmenta Tpenus (1) (2), akyctuueckoit smuccenu (4E) (3)
npu ckpeTd-tecte nokpbiTit Mo—Ti—Ni—Si—Al-N Ha nomnoxkax BK10 () u T14K8 (b)

increases, the indenter progressively penetrates
into the coating, eliminating surface irregularities and
intermittently contacting the surface. During this stage,
the signal amplitude of acoustic emission exhibits
an increase, while the intensity remains relatively con-
stant, albeit at a negligible level.

A significant drop in amplitude (AE) occurs at loads
of approximately 11.7 and 15.6 N (L_,) on the indenter
for both HG40 and HS123 coatings, as shown in
Figure 7. This drop indicates the initiation of the first
cracks in the coating. Visual examination of the scratch
bottom (Figure 8) confirms the presence of cracks
and detachment of coating fragments. Partial wear
of the coatings on HG40 and HS123 substrates occurs
atloads (L ;) on the indenter of approximately 53.7 and
62.5 N, respectively. Simultaneously, the slope angle
of the force F ', curve (1) and the coefficient of fric-
tion p (2) change as a function of the applied load (refer
to Fig. 7). These changes are attributed to the penctra-
tion of the indenter into the substrate, which has a lower
hardness compared to the coating material.

The hardness, wear, and adhesion of coatings with
the same composition, thickness, and structural proper-

ties were found to be influenced by the nature of the sub-
strate onto which they were deposited. To investigate
this phenomenon, macrostressed states in the formed
coating-substrate composites were analyzed.

In this analysis, sufficiently thin substrates were
fabricated from the considered hard alloys, with
average thicknesses of approximately 425.12 um
and 449.67 um, respectively. Mo-Ti—-Ni—-Si—Al-N
coatings of the aforementioned compositions, with
thicknesses ranging from 4.11 to 4.21 um, were then
applied onto these substrates. The curvature radii were
measured before and after the deposition of the coa-
tings. By employing Equation (1) and utilizing pub-
lished data on the Poisson ratios of the hard alloy
substrates, as well as experimentally obtained elas-
ticity moduli of the substrates (as shown in Table 3),
the macrostresses (o) in the coatings were calculated.
The results of these calculations are summarized in
Table 3. As evident from the presented results, the coat-
ings formed on HS123 substrates exhibited the high-
est values of o, indicating the presence of high lev-
els of compressive macrostresses. These compressive
macrostresses can account for the elevated hardness
of the coatings on these substrates, which, in turn, influ-
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Fig. 8. Images of a scratch fragment formed during the scratch test of Mo—Ti—Ni—Si—Al-N nanostructured coatings
on HG40 (a) and HS123 (b) substrates upon increasing load on indenter

Puc. 8. 300pakeHus yqacTka LapanuHbl, GOPMUPYIOLIEHCs B IPOLECCe CKPETI-TeCTa HAHOCTPYKTYPHBIX MOKPBITHIL
Mo-Ti-Ni-Si—-Al-N na nognoxkax BK10 (a) u T14KS (b) npu yBenunuuBaronieicst Harpy3ke Ha HHASHTOP

ences their wear resistance [28;29]. The significant
role of compressive macrostresses in relation to coat-
ing hardness is further supported by the experimental
findings of other researchers [30-35].

The higher adhesion strength observed for
Mo-Ti—Ni—-Si—Al-N coatings on HS123 substrates,
compared to HG40 substrates, can be attributed
to the relatively higher macrostresses achieved
in the former case. These macrostresses can have
a significant impact on the nucleation and propaga-
tion of cracks during scribing in the relatively brittle
coating material (L) as well as on the subsequent
fragmentation of its continuous layer and the opening
of the substrate (L ,) [36; 37].

The observed differences in macrostresses between
the considered coatings on HG40 and HS123 hard
alloy substrates, despite their relatively equal coef-
ficients of linear thermal expansion (5.8-10° and
6.0-10° K! respectively), owhich determine the ther-
mal component of macrostresses, may be associated

with the structural phase (concentration) heterogeneity
of the coating material, including the transitional zone
between the coating and substrate. Auger spectro-
metry was employed to analyze the regions adjacent
to the coating-substrate interface for the two substrates.

