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Obtaining ceramics from boron carbide
with chromium-based additives (Cr,C,, CrB,)

Yu. Z. Vassilyeva®, P. V. Povalyaev, A. A. Kuznetsova, A. Ya. Pak

National Research Tomsk Polytechnic University
30 Lenin Prosp., Tomsk 634050, Russia

& yzvl@tpu.ru

Abstract. This study presents the results of spark plasma sintering of powders within the boron—carbon—chromium system, focusing
on boron carbide (B,C), chromium carbide (Cr,C,), and chromium diboride (CrB,). The powders were synthesized using the
original vacuum-free direct current arc reactor, where the starting powder mixture was exposed to an arc discharge for 60 s under
a direct current of 200 A. Bulk samples based on B,C and CrB, were sintered under identical conditions, with a temperature
of 1800 °C and a pressure of 60 MPa, while the sintering of Cr,C,-based ceramics was conducted at 1300 °C and 30 MPa. In
some cases, sintering additives — 25 wt. % Cr,C, and 20 wt. % CrB, — were introduced during the sintering of B,C-based bulk
samples. The phase composition of the sintered samples was analyzed using X-ray diffraction (XRD), while the microstructure
and elemental composition were examined via scanning electron microscopy (SEM). The hardness of the sintered ceramics was
measured using a Vickers indenter under a load of 1 kg, revealing hardness values of 22.7 + 1.8 GPa for B,C, 12.6 £ 0.3 GPa
for CrB,, and 11.4 £ 0.1 GPa for Cr,C,. The introduction of 25 wt. % Cr,C, as a sintering additive in B,C-based ceramics
reduced the hardness to 17.7 + 5.6 GPa; however, it significantly improved the fracture toughness, increasing it from 2.5+ 0.2
to 3.3 £ 0.3 MPa-m'2. Conversely, the addition of 20 wt. % CrB, during B,C sintering led to an increase in the bulk sample’s hard-
ness from 22.7 + 1.8 GPa to 26.8 + 1.3 GPa.

Keywords: composite ceramics, B,C, CrB,, Cr,C,, vacuum-free arc discharge method, spark plasma synthesis, hardness

Acknowledgements: This work was supported by the Ministry of Science and Higher Education of the Russian Federation (Project
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based additives (Cr,C,, CrB,). Powder Metallurgy and Functional Coatings. 2025;19(3):5-14.
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MonyuyeHne kepaMukm ns kKapbupa 6opa
c pobaskamu Ha ocHose xpoma (Cr,C,, CrB,)

I0. 3. Bacunpesa ®, II. B. IloBanses, A. A. KysHenosa, A. f. ITak

HanmnonanbHblii uccienoBarenbekuii Tomckuii monuTexHnyecKuii yHuBepcuTeT
Poccus, 634050, . Tomck, np-t JIenuna, 30

&2 yzvl@tpu.ru

AHnHoTayms. IlpencraBieHbl pe3ysibTaThl HCCIIENOBAaHMS IPOLECCA HCKPOBOTO IUIA3MEHHOTO CIIEKaHUsl MOPOIIKOB CHCTEMBI
«0op-yIIepo-XpoM», a HMEHHO KapOuioB Oopa M Xpoma, a Takke audopujaa xpoma. Cunres mopomkos (B,C, CrB, u Cr,C,)
JUISL CIIEKaHUsI OCYILECTBIISUICS C MCIIOJIb30BAHHEM OPUIMHAIBHOTO Oe3BaKyyMHOTO AJIEKTPOIYTOBOIO PEaKkTopa MOCTOSHHOIO TOKa
IPH JJIHTEIBHOCTH 00pabOTKH UCXOHOM CMECH MOPOIIKOB BO3JCHCTBUEM JTyroBOro paspsiia 60 ¢ i cuiie ToKa, yCTaHOBICHHOH Ha
HCTOYHHKE NOCTOsIHHOTO Toka, 200 A. Criekanne 00beMHBIX 00pa3loB Ha ocHoBe kapbuna 6opa (B,C) n nubopuma xpoma (CrB,)
IIPOBOAMJIOCH IPU OJMHAKOBBIX MapameTpax — temmeparype ¢ = 1800 °C u nasnenun P = 60 MIla, a cnekanue KepamMu4eckoro
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W3BECTUSA BY30B. [IOPOLWKOBAA METANNYPTUA U OYHKLLMOHANBHBIE MOKPbITUA. 2025;19(3):5-14
Bacunsesa F0.3., Mosanses [1.B. u Op. NMonyyeHne Kepamunku n3 kapbmaa bopa c gobaBKaMM Ha OCHOBE XPOMa ...

oOpasma Ha ocHose kapbunaa xpoma (Cr,C,) — npu ¢ = 1300 °C u P = 30 MIla. Taxxke B mporiecce criekaHus 0ObEMHBIX 00Pa3IOB
Ha OCHOBe KapOuya 0opa B ps/ie Cllyuaes MPUMEHSITUCE crieKaromme n06asku — 25 mac. % Cr,C, u 20 mac. % CrB, . ITocpenctBom
PEHTTEHOBCKOH TU(pakTOMeTpuu ObLT M3ydeH (Ha30BBIi COCTAB CIICYCHHBIX 00pa3loB. MUKPOCTPYKTYPY H AJIEMCHTHBIH COCTaB
MOJTY4YEHHBIX 00Pa3I0B OMPEICIISIIH C TOMOIIBIO PACTPOBOI AEKTPOHHON MUKPOCKOMHH. TBEPIOCTh CIICUCHHOW KePAMHUKH OIICHHU-
BaJIM C UCIOJBb30BAaHHEM TBEPAOMEpa C HAKOHEYHHKOM BHKKepca Mmpu Maioil Harpy3ke B 1 KT — YCTaHOBICHO, YTO TBEPIOCTh
obpasua B,C cocrasnser 22,7 + 1,8 T'Tla, CrB, — 12,6 + 0,3 I'Tla, Cr,C, — 11,4 £ 0,1 I'Tla. Beenenue cnexarorueit 1100aBKH B BHJIE
25 mac. % Cr,C, mpu moyyeHnn kepamuky Ha ocHose B,C mpuBeno k cHikeHuro Teepaoctu 1o 17,7 + 5,6 I'Tla, onnaxo Hadmio-
JIaloCh TOBBILIEHHE TPEIMHOCTONKOCTH ToTy4eHHoro obpasua ¢ 2,5 +0,2 1o 3,3 £ 0,3 MIla-m"2. Jlo6aska 20 mac. % CrB, npu
cnexanuu B,C mo3sosiuia yBeIM4uTh TBEPAOCT 00beMHOro obpasia ¢ 22,7 + 1,8 10 26,8 = 1,3 I'Tla.

Kniouessbie crnosa: xomnosuunonnas kepamuka, B,C, CrB,, Cr,C,, 0e3BaKyyMHBII BJICKTPOIYTOBOH METOJ, HCKPOBOE IUIA3MEHHOE

CIICKaHUE, TBEPAOCTH

BnarogapHocTy: Pabora BeinonHeHa mpu GUHAHCOBOM mozepkke MUHHCTEpCTBA HAYKH U BbICIIero o0pazoBanus Poccuiickoit denepa-

i (mpoekt Ne FSWW-2023-0011).

Ana yntnposanmsa: Bacuibesa 10.3., TTosansies I1.B., Kyznenosa A.A., ITax A.f. ITony4yeHne kepaMuku u3 kapouaa dopa ¢ 1o06aBka-
mu Ha ocnose xpoma (Cr,C,, CrB,). Hzsecmus 6y306. [lopowkosas memannypeus u gynxyuonanviie nokpsimus. 2025;19(3):5-14.
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Introduction

Boron carbide (B,C) is one of the most promising
superhard materials in its class, widely recognized for
its unique properties, including a high melting point
(~2450 °C according to the boron carbide phase dia-
gram) and excellent thermal stability [1]. B,C-based
ceramics exhibit outstanding hardness (~29 GPa) com-
bined with a relatively low density (2.52 g/cm?) [2].
These properties make boron carbide highly suitable
for a range of applications, such as the production
of refractory materials, abrasive products, neutron
radiation absorbers [1], coatings for cutting tools [3],
and ballistic protection systems [4].

The performance of B,C-based ceramics can be
enhanced through the introduction of sintering addi-
tives. Numerous studies have explored how various
additives influence the mechanical properties of boron
carbide ceramics. Research findings [5-8] indicate
that the addition of carbides and borides of silicon
and chromium can significantly improve these pro-
perties. For example, study [6] demonstrated that
adding Cr,C, as a sintering additive to B,C signifi-
cantly increases the densification while achieving
a high relative density (up to 95 %) and flexural
strength (up to 440 MPa). Previously published stu-
dies [5; 9] have shown that the introduction of chro-
mium diboride as a sintering additive can enhance
the mechanical properties of boron carbide ceramics.
In [5], the addition of 20 mol. % CrB, as a sintering
additive increased the fracture toughness of the sin-
tered ceramic to 3.5 MPa-m'?, with a flexural strength
of 630 MPa. Similarly, study [9] reported that a B,C—
10mol.%CrB, composite exhibited a fracture toughness
of 5.25 MPa-m'? (compared to 4.33 MPa-m'? without
additives) and a microhardness of 37.1 GPa (compared
to 35.5 GPa without additives).

6

The primary methods for producing boron carbide
include carbothermal reduction of boron oxide [2; 10],
self-propagating high-temperature synthesis [11; 12],
mechanical activation followed by heat treatment [13],
among others. Among advanced synthesis methods,
the arc discharge technique stands out due to its abi-
lity to achieve extremely high temperatures over a wide
range, with rapid heating rates [14]. In the authors’
previous studies, the feasibility of synthesizing boron
carbide using a vacuum-free arc discharge method
with a horizontal discharge circuit was demonstrated.
This approach eliminates the need for creating an inert
atmosphere in the reaction zone or ensuring airtight
conditions in the reaction chamber, as the vacuum-free
arc reactor can operate in ambient air. This significantly
simplifies the reactor design and reduces the overall
processing cycle time [15].

The objective of this study is to investigate the syn-
thesis of boron carbide, chromium diboride, and chro-
mium carbide powders using the vacuum-free arc dis-
charge method, followed by the sintering of the obtained
powders. A key focus of this work is the evaluation
of the mechanical properties of the resulting ceramic
samples and the assessment of how sintering additives,
specifically CrB, and Cr,C, compounds, influence
the mechanical performance of B,C-based ceramic
composites.

Research materials and methods

The synthesis of powders (B,C, Cr,C,, CrB,) for
sintering was performed using a vacuum-free arc
discharge method in a custom-designed reactor with
a modified discharge circuit configuration. The sche-
matic diagram of the reactor, along with a detailed
description of the synthesis process and material cha-

racteristics, can be found in studies [16—18]. The reac-
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tor is equipped with a direct current (DC) power source
capable of regulating the current within a range of 20
to 220 A. The negative terminal of the power source
was connected to an aluminum plate with openings
designed to hold graphite crucibles, while the positive
terminal was connected to a vertically positioned steel
sleeve mounted above the aluminum plate. Starting
powders were placed inside the cavity of the graphite
crucible and sealed with a graphite lid. The arc dis-
charge was initiated by establishing contact between
the electrode and the crucible lid, after which the dis-
charge was maintained for a predetermined duration
before being terminated. The operating parameters
of the arc reactor used during the synthesis of the pow-
der materials are summarized in Table 1.

The ceramic samples were sintered using the spark
plasma sintering (SPS) method with a GT Advanced
Technologies SPS 10-4 system. During the fabrica-
tion process, the powder materials were simulta-
neously pressed and sintered under vacuum conditions.
Five bulk cylindrical samples, each with a diameter
of 12.7 mm and a height of 3 mm, were sintered under
conditions selected based on literature data, as detailed
in Table 2. The sintered samples included tablets made
from boron carbide powders, as well as boron carbide
with the addition of chromium carbide and chromium
diboride. Before sintering each bulk sample, the star-
ting powders or powder mixtures for each composition
were milled in a tungsten carbide ball mill for 5 min.

The phase composition of the synthesized and
sintered products was analyzed using X-ray diffrac-
tion (XRD) on a Shimadzu XRD 7000 diffractometer
with Cuk  radiation (A = 1.54060 A). The microstruc-
ture and morphology of the synthesized and sintered
materials were examined using a Tescan Vega 3 SBU
scanning electron microscope (SEM) equipped with
an Oxford X-Max 50 energy-dispersive X-ray spectro-
scopy (EDS) system featuring an Si/Li crystal detector.
Transmission electron microscopy (TEM) was per-
formed using a JEOL JEM 2100F microscope equipped
with an EX-24063JGT EDS detector to analyze finer
structural details.

The density of the sintered ceramic samples was
measured using the hydrostatic weighing method

with a specialized attachment for HR-250AZ ana-
lytical balances (A&D Company) in distilled water.
The hardness of the sintered ceramics was evaluated
using a Pruftechnik KB-30S microhardness tester with
a Vickers indenter under a load of 1 kg. The fracture
toughness of the bulk samples was determined using
the indentation method, by measuring the lengths
of cracks emanating from the corners of the Vickers
indentation marks, as observed in SEM images. These
cracks were generated under the same 1 kg load applied
with the Pruftechnik KB-30S microhardness tester.

Research results and discussion

The X-ray diffraction analysis (Fig. 1) of the syn-
thesized powder confirms the formation of boron car-
bide (B,C) (JCPDS No. 35-798, space group R-3m,
rhombohedral crystal system) as a result of exposure
to the thermal field generated by an arc discharge
initiated in air under normal atmospheric pressure,
with a current of 200 A and an exposure time of 60 s
applied to the boron—carbon mixture. Notably, traces
of unreacted elemental boron were detected in the XRD
pattern, indicated by a broad halo within the angular
range of 20 = 10+20°. In addition, a diffraction peak
at 20 = 26.1°, corresponding to the graphite phase, was
identified in the sample.

Fig. 1 also shows the XRD patterns of the synthe-
sized chromium carbide and chromium diboride pow-
ders. According to the diffraction data, the chromium
carbide powder consists of a crystalline Cr,C, phase
(JCPDS No. 35-0804, orthorhombic structure), while
the chromium diboride powder corresponds to the CrB,
phase (JCPDS No. 34-369, hexagonal structure).

The morphology of the synthesized boron carbide
powder was examined using scanning electron micro-
scopy (SEM). A representative SEM image is shown
in Fig. 2.

The newly formed boron carbide particles appear
as agglomerates with a broad size distribution ranging
from ~100 to ~500 pm, with the most frequent particle
size falling within the 100-150 um range (Fig. 2, a,
inset). According to elemental analysis, typical particles
contain boron (78.93 at. %) and carbon (21.07 at. %),

Table 1. Parameters of synthesis of powder materials

Ta6nuya 1. IlapameTpbl CHHTE32 MOPOLIKOBBLIX MaTepHAJIOB

. . . Arc discharge | Energy input
Material Atomic ratio | Current, A duration, sg lf\};\/h put,
B,C[16] 4.00:1.00 0.061
Cr,C,[17] 3.00:2.45 200 60 0.067
CrB, [18] 1.00:2.55 0.064
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Fig. 1. Typical X-ray diffraction patterns
of the synthesized CrB,, Cr,C, and B,C powders

1 — chromium diboride, 2 — chromium carbide, 3 — boron carbide

Puc. 1. Tunu4yHble KAPTHHBI PEHTTCHOBCKOW AU PaKIUI
CUHTE3MpOBaHHbIX nopomkos CrB,, Cr,C, u B,C

1 — nubopun xpoma, 2 — kapou xpoma, 3 — kapobuza 6opa

with an atomic ratio consistent with the stoichio-
metry of boron carbide (B,C), as previously confirmed
by XRD analysis. A small amount of impurities (not
exceeding 2.0 at. %) was also detected in the samples.

Fig. 3 shows the results of transmission electron
microscopy of the nanoscale fraction of the synthe-
sized boron carbide (B,C) powder. As can be seen,
the newly formed particles exhibit faceted features and
a size distribution ranging from 200 to 700 nm, with
most particles falling within the 400-500 nm range.

Boron 78.93 at. %
Carbone 21.07 at=%

10 pm
[S—

M}sﬁ fmm

Fig. 2. Typical scanning electron microscopy images
of the boron carbide sample in secondary electron mode (a)
and backscattered electron mode (b)

Puc. 2. TUNN4YHBIA CHUMOK PacTpOBOM NIEKTPOHHOMN
MHKPOCKOIUY 00pasia kapouaa 6opa B pexxruMax BTOPHYHBIX (&)
1 00paTHO-paccessHHbIX (b) AMEKTPOHOB

The electron diffraction pattern (Fig. 3, ¢) reveals inter-
planar spacings of 3.80, 1.89, 1.71, 1.62, 1.40, 1.32,
1.31, 1.26, and 1.21 A, which, within the permissible
measurement error, correspond to the reference inter-
planar spacings of the B,C phase (JCPDS No. 35-798,
PDF-4+). Additionally, interplanar spacings of 2.34 and
2.09 A were identified, corresponding within the mea-
surement error to the reference values for the B ,C,
phase (JCPDS No. 71-108, PDF-4+). The identified
B,,C, phase represents a structural variant of boron
carbide (B,C) and is a hyperstoichiometric phase rela-
tive to B,C. Its formation is likely due to the develop-
ment of localized regions with non-uniform distribu-
tion of the starting powders in the reaction zone [19].

Ceramic samples based on boron carbide (B,C),
chromium carbide (Cr,C,), and chromium diboride
(CrB,) were subsequently fabricated using the spark
plasma sintering (SPS) method. Based on previous
studies [5—-8], it has been established that the introduc-
tion of sintering additives in the form of chromium
carbide and chromium diboride enhances the mechani-
cal properties of the final ceramic products. According
to the results of study [5], adding 20 wt. % CrB, during
the sintering of B,C-based ceramic samples leads
to composites with the highest fracture toughness and
hardness. In contrast, the addition of 25 wt. % Cr,C,
results in samples with the highest density [6], which

of particles, %

‘Number

266+ 0.0F A

400008 - Tk

Fig. 3. Typical transmission electron microscopy results

a — dark-field image, b — bright-field image,
¢ — electron diffraction pattern, d — HRTEM image

Puc. 3. TunnuHble pe3ynbTaThl IPOCBEYNBAIOIICH
JIEKTPOHHONH MUKPOCKOIIUHI
a — TEeMHOTIOTbHBIN CHUMOK, b — CBETIIONONBHBIN CHHUMOK,
¢ — DIEKTPOHHAs. JU(DPAKIS,
d — CHUMOK B PEXKUME IIPSAMOTO pa3pCIICHUS
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also contributes to improved mechanical proper-
ties of the bulk material. Therefore, to enhance
the mechanical properties of the ceramics, samples
were prepared from powders with the following addi-
tives: B,C + 20 wt. % CrB, and B,C + 25 wt. % Cr,C,.
To evaluate the effect of sintering additives on the pro-
perties of bulk ceramics, the characteristics of samples
made from pure powders were compared with those
of sintered samples containing additives. Chromium
carbide and chromium diboride powders synthesized
via the vacuum-free arc discharge method were used as
sintering additives.

Fig. 4 presents scanning electron microscopy
images of the sintered ceramic samples based on B,C,
CrB,, and Cr,C,. According to the XRD patterns, no
phase transitions were detected after sintering, and
the phase composition remained nearly identical to that
of the powders synthesized by the vacuum-free arc dis-
charge method.