Figure 9 illustrates the concertation profiles
of the distribution of elements, which are components
of both the substrate and the coating, in boundary
regions. From the presented results, it can be inferred
that the size of the diffusion region is maximized
at the Mo—Ti—Ni—Si—Al-N coating—-HS123 alloy com-
posite, with a size of approximately 1.55 pm, compared
to its size of approximately 0.82 pm for the HG40
substrate.

The larger size of the diffusion zone in the Mo—
Ti-Ni-Si—Al-N coating on HSI123 substrate is
the reason behind the higher macrostresses detected,
primarily due to its concentration constituents. This
is further supported by the longer length of the tran-
sient zone at the interface between the growing coat-

Table 3. Macrostresses calculated by the Stoney method achieved
in Mo-Ti—Ni-Si—Al-N-coating—substrate composite

Tabamya 3. Pesynbrarsl pacuera MeTooM CTOHM MaKPOHANPSKEHU, peaau3ylomuxcst
B koMno3uTe «Mo—Ti—Ni—Si—Al-N-noKpbITHe—TI0IJI0KKA

Substrate G > GPa R, m R,,m 1,10°m L 10°m v, E_, GPa
HG40 -2.9 3.55 1.69 449.67 4.21 0.22 574
HS123 -5.2 4.75 1.08 420.52 4.15 0.21 520

Notations: Cule —

calculated macrostresses; R — substrate curvature radius before application
of coating; R — curvature radius of coating—substrate composite; ¢ — substrate thickness; ¢.— coating
thickness; v_— Poisson ratio of substrate; £ — substrate elasticity modulus.

A
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Fig. 9. Distribution of elements in Mo—Ti—Ni—Si—Al-N coating and HG40 (a) and HS123 (b) substrates
at the coating—substrate interfaces

Puc. 9. Pactipenenenne smementoB mokpbitust Mo—Ti—Ni—Si—Al-N u nomtoxex BK10 (a) u T14K8 (b)
Ha TPaHHIAX pas/ena MOKPHITHETIOMIOKKA

ing and the HS123 substrate. This longer length can be
attributed to a local increase in the temperature of this
region during the formation of the coating, which is
caused by the lower heat conductivity of the HS123
substrate compared to the HG40 substrate [38; 39].
The lower heat conductivity of the HS123 substrate, in
comparison that of the HG40 material, approximately
67 W/(m-K), results in insufficient heat removal from
the zone of heat release during coating formation.
This heat release is caused by the absorption of latent
heat released during ion braking, condensation of vapor
atoms, and heat transfer by radiation from the vapor-
izer. As a result, the heat is not effectively dissipated,
leading to a localized increase in temperature in
the transient zone.

Conclusions

The Mo-Ti—Ni—Si—Al-N hardening coating, char-
acterized by a multilayer architecture with a nanograin
structure and crystallite sizes of 6—10 nm, was depo-
sited onto HG40 and HS123 hard alloy substrates
using ion plasma vacuum arc deposition. The resulting
nano-indentation measurements indicated a hardness
of 27.6 GPa and an elasticity modulus of 647 GPa
for HG40, accompanied by a relative work of plastic
deformation of 38.2 %. Likewise, for HS123, the coa-
ting demonstrated a hardness of 34.2 GPa, an elasti-
city modulus of 481 GPa, and a relative work of plastic
deformation of 46.2 %.