The surface of the bulk boron carbide (B,C) sample
(Fig. 4, a—c) exhibits distinct structural features, par-
ticularly regions with multiple clustered carbon par-
ticle (agglomerates) reaching up to up to ~17 um in
size. Additionally, changes in the phase composition

25 um
|

] m B,C
] Volumetric sample based on B,C
== [ 2 [] [ I3 L LS | L]
—MM based powder
[ =51 =
10 20 30 40 50 60 70 20, deg

\ a A CrB,
4 Volumetric sample based on CrB,
A
1 1 af  a%a %
A
CrB, based powder
4 A A A
1 Iy 1 £ A A4 LA
10 20 30 40 50 60 70 20, deg

f

25 pm

——i
<& 9 Cr,C,
2 0, Jolumetric sample based on Cr,C,
Z ? %S 900 00000
e
i °
X ; o Cr,C, based powder
. e 2990 Ro, ww4o0ee |
10 20 30 40 50 60 70 20, deg

i

Fig. 4. Typical SEM images in backscattered electron mode with elemental distribution maps
and XRD patterns of the ceramic samples

a—c—-B,C;d-f-CrB,; g-i - Cr,C,

Puc. 4. Tunnarsie POM-CHUMKH B pexXnMe 00paTHO-PACCESIHHBIX IEKTPOHOB
€ KapTaMu pachpee’eHs XUMUIECKHX 1eMeHToB 1 POA kepamuueckoro odpasia

a——-B,C; d-f-CiB,; g-i - Cr,C,
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of the bulk sample were observed compared to the start-
ing powder. According to the X-ray diffraction analysis
(Fig. 4, ¢), the diffraction halo within the angular range
of 20 =10+20°, corresponding to amorphous boron
particles, becomes less pronounced after sintering.
This change in phase composition can be attributed
to the reaction between amorphous boron and carbon
particles during the sintering process, leading to the for-
mation of boron carbide (B,C) and the agglomeration
of free carbon (Fig. 4, ¢, carbon distribution map).

Elemental analysis (Fig. 4, ¢) shows that the boron
carbide sample contains boron (64.90 at. %) and car-
bon (29.03 at. %), with an atomic ratio consistent
with the B,C stoichiometry previously determined
by XRD. In addition, trace amounts of oxide impurities
(no more than 2.0 at. %) were identified in the sample.
Elemental distribution maps also reveal the presence
of oxide compounds on the sample surface (Fig. 4, ¢),
which likely originate from the starting powders, such
as boron oxide (B,O,) particles present in the raw
boron powder. However, the identification of these
compounds via XRD is challenging due to their low
concentration relative to the total sample volume.

SEM images of the chromium diboride (CrB,)
ceramic (Fig. 4, d—f) reveal light and dark globular

m B,C (50.6 %)
A CrB, (35.7 %)
@ C(13.6 %)

Intensity

B B,C (335 %)
A CrB, (165 %)

Intensity

regions on the sample surface at low magnifications,
associated with the distribution of the primary compo-
nents. Boron particle clusters up to ~10 pm in size were
also identified on the CrB, sample surface. Elemental
analysis (Fig. 4, f) indicates that the sample contains
boron (69.80 at. %) and chromium (28.46 at. %) in
an atomic ratio corresponding to the stoichiometry
of CrB,. A small amount of oxide compounds (not
exceeding 2.0 at. %) was also detected on the sample
surface.

The surface of the pure chromium carbide (Cr,C,)
ceramic sample (Fig. 4, g—i) also shows dark regions
in the SEM images, corresponding to carbon particle
agglomerates with sizes up to 5 um. Elemental analy-
sis confirms a uniform distribution of chromium and
carbon, with average contents of 48.54 at. % (C) and
48.52 at. % (Cr). A small amount of oxide compounds
(not exceeding 3.0 at. %) was also identified.

Fig. 5 presents SEM images and XRD results
of the sintered boron carbide-based ceramic samples
with additives (20 wt. % CrB, and 25 wt. % Cr,C,).

According to the X-ray diffraction analysis
(Fig. 5, a), the sample sintered from boron carbide
powder with the addition of 25 wt. % chromium

25 ym
—

PARTH

Fig. 5. Typical X-ray diffraction patterns and backscattered electron SEM images
with elemental distribution maps of composite materials
a-d—B,C+25wt. % Cr,C,; e-h — B,C + 20 wt. % CrB,
Puc. 5. TunudHble KapTHHBI PEHTTEHOBCKOW Mudpakiun 1 POM-CHUMKH B peKUMe 00paTHO-PACCESIHHBIX AIEKTPOHOB
C KapTaMH pacIpe/IeeHUsI XUMHYECKHX SJIEMEHTOB KOMIIO3HIIMOHHBIX MaTepUaioB
a—d —B,C + 25 mac. % Cr,C,; e-h — B,C + 20 mac. % CrB,

3“2
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carbide contains CrB, (JCPDS No. 89-3533), B,C
(JCPDS No. 35-798), and C (JCPDS No. 75-3078)
phases. The formation of chromium diboride during
the sintering of the B,C+ 25 wt. % Cr,C, compo-
site is attributed to the diffusion of boron atoms from
the boron carbide phase into the chromium carbide
phase at high temperatures. This process results in
the formation of CrB, and the release of free carbon
from B,C and Cr,C, compounds. The free carbon can
either react with boron atoms to form additional boron
carbide phases or accumulate in localized carbon-rich
regions, as indicated by the carbon distribution map
(Fig. 5, ¢). The formation of chromium diboride (CrB,)
in this system follows the chemical reaction [20]:

3B,C + 2Cr,C, — 6CrB, + 7C.

The sample surface (Fig.S5, b, c) displays both
light and dark regions. The light regions correspond
to the CrB, phase, while the darker areas are associated
with boron carbide. Additionally, pores up to 10 pm in
size were observed.

Elemental analysis (Fig. 5, d) shows that the light
regions represent the chromium diboride phase
with traces of carbon. These areas contain carbon
(20.57 at. %), boron (68.47 at. %), and chromium
(10.96 at. %), confirming the presence of CrB,. A small
amount of oxide compounds (up to 1.10 at. %) was also

detected. According to the elemental analysis results,
the dark regions correspond to the boron carbide phase,
with elemental analysis revealing boron (72.11 at. %),
carbon (24.5 at. %), and chromium (2.96 at. %),
which is consistent with the B,C phase composition.
Minor impurities (up to 1.0 at. %) were also present in
the sample.

Fig. 5, e—h shows the XRD results and SEM images
of the sintered ceramic sample made from boron car-
bide powder with the addition of 20 wt. % chromium
diboride, captured in secondary electron mode. The dif-
fraction peaks observed in the XRD pattern (Fig. 5, e)
correspond to the characteristic peaks of the crystalline
phases CrB, (JCPDS No. 89-3533) and B,C (JCPDS
No. 35-798).

The surface of the B,C + 20 wt. % CrB, sample
(Fig. 5, f, g) features both light and dark regions, along
with pores up to 5 um in size. The sample also displays
distinct structural features, including carbon particle
clusters measuring up to 4 um.

Elemental analysis (Fig. 5, /) reveals that the light
regions contain boron (68.3 at. %), chromium
(17.21 at. %), and carbon (12.99 at. %), indicating
the presence of chromium diboride grains (Fig. 5, e).
Oxygen was also detected in these regions, with a con-
centration ofup to 1.5 at. %. In contrast, the dark regions
contain boron (75.66 at. %), carbon (22.30 at. %), and
chromium (1.66 at. %), suggesting these areas cor-

Table 2. Sintering parameters and characteristics of ceramic samples

Ta6bnuya 2. IlapameTpsl ClIeKaHUs U XapaKTePUCTUKU KepaMHYeCKHX 00pa3Los

i Sintering parameters
Sintering e eemestion TEE;Z?EZZV Relative Hardness, E Sl AR Refe-
1 0, o, > T,
method Aot o density, % GPa t,°C MPa | °Cimin At | rence
Literature data
SPS B,C - 78.6 12.2 1850 | 60 100 5 [21]
SPS B,C - 97.8 353+2.6 | 2100 | 50 50 10 | [22]
SPS CrB, - 97.0 16.0 1800 | 50 100 15 [23]
SPS Cr,C, - 98.9 18.9 1300 | 30 100 10 | [24]
+
Hot pressing 20 W}?“EA) CrB - 99.0 - 1900 | 50 40 60 [5]
N 2
+
Hot pressing 25 w}t3.4°(/:/) crc, - 90.0 - 2030 - 10 60 | [6;8]
Experimental data from this study
SPS B,C 2.52/2.40 95.2 22.7+1.8 | 1800 | 60 100 10 -
SPS CrB, 5.20/4.81 92.5 126 +0.3 | 1800 | 60 100 10 -
SPS Cr,C, 6.68/6.08 91.0 11.4+£0.1 | 1300 | 30 100 10 -
B,C+
4 _
SPS 20 wt. % CrB, 2.92/2.81 96.2 26.8+1.3 | 1800 | 60 100 10
SPS B,C+ 3.43/3.03 88.3 17.7+£5.6 | 1800 | 60 100 10 -
25 wt. % Cr,C, ’ ’ ’ ’ ’

il
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respond to boron carbide grains (Fig. S5, g). Trace
amounts of oxide compounds (up to 1.0 at. %) were
also identified in these regions.

The ceramic samples were subjected to Vickers
hardness testing under a load of 1 kg. The test results,
along with the sample characteristics, are presented in
Table 2.

The theoretical density of the composite mate-
rials was calculated based on the phase composition
of the bulk ceramic samples. Quantitative analysis
of the crystalline phases (Fig. 5, a, e¢) was performed
using PowderCell 2.4 software. Following this analy-
sis, the theoretical density of the composite materials
was determined using the density values of the identi-
fied phases (B,C, CrB,, and C).

The data presented in Table 2 reveals the follow-
ing hardness trend: B,C+ 20 wt. % CrB,>B,C>
B,C + 25 wt. % Cr,C, > CrB, > Cr,C,, specifically
26.8>22.7>17.7>12.6 > 11.4 GPa. The introduc-
tion of chromium diboride as a sintering additive led
to an increase in the relative density of the bulk ceramic
sample from 95.2 to 96.2 %, which is consistent with
experimental data from [25]. This increase in density
also contributed to improved mechanical properties, as
reflected by the rise in hardness from 22.7 to 26.8 GPa.

The addition of chromium carbide during the sinte-
ring process resulted in a decrease in both the density
and mechanical properties of the ceramic, reducing
the hardness to 17.7 GPa. This decrease in relative den-
sity is attributed to the formation of porous regions con-
taining a significant amount of free carbon. For the B,C
sample with Cr,C, addition, fracture toughness was also
investigated. The results showed that the fracture tough-
ness of pure boron carbide was 2.5+ 0.2 MPa-m'?,
while the introduction of 25 wt. % Cr,C, increased
this value to 3.3 + 0.3 MPa-m'?, which is comparable
to the results reported in [5; 9].

Conclusion

In this study, the fabrication of bulk ceramics based
on compounds from the boron—carbon—chromium sys-
tem was successfully demonstrated. The powders used
for sintering the bulk samples included boron carbide
(B,C), chromium carbide (Cr,C,), and chromium
diboride (CrB,). Notably, these powders were synthe-
sized using a vacuum-free direct current arc reactor
specifically developed by the authors of this research.
The hardness of the B,C-based ceramic was measured
at 22.7 GPa, and the incorporation of 20 wt. % CrB,
as a sintering additive led to an increase in hard-
ness to 26.8 GPa. Furthermore, the addition
of 25 wt. % Cr,C, enhanced the fracture toughness
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from 2.5 to 3.3 MPa-m!2. The hardness of ceramics
based on chromium carbide and chromium diboride
was found to be 11.4 and 12.6 GPa, respectively.
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Development
of a polyoxymethylene-based feedstock
for metal injection molding
using 09Cr16Ni4Nb stainless steel powder
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Abstract. Stainless steel powders are among the most widely used raw materials for the production of small, high-precision engi-
neering components by metal injection molding (MIM), a process that combines metal powders with molten polymer binders.
This study focuses on the development of feedstock composition and processing parameters for MIM production using domes-
tically sourced components: a martensitic stainless steel powder grade 09Cr16Ni4Nb, a polyoxymethylene-based binder, and
processing additives including stearic acid, beeswax, and low-density polyethylene. The starting stainless steel powder had
a spherical morphology with a predominant particle size range of 8-23 um. Scanning electron microscopy, melt flow index (MFI)
testing, and helium pycnometry were employed to investigate the microstructure, rheological behavior, and physical properties
of the resulting feedstock granules. Dependencies of MFI on the feedstock composition, metal-to-polymer ratio, type and content
of additives, and particle size distribution of the metallic phase were established. The optimal feedstock formulation was deter-
mined experimentally. The microstructure and physical properties of sintered samples produced from the developed feedstock were
evaluated and compared with those made from imported Catamold® feedstock. It was demonstrated that standard heat treatment
modes are suitable for MIM-fabricated parts, as the phase transformation behavior of the studied steel does not differ from that of
conventionally processed materials. The results confirm that components manufactured from the in-house feedstock comply with
relevant regulatory standards and match the performance of their imported counterparts.

Keywords: MIM technology, injection molding, powder injection molding, feedstock, stainless steel powder, binder, polyoxymethylene,
sintering, composition, structure
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ana MIM-texHonorum
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AHHOTauMﬂ. MeTananueckue TOPOIIKHN Hep)KaBeIomeﬁ CTalld SBIISIOTCS Hanboee pacnpoCTpaHCHHBIMU UCXOJAHBIMU MaT€pUualaMu,

MIPUMEHSIEMBIMH JUIS1 IPOU3BOACTBA MAJI0Ta0apUTHBIX BEICOKOTOUHBIX MAIIMHOCTPOUTEIBHBIX JE€TaNEH 10 TEXHOIOTUH MHKEKIH-
OHHOTO (pOPMOBAHUSI METAJUIMUECKHUX HOPOLIKOB ¢ paciuiaBamu moiauMepos (MIM-texnonorun). Hacrosimas padora nocssimieHna
pa3paboTKe cocTaBa M TEXHOJIOTHUECKHX PEKNMOB M3TOTOBJICHHSI HCXOTHOTO CHIPhs (TPaHyIsTa) IS MPON3BOACTBA JIeTajieil mo
MIM-TeXHOIOTHH U3 OTEYECTBCHHBIX KOMIIOHEHTOB: MOPOLIKAa HepiKaBerollel ctanu MapreHcuTHoro kinacca 09X16H4b, cessy-
IOILIET0 Ha OCHOBE MONU(OPMaIIbJIEIHA U TEXHOIOTHYECKHX 100aBOK (CTEAPUHOBOM KHCIIOTHI, TUSIMHOTO BOCKA U MOJIN3THIICHA
BBICOKOTO IaBieHHs). McXOmHBIN MOPOIIOK HepskaBelomiei cTaau uMen cdeprdeckyio GpopMy 4YacTHIl C pa3MEepoM OCHOBHOM
Macchl 4acTHIl B 1uamna3oHe oT 8 10 23 MkM. C MpUMEHEHHEM CKaHHPYIOIIEH SIEKTPOHHOW MUKPOCKOIINH, METOAA OIPEICICHUS
MOKa3arelisi TeKy4eCTH paciulaBa TepPMOILIACTOB U MUKHOMETPHUUYECKOTO METO/Ia HCCIIE0BAIINCH MUKPOCTPYKTYPBI, PEOJIOTHYSCKHE
n (pu3mueckue CBOMCTBA IOMYIEHHBIX IPaHyIATOB. YCTAaHOBICHBI 3aBUCHMOCTH ITOKa3arelist TeKydectr pacmuiasa (ITTP) ot comep-
JKaHUSI HICXOAHBIX KOMIOHEHTOB IPaHyNATa, COOTHOUIEHHS METaJUTHUECKON U MOTMMEPHOI yacTeil, KoTUIecTBa M BUa TEXHOIOTH-
YeCKHX J00aBOK, TPaHyJIOMETPUYECKOTO COCTaBa METAIIMYECKOil yacTH. ONBITHBIM ITyTeM OIpe/eieHa ONTHMANIbHAs PelenTypa
rpanyssTa. [IpuBeieHb! pe3ybTaThl HCCISIOBAHUS MUKPOCTPYKTYPHI U (PH3UIECKUX CBOHCTB OIBITHBIX 00Pa3I0B, H3TOTOBICHHBIX
no MIM-TeXHONIOrUH, B CPABHEHUU CO CIIEUEHHBIMH 00Opa3laMu M3 MMIOPTHOTO rpanyista Mapku Catamold®. TTokasano, uto
JUTSL M3JIeTUH, TToy4eHHBIX 1o MIM-TexHoIoruy, 11e11ecoo0pa3Ho UCIIOIb30BaTh THIIOBBIE PEXKUMBI TEPMOOOPAOOTKH, HOCKOJIBKY
cXeMBI (pa30BBIX MPEBPAIICHNI HE OTINYAIOTCS OT TPaJUIIHOHHBIX JJISI JAHHOTO BU/IA CTAJIH. YCTAHOBICHO, YTO 00pas3Ibl U3 pa3pa-
60TaHHOTO IpaHy/IsATa COOTBETCTBYIOT TPEOOBAHUSIM HOPMAaTUBHBIX JOKYMEHTOB Ha MPUMEHAEMbIH MaTepual U HE yCTYMaloT 10

(1)I/I3I/I'-IeCKI/IM TOoKas3aTeJIsiM IrpaHyJisiTaM UMIIOPTHOI'O IPOU3BOJICTBA.

Kniouesbie cnoBa: MIM-TexHOIOTUsI, HHKEKIHOHHOE (POPMOBAHHE, TUThHE MO TaBICHUEM, TPAHYJIAT, QUICTOK, TOPOIIOK HEPIKABLIOIIEeH
CTalu, cBs3yolee, noMpopMabierusl, ClieKaHue, COCTaB, CTPYKTypa

Ana yntupoBanus: [lapxomenko A.B., Amocos A.IL., [TactyxoB A.M. Pa3paborka rpanyisita Ha noianpopMaIbIerHIHOM CBI3YIOIEM
Ha OCHOBE MopoIika Hepkaseromiei ctamu 09X16H4b s MIM-texnonoruu. Mzeecmust 6y306. [lopowkosas memaniypeus u (hyHK-
yuoHanvHwie nokpvimus. 2025;19(3):15-24. https://doi.org/10.17073/1997-308X-2025-3-15-24

Introduction

The metal injection molding (MIM) process inte-
grates the principles of powder metallurgy and polymer
injection molding. This method involves the prepara-
tion of feedstock —a homogeneous mixture of fine metal
powders and polymer binders — followed by injection
molding of green parts, subsequent binder removal, and
sintering to produce fully dense metallic components.
MIM-produced parts combine the geometric comp-
lexity and dimensional precision typical of polymer-
molded products with the mechanical strength inherent
to metals [1]. A key advantage of MIM technology lies
in its capability for high-volume production of small,
intricately shaped components that generally require
no further machining.
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In metal injection molding, the starting material is
a feedstock — a composite granulated material consist-
ing of fine metal powders uniformly mixed with a poly-
mer binder. Optimization of the feedstock composition
is a critical step in ensuring the quality and efficiency
of the MIM process. The typical volume fraction
of metal powder in the feedstock ranges from 50
to 65 %, although it can be increased to 80 % or higher.
However, increasing the metal powder content leads
to a rise in the feedstock’s viscosity, which may nega-
tively affect the injection molding process [2; 3].

The characteristics of metal powders have a signifi-
cant impact on the properties of final parts produced
by the MIM process [4]. One of the key requirements
for such powders is low surface energy, which facili-
tates effective mixing with the binder. This requirement
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is best met by powders composed of spherical particles
with diameters up to 50 um, preferably in the range
of 1 to 5 um. For example, a granulometric analysis
of BASF’s Catamold® 42CrMo4 feedstock revealed
that it consists of fine spherical metal powders with
particle sizes ranging from 1 to 5 um [5].

Other important powder characteristics include
particle shape, particle size distribution, and surface
morphology. Particle shape affects the rheological
behavior of the feedstock and the dimensional sta-
bility of the molded part during thermal processing.
Irregularly shaped particles can enhance the mechani-
cal strength of the part after binder removal, but they
reduce packing density and increase feedstock visco-
sity. This, in turn, requires a higher binder content and
may lead to excessive porosity in sintered components.
The same applies to spherical particles with rough
surfaces featuring protrusions and indentations [6].
Smooth, spherical particles are considered optimal for
MIM technology due to their high packing density and
low flow viscosity, although they may result in reduced
strength of the debound parts. The most favorable per-
formance in MIM is often achieved using mixtures
of spherical and irregularly shaped particles [7; 8].

The average particle size of the powder is another
critical parameter in MIM technology. Fine pow-
ders tend to agglomerate more readily, which makes
them particularly suitable for MIM applications [9].
However, the minimum particle size is limited
by the flowability of the powder—binder mixture:
at elevated temperatures, smaller particles reduce
the flowability of the feedstock, which negatively
affects the injection molding process. The maximum
particle size, on the other hand, influences the den-
sification of the sintered component: larger particles
decrease the likelihood of achieving high final den-
sity [10]. Improvements in the microstructure of sin-
tered parts can be achieved by using powders with
a bimodal particle size distribution, combining coarse
and fine particles to reduce porosity by filling the inter-
stitial voids between larger particles. As shown in [11],
a broad particle size distribution enhances packing
efficiency but complicates feedstock homogenization,
thereby impairing uniform powder—binder dispersion
during molding. By carefully controlling the shape
and size of both spherical and irregular particles, it is
possible to achieve high packing density and tailor
the properties of the final components [12].

The range of metals used in metal injection molding
is diverse and includes low-alloy steels, heat-resistant
and corrosion-resistant alloys, as well as materials
based on copper, nickel, cobalt, and titanium. In addi-
tion, intermetallics, magnetic alloys, carbides, and
borides are also employed [13]. Unlike conventional

metalworking methods, where up to 80 % of the mate-
rial may be lost as machining waste, the MIM process
achieves a material utilization rate of approximately
99 %, which is particularly advantageous when wor-
king with high-cost metals such as stainless steels and
titanium alloys. Recent international studies frequently
report the use of spherical 17-4PH martensitic stainless
steel powders [14-21]. For example, in [19], a gas-
atomized 17-4PH stainless steel powder with particle
sizes ranging from 4.8 to 30 um was employed. In [20],
a water-atomized 17-4PH powder with near-spherical
morphology was used. The authors of [21] utilized four
different 17-4PH stainless steel powders varying in
both particle size and morphology.

The binder plays a critical role in the metal injection
molding process, as it must ensure low viscosity at high
powder loading and remain chemically inert to facili-
tate effective mixing. Commonly used binders include
low-molecular-weight polymers or waxes. Additives
are often incorporated to adjust the binder’s properties.
One of the essential requirements for the binder system
is its ability to provide sufficient viscosity to enable
the molding of components with complex geometries.
Another mandatory property is its ability to adequately
wet the surface of the powder particles to optimize mix-
ing and ensure proper shaping of the final part. To this
end, surfactants such as titanates, silanes, phosphates,
and stearates are introduced into the process to reduce
the viscosity of the feedstock and increase solid loading
by promoting interfacial adhesion between the powder
and the binder.

Given that the MIM process is intended for manu-
facturing components with complex geometries, one
of the essential requirements for binder components is
adequate strength. High strength performance is typi-
cally achieved using polyoxymethylene (also known
as polyacetal or polyformaldehyde) in the binder for-
mulation. POM-based binder systems provide excel-
lent mold filling and ensure the dimensional stability
of molded parts. Components produced from such
feedstock exhibit high strength and hardness, favo-
rable fatigue properties, and minimal shrinkage upon
sintering [22—24]. One of the most widely used binder
systems in MIM technology consists of a composition
based on polyoxymethylene, low-density polyethylene,
and stearic acid. These components help preserve part
geometry and structural integrity, even under condi-
tions of increased porosity following polyoxymethy-
lene removal [4].

One of the most critical properties of MIM feed-
stock is its homogeneity, which is essential for mini-
mizing phase separation during injection molding
and for achieving isotropic shrinkage during debin-
ding and sintering. Inhomogeneous feedstock can
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lead to visible defects in the final sintered part, as
well as excessive porosity, cracking, and distortion.
To achieve the required level of homogeneity, various
types of mixers, crushers, mills, and screw extruders
are employed. Effective mixing requires uniform shear
throughout all regions of the mixing chamber. The most
efficient solution is the use of a twin-screw extruder,
which provides intensive shear combined with a short
residence time of the metal-polymer compound at ele-
vated temperatures [1].

To optimize the powder—binder composition and
to select appropriate additives and modifiers during
feedstock preparation, rheological tests are conducted
to evaluate melt flow behavior. The molten feedstock
is extruded through a die/nozzle of specified diameter
under standard conditions to determine the melt flow
index (MFI). This parameter characterizes the mate-
rial’s ability to flow into the mold cavity during
injection.

The aim of the present study was to develop
a domestically produced metal powder feedstock based
on stainless steel powder and a polyoxymethylene
binder for the fabrication of steel parts by metal injec-
tion molding. In addition, the study aimed to establish
relationships between the composition and structure
of the metal-polymer compound, its processing para-
meters, and the physical, mechanical, rheological, and
performance characteristics of both the feedstock and
the resulting sintered MIM components.

Materials and methods

To develop the feedstock, a spherical metal powder
of low-carbon stainless steel grade 09Cr16Ni4Nb was
used. The powder was produced by gas atomization and
supplied by Polema JSC (Tula, Russia). The selected
polymer binder was polyoxymethylene (POM) grade
Tekhnaset A-110 (TU 2226-020-11517367), manufac-
tured by Polyplastic Research and Production Company
(Moscow, Russia). The surfactants used in the for-
mulation included technical-grade stearic acid T-32
(GOST 6484-96), produced by Nefis Cosmetics (Kazan,
Russia), and natural beeswax (GOST 21179-2000).
To retain the structural integrity of the molded part
after binder removal, low-density polyethylene (LDPE)
grade 15813-020 (GOST 16337-22), produced by
Kazanorgsintez PJSC (Kazan, Russia), was incorpo-
rated as a backbone binder component.

The particle size distribution of the metal powder
was measured using an Analysette 22 Compact laser
particle size analyzer (Fritsch GmbH, Germany).
The microstructure of the starting materials and
of the feedstocks developed from domestically sourced
components was examined using a JSM-6390A scan-
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ning electron microscope (JEOL, Japan). The rheo-
logical properties of the feedstock were evaluated in
accordance with GOST 11645-73 using a Modular
Melt Flow 7026 instrument (Ceast S.p.A., Italy)
at a temperature of 190 °C and a load of 21.6 kgf.
Density and inhomogeneity were measured with
an AccuPyc 1340 helium pycnometer (Micromeritics,
USA). The hardness of sintered parts was measured
according to GOST 9013-59 using a WPM hard-
ness testing machine (WPM Leipzig, Germany).
Compression and tensile tests of sintered samples were
carried out in accordance with GOST 18227-85 using
an Instron 5988 universal testing machine (USA).

Results and discussion

The starting 09Cr16Ni4Nb stainless steel powder
exhibited a particle size distribution as shown in Fig. 1.
The majority of the particles ranged from 8 to 23 um in
diameter, which meets the key requirements for metal
powders intended for MIM feedstock production.

To determine the optimal ratio between the metallic
and polymeric components, eight batches of feedstock
with varying compositions were prepared. The feed-
stock was produced following a specific sequence
of component mixing: stearic acid (SA) or beeswax
(BW) was first added to the 09Cr16Ni4Nb stainless
steel powder, followed by low-density polyethylene
(LDPE), and finally polyoxymethylene (POM) was
introduced. The granulation process was carried out
under the following conditions:

Screw temperature, °C. .. ............... 160-180
Screw rotation speed, rpm . . .. ... ... 120-130
Pelletizer cutter speed, rpm . .............. 1100

The appearance of the resulting feedstock granules
based on 09Cr16Ni4NbD stainless steel powder is shown
in Fig. 2.

The results of melt flow index (MFI) and density
measurements for the experimental batches of feed-
stock are presented in Table 1.

Beeswax and stearic acid were used as surfac-
tants. The compositions containing beeswax (formu-
lations 5-8) exhibited higher melt flow index (MFI)
values, which, in turn, resulted in lower feedstock
density. The MFI trends for the investigated feedstock
formulations are shown in Fig. 3.

The most promising feedstocks were formulations 2
(with stearic acid) and 6 (with beeswax), which are
recommended for further investigation.

Green parts of a component referred to as the “sub-
strate” were molded using feedstock 2. Fig. 4, a shows
the green part (left) and the sintered “substrate” com-
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Fig. 1. Particle size distribution of the 09Cr16Ni4ND stainless steel powder
Puc. 1. I'panynomerpudeckuii coctas nopoiuika Hepxaseromieit cramn 09X 16H4b
Injection molding of green

:

Particle content, wt. %

parts  using

the 09Cr16Ni4Nb stainless steel powder was per-
formed on a thermoplastic injection molding machine
under the following conditions:

—

Fig. 2. Appearance of the 09Cr16Ni4Nb feedstock granules

Puc. 2. BHetunuit Buj rpanyisita 09X 16H45

ponent (right). For comparative analysis, parts were
also produced from imported Catamold® Stainless
17-4PH feedstock. Additionally, standard test samples
were prepared for microstructural examination and
mechanical property testing (Fig. 4, b), with dimen-
sions in accordance with GOST R 59651-2021.

MEFI, g/10 min
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Fig. 3. Dependences of MFI on metal powder content
in the feedstock

1 — formulations /—4; 2 — formulations 5-8

Puc. 3. 3aBucumoctu I1TP ot coneprxanust
METaJUTHIECKOi YaCTH B TPAHYJIIATE

1 — cocTaB rpaHynsToB /—4; 2 — COCTaB IpaHyIATOB 5—8

Table 1. Rheological and physical properties of feedstock granules based on 09Cr16Ni4Nb stainless steel powder

Ta6bnuya 1. Peostiornueckue u (pusnyeckue CBOIiCTBA rpaHy/IATOB U3 MOPOIIKA Hep:kaBewwleii crann 09X16H4b

Feedstock Component content, wt. % MF]I, Density,
formulation No. | 09Cr16Ni4Nb | POM | LDPE | SA | BW | &10min |  g/cm’
1 86.0 11.5 1.0 1.5 - 344 4.2
2 86.5 11.0 1.0 1.5 - 254 4.6
3 87.0 10.5 1.0 1.5 - 92 4.5
4 88.0 9.5 1.0 1.5 - 0 4.6
5 86.0 11.5 1.0 - 1.5 505 4.2
6 86.5 11.0 1.0 - 1.5 401 4.2
7 87.0 10.5 1.0 - 1.5 95 4.4
8 88.0 9.5 1.0 - 1.5 0 4.5
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Fig. 4. Appearance of samples made from the developed feed-
stock

a — green part (left) and sintered substrate component (right)
b — reference test sample
Puc. 4. Bremnnit Buz 00pasioB U3 pa3pab0TaHHOTO TpaHyIsITa

a — 3arOTOBKa (ClIeBa) U CIICUCHHAsI IeTallb «IIOJI0XKKay (CIIpaBa)
b — 00pa3LpBI-CBUICTENN

Mold temperature, °C . . ... ... ... 13010
Injection pressure, MPa . .. .. ... .. 120+ 10
Shot volume, cm?® . .. ............ 10
Temperature settings by zone, °C:
nozzle.......... ... ... .... 190+ 5
zone l ........ .. ... ... .. .. 175+5
ZONC 2 .ot 180+ 5
zone3d .. ... 185+5
Aging in a press mould, s:
mold holding . . .............. 5
mold cooling . ............... 10

Microstructural analysis of the green parts made
from the metal-polymer composite revealed that samp-
les produced from the imported Catamold® feedstock
(Fig. 5, b) exhibited lower homogeneity and contained
agglomerates of the metallic phase up to 15 um in size.
In contrast, the green parts produced from the domesti-
cally developed feedstock (Fig. 5, a) exhibited a homo-
geneous particle distribution.

Binder removal from the samples was carried out in
a catalytic furnace using concentrated nitric acid vapor.
The mass loss during debinding was approximately
7.5 %. The catalytic debinding parameters for green
parts produced from 09Cr16Ni4ND stainless steel pow-
der are listed below:

Temperature, °C . ............ 112+5
Purge time, min:
before thecycle .. ......... 40
afterthecycle . ........... 60
Cycle duration, h . .. ......... 5
Acid feed rate, mL/min . . . . ... 0.8

Sintering of the samples was carried out under
vacuum at a heating rate of 5 °C/min up to a tempera-
ture of 1330 °C, with a holding time of 2 h.
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Fig. 5. Microstructure of the green part made from the in-house
feedstock (@) and from Catamold® feedstock (b)

Puc. 5. MUKpPOCTPYKTypa 3arOTOBKH M3 TPAHYIISITa COOCTBEHHOTO
npou3BozaCTBa (a) u u3 rpanyisata Catamold® (b)

The microstructures of the central region and
the edge of the sintered 09Cr16Ni4Nb stainless steel
sample produced by the MIM process using the in-
house feedstock are shown in Fig. 6.

Metallographic analysis of the samples revealed
that the microstructure of the sintered part was hete-
rogeneous. The edge of the sample exhibited a mar-
tensitic structure, while the central region showed
a granular ferrite—carbide structure with isolated areas
of martensite. The presence of white regions indicated
retained austenite. Additionally, microporosity was
observed, which is characteristic of components pro-
duced by the MIM process.

Table 2 presents the physical and mechanical pro-
perties of sintered samples made from the in-house feed-
stock in comparison with those produced from imported
Catamold® Stainless 17-4PH feedstock, as well as
the requirements specified in GOST R 59651-2021.
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Fig. 6. Microstructure of the central region (a, b) and edge (c, d) of the sample
produced from the in-house feedstock after sintering

Puc. 6. MUKpOCTPYKTYypa LICHTPAILHOTO y4acTka (@, b) u kpasi (¢, d) obpasua
U3 IpaHy’IsTa COOCTBEHHOTO MPOU3BO/CTBA MOCIIE CIICKAHUS

The physical and mechanical properties of the sin- A subsequent heat treatment cycle was performed
tered samples were found to meet the requirements in accordance with GOST 977-88, using the following
of GOST R 59651-2021 for the target material and  parameters:
surpassed those of the imported equivalent. The sin-
tered samples demonstrate high strength and hardness,
indicative of increased brittleness. — tempering at at /= 600 °C (t =2 h) in vacuum;

—normalizing at#= 1050 °C (t = 30 min) in vacuum;

Table 2. Physical and mechanical characteristics of sintered samples
made from 09Cr16Ni4Nb stainless steel powder

Tabnnya 2. PU3uKo-MeXaHUYeCKHEe XapaKTePUCTUKHU CIleYeHHBIX 00pa31oB
M3 MOpoIKa Hep:kaBelouleii craiu 09X16H4b

Material Ultimate tensile Yield strength | Elongation | Density | Vickers hardness
strength, o, kgf/mm? | o, ,, kgf/mm* | at break, % | p, g/cm’ (HV10)
Experimental
09Cr16Ni4Nb feedstock 162 106 8 7.87 440
Catamold®
Steinless 17-4PH 81-97 6676 >6 >7.65 264-301
GOST R 59651-2021 >110 >93 >8 >7.50 >330
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Fig. 7. Microstructure of the sample after heat treatment

Puc. 7. MuxpoctpykTypa odpasiia mociie TepMUueckoi 00paboTKu

Table 3. Physical and mechanical properties samples of stainless steel powder 09Cr16Ni4Nb after heat treatment

Ta6nuya 3. ®U3UK0O-MeXaHHYeCKHe CBOICTBAa 00pa3L0B U3 NOpoLIKa Hep:kaBeromieii craau 09X16H4b
nocJjie TepMUYECKOi 00padoOTKH

Material Ultimate tensile Yield strength | Elongation | Vickers hardness | Density

atena strength, o , kgf/mm? | o, ,, kgf/mm* | at break, % (HV10) p, g/em?
09Cr16Ni4ND feedstock 127 107 9 355 7.69
GOST R 59651-2021 >110 >93 >8 >330 >7.50

— austenitizing with holding at # = 1050 °C (t = 30 min)
in vacuum, followed by cooling to 100 °C;

— cryogenic treatment at —70 °C (1 = 4 h);
— tempering at £ =300 °C (t =2 h) in vacuum.

Cryogenic treatment was applied to reduce
the amount of retained austenite and improve its stabi-
lity in the samples [24].

Microstructural analysis performed after heat treat-
ment revealed a tempered martensite structure with
a medium acicular morphology. Residual microporo-
sity was also observed, which is typical for samples
produced using the MIM process (Fig. 7). The micro-
porosity was not evaluated quantitatively, as the accep-
tability of parts is determined based on their physical
and mechanical properties.

The physical and mechanical properties of the samp-
les after heat treatment are presented in Table 3.

The results showed that heat treatment increases
ductility and reduces the hardness and brittle-
ness of the material by relieving internal stresses in
the samples.
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Conclusions

1. Domestically produced feedstocks for MIM
technology were developed using a polyoxymethylene
binder and 09Cr16Ni4Nb stainless steel powder.

2. The effect of the ratio between polymer compo-
nents and metal powder on the rheological properties
of the feedstock was established.

3. The optimal ratio between the metal and poly-
mer components of the feedstock was determined.
The most suitable formulation is as follows, wt. %:
09Cr16Ni4Nb — 86.5; polyoxymethylene — 11.0;
LDPE - 1.0; stearic acid — 1.5.

4. The microstructures of the sintered samples
before and after heat treatment were studied. It was
shown that the application of standard heat treatment
modes is appropriate for MIM-fabricated parts, as
the phase transformation diagrams are consistent with
those of conventionally processed steel of this grade.

5. It was confirmed that steel components produced
from the developed feedstock meet the physical and
mechanical requirements specified in regulatory docu-
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ments and are not inferior to parts manufactured from
imported feedstock.
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Self-propagating high-temperature synthesis
of a highly dispersed Si;N ,-SiC ceramic
powders composition using sodium azide
and polytetrafluoroethylene

I. A. Uvarova, A. P. Amosov®, Yu. V. Titova, V. A. Novikov

Samara State Technical University
244 Molodogvardeiskaya Str., Samara 443100, Russia
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Abstract. Refractory ceramic composite materials of the silicon nitride-silicon carbide (Si;N,~SiC) system possess a wide range
of valuable properties and are used across various industrial fields as excellent refractories, structural heat-resistant materials
capable of withstanding high mechanical loads at elevated temperatures, and lightweight functional materials for microwave radia-
tion shielding in aviation and aerospace applications. The performance of Si,N,~SiC composite ceramics can be significantly
enhanced by increasing the dispersion of the component powders, transitioning from micron-sized particles to highly dispersed
powders (<1 um). This study focuses on improving a simple, energy-efficient method of azide self-propagating high-temperature
synthesis (SHS) for obtaining such highly dispersed powder compositions, using mixtures of sodium azide (NaN,) with elemental
silicon and carbon powders, activated and modified by carbiding addition of powdered polytetrafluoroethylene (PTFE). These
charge compositions, in both bulk and pressed forms, were combusted in a nitrogen atmosphere at 3 MPa. The maximum pressure
and solid product yield were measured. The phase composition and microstructure of the combustion products were examined using
X-ray diffraction (XRD) and scanning electron microscopy (SEM). The introduction of PTFE as a reactive carbiding and activating
additive effectively overcame the limitations of conventional azide SHS processes that use halide salts such as NH,F, Na,SiF,
and (NH,),SiF,. In addition to ensuring a high dispersion of the synthesized powders, the phase composition — particularly for
the pressed charges — became significantly closer to the target theoretical composition. Notably, the silicon carbide content in the
Si;N,~SiC product increased substantially, while the amounts of free silicon and carbon impurities decreased.