The coatings obtained, with roughly equivalent ele-
mental and phase compositions, when applied to diverse
hard alloy substrates and meeting the “ten percent” rule
in nano-indentation, exhibited distinct physicochemical
properties. Specifically, the Mo—Ti—Ni—Si—Al-N coating
on the HS123 hard alloy substrate displayed the high-
est hardness and the lowest wear, along with superior
adhesion strength. This phenomenon can be attributed
to the achievement of maximum compressive mac-
rostresses within the coating (approximately 5.2 GPa)
in this particular case, surpassing the coatings with
similar compositions on HG40 substrates (approximately
2.9 GPa). The observed variation in physicochemical
properties, despite the relatively small difference in coef-
ficients of linear thermal expansion between the hard
alloy substrates, can be attributed to the presence of a
diffusion zone of greater length at the interface between
the substrate and coating. This diffusion zone, along with
accompanying structural phase heterogeneities, influ-
ences the magnitude of concentration macrostresses
that contribute to the hardening of the coating.
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TaC-based wear-resistant coatings
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gate valve protection
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Abstract. Ta-Zr—Si-B-C coatings were deposited by magnetron sputtering (MS) of a TaSi,~Ta,B,~(Ta, Zr)B, multi-component target in an
Ar + C,H, gas mixture. TaC-Cr—Mo-Ni based coatings were obtained by electro-spark deposition (ESD) using TaC-Cr—Mo-Ni electrode.
The composition and structure of the coatings were studied using scanning electron microscopy, energy-dispersive spectroscopy, glow
discharge optical emission spectroscopy and X-ray diffraction. Mechanical and tribological properties of coatings were determined
using nanoindentation and pin-on-disk tests. The study showed that the coatings have a homogeneous and defect-free structure, with the
main structural component being the fcc-TaC phase. The MS coating exhibited a 30 % higher concentration of the TaC phase compared
to the ESD coating. The TaC crystallite sizes for the MS and ESD coatings were 3 and 30 nm, respectively. The presence of a high
fraction of the carbide phase and small crystallite size for the MS coating resulted in superior hardness (H = 28 GPa) compared to the
ESD sample (H = 10 GPa). Both coatings exhibited similar values of the friction coefficient (about 0.15) and demonstrated reduced
wear rates (<107 mm?/(N-m)). The deposition of coatings on a steel substrate led to a decrease in the friction coefficient by five times
and the wear rate by four orders of magnitude. Pilot tests were conducted on coatings applied to wedge gate valve of shut-off devices
used in the oil and gas industry for pumping liquids. The results indicated that the service life of the steel wedge gate valve increased
by 25 and 70 % with deposited MS and ESD coatings, respectively.

Keywords: magnetron sputtering, electro-spark deposition, coatings, TaC, friction coefficient, wear resistance
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Annotayms. Tlokpeitus Ta—Zr-Si-B-C ocaxaanuce MeToIoM MarHeTpoHHOro pacibuieHusi (MP) MHOTOKOMITIOHEHTHOW MHIICHH

TaSi,~Ta,B,~(Ta, Zr)B, B cpene Ar + C,H,. ITokpeitus Ha ocHoe TaC—Fe—~Cr—Mo-Ni ObH MONYYEHBI ITyTEM 3IIEKTPOUCKPOBOTO
nerupoBanus (OMJI) ¢ ucnons3oBanueM ammexrpora TaC—Cr—Mo—Ni. CocTaB n CTpyKTypa HOKPBHITHI HCCIIEIOBAINCE C TIOMOIIBIO
CKaHUPYIOIIEH TEKTPOHHOW MHUKPOCKOIHUH, SHEPrOAUCIEPCUOHHON CHEKTPOCKONNH, ONTHYECKOH IMUCCUOHHON CHEKTPOCKOIMUHU
TIICIONIETO pa3psiia U peHTreHo}a3oBoro ananu3a. MexaHnueckre XapaKTepUCTUKH OTPEAEIIANINCH METOJOM HAHOWHICHTHPOBAHUS.
Tpubonornueckue CBOMCTBA HCCIEIOBAINCH HA MAILIMHE TPEHUSI B PEKUME BO3BPATHO-MIOCTYIIATENILHOTO JABMKEHHS. BBIsSBICHO, 4TO
MOKPBITHSI 00J1a1al0T OXHOPOIHON Oe3/1epeKTHON CTPYKTYpOH M OCHOBHOM CTPYKTYpHO# cocTapistoeii sisisiercst ['LIK-¢asa TaC.
Ee xonuenrpanus B MP-nokpsrtun Ha 30 % Bbie, ueM B DMJI- nokpertuu. Pazmepst kpuctamntoB TaC g MP- u OUJI-nokpsituil
coctaBsd 3 U 30 HM COOTBETCTBEHHO. BbIcokast nonst kapOumHOU (a3l M Maiblil pa3Mep KPHCTAJUIUTOB obecreumn Ooiee
BBICOKYIO TBepocTh MP-niokpertust (H = 28 I'Tla) mo cpaBraernto ¢ DUJI-o6pazuom (H = 10 ['Tla). [TokpeITHS XapaKTepHU30BAIUCH
Gnu3KMME 3HaUEHUAME KOd(puumenta tpenus (oxono 0,15) n npusenennoro usnoca (<107 mm*/(H-m)). Ocaxnenue Ha CTaIbHYO
HOUIOXKKY NMPHUBEJIO K CHIKCHHUIO KO3(dHULMeHTa TpeHUs B 5 pa3 M NPUBEJCHHOr0 U3HOCA Ha 4 nopsiaka. [IpoBeaeHbl OIbITHO-
MPOMBIIIUICHHBIE MCIIBITAHUS TIOKPBITHH, OCaXCHHBIX Ha KIMHOBBIC 33BH)KKU 3alIOPHOW apMaTypbl JUlsl TIepPeKayky JKUAKOCTH,
HCIIOJIb3yeMble B He()Tera3oBOi MPOMBIIUICHHOCTH. Pe3ylbraThl HCIBITAaHMI MOKa3aly, YTO Pecypc paboThl CTAIbHON KIMHOBOM

3aBIKKU Bo3poc Ha 25 u 70 % npu ocaxaenuu MP- u DUJI-nokpeITuil COOTBETCTBEHHO.

Kniouesbie cnosa: maruerponHoe pacnbuienue (MP), anexrpouckpoBoe neruposanue (DUJI), mokpeitusi, TaC, xoaddunueHT TpeHus,
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Introduction

One of the problems that modern production faces is
the wear of parts and metal structures during operation.
To enhance wear resistance and extend the service life
of these components, a viable approach involves modify-
ing only the surface of the products through the applica-
tion of protective coatings. Two prominent coating depo-
sition technologies, electro-spark deposition (ESD) [1]
and magnetron sputtering (MS) [2] are promising coating
deposition technologies in demand in the industry.

ESD is based on the phenomenon of electric ero-
sion occurring during spark discharge, which leads
to the transfer of erosion products from the electrode sur-
face to the substrate. This method offers several advan-
tages, including high adhesion, the ability to perform
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localized surface treatment, minimal thermal impact
on the substrate, and relaxed requirements for surface
preparation before application [3—5]. On the other hand,
the technology of MS involves coating formation through
atomic fluxes during vacuum atomization of the cathode
material, facilitated by the flow of anomalous glow dis-
charge. This method is characterized by its versatility
in working with various substrates, and the resulting
coatings demonstrate a low concentration of defects, a
dense homogeneous structure, and a uniform distribu-
tion of elements throughout the coating’s thickness [6—8].

Until recently, the utilization of ESD and MS tech-
niques had primarily been confined to applications
within the domain of metalworking tools, encompass-
ing cutting, stamping, or rolling tools. The effective-
ness of the ESD approach in enhancing the durabi-
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lity of tools such as rolling mills [9], drills [10] and
stamps [11] is noteworthy. Similarly, the favorable
outcomes of employing MS coatings have been
documented in the reinforcement of components
like punches [12], cold rolling rollers [13], cutting
lathe plates, end mills [14—16], and stamps [17].

Inrecent years, the range of applications for strength-
ening protective coatings through ESD and MS pro-
cesses has significantly broadened. Notably, efforts have
been directed towards the application of MS coatings
to heat-generating element pipes [18; 19] and boiler
components for biomass combustion [20]. ESD coa-
tings have exhibited impressive performance when uti-
lized on blades within the high-temperature zone of gas
turbine engines [21], gas turbines within thermal and
nuclear power plants [22], as well as on bearings [23],
components of internal combustion engines [24], ele-
ments of power hydraulic cylinders [25], pumps within
tractor hydraulic systems and agricultural machin-
ery [26], and marine infrastructure installations [27],
among others. Additionally, the application of ESD
coatings to rods of hydraulic cylinders for drilling
pumps [28] has shown promising outcomes.

The potential effectiveness of the MS and ESD
methods finds applicability in a range of objects,
including components within isolation valves
employed within the oil and gas sector. These com-
ponents are susceptible to significant wear resulting
from abrasion and the impact of abrasive particles.
The wear endured by these valve components stands
as a prevalent cause of equipment malfunctions and
incidents [29]. The matter of intensified wear and ensu-
ing failures of these elements is explored in scholarly
works [30; 31]. A remedy to address this challenge lies
in the coating of isolation valve components. Metallic
coatings (Zn, Cu, Al-Cr) applied through galvanic and
ion-plasma techniques, as well as via plasma sputtering
and laser cladding, have been examined in this context.
These investigations have indicated the potential of uti-
lizing coatings characterized by heightened density and
enhanced resistance to corrosion [32]. Numerous strat-
egies aimed at extending the operational life of isola-
tion valve elements through ion-plasma technologies,
particularly MS, have been detailed in [33].