Keywords: silicon nitride, silicon carbide, powder compositions, self-propagating high-temperature synthesis, sodium azide, polytetra-
fluoroethylene, combustion products, phase composition, microstructure
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AHHoTauus. TyroIaBKue KepaMHIECKUE KOMITO3HITMOHHBIE MATEPUATBI CHCTEMBI «HUTPHJI KpeMHHs — KapOun kpemuus» (Si,N,~SiC)

00J1aJal0T IUPOKUM CIICKTPOM LIEHHBIX CBOWCTB M HAXOIST NPUMEHEHHE B PA3IMYHBIX NPOMBIIUICHHBIX OONACTSIX B KaueCTBE
MPEKPACHBIX OTHEYIOPOB, KOHCTPYKIMOHHBIX YKapOIPOUYHBIX MAaTEpPHAIOB B YCIOBHSIX OONBIINX MEXaHHYECKHX Harpy3oK IpH
BBICOKUX TEMIIEpaTypax, JIETKUX (yHKIIMOHAIBHBIX MaTepPHAIIOB JJISI 3aIIUTEl OT MUKPOBOJTHOBOTO M3JTyUCHUS B aBHAIINU U KOCMO-
HapTHKe. CBOWCTBA KOMIO3MIMOHHOH Kepamuku Si;N,~SiC MOTYT CYNIECTBEHHO YTyYmIaThCS MPHU MOBBIICHAN TUCTIEPCHOCTH
KOMITOHCHTOB KOMIIO3UTA, IIPH MEePEXO/ie OT KOMIOHEHTOB MUKPOHHBIX pa3MepoB K BEICOKOAUCIICPCHBIM (<1 MkM). Pabora mocBs-
IIEHa YCOBEPIICHCTBOBAHUIO IIPOCTOTO YHEProcOeperaromero MeToa a3uHoOr0 CaMOPacIIpOCTPAHSIONIEr0OCsl BEICOKOTEMITepaTyp-
Horo cunte3a (CBC) KoMIo3uIHi TaKKX MOPONIKOB U3 CMeCel mopomika asuna Hatpust (NaN;) U 5eMEHTHBIX MOPOIIKOB KPEMHHS
U yIJICpO/Ia 32 CUET MCIIOIb30BAHMS aKTHBUPYIONIEH U KapOuH3HpyIomiei 106aBKH mopomkoBoro nonurerpadropstuiena (IITDD).
Ot cMecH (IIUXTHI) B HACKIITHOM U IPECCOBAHHOM BHJIE CXKUTAIINCH B PEAKTOPE C JIaBJIeHHeM ra3ooopasnoro asora 3 MIla. U3meps-
JIMCh MaKCUMaJbHOE JaBJICHHUE U BBIXOJ TBEPIBIX IPOLYKTOB ropeHus. C IpUMEHEHHEM CKaHUPYIOIIEH JIEKTPOHHON MUKPOCKOIIUU
U PEHTreHO(a30BOT0 aHAIHM3a ONPEASIUINCE MUKPOCTPYKTYpa U (ha30BBIil COCTAaB MPOMAYKTOB ropeHus. Mcnombp3oBanue 100aBKU
[IT®D no3BosnIO yeTpaHUTh HENOCTATKU TpaauuuonHoro asugHoro CBC xomno3unumit Si3N4—SiC C MPUMEHEHUEM TaJIOUHBIX
comett NH,F, Na,SiF, u (NH,),SiF,. Tlpu coxpaHeHMH BBICOKOH NHCIEPCHOCTH CHHTE3MPOBAHHBIX KOMIO3WIHH MOPONIKOB
Si;N,—SiC ux (a3oBbii cocTaB, 0COOCHHO MPH UCTOIB30BAHUH MPECCOBAHHBIX IIUXT, CTAN 3HAYHTEILHO OIMKE K 3a/1aBAEMOMY
TEOPETHYECKOMY COCTaBY, CYIIECTBEHHO YBEIHYHIOCH COMEPkKAHUE KapOuia KDEMHUS B CUHTE3UpoBaHHOM npoaykre Si,N,~SiC

IIpyU YMCHBUICHUU COACPIKAHUSL HpHMeCCﬁ CBO6OIIHI)IX KpEMHUS U yIiiepoaa.

KnioueBbie c/ioBa: HUTPU KPEMHUS, KapOUI KPEMHHsI, KOMIIO3HIIMH MOPOIIKOB, CAMOPACHPOCTPAHSIONINICS BHICOKOTEMIIEPATYPHBIH
CHHTE3, a3 HaTPHUs, TIOIUTETPAPTOPITUIICH, POLYKTHI TOPEHHUS, COCTAB, CTPYKTypa
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Introduction

Refractory ceramic composite materials of the sili-
con nitride-silicon carbide (Si;N,-SiC) system possess
a wide range of valuable properties and are used in
various industrial applications. Primarily, these mate-
rials are excellent refractories and can be used at high
temperatures (up to 1500 °C) due to their outstanding
oxidation and creep resistance, chemical stability,
low thermal expansion coefficient, and thermal shock
resistance [1]. Such refractories are typically produced
by reaction bonding of SiC powder with Si;N, particles
synthesized via direct nitridation of silicon in a pressed
powder mixture of SiC and Si under a nitrogen atmo-
sphere at elevated temperatures (1300-1450 °C) for
several hours [1; 2]. The resulting product is a two-
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phase mixture of a-Si,N, and B-Si,N,. The density and
mechanical strength of the composites increase with
a higher content of the fibrous a-Si;N, phase, which
is promoted by reducing the particle sizes of SiC and
Si, as well as by the presence of trace oxygen impu-
rities in the nitrogen atmosphere. This oxygen leads
to intensive oxidation of silicon, formation of SiO
vapor, and gas-phase synthesis of a-Si;N, [1; 2]. While
commercially produced silicon carbide refractories
(without Si;N, in their composition) exhibit a comp-
ressive strength of up to 100 MPa at approximately
20 % porosity [3], a reaction-bonded composite with
a composition of 46SiC-50Si;,N,-4Y,0, (wt. %)
demonstrates a compressive strength of 319 MPa
at 26 % porosity [1].
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Si;N,~SiC composite refractories are also produced
by other methods such as semi-dry pressing (with
up to 8 % liquid binder), plastic forming (up to 24 %
binder), and slip casting (with up to 80 % water),
followed by drying and sintering at temperatures up
to 1600 °C [4-6]. In these methods, the starting mate-
rials are typically mixtures of polydisperse Si;N, and
SiC micropowders, with particle sizes ranging from
fine fractions (1-5 um) to coarse ones (50-200 pum),
to achieve optimal packing density in both the pow-
der mixture and the final composite. However, the use
of such relatively coarse powders, combined with
a porosity of approximately 20 %, limits the abi-
lity of Si;N,—SiC refractories to reach their maxi-
mum mechanical strength, particularly at elevated
temperatures.

To use Si,N,~SiC composites as structural heat-
resistant materials under high mechanical loads
at elevated temperatures (e.g., in gas turbine engines),
or as ultra-hard tooling and wear-resistant materi-
als, it is essential to achieve the highest possible
values of hardness, strength, and fracture toughness.
To achieve near-theoretical density and reduce porosity
to below one percent, alternative fabrication methods
must be employed. These include pressureless sinte-
ring of Si,N, and SiC powder mixtures at temperatures
up to 2000 °C (including liquid-phase sintering), hot
pressing, hot isostatic pressing, spark plasma sinte-
ring, and additive manufacturing techniques [5; 7-10].
Numerous studies utilizing these methods have shown
that the mechanical properties of Si,N,~SiC composite
ceramics improve significantly with increased fine-
ness of the constituent powders — that is, as particle
sizes are reduced from the micron scale to highly dis-
persed (<1 um), submicron (0.1-1.0 pm), and even
nanoscale (1-100 nm) dimensions. Consequently,
considerable research efforts are currently focused on
the development of nanostructured Si;N,-SiC ceramic
composites [11-15]. In addition to enhanced mechani-
cal performance, Si,N,~SiC nanocomposites exhibit
improved microwave absorption properties, making
them promising candidates for use as lightweight func-
tional materials for electromagnetic shielding in aero-
space and aviation applications [16].

At first glance, the ex sifu fabrication of Si;N,-SiC
nanocomposites — based on mechanical mixing of pre-
synthesized Si;N, and SiC nanopowders followed
by compaction and sintering — appears to be the most
straightforward approach. However, such nanopow-
ders are extremely costly, as they cannot be pro-
duced by simple mechanical milling of inexpensive
coarse powders, but instead require synthesis via
various complex and expensive chemical routes [5].
Furthermore, nanoparticles exhibit pronounced inter-

particle adhesion, forming dense agglomerates that
are difficult to disperse through mechanical mixing,
thereby impeding the formation of a homogeneous
nanopowder blend. This lack of homogeneity often
results in structural defects during densification and
sintering, including chemical inhomogeneity, grain size
non-uniformity, porosity, and crack formation [14].
From this standpoint, when dealing with highly dis-
persed powders, in situ chemical synthesis methods are
preferable. These approaches enable the direct forma-
tion of the desired ceramic powder composition from
precursor reagents, eliminating the drawbacks associ-
ated with ex situ mechanical mixing of pre-synthesized
ceramic powders [1; 14].

Several chemical synthesis methods have been
developed for producing submicron and nanopowder
compositions of Si,N,~SiC. These include pyrolysis
of silicon-containing polymers, methane pyrolysis
followed by coating of Si;N, particles with highly
dispersed carbon, carbothermal reduction of silicon
dioxide in the presence of gaseous nitrogen, gas-phase
reactions, and plasma-chemical synthesis [14-21].
However, these methods are characterized by high
energy consumption due to the need for elevated
temperatures and prolonged heat treatment, as well
as the use of expensive equipment and reagents.
As a result, such techniques remain largely confined
to laboratory-scale production of composite powders
and have not yet been transferred to industrial-scale
manufacturing. Currently, commercial suppliers
of ceramic powders continue to produce primarily sin-
gle-phase powders, and most nanocomposite ceramic
powders are still obtained by conventional methods
involving the mixing and milling of their constituent
single-phase powders [14; 15]. Nevertheless, chemical
synthesis methods for composite powders are regarded
as advanced and promising, warranting further deve-
lopment and industrial implementation. Once this goal
is achieved, high-quality nanocomposite powders will
become commercially available, which is expected
to have a positive impact on the performance charac-
teristics of the resulting composite ceramics [14; 15].

Among the chemical methods used to synthe-
size submicron and nanoscale Si,N,~SiC powder
compositions, self-propagating high-temperature
synthesis (SHS) stands out for its simplicity and
energy efficiency. This method is based on the com-
bustion of inexpensive precursor reagents [22-24].
In the simplest case, combustion of a powder mix-
ture of silicon (particle size d < 15 um) and technical
carbon (d <1 pm) in gaseous nitrogen at a pressure
of 1-7 MPa — that is, in the Si-nC-N, system — can be
initiated when the carbon black content does not
exceed n = 0.8. The combustion product is a Si,N,~SiC
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powder composition containing 5—-60 wt. % SiC, with
the remainder comprising silicon nitride predomi-
nantly in the PB-phase, along with a minor amount
of unreacted silicon. Most of the resulting particles are
2-3 pm in size, though larger particles up to 15 pm are
also present, typically in the form of columnar crystals
or agglomerates of finer particles.

The addition of powdered polytetrafluoroethy-
lene (PTFE) (C,F,), in small amounts (5-15 wt. %)
acts as an activating agent, extending the combustion
limits of the Si-C-N, system and enabling the syn-
thesis of composites with a wide range of Si,N,:SiC
ratios (from 0 to 100 %). The resulting powders
exhibit micron-scale particle sizes and a low frac-
tion of the a-Si,N, phase [22]. A more advanced
approach involves azide self-propagating high-tem-
perature synthesis (azide SHS), applied to systems
based on Si-C-NaN -halide salts. In this method,
silicon (Si), technical carbon (C), sodium azide (NaN,)
as the nitriding agent, and halide salts (NH,F, Na,SiF,,
and (NH,),SiF,) as activating, gasifying additives are
used. Combustion of these bulk powder mixtures in
a4.5 Lreactor under 4 MPa of nitrogen produces highly
dispersed Si,N,—SiC powder compositions containing
1.6-41.8 wt. % SiC. Compared to earlier combustion-
based SHS products, these compositions feature finer
particle sizes (mainly in the range of 100-500 nm)
and a markedly higher content of the a-Si;N, phase —
up to ten times greater than that of B-Si,N, [23-25].
However, the experimental compositions deviated
significantly from the theoretical ones, with an excess
of silicon nitride, a reduced fraction of silicon carbide,
and notable levels of free silicon (up to 5.7 wt. %) and
free carbon (up to 5.1 wt. %) as impurities.

It is well known that the synthesis reaction of sili-
con carbide from elemental silicon and technical car-
bon powders (Si + C = SiC) is weakly exothermic and
cannot proceed in combustion mode under standard
conditions [26]. However, the reactivity of the Si+ C
mixture can be enhanced through preheating, applica-
tion of an electric field, mechanical activation, chemical
activation, or by using a gaseous nitrogen or air environ-
ment, enabling the synthesis of SiC via combustion. One
of the simplest and most effective approaches involves
the use of polytetrafluoroethylene (C,F,) as a chemi-
cal activator. This method enables complete reaction
of the mixture Si+ 0.9C+ 0.05C,F, — SiC + 0.1F,
in a nitrogen atmosphere at 3 MPa, resulting in
the formation of SiC particles with an average size
of ~200 nm [27]. The reaction stages and structure for-
mation in the combustion wave of Si-C-C,F, mixtures
with relatively high PTFE content (C,F,:C = 0.5+3.0)
were studied in [28] by burning pressed powder mix-
tures in an argon atmosphere at 0.5 MPa. The combus-
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tion products, in addition to silicon carbide, contained
16-33 % residual silicon (necessary for subsequent
Si;N, formation in Si,N,—SiC composite synthesis)
and consisted of porous agglomerates 10-20 um in
size, incorporating crystallized silicon droplets and
SiC grains measuring 0.3—0.7 pm. Furthermore, PTFE
can be used not only as an activating additive but
also as a carbiding reagent in place of technical car-
bon during the combustion of a bulk Si+ C,F, mix-
ture in gaseous argon at 0.5 MPa and the synthesis
of silicon carbide in the form of fibers (100-500 nm in
diameter) and equiaxed particles (0.5-3.0 pm), which
aggregate into porous agglomerates [29]. However,
the overall SiC yield in this case is quite low — only
about 10 % of the charge reacts to form cotton-like
(flufty) SiC, while the remainder consists of a black
powder of unreacted carbon and silicon. This result
is attributed to the following sequence of reactions
involved in the formation of silicon carbide with PTFE
(C,F,) [28; 29]:

2C,F, — CF (g) + 2CF,(g) + C(s), @)

4Si(1) + 2CF (g) + 2CF,(g) —
— SiF,(g) + 2SiF,(g) + SiF,(g) + 4C(s),  (2)

2SiF,(g) + 2SiF,(g) — 2.5SiF (g) + 1.5Si(l), (3)
Si(l) + C(s) — SiC(s). 4)

At the first stage (1), PTFE undergoes exother-
mic decomposition in the preheating zone, producing
gaseous fluorides and solid carbon particles. During
the intermediate stages (2) and (3), the gaseous fluo-
rides react with each other and with molten silicon.
In the final stage (4), silicon and carbon particles —
originating both from the initial soot and from PTFE
decomposition — react to form the target silicon
carbide. Completion of all these stages is essential
to obtain highly dispersed SiC; if only the first stage
occurs, the result is merely the formation of gaseous
fluorides and soot particles [29]. Combustion invol-
ving PTFE proceeds at a high rate and is accompanied
by intense gas evolution, resulting in the scattering
of the charge components. Under these conditions,
silicon particles are unlikely to react with carbon
particles, as such a reaction is improbable in the gas
phase [29]. Therefore, when using PTFE, the charge
should be pressed into briquettes — rather than used
in bulk form — preferably with a diameter of at least
30 mm, and the combustion should be conducted
under elevated gas pressure in an SHS reactor to pre-
vent the escape of PTFE decomposition products from
the reaction zone [27-30].
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As demonstrated in our previous study [31], this
approach proved effective in the azide SHS of another
highly dispersed powder composition, AIN-SiC, using
PTFE. Partial replacement of carbon in the carbiding
mixture with 0.9C +0.05C,F, eliminated, in most
cases and across various target AIN/SiC phase ratios,
the drawbacks associated with conventional azide SHS
using halide salts such as (NH,),SiF, AlF,, and NH,F.
While maintaining the high dispersity of the syn-
thesized AIN-SiC powder compositions, their phase
composition — especially when pressed charges were
used — became significantly closer to the intended theo-
retical composition. The SiC phase content increased
substantially, while undesirable secondary phases such
as silicon nitride and the water-insoluble salt cryolite
(Na,AlF ) were eliminated.

An attempt to synthesize the target stoichiometric
composition of the highly dispersed Si;N,~SiC nitride—
carbide system by fully replacing carbon with PTFE
in the initial azide SHS reagent mixture was unsuc-
cessful [32]. In bulk mixtures, only small amounts
of the desired Si;N, and SiC phases were formed,
with free carbon being the predominant combustion
product. This result aligns with the findings reported
in [29] and is attributed to the combustion proceed-
ing only through the initial stages — specifically, reac-
tions (1) and (2), which involve PTFE decomposition
and the generation of gaseous silicon fluorides and
free carbon. In pressed mixtures, a substantial fraction
of the silicon particles was able to react with carbon
(reaction 4), leading to increased formation of the tar-
get Si;N, and SiC phases. However, due to continued
scattering of the charge components during combus-
tion, a significant portion of the silicon remained
unreacted. As a result, the amount of synthesized SiC
was considerably lower than the theoretical value pre-
dicted by the stoichiometric equations.

In light of these findings and building upon pre-
vious studies [23-25;32], the present work aimed
to increase the SiC content and bring the composi-
tion of the highly dispersed Si;N,—SiC material closer
to its theoretical target. To this end, we investigated
the azide SHS process involving partial substitution
of carbon with PTFE in the initial reagent mixture —
specifically, the combustion process and resulting
products of the Si-NaN,-C-C,F, system.

Research methodology

To investigate the azide SHS process for synthe-
sizing highly dispersed Si,N,-SiC compositions with
partial substitution of carbon by PTFE in the ini-
tial charge (reagent mixture), the following starting

materials were used (wt. % unless otherwise noted):
silicon powder, grade Kr00 (=99.9 %, d =40 pm);
sodium azide powder, analytical grade (>98.71 %,
d =100 um); polytetrafluoroethylene (PTFE), grade
PN-40 (>99.0 %, d =40 um); and technical carbon
black, grade P701 (=88.0 %, d =70 nm, in the form
of agglomerates up to 1 pm).

According to [22], achieving a high SiC content
in silicon nitride-based composites requires partial
replacement of technical carbon with an activating car-
biding additive — polytetrafluoroethylene (PTFE) — in
amounts of 5, 10, and 15 %. This yields carbiding mix-
tures of technical carbon and PTFE with the following
compositions, each equivalent to 1 mol of carbiding
carbon:

0.9C +0.05C,F,, (4)
0.8C +0.1C,F,, (B)
0.7C +0.15C,F,. (€)

In this azide SHS approach, the strongly nitriding
reagent sodium azide (NaN,) is added to the charge in
quantities sufficient to neutralize the fluorine released
during the complete decomposition of PTFE and bind
it as water-soluble sodium fluoride (NaF), which can
subsequently be removed from the SHS product by
washing with water. As a result, the stoichiometric
equations for the azide SHS of Si;N,—SiC powder
compositions for five molar ratios of the target phases
(Si;N,:SiC = 4:1, 2:1, 1:1, 1:2, 1:4) using carbiding
mixtures (4)—(C) containing PTFE and combusted in
a nitrogen atmosphere are as follows:

— for carbiding mixture (4):

138i + 0.2NaN, + 0.9C + 0.05C,F, + 7.7N, =
= 4Si,N, + SiC + 0.2NaF, (5)

7Si +0.2NaN, + 0.9C + 0.05C,F, + 3.7N, =
=2Si,N, + SiC + 0.2NaF, (6)

4Si+0.2NaN, +0.9C + 0.05C,F, + 1.7N, =
= Si,N, + SiC + 0.2NaF, (7

5Si+0.4NaN, + 1.8C +0.1C,F, + 1.4N, =
= Si,N, + 2SiC + 0.4NaF, (8)

7Si+0.8NaN, +3.6C + 0.2C,F, + 0.8N, =
= Si;N,, + 4SiC + 0.8NaF; ©)
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— for carbiding mixture (B):

13Si + 0.4NaN, + 0.8C + 0.1C,F, + 7.4N, =

=48Si;,N, + SiC + 0.4NaF, (10)
7Si+ 0.4NaN, + 0.8C + 0.1C,F, + 34N, =
= 28i,N, + SiC + 0.4NaF, (11)
4Si +0.4NaN, + 0.8C + 0.1C,F, + 1.4N, =
= Si,N, + SiC + 0.4NaF, (12)
58i+0.8NaN, + 1.6C + 0.2C,F, =
= Si;N, + 28iC + 0.8NaF, (13)
7Si+ 1.6NaN, +3.2C + 0.4CF, =
= Si;N, +48iC + 1.6NaF + 0.4N,; (14)
— for carbiding mixture (C):
13Si +0.6NaN, + 0.7C + 0.15C,F, + 7.IN, =
= 4Si;N, + SiC + 0.6NaF, (15)
781+ 0.6NaN, +0.7C + 0.15C,F, + 3.1IN, =
= 28i,N, + SiC + 0.6NaF, (16)
4Si +0.6NaN, + 0.7C + 0.15C,F, + 1.IN, =
= Si,N, + SiC + 0.6NaF, 17
5Si+1.2NaN; + 1.4C + 0.3C,F, + 0.2N, =
= Si;N, + 28iC + 1.2NaF, (18)
7Si+2.4NaN, +2.8C + 0.6C,F, =
=Si,N, +4SiC + 2.4NaF + 1.6N,. (19)

The reagent mixtures corresponding to equations
(5)—(19), each with an average mass of 22 g, were
combusted in a 4.5 L azide SHS reactor under an ini-
tial nitrogen pressure of P;=3 MPa. Combustion
was performed in two forms: as a bulk charge, placed
in a tracing-paper crucible (30 mm in diameter and
45 mm in height), and as briquetted charges, com-
pacted under 7 MPa into cylindrical pellets measu-
ring 30 mm in diameter and approximately 22 mm
in height. Combustion was initiated using a tungsten
spiral heater. The maximum gas pressure (P ), gene-
rated during combustion was recorded via a mano-
meter. After cooling, the combustion products were
removed from the reactor, ground into free-flowing
powder using a porcelain mortar, and washed with
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water to remove the byproduct — sodium fluoride
(NaF). The dried and washed combustion product was
weighed, and the mass loss (Am, %) was determined
as the difference between the initial charge mass (m,)
and the final product mass (m). This mass loss was
interpreted as deviation of reactants and products
caused by intense combustion. The phase composi-
tion of the synthesized products was analyzed using
an ARL X’TRA powder X-ray diffractometer (Thermo
Fisher Scientific, Switzerland) equipped with a copper
anode X-ray tube. Diffraction patterns were processed
and the quantitative phase composition determined
by the Rietveld refinement method using HighScore
Plus software and the COD-2024 crystallographic
database. The morphology and particle size of the syn-
thesized powders were examined using a JSM-6390A
scanning electron microscope (JEOL, Japan).

Results and discussion

In chemical equations (5)—(19), the composition
of the reaction products is expressed in moles, while
in the experiments, it is given in weight percent. When
converting the molar ratios of silicon nitride to silicon
carbide to weight percentages, the following theo-
retical ratios of the target Si,N,~SiC compositions are
obtained, assuming complete removal of the water-so-
luble byproduct sodium fluoride (NaF) from the pro-
ducts of reactions (5)—(19):

4:1 — 4Si,N, + SiC =

=93.3 % Si,N, + 6.7 % SiC, (20)
2:1 - 2Si,N, + SiC =
=87.5 % Si,N, + 12.5 % SiC, 20
1:1 — Si,N, + SiC =
=778 % Si,N, +22.2 % SiC, (22)
1:2 — Si,N, +28iC =
=63.6 % Si;N, +36.4 % SiC, (23)
1:4 — Si,N, +48iC =
=46.7 % Si,N, + 53.3 % SiC. (24)

The experimentally determined combustion para-
meters — including the maximum pressure in the reac-
tor (P . ) and mass loss (Am) — for the initial bulk
and pressed powder charges corresponding to reac-
tions (5)—(19), along with the phase compositions
of the washed solid reaction products, are summarized
in the Table.
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Combustion parameters of the initial powder mixtures (charges) for reactions (5)—-(19)
and theoretical and experimental phase compositions of the washed solid reactions
for bulk and pressed charges

IlapameTpbl ropeHHs1 HCXOJAHBIX MOPOIIKOBBIX cMeceii (uxT) peakuuii (5)—(19)
U TeOpeTHYeCKHUIi U IKCIIePHMEHTAJIbHBIN ()a30Bble COCTABBI MPOMBITHIX TBEPAbIX NPOAYKTOB peaKkLHuii
JIJISl HACBIITHBIX M MPECCOBAHHBIX MIMXT

Phase composition of reaction products, wt. %
React'ion Si;NGSIC | Py, Am, % Theoretical Experimental
equation (mol) MPa

Si,N, | SiC |e-Si,N,[p-SiN,| sic | si | C

Bulk charges
5) 4:1 No combustion
(6) 2:1 No combustion
(7 1:1 No combustion
() 1:2 No combustion
) 1:4 39 | 389 | 467 | 533 - | - | - | 560 | 440
(10) 4:1 No combustion
1 2:1 3.00 83.8 87.5 | 125 30.0 59.0 8.0 - -
(12) 1:1 3.70 46.3 77.8 | 22.2 18.0 56.0 23.0 3.0 -
(13) 1:2 4.02 19.4 63.6 | 364 19.0 52.0 27.0 2.0 -
(14) 1:4 4.02 30.6 46.7 | 53.3 22.0 24.0 52.0 2.0 -
(15) 4:1 3.50 58.2 93.3 6.7 40.1 50.7 52 4.0 -
(16) 2:1 3.19 57.0 87.5 | 125 35.0 514 9.6 4.0 -
17) 1:1 3.89 74.6 77.8 | 22.2 23.3 53.6 20.5 2.6 -
(18) 1:2 423 80.1 63.6 | 364 20.9 44.8 30.6 3.7 -
(19) 1:4 4.13 81.4 46.7 | 53.3 20.9 29.1 49.0 1.0 -

Pressed charges

(5) 4:1 No combustion
(6) 2:1 No combustion
7 1:1 No combustion
(8) 1:2 3.00 15.0 63.6 | 364 58.0 - 35.0 7.0 -
9) 1:4 3.29 9.9 46.7 | 53.3 33.0 26.0 37.0 4.0 -
(10) 4:1 No combustion
an 2:1 3.29 56.9 87.5 | 125 342 60.4 5.4 - -
(12) 1:1 3.45 17.2 77.8 | 22.2 29.0 49.0 16.0 - 6.0
(13) 1:2 3.96 324 63.6 | 364 25.0 44.0 31.0 - -
(14) 1:4 3.78 27.1 46.7 | 53.3 22.1 37.6 40.3 - -
(15) 4:1 3.54 17.5 93.3 6.7 43.6 49.1 6.3 1.0 -
(16) 2:1 3.78 18.6 87.5 | 125 30.2 59.5 10.3 - -
17) 1:1 4.01 12.6 77.8 | 22.2 27.9 48.5 21.6 2.0 -
(18) 1:2 4.04 353 63.6 | 364 23.0 45.0 32.0 1.0 -
(19) 1:4 4.36 80.4 46.7 | 53.3 23.6 27.9 48.5 - -

The Table shows that the bulk charges correspon-
ding to reactions (5)—(8) did not combust, while com-
bustion of the charge from equation (9) did not yield
the target phases Si,N, and SiC. Instead, the combus-
tion products were merely a mixture of free silicon and
carbon. These results can be explained by the fact that

reactions (5)—(9) used carbiding mixture (4), which
contains the lowest amount of the activating addi-
tive — polytetrafluoroethylene (0.05C,F, per 1 mole
of carbiding carbon). At the same time, these charges
included a relatively large amount of poorly reactive
silicon powder — ranging from 4 to 13 moles. Only
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the charge in equation (9), which had the highest PTFE
content (0.2C,F,), was able to sustain combustion.
However, under bulk conditions, this reaction yielded
only a mixture of Si and C particles, consistent with
the findings reported in [29]. This outcome is attributed
to the progression of only reaction (1) — the exothermic
decomposition of PTFE — as the first stage of the pro-
cess. The table also shows that the pressed charges
from equations (5)—(7), which also used 0.05C,F, as
the activating additive, did not combust. Meanwhile,
the charges from equations (8) and (9), containing
0.1C,F, and 0.2C,F, respectively, did combust, but
the resulting phase composition deviated significantly
from the theoretical one. The products contained con-
siderable amounts of free silicon and less SiC than
expected. The recorded maximum gas pressures in
the reactor — P = 3.00 and 3.29 MPa — were either
equal to or only slightly higher than the initial pres-
sure P, = 3.00 MPa. The relatively small mass losses
during combustion (Am =15.0 and 9.9 %) also point
to the low combustion intensity of charges using car-
biding mixture (4). (The observed match between
the maximum gas pressure and the initial pres-
sure — P =P, =3.00 MPa — can be by the concur-
rent increase in nitrogen gas pressure in the reactor
due to the combustion-induced temperature rise and
the simultaneous decrease in the amount of gase-
ous nitrogen caused by its significant uptake during
the formation of silicon nitride).

It is worth noting that in a similar case of synthe-
sizing a different composition — AIN-SiC — via azide-
assisted SHS with the use of PTFE, all bulk and pressed
charges based on carbiding mixture (4) underwent
combustion, and did so intensively, reaching maxi-

Mass loss, %

4:1 2:1 1:1 1:2 1:4
Si;N,:SiC
Fig. 1. Mass loss during combustion of bulk (1) and pressed (2)

charges synthesized using carbiding mixture (C),
as a function of the Si;N,: SiC molar ratio

Puc. 1. 3aBucuMocTh pa3dpoca Macchl IPHU TOPEHUN
HachIMHEIX (1) ¥ PeCCOBaHHBIX (2) IHUXT ¢ KapOUIU3UpyoLeit
cmechio (C) oT MosbHOTO cooTHOuTeHus SizN,: SiC
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mum reactor pressures ranging from 3.51 to 4.38 MPa.
These conditions yielded good results in the formation
of the target phases AIN and SiC [31]. This outcome is
explained by the fact that, in the charges intended for
AIN-SiC synthesis, the 0.05C,F, PTFE additive was
combined with only 1 mol of poorly reactive Si pow-
der and 1 to 4 mol of highly reactive Al powder.

The Table shows that when using carbiding
mixture (B), which contains an increased amount
of the activating PTFE additive — 0.1C,F, per 1 mol
of carbiding carbon — in the charges for reactions
(10)—(14), only the charges for reaction (10) fail
to combust, both in bulk and pressed form. This is
due to the presence of the highest amount (13 mol)
of poorly reactive silicon powder in these mixtures.
In reactions (11)—(14), the silicon content decreases
to 4-7 mol, and the corresponding charges undergo
combustion. The combustion of bulk mixtures is more
intense, characterized by a somewhat higher pressure
rise and greater mass loss. In some Si;N,:SiC molar
ratios, the phase composition of the target products from
bulk charges more closely approximates the theoretical
composition than that of the pressed charges, although
up to 3 % of free silicon impurity is still present.

Finally, the Table shows that when using carbid-
ing mixture (C), which contains the highest amount
(0.15C,F,) of the activating PTFE additive per 1 mol
of carbiding carbon for reactions (15)—(19), all the cor-
responding charges undergo intense combustion in
both bulk and pressed form, reaching similar maxi-
mum reactor pressures ranging from 3.50 to 4.36 MPa.
The mass loss strongly depends on the Si,N,:SiC
molar ratio. At a 1:4 ratio, the mass loss reaches very
high values (up to 80 %) for both bulk and pressed

60
X 40+ 1
g ”
S
& 20F 3
s 2
/\
OT 1 1 1
4:1 2:1 1:1 1:2
Si,N,:SiC

Fig. 2. Relative theoretical (I) and experimental (2, 3)
contents of the SiC phase in washed combustion products
of bulk (2) and pressed (3) charges synthesized using carbiding
mixture (C), as a function of the Si;N,: SiC molar ratio

Puc. 2. 3aBUCHUMOCTH OTHOCHTEJILHOTO TeopeTHuecKoro (1)
1 9KCIIepUMeHTaNIbHOTO (2, 3) coneprkanust pasbr SiC
B IIPOMBITHIX IPOAYKTaX FOPEHUsI HACHIHBIX (2)
U MpeccoBaHHbIX (3) muUXT ¢ Kapouausupyroriei cmechio (C)
oT MoJbHOTO cooTHomeHus Si;N,:SiC
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Fig. 3. XRD patterns of combustion products from pressed charges (15)—(19)
a — mixture corresponding to equation (15), b — (16), ¢ — (17), d — (18), e — (19)
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charges. For other Si;N,:SiC ratios, the mass loss
remains high for bulk charges (from 57.0 to 80.1 %)
but is relatively low for pressed charges (from 12.6
to 35.3 %). The composition of the washed combus-
tion products obtained from the pressed charges is
significantly closer to the theoretical values compared
to that of the bulk charges, both in terms of Si;N, and
SiC phase content at all ratios, and in terms of lower
levels of free silicon impurity: up to 2.0 % for pressed
charges versus up to 4.0 % for bulk charges. The mass
loss during combustion and the SiC phase content in
the washed products obtained using carbiding mix-
ture (C) are presented graphically in Figs. 1 and 2.
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As shown in Fig. 1, the mass loss during combus-
tion of the pressed mixtures is significantly lower than
that of the bulk mixtures and becomes nearly iden-
tical — and very high — only at the Si,N,:SiC molar
ratio of 1:4, reaching 80.4 and 81.4 %, respectively.
However, an experiment involving the combustion
of this pressed mixture at a higher initial nitrogen
pressure in the reactor (increased from 3 to 4 MPa)
demonstrated a substantial reduction in mass loss —
by a factor of two — to 41.9 %, while maintaining
a similar phase composition in the washed combustion
product: a-Si;N, =42.0 wt. %, B-Si,N,=51.0 wt. %,
SiC = 6.0 wt. %, Si = 1.0 wt. %.
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Fig. 4. Microstructure of the combustion products from pressed charges (15)—(19)

a — mixture corresponding to equation (15), b — (16), ¢ — (17), d — (18), e — (19)
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As evident from the Table and Fig. 2, the phase
composition of the washed combustion products
of the pressed charges containing PTFE in carbiding
mixture (C) shows the best agreement with the theo-
retical phase composition in terms of Si;N, and SiC
content across all investigated Si,N,:SiC molar
ratios. This experimentally obtained phase composi-
tion is much closer to the theoretical composition
of Si;N,~SiC composites than the results previously
reported for conventional azide SHS (without PTFE),
which yielded a significantly lower SiC content in
the combustion products compared to the theoretical
values [23-25].

The X-ray diffraction (XRD) patterns obtained from
the washed combustion products of the pressed charges
synthesized using carbiding mixture (C) are shown in
Fig. 3.

The XRD patterns display strong reflections from
the target phases Si,N, and SiC, as well as either weak
reflections from residual free Si or none at all. Silicon
nitride is present in two polymorphic forms: a-Si,N, and
B-Si;N,. As shown in Fig. 3 and the table, the contents
of these phases are approximately equal at Si;N,:SiC
molar ratios of 4:1 and 1:4. At other ratios, however,
the a-phase content is roughly half that of the B-phase.
Overall, the a-phase constitutes a significant fraction —
ranging from 30 to 50 % — of the silicon nitride phase
in the synthesized Si;N,—SiC composites.

The microstructure of the synthesized composites is
presented in Fig. 4.

As shown in Fig. 4, the combustion products of all
pressed charges are predominantly composed of highly
dispersed particles smaller than 1-2 pm. The combus-
tion product of the charge from reaction (15) with
a Si,N,:SiC molar ratio of 4:1 contains a significant
fraction of columnar crystals with a transverse size
of approximately 500 nm and a length of up to 2 um,
along with a small amount of finer equiaxed particles
and nanofibers with diameters below 100 nm. The com-
bustion product of the charge from reaction (16) with
a 2:1 ratio includes a large fraction of coarser colum-
nar crystals, approximately 1 um in diameter and up
to 5 um in length, as well as equiaxed particles up
to 2 um and a small fraction of nanofibers. The pro-
duct from reaction (17) with a 1:1 ratio stands out for
its large proportion of nanofibers in a mixture with
equiaxed particles up to 1 um in size. The combustion
product of reaction (18) with a 1:2 ratio primarily con-
sists of agglomerates of relatively fine equiaxed partic-
les ranging from 100 nm to 0.5 um. Finally, the com-
bustion product of reaction (19) with a 1:4 ratio mainly
contains agglomerates of larger equiaxed particles,
ranging from 200 nm to 1 pum.

Conclusion

The conventional approach of azide-assisted SHS
using halide salts such as NH,F, Na,SiF, and (NH,),SiF
as activating gasifying additives previously enabled
the synthesis of highly dispersed (<I um) Si;N,-SiC
powder compositions through combustion in a nitro-
gen atmosphere from mixtures of silicon powder, tech-
nical carbon, sodium azide, and a halide salt. These
compositions exhibited a high content of the a-phase
of silicon nitride. However, their phase compositions
significantly deviated from the theoretical values,
showing a much higher content of silicon nitride and
a markedly lower content of silicon carbide, along with
notable impurities of free silicon (up to 5.7 wt. %) and
free carbon (up to 5.1 wt. %) [23-25].