Tantalum carbide is emerging as a promising material
for electrode applications in both magnetron sputtering
and electro-spark deposition methods. It finds applica-
tion as a protective coating due to its notable proper-
ties: high hardness (from 25 to 45 GPa), elastic modulus
(300-450 GPa), resistance to abrasion, corrosion and
oxidation, as well as excellent thermal stability (up
to 2000 °C) [34; 35]. To mitigate the propensity of TaC
to exhibit brittle behavior under loading and the potential
for fracture due to cracking, binary coatings are imbued
with specific elements. These elements include:

—elements that demonstrate solubility within
the basic phase (Cr, Mo, V, Ni, Zr, etc.). The integra-
tion of these elements significantly enhances the pro-
perties of base coatings by inducing lattice deforma-
tion through the creation of new solid solutions [36];

—amorphous elements like Si and B, which play
a pivotal role in reshaping the structure of the coating.
This leads to the formation of a nanocomposite char-
acterized by superior mechanical properties, wear and
corrosion resistance [37-39].

The objective of this study was to generate wear-
resistant coatings using tantalum carbide as a founda-
tion, employing both magnetron sputtering and elect-
ro-spark deposition techniques. These coatings were
intended to provide protection for components utilized
in isolation valves.

Experimental

Ta—Zr—Si—B—C coatings were deposited by magne-
tron sputtering using a TaSi,~Ta,B,—~(Ta, Zr)B, ceramic
target (composition, wt. %: 70.8 Ta, 18.6 Si, 7.4 Zr and
2.9 B). The target with a diameter of 120 mm and a thick-
ness of 6 mm, was produced by hot pressing of milled
products obtained from self-propagating high-tempera-
ture synthesis [40]. The coatings were deposited using a
UVN-2M vacuum installation (AO Quartz, Russia) [41].
The magnetron was powered by a Pinnacle+ 5x5 source
(Advanced Energy, USA). Power, voltage and current
parameters were 1 kW, 500 V and 2 A, respectively.
The coatings were applied in an Ar + C,H, gas mixture,
where Ar (99.9995 %) and C,H, (99.95 %) gases were
used. The gas flow rate was controlled by gas supply
system (Eltochpribor, Russia), maintained a flow rate
of 15 sccm Ar and 10 sccm C,H,. The operating condi-
tions were a residual pressure of ~1073 Pa and a working
gas pressure of 0.1-0.2 Pa. The deposition procedure
was carried out for 40 min.

The vacuum electro-spark deposition method [36; 42]
was employed to administer a TaC—Cr—Mo-Ni coat-
ing, using a TaC—Fe-Cr-Mo—Ni electrode. The prepa-
ration of electrodes involved the cold pressing of pow-
ders: Cr grade RN-1S (particle size fraction <60 um),
Ni (PNK-0T2, <20 um), Mo (PM99.95, <5 um) and
TaC (MRTU 9-09-03443-77, <5 um). The powders were
blended in specified proportions (wt. %: 67.5%TaC—
12.5%Mo—-7.5%Ni—12.5%Cr) using a planetary mill,
Activator-4M (Russia). The application of coatings was
carried out under the subsequent technological conditions:

— electrode rotation speed 1000 rpm;

— electrode scanning rat 500 mm/min;

— scanning step 0.5 mm;

— electrical pulse frequency 100 Hz;

— pulse voltage 100 V;

— pulse duration 50 ps;
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— working pressure within the vacuum chamber 0.5 Pa;

— application medium — Ar.

Model substrates for coating deposition consisted
of PHI1 steel discs (wt. %: 77.2%Fe—14.6%Cr—3.8%Ni—
3.6%Cu—-0.8%Si) measuring 45 mm in diameter.
Coatings were also applied onto the wedge and seats
of wedge gate valves composed of PH1 steel. Prior
to coating, the substrates underwent cleaning in isopro-
pyl alcohol using a UZDN-2T unit (Russia), operating
at a frequency of 22 kHz for 5 min. Preceding the appli-
cation of coatings via the MS method, the substrates
were further cleaned in a vacuum environment using
an ion source (Ar" ions, 2 keV) for a duration of 20 min.