In the present study, polytetrafluoroethylene
(PTFE) was used instead of halide salts as both an
activating and carbiding additive — partially replac-
ing technical carbon — while sodium azide served as
the nitriding additive in an amount sufficient to neu-
tralize the fluorine released during complete PTFE
decomposition. This approach facilitated the combus-
tion of silicon—carbon powder mixtures in a nitrogen
atmosphere and significantly increased the silicon
carbide content in the synthesized Si;N,~SiC product,
while reducing the amounts of free silicon and carbon
impurities. The most favorable results were obtained
using carbiding mixture (C), which contained the high-
est PTFE amount (0.15C,F, + 0.7C). This can be attri-
buted to the higher content of poorly reactive silicon
powder (4 to 13 mol) in the charges for synthesizing
Si;N,—SiC compositions compared to, for example,
a similar PTFE-based azide SHS process for AIN-SiC
compositions. In the latter case, the best results were
achieved using carbiding mixture (4) with the lowest
PTFE content (0.05C,F, + 0.9C) in charges containing
only 1 mol of poorly reactive Si powder and 1 to 4 mol
of highly reactive Al powder.

Based on the obtained data on mass loss dur-
ing combustion and on the phase composition
of the combustion products, it can be recommended
that Si;N,~SiC powder compositions be synthesized
via combustion of pressed charges in azide SHS with
partial replacement of 0.3 mol of carbon by 0.15 mol
of PTFE, at an initial nitrogen pressure of 3 MPa
(or 4 MPa to reduce mass loss when the Si;N,:SiC
phase ratio is 1:4). The resulting combustion products
are predominantly mixtures of highly dispersed par-
ticles smaller than 1-2 um and contain a substantial
fraction (30-50 %) of the a-phase in the silicon nitride
component of the synthesized Si;N,—SiC composi-
tions. The phase composition of these products is sig-
nificantly closer to the calculated theoretical composi-
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tion of the target Si,N,~SiC system than that achieved
using conventional azide SHS without PTFE.
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Effect of magnesium oxide
on the microstructure and mechanical properties
of yttria-stabilized zirconia-based ceramics
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Abstract. In the present work, sintering and investigation of composite ceramic materials based on nanostructured MgO-ZrO, powders
were carried out. Zirconium dioxide was additionally stabilized with 3 mol. % yttrium oxide. The nanopowders were pre-treated
by mechanical activation using a planetary ball mill at a rotation frequency of 10 Hz. Zirconium dioxide balls were used as the grinding
media. The prepared powders were compacted at pressing pressures of 50, 100, 200, and 300 MPa. The compacts were sintered in
a high-temperature furnace at 1700 °C. Microstructural studies were performed on the polished surfaces of the sintered samples
using scanning electron microscopy (SEM). EDX mapping was conducted to determine the elemental distribution, confirming
the presence of two phases in all samples. To evaluate the effectiveness of stabilizing additives on the polymorphic transforma-
tion of zirconium dioxide, X-ray diffraction (XRD) analysis was performed. The porosity of the materials and its dependence
on the pressing pressure and magnesium oxide content were also assessed. Mechanical properties such as Martens hardness and
elastic modulus were measured using a Nanolndenter G200, while flexural strength was evaluated by scratch testing on the same
device. Fracture toughness was determined by the indentation method using the Marshall-Evans approach. The influence of magne-
sium oxide additives on the physical and mechanical properties of the MgO-ZrO, composite ceramics was established.

Keywords: zirconium dioxide, magnesium oxide, nanostructured powders, activated sintering, ceramics, nanoindentation, EDX
mapping
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BnuaHue okcmuaa MarHus
Ha MUKPOCTPYKTYPY U M@XaHU4YeCKne CBOUCTBA
Ke€PaMMUKU Ha OCHOBE AMOKCUAA LUPKOHMUS,
cTabunuamMpoBaHHOIO OKCUAOM UTTPUSA

E. [I. Kyspmenko ©, C .B. Marpennn, A. P. Hacoip6aes

Hannonanbublii uccienoBarenbekuii Tomckuii monuTexnnyecKuii yHuBepcuTeT
Poccust, 634050, . Tomck, np-t JIenuna, 30

&3 kuzmenko70egor@yandex.ru

AHHOTauMﬂ. HpOBe,Z[eHLI CIICKAaHUE U UCCIIEJOBAHNC KOMITIO3UIIUOHHBIX KEPAMUYCCKUX MaTCPUAJIOB Ha OCHOBE HAHOCTPYKTYPHUPOBAHHBIX

nopomkos MgO-ZrO,. JIMOKCHA UHMPKOHHUS OBLI JOTIONHUTENBHO CTAOMIM3MPOBaH 3 MOJ. % OKCHIOM HTTpus. IIpumensembie
HAHOTIOPOIIKH MPEIBAPUTETEHO 00pabaThIBAIUCh METOJOM MEXaHOAKTHBAIMHU C TIOMOIIBIO TTAHETAPHOM IapOBON MENTBbHUIIBI IIPH
YacTOTE BPAIIEHHs Pa3MOIbHBIX cocynoB 10 I'i. B kauecTBe MeIOIIUX TeN UCIONb30BaHbl IAaphl U3 AUOKcHA 1upKonus. IToxro-
TOBJICHHBIE IIOPOIIKHU OBLIN CIIPECCOBaHBI IpH AaBieHuu npeccoBanus 50, 100, 200 u 300 MITa. [ToiyueHHBIE TPECCOBKH CIIEKATUCH
B BBEICOKOTEMIIepaTypHoi neun rmpu temneparype 1700 °C. Ha moarorosieHHON MONMMPOBAHHON HOBEPXHOCTH CIIEUCHHBIX 00pa3IoB
IIPOBEJCHBI MUKPOCTPYKTYPHBIC UCCICIOBAaHUS METOAOM PaCTPOBOM JIEKTPOHHON MUKpockonuy. Bemonneno EDX-kaprupoBanue
JUTSL BBISIBIICHUSI PacIIpe/IeNICHUsI 3JIEMEHTOB, YCTAHOBJIEHO HAIWYMe ABYX (a3 Bo BcexX M3ydeHHBIX oOpasmax. [ onenkn 3¢ dex-
THUBHOCTH BJIMSHUS CTAOMIH3HPYIOMHKX J00aBOK Ha MOMMMOP(HOE MPpeBpaIieHne THOKCHIa INPKOHNS OCYIIECTBIEH PEeHTTreHO(ha-
30BbIH aHanu3. B xoze nccnenoBanus onpeaeneHsl IOPUCTOCTh MAaTEPHAIOB U €€ 3aBUCUMOCTD OT JIaBJIEHHs IIPECCOBAHUS U COAEP-
»KaHHs okcuna MarHus. [Ipu npoBexeHnn MHAEHTHpOBaHMs Ha rpudope «Nanolndenter G200» M3yueHbl MEXaHMYECKHE CBOWCTBA
00pasmoB — TBEpPAOCTb 110 MapTeHCy M MOY/Ib YIPYTOCTH, a B X0/e Scratch-TecTHpoBaHHs HAa JaHHOM 00OpPYOBaHUH — HX HpeJel
IPOYHOCTH Ha M3ru6. [1o MeToxy MHASHTUPOBAHNS C HCIIOIB30BAHIEM 3aBHCUMOCTH Mapiana—JBaHca OIpe/ie/IeHa TPEIMHOCTOH-
KOCTB 00pasIoB. B xoze mccneioBaHms yCTaHOBICHO BIHMSHIE JOOABOK OKCH/IAa MAaTHUS HA (DH3UKO-MEXaHHIECKHE CBOMCTBA KOMITO-

3UTHOM kepamuku MgO-ZrO,.

KnroueBbie cnosa: JUOKCHUJ LHUPKOHUA, OKCHUJ MarHus, HAHOCTPYKTYPUPOBAHHBIC ITOPOIIKH, aKTUBUPOBAHHOC CIICKaHUEC, KEpaMUKa,

HaHouHJeHTUpoBanue, EDX-kapTupoBanue

BbnarogapHocTyu: VicciieioBaHNe BBIIOJIHEHO C MCIOIb30BaHHEM 000pynoBaHus LleHTpa KOJUIEKTHBHOTO Ionib3oBaHus Hay4Ho-o0pa-
30BaTeIbHOrO LeHTpa «Hanomarepualisl 1 HAHOTEXHOJIOIUM» TOMCKOIO MOIMTEXHUYECKOIO YHUBEPCUTETA MPU MOAJECPIKKE IPOEKTa

Muno6pnaykn Poccnu Ne 075-15-2021-710.

Ana untuposanms: Kysomenxo E.JI., Marpennn C.B., Hacbipb6aeB A.P. Biausuue okcuia Maruusi Ha MUKPOCTPYKTYPY U MEXaHH-
YECKHE CBOWCTBA KEPAMHUKH HA OCHOBE JAMOKCH/IA IIMPKOHMS, CTAOMITM3HUPOBAHHOTO OKCHIOM UTTpHs. M36ecmus 6y306. [lopouiko-
6as memannypeus u Gyuxkyuonaivuvie nokpvimusi. 2025;19(3):39—47. https://doi.org/10.17073/1997-308X-2025-3-39-47

Introduction

Zirconium dioxide-based ceramics have found wide
application in various fields of science and techno-
logy due to their outstanding properties. This material
exhibits high fracture toughness [1], low coefficient
of friction [2], and significant wear resistance and
strength [3]. For this reason, zirconium dioxide-based
ceramic materials are widely used in dentistry [4], as
well as in the production of hip joint head implants,
cutting tools, bearing rolling elements, heat-resistant
components, and many other applications.

However, due to the phase transformation of zirco-
nium dioxide into the monoclinic phase and the asso-
ciated volumetric changes, a number of limitations
arise in the manufacturing of components from this
material [5]. In particular, the introduction of stabili-

40

zing additives is required — most commonly yttrium,
calcium, or cerium oxides. The addition of stabilizers
makes it possible to prevent the phase transformation
by forming a substitutional solid solution based on zir-
conium dioxide and the introduced additive. The ionic
radius of the substituting elements is close to that
of (Zr*"), but slightly larger [6].

The prevention of the phase transformation can also
be achieved by other means, in cases where the com-
ponents do not form solid solutions. One such method
is the stabilization by creating a composite material
based on Al,O,~ZrO,. Due to the high elastic modulus
of aluminum oxide and its lower thermal expansion,
sintering results in a rigid matrix in which zirconium
dioxide particles are uniformly distributed and sub-
jected to a compressive stress field. As a result, zirco-
nium dioxide does not undergo polymorphic transfor-
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mation, and the composite structure enables improved
mechanical properties [7]. Magnesium oxide, silicon
nitride, and other high-modulus inclusions can also
serve as the matrix material [8].

Zirconium dioxide stabilization can be achieved
by the combined effect of several factors. However,
complex oxide systems consisting of three or more
ceramic oxide components have not yet been suffi-
ciently studied. For example, in [9], the effect of small
additions (up to 2 wt. %) of MgO on ZTA-CeO,
ceramics was evaluated. It was found that the relation-
ship between the additive and the resulting mechanical
properties is nonlinear, with optimal values observed
at 0.5 wt. % MgO. This was explained by the forma-
tion of two new phases — MgAl ,CeO y and MgAlO,.
In [10], it was noted that increasing the magnesium
oxide content up to 8 mol. % enhances fracture tough-
ness while reducing hardness. In [11], the addition
of yttrium oxide to Mg—PSZ ceramics resulted in
a noticeable increase in hardness with only a slight
decrease in fracture toughness. These studies indicate
significant potential for developing composite cera-
mics based on zirconium dioxide with magnesium and
yttrium oxide additives.

The objective of this study was to determine
the effect of magnesium oxide content on the micro-
structure and mechanical properties of ceramics in
a complex oxide system: MgO-ZrO,-Y,0,.

Materials and methods

In this study, nanostructured zirconium dioxide
powders of grade UDPO VTU 4-25-90 produced by
plasma chemical synthesis (with an average particle
size of 500 nm) and industrial-grade micron-sized mag-
nesium oxide powders of grade MRTU 6-09-3391-67
(particle size <40 um) were used. The purity of both
powders was 99 %.

A 3 mol. % yttrium oxide additive was intro-
duced into the zirconium dioxide powder. Based on
these powders, mixtures with the following com-
positions (mol. %) were prepared: 2MgO-98ZrO,;

Composition of powder mixtures

CooTHOIIEHNEe KOMIIOHEHTOB
B MOPOIIKOBBIX CMECAX

Mixture composition

wt. %
0.65Mg0-99.35Zr0,
1.33Mg0-98.67Zr0O,
2.75Mg0-97.25Zr0,
5.83Mg0-94.17Zr0,

mol. %
2Mg0-98Zr0,
4Mg0-96Z10,
8Mg0-927r0,
16MgO-84Z7r0,

4Mg0-967r0,; 8Mg0-927Zr0O,; 16MgO-84ZrO,.
The compositions of these mixtures in molar and mass
percentages are presented in Table.

The powders under investigation were pre-treated
by mechanical activation. Mechanical activation was
carried out in an Activator-2SL planetary ball mill
(Activator Machine-Building Plant, Novosibirsk,
Russia) under the following conditions: grinding vessel
rotation frequency — 10 Hz, treatment time — 10 min,
and a grinding media to powder mass ratio of 3:1.
Zirconium dioxide balls were used as grinding media.

The prepared powder mixtures were compacted
using carboxymethyl cellulose as a plasticizer at uni-
axial pressing pressures of 50, 100, 200, and 300 MPa.
The green compacts were then sintered in a high-
temperature furnace at 1700 °C with a 1 h dwell time
at the target temperature. The densities of the sintered
samples were determined using the hydrostatic weigh-
ing method. Since the formation of a composite struc-
ture with possible new solid solutions complicates
the determination of theoretical density, porosity was
evaluated based on micrographs of the sample surfaces
obtained by scanning electron microscopy (SEM)
at low magnification (200*), following the procedure
described in [12; 13].

SEM investigations of the sample surfaces and ele-
mental analysis (EDX mapping) were carried out using
a Zeiss EVO 50 scanning electron microscope (Carl
Zeiss, Germany).

The phase composition of the materials was stu-
died by X-ray diffraction (XRD) using a Shimadzu
XRD-7000 diffractometer (Japan) with CuK , radia-
tion (A= 1.5406 A) and step scanning in the 20 range
of 10-90°. Diffraction peak identification was per-
formed using the Crystallographica Search-Match soft-
ware and the PDF4+ structural database. The structural
analysis was conducted using the PowderCell 2.4 prog-
ram and the same database.

The mechanical properties of the sintered samp-
les were evaluated using a Nanolndenter G200
(KLA-Tencor, USA) equipped with a Berkovich dia-
mond tip under a 500 mN load. Martens hardness
and elastic modulus were determined from the loa-
ding curves. Scratch testing was used to determine
the flexural strength of the samples under indentation.
This method involves scratching the sample surface
under a linearly increasing load up to 10 mN, fol-
lowed by measurement of the crack depth and width.
The nanoindentation procedure is described in detail
in [14; 15]. Fracture toughness was determined using
a Vickers microhardness tester PMT-3 (LOMO JSC,
St. Petersburg, Russia) by the indentation method [16].
Cracks were induced under a 5 N load.
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Results and discussion

After sintering under the specified conditions, high-
density samples were obtained (Fig. 1). Among the stu-
died compositions, the samples with 8Mg0-92ZrO,
exhibited the highest density. It was found that
the dependence of the relative density of MgO-ZrO,
composite ceramics on composition is nonlinear. At all
investigated compaction pressures, the relative den-
sities of the sintered samples decreased in the follo-
wing order (mol. %): 8Mg0-92Zr0,, 4Mg0-96Zr0O,,
16Mg0O-847r0O,, 2MgO-98ZrO,, which is consis-
tent with the findings reported in [17; 18]. It was
shown in [17] that increasing the sintering time
for the 8Mg0O-92ZrO, ceramic composition leads
to a further increase in density, continuing up to 20 h
of treatment. In [18], it was noted that the porosity
of MgO-ZrO,-based composites varies depending
on the presence of magnesium oxide; however, this

dependence differs across temperature ranges, exhibi-
ting both an increase and a decrease in material poro-
sity. Moreover, a linear trend was observed only within
specific temperature intervals. The study in [18] was
conducted at higher temperatures than the present work
and reported elevated porosity levels in the range of 24
to 32 %. These findings highlight the effectiveness
of the mechanical activation parameters applied in this
study and suggest its further use when working with
materials of this composition.

Using EDX mapping to determine the elemental
composition of ceramic samples compacted at a pres-
sure of 300 MPa, images of the polished cross-sec-
tional surfaces were obtained. Fig. 2 shows the ele-
mental distribution and microstructure images for
the 2MgO-98ZrO, composition.

Based on the results of EDX mapping of MgO-ZrO,-
based samples, the presence of two distinct phases —

87.5
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Fig. 1. Dependence of the relative density of sintered samples on pressing pressure (a)
and on magnesium oxide content for samples compacted at P = 300 MPa (b)

Samples, mol. %: I — 2Mg0O-98Zr0,, 2 - 4MgO-96Zr0,, 3 - 8Mg0-92Zr0,, 4 — 16Mg0O-84ZrO,

Puc. 1. 3aBUCHMOCTh OTHOCHTEJILHOM MJIOTHOCTH CIICUCHHBIX 00Pa3IloB OT JAaBJICHUS MpeccoBaHus (a)
U COMCPIKaHMsI OKCHIa MarHus JUTst 00pasiioB, monydeHHsIX mpu P = 300 MIla (b)

O6pasupl, Moi. %: 1 —2Mg0-98Zr0,, 2 — 4Mg0-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16Mg0O-84ZrO,

|

s | 50 pm

[

Fig. 2. Elemental analysis of a sintered sample with the composition 2MgO-98ZrO,

Puc. 2. DnemenTHblit aHanus3 criedeHHOro obpasia cocrasa 2MgO-98Zr0,
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MgO and ZrO, — was established, which is consis-
tent with the observations reported in [19]. However,
according to [10; 11; 20], the formation of a solid
solution based on ZrO,-MgO should occur. The two-
phase composite structure obtained in this study indi-
cates that no interaction between MgO and ZrO, takes
place during sintering. According to the EDX mapping
results, magnesium does not enter the crystalline struc-
ture of ZrO, and does not form a solid solution based
on ZrO,-MgO, which is attributed to the stabilizing
effect of Y,0,.
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Fig. 3. X-ray diffraction (XRD) analysis
Samples, mol. %: I - 2MgO-98Zr0O,, 2 — 4MgO-96Zr0,,
3 - 8Mg0-92Zr0,, 4 - 16Mg0O-84Zr0O,

Puc. 3. PentrenogasoBblii ananus

O6pasupl, Mmoi. %: 1 —2Mg0-98Zr0,, 2 - 4Mg0-96Zr0O,,
3 - 8Mg0-927r0,, 4 — 16Mg0O-84Z:0,

To assess the effect of stabilizing additives, XRD
analysis was performed (Fig. 3). It was found that
zirconium dioxide in the studied samples exists in
both the cubic and monoclinic phases, indicating
an incomplete stabilization process of zirconium
dioxide [10; 21;22]. According to [23], increasing
the sintering temperature should have a positive effect
on the stabilization process, which represents a rele-
vant direction for further research.

Mechanical tests showed that the hardness values
of the investigated samples varied over a wide range.
The highest Martens hardness (8.65 GPa) was recorded
for the ceramic with the composition 16MgO-84ZrO,,
fabricated under a pressing pressure of 300 MPa.
At this pressure, all samples exhibited their maxi-
mum hardness. An increase in hardness was generally
observed with increasing pressing pressure; however,
for the 4MgO-96ZrO, composition, values deviating
from this positive trend were identified.

For the MgO-ZrO, ceramic composite materials,
it was found that at a pressing pressure of 50 MPa,
the hardness values of the investigated samples were
approximately the same across all compositions, around
5 GPa. As the pressing pressure increased, the hard-
ness also increased; however, a distinct contribution
of magnesium oxide to the hardness enhancement
became apparent only at pressures above 200 MPa. This
effect is attributed to the reduced influence of porosity
at a pressing pressure of >200 MPa, a linearly increa-
sing dependence of hardness on the magnesium oxide
content was observed (Fig. 4), which is associated with
changes in the crystallochemical structure. A similar
trend of increasing hardness with higher MgO con-
tent was also reported in [18]. Although the authors
of [18] used higher sintering temperatures (from 1570
to 1970 K), our results demonstrate that even at lower

P, MPa
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Fig. 4. Dependence of Martens hardness of sintered samples on pressing pressure (@)
and magnesium oxide content for samples produced at P =300 MPa (b)

Samples, mol. %: I - 2MgO-98Zr0,, 2 - 4MgO-96Zr0,, 3 - 8Mg0-92Zr0,, 4 — 16Mg0O-84ZrO,

Puc. 4. 3aBucuMOCTb TBEpAOCTH 10 MapTeHcy CriedeHHBIX 00pa3IoB OT JaBICHUs NPeccoBaHus (a)
U OT COICPIKAaHMs OKCHA MarHus JUls 00pa3ioB, monydeHHbIx npu P =300 MIla (b)

O6pasupl, Mo %: 1 —2Mg0-98Zr0,, 2 — 4Mg0-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16Mg0O-84Zr0O,
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sintering temperatures, magnesium oxide retains its
positive effect on material hardness, which highlights
the potential of this ceramic composite material for fur-
ther study at reduced sintering temperatures. At the same
time, according to [10; 11], the hardness values
of the investigated MgO-ZrO,-Y,0, materials exceed
those of MgO-ZrO,, Y,0,-Zr0O,, and MgO ceramics.
For example, the Vickers hardness of MgO-ZrO,-Y,0,
ceramics can reach 14.8 GPa, compared to the respec-
tive values of 10.9, 12.0-12.5, and 10-11 GPa reported
for the above-mentioned materials.

During the study of the elastic modulus of the mate-
rials, the highest value — 330.3 GPa — was recorded
for the ceramic with the composition 16MgO-84ZrO,
at a pressing pressure of 300 MPa (Fig.5). For
the MgO-ZrO, ceramics, the elastic modulus values
deviated from the previously observed trend for hard-
ness. For the 4AMgO-96Zr0O, and 8Mg0-92ZrO, samp-
les, a nonlinear dependence of the elastic modulus on
the applied pressure was observed; however, this pro-
perty was nearly identical at both the maximum and mini-
mum pressures. Across all applied pressures, the high-
est elastic modulus was found for the 16MgO—-84ZrO,
composition. At a pressing pressure of 50 MPa, it
was observed that the elastic modulus increased with
increasing magnesium oxide content. However, with
further increases in pressing pressure, this dependence
broke down and became nonlinear, no longer associa-
ted with porosity levels. It was found that at the high-
est pressing pressure and maximum material density,
the ceramics with compositions 16MgO-84ZrO,
and 2MgO-98ZrO, exhibited the highest elastic
moduli, while the compositions 4MgO-96ZrO, and
8Mg0-92ZrO, showed lower values. In other words,
a parabolic dependence of the elastic modulus on
the magnesium oxide content is formed, with a mini-

mum at 4 mol. % MgO. Study [25] presents the depen-
dence of the elastic modulus on the MgO content in
MgO-ZrO, composites and shows an increase in
modulus up to 20 mol. % MgO. At higher MgO con-
tents, the elastic modulus decreases. However, since
the increments of magnesium oxide addition in that
study were large (about 20 %), they did not provide
sufficient resolution to describe the influence of MgO
on the elastic modulus in the 0-20 % range. Therefore,
the present study is of particular relevance, as it reveals
the behavior of the elastic modulus within this critical
composition interval.

In this study, the strength parameters of ceramic
samples obtained at a pressing pressure of 300 MPa
were determined using the scratch test method,
along with the critical stress intensity factors (frac-
ture toughness) (Fig. 6). It was found that the lowest
strength (467.17 MPa) was exhibited by the sample
with the composition 2MgO-98Zr0O,. An increase in
strength was observed with rising magnesium oxide
content, reaching up to 791.15 MPa, with this trend
following a hyperbolic pattern. According to [25],
the behavior of the strength parameter, similar to that
of the elastic modulus, reaches a maximum upon
the addition of 20 mol. % MgO, followed by a decline
when this content is exceeded, assuming the same fixed
intervals of magnesium oxide addition.

In the present study, it was found that the fracture
toughness (critical stress intensity factor) varies non-
linearly with increasing magnesium oxide content,
reaching a maximum value of 10.53 MPa-m!? with
the composition 16 mol. % MgO. Publications [9; 10]
report that the introduction of magnesium oxide in
various molar fractions increases the fracture toughness
of zirconia-based ceramics; however, the dependence
is nonlinear. According to [9], the addition of a small
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Fig. 5. Dependence of elastic modulus of sintered samples on pressing pressure (a)
and magnesium oxide content for samples obtained at P =300 MPa (b)

Samples, mol. %: I - 2MgO-98Zr0,, 2 — 4Mg0-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16MgO-84ZrO,

Puc. 5. 3aBucuMOoCTb MOMTYJIsI YIIPYTOCTH CIICYCHHBIX 00Pa3IloB OT JaBJICHHS MPECCOBAHUS (@)
U OT COZICPKaHMs OKCHJIa MarHUs T 00pasios, monydeHHbIX pu P =300 MIla (b)

O6pasupl, Moi. %: 1 —2Mg0-98Zr0,, 2 — 4Mg0-96Zr0,, 3 — 8Mg0-92Zr0,, 4 — 16Mg0O-84ZrO,
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Fig. 6. Dependence of flexural strength (@) and fracture toughness (b)
of sintered samples on the magnesium oxide content
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amount of magnesium oxide — 0.5 mol. % MgO —
raises the fracture toughness to 9.14 MPa-m!?.
In publication [10], zirconia samples stabilized with
8 mol. % MgO were studied. The authors [10] found
that increasing the sintering temperature from 1450
to 1500 °C led to an increase in the critical stress
intensity factor from 7.59 to 8.5 MPa-m'"?2. In the pre-
sent work, raising the sintering temperature to 1700 °C
and introducing an additional stabilizing additive —
yttrium oxide — resulted in an increase in fracture
toughness to 10.14 MPa-m'? for the sample contain-
ing 8 mol. % MgO, which indicates the effectiveness
of sintering temperature enhancement for improving
this parameter.

Conclusions

1. The conducted study established that the con-
solidation of MgO-ZrO, ceramic powder mixtures
with additional stabilization of zirconium dioxide
using yttrium oxide enables the formation of a compo-
site structure. It was shown that magnesium does not
enter the crystal structure of ZrO, and does not form a
ZrO,-MgO-based solid solution due to the stabilizing
effect of Y,0,.

2. Mechanical activation of the ceramic batches
at a rotation frequency of 10 Hz for 10 min resulted
in a reduction in the porosity of the sintered materials
compared to previously reported data.

3. It was found that increasing the pressing pressure
to 300 MPa has a positive effect on the mechanical
properties of the materials.

4. Among the investigated samples, the high-
est Martens hardness (8.65 GPa) was observed for
the ceramic with a composition of 16MgO-84ZrO,
obtained at a pressing pressure of 300 MPa. An increase
in the magnesium oxide content has a positive effect
on the hardness of the material; however, a significant

contribution of MgO to the improvement in hardness
is observed only at P> 200 MPa, which is associated
with a reduced contribution of porosity to the resulting
hardness.

5. The sample with a composition of 16MgO-84Zr0O,
obtained at a pressing pressure of 300 MPa exhibited
the highest elastic modulus among all tested materials —
330.3 GPa. This composition demonstrated the highest
elastic modulus values at all applied pressing pres-
sures. For the samples obtained at P = 300 MPa, a par-
abolic dependence of the elastic modulus on magne-
sium oxide content was revealed, with a minimum
at 4 mol. % MgO.

6.1t was found that increasing the magnesium
oxide content leads to higher tensile strength, reaching
791.15 MPa at 16 mol. % MgO.

7. It was shown that the dependence of the critical
stress intensity factor on magnesium oxide content is
nonlinear, with a maximum value of 10.53 MPa-m'?
at 16 mol. % MgO.
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Structure and properties of two-layer coatings
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Abstract. A two-layer coating with a total thickness of approximately 15 um was obtained using a combined technology of electrospark
deposition (ESD) and high-power impulse magnetron sputtering (HiPIMS), employing HfSi,~HfB,-MoSi, ceramic electrodes/target
on a niobium substrate. The formation mechanism, morphology, and structure of the coatings were investigated using glow discharge
optical emission spectroscopy (GDOES), scanning electron microscopy (SEM), and transmission electron microscopy (TEM). It was
found that the ESD coating consists of 65 wt. % phases formed through interaction between the electrode and the substrate — namely
NbSi, and Nb,Si; — and exhibits a silicon concentration gradient (from 8 to 54 at. %) across the coating thickness, from the substrate
toward the surface. The outer amorphous HiPIMS coating is ~5 um thick. Analysis of structural and phase transformations during
heating of the ESD coatings up to 900 °C showed that annealing leads to its separation into two layers: an inner layer composed
of dendritic grains of the metastable y-Nb,Si, phase and an outer layer based on NbSi,. The HiPIMS coating crystallizes sequentially,
forming (Hf,Mo)B, at 700 °C, MoSi, at 800 °C, and Hf,Si, and HfSi, at 900 °C, with the silicon content remaining virtually unchanged.
As a result of the two-stage deposition process and subsequent high-temperature annealing, a multilayer protective ceramic coating
was obtained, consisting of an outer layer of (Hf,Mo)B,-MoSi,~HfSi,, an intermediate layer of NbSi,, and an inner layer of Nb.Si,,
with hardness values 0f 9.4, 23.3, and 19.4 GPa, respectively. This coating significantly extends the service life of niobium grade Nb-1.

Keywords: clectrospark deposition (ESD), high-power impulse magnetron sputtering (HiPIMS), oxidation-resistant ceramics, niobium
substrate, two-layer coating, in situ HRTEM during heating, structural and phase transformations, selective nanoindentation
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AHHoTayums. [lpu ucnonb30BaHHM KOMOWHUPOBAHHOM TEXHOJOTMU 3JEKTpouckpoBoro ocaxiacHus (DMO) U BBICOKOMOIIHOTO

MMITYJIbCHOTO MarHeTpoHHOro pacmbuieHus (BUMP) ¢ mpumenennem snektpona/muuienn u3 kepamuku HfSi,~HfB,-MoSi,
Ha MMOJVIOKKE HUOOUS MOJIyYEHO ABYXCIOHHOE TOKPBITHE TOJMIIMHON ~15 MkM. Mexanusm popMupoBaHus, MOPQOIOTHS U CTPYK-
Typa MOKPBITHS UCCIIEOBAHbI METOJAMHU PEHTICHOCTPYKTYPHOTO (pa30BOTO aHaIM3a, ONTHYECKOW YMUCCHOHHOM CIIEKTPOCKOIHH
TIICIONIETO Pa3psiAa, PEHTIEHOCIIEKTPAIFHOI0 MUKPOAHAIN3a, PACTPOBOI U IIPOCBEYHBAIOIIEH IIEKTPOHHOW MHKPOCKONHNH. YcTa-
HOBJIEHO, uTo DU O-1oKpBITHE Ha 65 Mac. % cOCTOUT U3 (a3, IBISIFOLIMXCS POAYKTaMH B3aUMOJIEHCTBHS IIEKTPOJIA C IMOIOKKOI:
NbSi,, Nb.Si,, u umeer rpajueHTHOE pacnpeseieHue KpeMuus (0T 8 g0 54 at. %) 1o TOJNUIMHE B HANPABICHUU OT MOJIOKKH
K MOBEPXHOCTH MOKpbITHs. Bepxuee amopproe BUMP-nokpeiTHe XapakTepusyeTcs TONIIHMHON ~5 MKM. AHaln3 CTPYKTYPHO-
(hazoBeIx mpeBpatieHuii npu Harpee DM O-mokpeitust 10 900 °C mokasza, 4To OTKUT MPUBOAUT K €r0 pas/eiICHUIO Ha JBa CIIOS:
BHYTPEHHETO U3 JIEHIPUTHBIX 3¢peH MeTacTabunbHoi (passl y-Nb Si; n BHeninero Ha ocHose NbSi,. BUMP-nokpeiTue kpucTamim-
3yeTcs ¢ mocieioBaTeNbHbIM o0pasosanuneM ¢as (Hf,Mo)B, npu 700 °C, MoSi, npu 800 °C u Hf;Si,, HfSi, npu 900 °C. I1pu sTom
cozepxanue Si MpakTHYeCKH He H3MeHseTcs. TakuM 00pa3oM, B pe3ynbraTe IBYXCTaIUHHOTO POIiecca OCaXKACHHS 1 TOCIIeTyI0-
IIEr0 BBICOKOTEMIIEPATyPHOI0 OT)KUra MOJTy4eHO MHOTOCIOIHOE 3aIUTHOE KepaMHUYEeCKOe IOKPBITHE, COCTOSIIEEe U3 BHEIIHETO
cnos (Hf,Mo)B,~MoSi,~HfSi,, npomexyrounoro ciost NbSi, u BayTpennero cios Nb,Si, co snauennsmu tBeproctu 9,4, 23,3
n 19,4 I'Tla cOOTBETCTBEHHO, TIO3BOJISIONIEE 3HAYUTEILHO MTPOUTUTE CPOK CIIyKObI HHOOUs Mapku HO-1.

KnroueBbie cnosa: SJICKTPOUCKPOBOE OCAKACHUE, BBICOKOMOIIHOEC UMITYJIBCHOC MAarHeTpOHHOC pPAaCHbUICHUEC, )KapOCTOﬁKaH KepaMukKa,

HHOOMeBast TIOI0XKKA, IBYXCIOHHOE OKpEITHE, in situ [I9M BP npu narpese, (a3oBo-CTpyKTypHBIE IPEBPAIICHUS, H30HPaTEIHHOE

HaHOMHACHTHUPOBAHUE

BnaropgapHocTy: Pabora BhinonHeHa rmpu pUHAHCOBO# mojiep)kke MUHHCTEpCTBa HAYKH U BbICIIero oOpa3oBanus PO B pamkax rocymap-

cTBeHHOTO 3a7anus (mpoekt FSME-2025-0003).

Ansa yntuposanus: 3amynacsa E.W., Jlorunos I1.A., Kuproxannes-Kopuees @.B., [lIssianuna H.B., [Terpsxuk M.U., Jleamos E.A.
CrpykTypa u cBOMCTBa JBYXCIOWHBIX TOKphITHH B cucteMe HfSi,~HfB,~MoSi,, momy4eHHbIX METOIaMH 3IEKTPOUCKPOBOTO
Y MarHETPOHHOTO HaNbUICHUS. M36ecmus 6y306. [lopowkosas memannypeus u yynkyuonarvuwvie nokpvimusi. 2025;19(3):48-59.

https://doi.org/10.17073/1997-308X-2025-3-48-59

Introduction

The potential for using niobium and its alloys in
components operating at high temperatures and in
aggressive gaseous environments largely depends on
the application of protective coatings [1; 2]. Among
the most promising are coatings based on silicides such
as NbSi, [3-5], MoSi, [6-8], NbSi,~MoSi, [9], and
NbSi,~HfSi, [10], due to the formation of a SiO, film
on their surface at elevated temperatures. A characteris-
tic feature of such coatings is the formation of an inter-
mediate diffusion layer of Nb,Si,. Since the enthalpy
of formation of Nb.Si; (=516.8 kJ/mol) is lower than
that of NbSi, (161 kJ/mol) [11; 12], the Nb,Si, layer
forms first during thermochemical treatment and is
subsequently transformed into the NbSi, phase [3-12].

The rate of mutual diffusion between the coating and
the substrate — which leads to coating thinning and, con-
sequently, a reduction in performance — can be reduced
by introducing diffusion barriers [13—15], modifying
the coatings with diffusion inhibitors [16; 17], or forming
additional layers of mullite (3A1,0,-2Si0,) [17; 18]
or borosilicate glass (B,0,-Si0,) [19; 20]. Multilayer
coatings can also be produced by combining several
technological approaches in a single process [21; 22]
or by employing two-stage processes [2; 17].

In [23], the feasibility of using heterophase electro-
spark coatings based on MoSi,~MoB-HfB, to improve
the performance of the heat-resistant nickel superalloy
EP741NP was demonstrated. Enhancement of the oxi-
dation resistance of electrospark coatings through
the application of an upper magnetron-sputtered layer
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has been demonstrated for steels [24] and nickel
alloys [25].

The aim of this study is to fabricate two-layer
ceramic coatings on Nb-1 niobium using a combina-
tion of electrospark deposition (ESD) and high-power
impulse magnetron sputtering (HiPIMS), and to inves-
tigate the effect of vacuum annealing on their composi-
tion, structure, and properties.

Materials and methods

The consumable ceramic electrodes and targets were
produced by self-propagating high-temperature synthe-
sis (SHS) from elements (wt. %: 59 Hf, 28 Si, 11 Mo,
2 B), followed by hot pressing of the synthesized pro-
ducts [26]. Both the ESD electrodes and the HiPIMS
targets had the following phase composition (wt. %):
hafnium silicide (34 HfSi,), molybdenum silicide
(17 MoSi, ), hafnium boride (19 (Hf,Mo0)B,), elemen-
tal silicon (21 Si), and hafnium oxide (9 HfO,) [27].
The ESD electrodes were fabricated as rectangular
rods measuring 4x4x50 mm, while the HiPIMS targets
were discs with a diameter of 120 mm and a thickness
of 10 mm.

The coatings were deposited onto Nb-1 niobium
plates measuring 10x10x3 mm. The ESD process was
carried out in an argon atmosphere using the Alier-303
Metal unit (Russia—Moldova) under the following
parameters: discharge current 120 A, pulse frequency
3200 Hz, and pulse duration 20 ps. HiPIMS deposi-
tion was performed using a UVN-2M system equipped
with a magnetron and ion source. Target sputtering was
performed using the TruPlasma 4002 system (Trumpf,
Germany) at an average power of 1 kW, with a peak
power of up to 50 kW, peak current of 50 A, pulse fre-
quency of 1 kHz, and pulse duration of 50 ps. The two-
layer ESD + HiPIMS coatings were obtained by sequen-
tial application of the ESD and HiPIMS processes.