The coatings elemental composition and structure
were studied using the following methods:

— scanning electron microscopy (SEM) employing
an S-3400 microscope (Hitachi, Japan) equipped with
a Noran-7 Thermo attachment for energy dispersive
spectroscopy (EDS);

—glow discharge optical emission spectroscopy
(GDOES) using a Profiler 2 installation (Horiba JY,
France);

— X-ray diffraction (XRD) employing a D2 Phaser
diffractometer (Bruker, Germany).

The mechanical properties of the coatings were
determined using nanoindentation carried out with a
precision Nano-hardness tester (CSM Instruments,
Switzerland) equipped with a Berkovich indenter at a
load of 8 mN.

For the purpose of tribological assessment, coatings
and steel substrates underwent testing at Tribometer
(CSM Instruments, Switzerland), equipped with a recip-
rocating module. When using a steel counterbody,
intensive sticking of wear products to the surface of a
harder coating occurs, which makes it difficult to assess
wear resistance [43]. Test parameters included a load
of 2 N, linear velocity of 0.3 cm/s and 300 cycles. Wear
tracks of the coatings were examined through optical
profilometry, utilizing a WYKO NT1100 instrument
(Veeco, USA). The wear areas of the counterbody were
analyzed using an Axiovert 25 optical microscope (Carl
Zeiss, Germany). The calculation of reduced wear val-
ues for both the coatings and counterbody followed
the methodology detailed in [44].

Pilot tests were conducted to assess the tightness
of the steel gate valve with a rising spindle, featuring
a coating applied on the wedge and seats of the lock-

ing mechanism. The tests were carried out on a cer-
tified stand in compliance with the State Standard
GOST 33257 and Specifications TU 3741-001-
22986183-2009. The testing took place on a certified
test bench utilizing precision control instruments.
The testing was performed using water as the testing
medium at a temperature of 20 £ 5 °C, with a pressure
of 18.0 MPa. The tests were carried out continuously
until the maximum number of “open-close” cycles
was reached, as determined by the criterion indicating
the onset of valve leakage (loss of tightness).

Results and discussion

Table 1 provides the elemental composition and coa-
ting thickness details. The MS coating contains a higher
content of TaC (45 at. %), which is 30 % more than the car-
bide phase content in the ESD coating (32 at. %).

Figures 1, a, b show cross sections SEM images
and XRD patterns of the MS and ESD coatings. These
images show a homogeneous and defect-free micro-
structure. The coating thickness was measured as 7 pm
for MS and 54 um for ESD coatings. In the ESD coa-
ting, tantalum carbide particles uniformly distributed
throughout the entire volume, were observed. These
particles had sizes up to 0.2 pym and were embedded in
an iron-based metal matrix containing alloyed by Cr,
Ni, and Mo. Additionally, localized areas featured
larger TaC grains, measuring up to 5 pm. The ini-
tial roughness of the ESD coating was determined as
R, =2.2 um, while that of the MS coating was 15 nm.

The XRD patterns of the MS and ESD coatings
show peaks at 20 =34.9, 40.5 and 58.6°, corresponding
to the (111), (200), and (220) planes of the TaC FCC
phase (JCPDS 89-3831) (as shown in Fig. 1, ¢).

The broadened peaks observed in the MS coating
suggest the existence of an amorphous matrix around
TaSi,, with the inclusion of zirconium and boron in a
dissolved state [38]. In the XRD pattern of the ESD
coating, supplementary peaks at positions 44.5 and
64.8° correspond to a solid solution founded on alpha
iron o-Fe(Cr, Ni, Mo). The crystallite size of the TaC
phase, deduced from the most prominent line (111),
was ~3 nm for the MS coating and ~30 nm for the ESD
coating. For the MS coating the lattice parameter (a)
was measured at 0.447 nm, whereas it was 0.441 nm for
the ESD coating. This slightly deviates from the value

Table 1. Elemental composition and thickness of coating

Tabnuya 1. DjleMeHTHBIH COCTaB M TOJIIHMHA MOKPBLITUH

Elemental composition, at. % Thickness
Sample ; - '
Ta C Si B Zr Mo Ni Fe Cr pm
MS 22 31 21 18 8 - - - - 7
ESD 16 18 - - - 3 2 50 11 54
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Fig. 1. Cross-section SEM images of MS (a) and ESD (b) coatings and XRD patterns of coatings (c)

Puc. 1. COM-mukpodoTtorpadun mornepedHsix N oB MOKPHITHH, TomydeHHBIX MP () u DUJI (b), 1 uX peHTreHOTpaMMEI (¢)

of a = 0.445 nm, established for the TaC powder stan-
dard (JCPDS 89-3831 card). Such variation could be
attributed to the presence of compressive stresses (for
the MS coating) [45] and tensile stresses (for ESD) [46],
or a divergence in the composition of the TaC phase
from its stoichiometric state [47].

The mechanical properties of the coatings and sub-
strate, including hardness (H), Young’s modulus (£)
and elastic recovery (W) are shown in Table 2.

The enhanced mechanical properties exhibited
by the MS coating could be attributed to its significant
content of the hard carbide phase TaC [49; 50] as well
as its finely crystalline structure [38; 51; 52].

Both the ESD and MS coatings demonstrated
consistently low coefficients of friction, measuring
p=0.15 (as illustrated in Figure 2, a, and detailed in
Table 2). Conversely, for the steel substrate, the fric-
tion coefficient (u) displayed a gradual increase from

Table 2. Mechanical and tribological characteristics of coatings and substrate

Tabnnya 2. Mexanuuyeckue U TpuOoI0ornyeckne XapakTePUCTUKH MOKPHITHI U MOMI0KKH

V., mm3/(N-m)
Sample H, GPa E, GPa W, % u -
Coating Counterbody
MS 28+1 288+5 762 0.15 <1077 Sticking
ESD 10+1 278+4 33+1 0.15 <1077 4.7-107
Steel, Grade PH1 4 200" - 0.73 1.2:103 Sticking
* Reference data [48].
0.8
0.7
= L
g 06 g7 mmmmmey [
= 05Ff :o.;s - i | —-EsD g
(5} . ————— ] 1
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Q
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Fig. 2. Friction coefficient depending on the number of cycles (a) and 2D profiles
of wear tracks (b) for coatings and steel substrate

Puc. 2. 3aBucuMocTh K0d(pQUIMEHTA TPEHUS OT KOJMYECTBA IIUKIIOB (@) M ABYXMEpHbIE TIPOQHIN
JIOpOkeK M3HOCA (b) MOKPBITHIT U CTANTBHOU TTOIIOKKH
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0.17 to 0.65 during the initial 120 cycles. Following
the initial wear-in phase, the friction coefficient stabi-
lized at 0.73. Consequently, the deposition of MS and
ESD coatings reduced this parameter by 5 times com-
pared to a steel substrate. This reduced friction coef-
ficient exhibited might be attributed to the beneficial
effect of free carbon, which in certain circumstances
can be released during the oversaturation of the crys-
talline carbide phase. This unbound carbon could func-
tion as a solid lubricant during friction [53].

In Fig.2,b 2D profiles of wear tracks are pre-
sented. The track depth for both MS and ESD coat-
ings remained within the range of surface roughness
and did not exceed 150 nm. Conversely, for the steel
substrate, the track depth measured 8 pm. The reduced
wear (V) ), calculated from these profiles, was below
107 mm3/(N-m) for both MS and ESD coatings, while
for the steel substrate, it was 1.2:10 mm?3/(N-m) (as
indicated in Table 2). Notably, the application of MS
and ESD coatings substantially enhanced the wear
resistance of the steel substrate.

Micrographs of the tribological contact zones
on the surface of the Al,O, ball are depicted in Figure 3.
In the instance of the MS coating and the steel sub-
strate, a slight sticking of wear products was identified,
making it challenging to precisely determine the V| val-
ues for the counterbody. On the other hand, for the ESD
coating, the contact area is free from sticking. In this
particular scenario, the reduced wear of the Al,O, ball
was 4.7-107 mm?3/(N-m).

Tests conducted on a steel wedge gate valve
revealed that the number of operational cycles before
valve leakage for components with MS and ESD coa-
tings reached 3750 and 5100 cycles, respectively. In
contrast, steel components managed to withstand only
up to 3000 cycles before experiencing leakage. This
indicates that the application of MS and ESD coatings
extends the service life of a steel wedge valve by 25
and 70 %, respectively.

Fig. 4, a presents the appearance of parts coated with
MS, along with SEM micrographs of tribological con-
tact regions following pilot tests. Scratches were evident
on the part’s surface within the tribological contact area,
signifying the abrasive nature of wear. Based on SEM
and EDS data, three distinct zones can be identified along
the inner edges of the tribological contact segments:

1 — corresponds to the original MS coating with
a high carbon content on the surface;

2 — corresponds to the coating and oxidized wear
products of the substrate;

3 —refers to the substrate material.

In figure 4, b the surface of a steel wedge gate with
ESD coating is depicted, accompanied by SEM images
of segments within the region of tribological contact
following pilot tests. Prior to the tests, ESD coatings
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were subjected to lapping on a lapping plate utilizing
6 pum dispersed diamond powder, achieving a rough-
ness of 500 nm. The SEM image of the ESD-coated
part surface exhibits two distinctive areas with varying
contrast: the first, appearing as light gray, corresponds

Fig. 3. Micrographs of wear areas of the counterbody
after tribological testing of the MS (a),
ESD coatings (b) and the steel substrate (c)

Puc. 3. Mukpodotorpaduu y4acTkoB H3HOCA KOHTpPTENA
TOCIe UCIBITaHus MOKpeITH MP (a),
DOWJI (b) u cTanbHON TOIOKKH (C)
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Area| Ta | C Cr [Mo| Ni | Fe | Si | Cu
1 10 | 11 9 2 1 67 - -
2 - - 16 | — 4 76 1 3
b

Fig. 4. Appearance of coated parts after pilot tests, SEM images and composition (at. %) of tribocontact areas
for MS (a) and ESD (b) coatings

Puc. 4. Bueunuii BUJ etaneil ¢ MOKPHITHEM MTOCTIE OIBITHO-IIPOMBIIIICHHBIX UCIIBITAHMI
n COM-muxpodoTorpadun ¢ ykazaHuem cocrasa (ar. %) yqacTKoB TpHOOKOHTaKTa s MokpsITHit MP (a) u DUJI (b)

to the worn surface of the steel sample; the second,
appearing as dark gray, corresponds to the coating with
the following composition in at. %: 10 Ta, 11 C, 67 Fe,
9 Cr, 2 Mo and 1 Ni. Within the region of tribological
contact, wear products emerged, consisting of a blend
of iron oxide and chromium. These wear products were
incorporated into scratches through the frictional pro-
cess (as depicted in Fig. 4, b).

Consequently, no differences were observed in
the wear mechanism between the MS and ESD coa-
tings. The thickness of the coating stands out as a pivo-
tal factor influencing wear resistance. The ESD coa-
ting, boasting a greater thickness, exhibited the most
favorable wear resistance. An advantage of MS coa-
tings lies in the elimination of the need for additional
smoothing machining.

Conclusions

1. Ta—Zr-Si-B-C and TaC-Fe—-Cr—Mo-Ni coat-
ings based on tantalum carbide were successfully
manufactured using magnetron sputtering and electro-
spark deposition. The MS coating 7 um thick consisted
of TaSi,-based amorphous matrix with dissolved zirco-
nium and boron and TaC crystallites up to 3 nm in size.
Meanwhile, the ESD coating 54 um thick had an alpha-
iron matrix and TaC crystallites of up to 30 nm.

2. The TaC concentration in the MS coating
exhibited a 30 % increase compared to the ESD coat-
ing, consequently endowing it with higher hardness
(H =28 GPa versus 10 GPa).

3. Both coatings exhibited a low friction coef-
ficient of 0.15. The minimized wear was below
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"mm?3/(N-m), while for the steel substrate,

it measured 1.2-107 mm?3/(N-m). The applica-
tion of the developed MS and ESD coatings led
to a substantial fivefold reduction in the friction coeffi-
cient and an enhancement of the service life of the steel
wedge gate valve by 25 and 70 %, respectively.
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