The microstructure and elemental composition were
examined using an S-3400N scanning electron micro-
scope (Hitachi High-Technology Corporation, Japan)
equipped with a NORAN X-ray System 7 energy-
dispersive X-ray spectroscopy (EDS) unit (Thermo
Scientific, USA). Metallographic cross-sections were
prepared using a Rotopol-21 polishing system (Struers,
Denmark). Elemental depth profiling of the coatings
was carried out by glow discharge optical emission
spectroscopy (GDOES) using a Profiler-2 instru-
ment (Horiba Jobin Yvon, France). Phase composi-
tion was determined by X-ray diffraction (XRD) using
a DRON-4 automated diffractometer (Burevestnik
R&D Center, Russia) with CuK  radiation over a 20
range of 10-120°. The obtained X-ray diffraction pat-
terns were analyzed using the JCPDS database.
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To analyze the structural and phase transformations
occurring in the coatings during heating, high-resolu-
tion transmission electron microscopy (HRTEM) and
electron diffraction were used. The studies were carried
out in the column of a JEM 2100 microscope (JEOL,
Japan) during isothermal holding at temperatures
of 400, 500, 600, 700, 800, and 900 °C for 20-25 min.
The heating rate was 100 °C/min. The elemental com-
positions of the as-deposited coatings and those cooled
from 900 °C were analyzed by EDS using an X-Max80T
detector (Oxford Instruments, UK). Lamellac were
prepared using focused ion beam (FIB) milling in
a Scios DualBeam scanning electron-ion microscope
(FEL, USA). Annealing of the coatings was performed
in a VSI-16-22-U vacuum furnace (VakETO, Russia)
at 900 °C for 30 min under low vacuum.

The hardness (H) and Young’s modulus (£) of the
coatings were determined by selective nanoindenta-
tion [28] using a NanoHardnessTester (CSM Instru-
ments, Switzerland) with Indentation 3.0 software, in
accordance with GOST R 8.748-2011 (ISO 14577).

Results and discussion

Despite the use of the same material as both the elect-
rode and target for coating deposition, the layers formed
by electrospark deposition (ESD) and high-power
impulse magnetron sputtering (HiPIMS) differ in struc-
ture and phase composition. During ESD, due to high
temperatures in the interelectrode gap, local melting
of the electrode and the treated substrate occurs, resul-
ting in a coating with a ~ 10+12 thickness (Fig. 1, a).
Across the coating thickness, from the surface toward
the substrate, an elemental concentration gradient
is observed: the niobium content increases from 18
to 85 at. %, while the contents of the electrode-derived
elements Hf, Mo, B, O, and silicon decrease from 54
to 8 at. % (Fig. 1, b).

During HiPIMS, the coating is formed by atomic
fluxes with a high fraction of ionized species and has
a thickness of ~5 um (Fig. 1, ¢). The elemental con-
centrations within the HiPIMS-deposited layer remain
constant throughout its thickness, and no substrate
material (Nb) is detected in the coating, which is con-
firmed by the sharp interface (Fig. 1, d).

In sequentially deposited ESD + HiPIMS coa-
tings, no pronounced interaction between the layers is
observed (Fig. 1, e). The individual thicknesses of each
layer are preserved, forming a two-layer coating with
a total thickness of ~15 uym. EDS analysis shows that
the niobium concentration in the ESD layer is 27.3 at. %
(region / in Fig. 1, e, at. %: 8.8 O; 43.6 Si; 27.3 Nb;
4.9 Mo; 15.4 Hf), while in the HiPIMS layer it is only
0.5 at. % (region 2 in Fig. 1, e, at. %: 10.5 O; 55.0 Si;
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Fig. 1. Cross-sectional microstructures and GDOES profiles of coatings: (a, b); HiPIMS (c, d); ESD + HiPIMS (e, f)

Puc. 1. Mukpoctpykrypsl nonepednsix numudos 1 OOCTP-npodumu nokperruit D10 (a, b); BUMP (¢, d); D110 + BUMP (e, f)

0.5 Nb; 10.3 Mo; 23.7 Hf). The GDOES profile can be
divided into three zones: the first (0—5 pm) corresponds
to the magnetron-sputtered layer, the second (approxi-
mately 5-14 pm) corresponds to the ESD coating, and
the final section corresponds to the substrate (Fig. 1, f).

X-ray diffraction patterns of the coatings are shown
in Fig. 2. The formation of NbSi, and Nb,Si, phases
in the ESD layer — as a result of interfacial diffusion-
reactions between the electrode material and the nio-
bium substrate — indicates strong adhesion of the coa-
ting to the substrate (Fig. 2, a). The coating also con-
tains (Hf,Mo)B,, free Si, and HfO, phases, consistent
with the electrode composition. In the microstructure,
HfO, appears as bright inclusions (Figs. 1, a, e). After
vacuum annealing, all major phases remain present
at approximately the same concentrations (Fig. 2, b,
Table 1). The Si phase disappears due to its reaction

with the substrate, forming NbSi, . In addition, a Nb,B,
boride phase forms in an amount of 5 wt. %.

The HiPIMS coating is X-ray amorphous: the diffrac-
togram shows only substrate reflections and broad amor-
phous halos (Fig. 2, ¢). However, after vacuum annealing,
crystalline phases such as HfSi,, MoSi,, and (Hf,Mo)B,
are identified (Fig. 2, d). The formation of NbSi, is attri-
buted to the diffusion of niobium from the substrate,
while the presence of MoO, results from residual oxy-
gen impurities in the target material. The phase analysis
results are summarized in Table 2, excluding the contri-
bution of the substrate (Nb), as the coating thickness is
less than the X-ray penetration depth.

The microstructure of the ESD + HiPIMS coating
after vacuum annealing is shown in Fig. 3, a. Within
the electrospark-deposited layer, an outer region with
a sharply defined boundary forms, corresponding
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Fig. 2. X-ray diffraction patterns of ESD (a, b) and HiPIMS (¢, d) coatings

a, ¢ — before annealing; b, d — after annealing (z = 900 °C, = 30 min)
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to the NbSi, phase (region 2 in Fig. 3, a, at. %: 2.9 O;
64.2 Si; 28.8 Nb; 2.1 Mo; 2.0 Hf). Bright HfO, inclu-
sions are observed both in the outer dark layer and in
the inner layer adjacent to the substrate. According
to EDS data, the inner region contains a lower silicon
concentration of 28.1 at. % (region 3, at. %: 7.4 O;
28.1 Si; 48.3 Nb; 4.2 Mo; 12.0 Hf). These results indi-
cate that heat treatment promotes silicon homogeniza-
tion within the ESD layer and reduces microscale com-

positional inhomogeneities originating from individual
mass transfer events. The magnetron-sputtered layer,
which is compositionally and structurally uniform,
retains its original composition after crystallization
(region [, at. %: 11.50; 52.8 Si; 0.5 Nb; 10.9 Mo;
24.1 Hf) and does not contribute to NbSi, formation.
The elemental distribution map confirms an increased
silicon concentration in the outer ESD layer and
a higher niobium content in the inner region (Fig. 3, b).

Table 1. Phase composition of ESD coatings before and after annealing

Tabaunya 1. @a3oBblii coctaB DUO-MOKPHITHI 10 U MOCJIE OTHKUTA
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As-deposited coating Annealed coating
LUIEES Structure type Content, par;n?gtl:rf nm Content, par;n?:zttlgs nm
wt. % wt. %
a c a c
NbSi, hP9/3 49 0.4785 | 0.6591 50 0.4783 | 0.6589
Nb,Si, hP16/19 15 0.7565 | 0.5260 13 0.7578 | 0.5258
(Hf,Mo)B, hP3/4 3 0.3112 | 0.3358 4 0.3123 | 0.3373
Si cF8/1 3 0.5417 - - - -
HfO, oP24/16 8 - - 7 - -
Nb,B, 0C20/4 - - - - -
Nb cl2/1 22 0.3294 - 21 0.3300 -
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Table 2. Phase composition of HiPIMS coating
after annealing

Tabnunya 2. @a3oBbiii coctaB BUMP-nokpsiTust
1ocJjie OTKUTa

Structure Content Lattice parameter, nm
Phase ’
type wt. % a b C

HfSi2 0oC12/1 31 3.698 | 14.648 | 3.678
MoSi, hP3/4 34 0.4602 - 0.6570
HfB2 hP3/4 12 0.3141 — 0.3470
NbSi, hP9/3 10 0.4801 - 0.6600
MoO, mP8/6 13 1.0595 - 0.3728

The initial lamella containing both ESD and
HiPIMS layers, used for in situ investigation of struc-
tural and phase transformations during heating in
the TEM column, is shown in Fig. 4, a. After cooling
from 900 °C, a new layer appears at the interface with
the HiPIMS coating (Fig. 4, b). According to EDS
data, its composition corresponds to the NbSi, phase
(Fig. 4, ¢). Electron diffraction analysis confirms this
identification: diffraction rings with interplanar spa-

cings d/n=0.356, 0.218, 0.210, and 0.136 nm cor-
respond to the (101), (111), (112), and (114) planes
of the 4-NbSi, phase. Additional rings with d/n = 0.638,
0.319, 0.240, 0.218, 0.210, and 0.140 nm, correspon-
ding to the (100), (200), (210), (211), (112), and (402)
planes, are assigned to the Nb,Si, phase (Fig. 4, d).

No significant structural changes were observed
in the inner region of the ESD coating during hea-
ting (Figs. 5, a—c). However, after cooling the sample
from 900 °C to room temperature, contrast variations
appeared in certain areas. These may be attributed
either to diffusion-driven elemental redistribution —
accompanied by the dissolution of some structural and
phase components — or to stress relaxation (Fig. 5, d).

As aresult of non-equilibrium crystallization during
ESD, y-Nb,Si, phase grains are observed in the coa-
ting, formed in the direction from the substrate toward
the surface and resembling dendrites in their morpho-
logy. Dendritic growth of the metastable Nb,Si, phase
due to non-equilibrium crystallization in Nb—Si alloys
has been reported in [29; 30]. AHRTEM image of a sil-
icide grain oriented along the [110] direction, the cor-

26 Nb of==—————m26 Moof———"=327 Hf o}

ommmm——1148 Si o

Fig. 3. Microstructure of the ESD + HiPIMS coating () and elemental distribution map
in the intermediate layer (b) after heat treatment

Puc. 3. Mukpoctpykrypa DM1O+BHUMP-1oKpbITHS (@) ¥ KapTa pacipeeieHus IeMCHTOB
B IIPOMEXKYTOYHOM citoe (b) mocie oTkura
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Fig. 4. Microstructure of the lamella before (a) and after heating and cooling from 900 °C (b);
electron diffraction pattern (c¢) and EDS data (d) for the intermediate layer
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responding electron diffraction pattern, and EDS data
are shown in Figs. 5, e-g. The presence of HfO, grains,
50-100 nm in size, was also confirmed in the coating.
A HRTEM image of an oxide particle oriented along
the [024] direction, together with the corresponding
diffraction pattern and EDS results, is presented in
Figs. 5, h—j.

The HiPIMS coating remains stable up to 600 °C
and retains a layered structure (Fig. 6, a). The corres-
ponding electron diffraction pattern displays a broad
diffuse ring, indicating that the coating is in an amor-
phous state. Crystallization begins at 700 °C, as evi-
denced by the appearance of diffraction rings with
interplanar spacings of d/n = 0.355, 0.261, 0.213, and
0.178 nm, corresponding to the (001), (100), (101),

and (002) planes of the (Hf,Mo)B, phase (Figs. 6, b, /).
As the temperature increases to 800 °C, additional
reflections emerge at d/n = 0.291, 0.225, and 0.213 nm,
attributed to the (101), (110), and (103) planes
of the MoSi, phase (Figs. 6, ¢, g).

Further heating to 900 °C leads to the formation
of hafnium silicides. Hf;Si,, reflections correspon-
ding to the (110), (001), (210), and (211) planes with
d/in=0.493, 0.357, 0.309, and 0.262 nm indicate
the presence of Hf,Si,, while reflections at 0.355, 0.262,
0.226, and 0.206 nm from the (110), (111), (131), and
(061) planes correspond to HfSi, (Figs. 6, d, h). After
cooling, the coating structure remained unchanged.
Four crystalline phases were observed: Hf,Si,, HfSi,,
MoSi,, and (Hf,Mo)B,.

Table 3. Mechanical properties of coatings and Nb-1 substrate

Tabnmya 3. Mexannuyeckue cBOWCTBA MOKPBHITHI U MOMJIOKKH

ESD coating

HiPIMS coating

Nb-1 substrate

As-deposited ‘ Annealed

As-deposited ‘ Annealed

As-deposited ‘ Annealed

H, GPa

183 | 23371947 | 125

93 | 18 | 25

E, GPa

285 | 202256 | 216

207 | 123 |12

* Outer layer based on NbSi,.
* Inner layer based on Nb,Si,.
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Fig. 5. Inner layer microstructures of ESD-coating before annealing (a), during in situ heating to 400 °C (b), 800 °C (c),
and after cooling from 900 °C (d); silicide phase grain (e), its electron diffraction pattern (f)
and EDS data (g); oxide particle (h), its electron diffraction pattern (i), and EDS data (j)
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Table 3 presents the hardness (H) and elastic form across the thickness and amounts to 18.3 GPa.
modulus (£) values for the coatings and the substrate.

After annealing, the inner layer retains a hardness
The hardness of the as-deposited ESD coating is uni- of H =19.4 GPa, indicating the absence of structural
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Fig. 6. Microstructures (a—d) and electron diffraction patterns (e—#) of the HiPIMS coating
during in situ heating to 600 °C (a, e), 700 °C (b, f), and 800 °C (c, g), and after cooling from 900 °C (d, h)
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transformations in the Nb,Si;-based layer. A slight strate into the NbSi -based layer. The hardness value
decrease in the elastic modulus may be attributed of 23.3 GPa in the outer layer is attributed to the inhe-
to an increased Nb content due to diffusion from the sub-  rently higher hardness of the NbSi, phase compared

56



Pon e

POWDER METALLURGY AND FUNCTIONAL COATINGS. 2025;19(3):48-59
Zamulaeva E.1., Loginov P.A., and etc. Structure and properties of two-layer coatings ...

to Nb,Si,, the absence of free niobium in this region,
and alloying with niobium boride additions (Hf,Mo)B,
and Nb,B;. For the HiPIMS coating, the hardness is
H=12.5 GPa, which corresponds to reported values
for magnetron-deposited Hf-Si—-Mo-B coatings [31].
After vacuum annealing and stress relaxation, the hard-
ness decreases to 9.3 GPa. The increase in substrate
hardness from 1.8 to 2.5 GPa following annealing is
attributed to silicon diffusion into the interfacial region.

Conclusions

1. A 15 pm-thick two-layer coating was fabricated
on a Nb-1 substrate by sequential application of electro-
spark deposition (ESD) and high-power impulse mag-
netron sputtering (HiPIMS) using HfSi,~HfB,-MoSi,
SHS-ceramic electrodes/targets. The ESD layer,
~10+12 pm thick, consists of ~65 wt. % phases formed
as a result of interfacial reactions between the elect-
rode and the substrate, primarily NbSi, and Nb.Si,
(H=18.3 GPa, E=285GPa). A compositional gra-
dient was observed across the ESD coating, with
the Nb content increasing from 18 to 85 at. % and
the Si concentration decreasing from 54 to § at. % from
the surface toward the substrate. The HiPIMS coating
has a homogeneous amorphous structure, ~5 um thick,
with H=12.5 GPa and E = 216 GPa.

2. During heating, an interlayer ~2 pm thick based
on NbSi, forms at the interface between the ESD and
HiPIMS layers (H =23.3 GPa, £ =292 GPa). The inner
ESD Ilayer consists of dendritic grains of the metastable
y-Nb,Si, phase solidified perpendicular to the substrate
surface (H=19.4 GPa, E =256 GPa). Crystallization
of the HiPIMS layer begins at 700 °C with the formation
of (Hf,Mo)B,. Upon further heating to 800 °C, MoSi,
appears, and at 900 °C, HfSi, and Hf,Si, phases are
detected. After vacuum annealing, mechanical proper-
ties decrease slightly (H = 9.4 GPa, E = 207 GPa), which
may be attributed to stress relaxation. Since the silicon
content remains unchanged, the HiPIMS layer does not
contribute to the formation of the NbSi -based interlayer.
Thus, heat treatment results in the formation of a multi-
layer coating with enhanced mechanical properties.
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Structure and properties
of antifriction Ti-Cr-Ni-Cu-Sn-P-C-N coatings
deposited by magnetron sputtering
of composite SHS targets

Ph. V. Kiryukhantsev-Korneev®, A. D. Chertova®,
Yu. S. Pogozhey, E. A. Levashov

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

&3 kiruhancev-korneev@yandex.ru; alina-sytchenko@yandex.ru

Abstract. This article focuses on the production of wear-resistant antifriction coatings by magnetron sputtering using composite SHS-
fabricated cathode targets of TiCrNiC and TiCrNiC-CuSnP in Ar and Ar + 15 % N, atmospheres. Special attention is given to the phase
composition and structure of the targets, produced via the self-propagating high-temperature synthesis (SHS) method. Structural charac-
terization of the targets and coatings was carried out using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-
dispersive spectroscopy (EDS), and glow discharge optical emission spectroscopy (GDOES). The mechanical and tribological properties
of the coatings were evaluated using nanoindentation, scratch testing, and pin-on-disk sliding wear tests. The resulting coatings exhibited
dense, defect-free microstructures with a uniform elemental distribution through the thickness. The coating matrix was primarily
composed of FCC phases ¢-TiC(N) and ¢-(Ni,Cr). The addition of copper to the coating led to the formation of an additional amorphous
Cu-based phase. The coatings demonstrated hardness in the range of 18-21 GPa and an elastic modulus of 220-235 GPa. High critical
loads for adhesive failure were observed, reaching up to 60 N. The non-reactive Ti—-Cr—Ni—C coatings exhibited the lowest friction
coefficients (0.17-0.18), while other compositions showed values ranging from 0.22 to 0.25, in contrast to 0.63—0.71 for uncoated steel
substrates. The specific wear rate varied between 1.1-107 and 5.0-10° mm?3/(N-m) depending on the counterbody material and coating
composition, which is nearly two orders of magnitude lower than that of the substrate material ((1.2+2.7)-10~* mm?/(N-m).

Keywords: titanium carbide, magnetron sputtering, composite SHS targets, antifriction coatings, friction coefficient, wear resistance
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CTpyKkTypa 1 cBOMCTBa aHTUPPUKLMUOHHbBIX MOKPbITUN
B cucteme Ti-Cr-Ni-Cu-Sn-P-C-N,
NOJTIyYEHHbIX METOAO0M MarHETPOHHOI O pacnbl/lIeHUs
KOMMNO3ULMNOHHbIX CBC-MuweHen
®. B. Kuproxannes-KopHnees©, A. [I. Yeprosa “,

IO. C. Iloroxes, E. A. J/IleBamos

HanmnonanbHblii Hcc/ieToBaTeIbCKHil TexHOMorn4Yeckuii ynusepeuter « MUCHUC»
Poccus, 119049, r. Mocksa, Jlenunckuii np-t, 4, cTp. 1
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AHHOTauMﬂ. Crarbs TMOCBAIICHA TTOJYYCHUIO aHTI/I(I)pI/IKIII/IOHHLIX HU3HOCOCTOMKHX HOKpLITI/Iﬁ METOAOM MAr"H€TPOHHOI'O PACIIbIICHUS

¢ ucnonb3oBanneM Kommo3unuoHHbIX KaromoB-muieHed TiCrNiC u TiCrNiC—CuSnP B cpene Ar u Ar+ 15 % NZ. OTtnenbHOE
BHHMaHHE yJIeJICHO U3YUeHNUIO (Pa30BOTO COCTAaBa U CTPYKTYPBI MUIICHEH, H3TOTOBIEHHBIX C IPUMEHEHHUEM METOa CaMOpacIpoCT-
panstronierocst Beicokoremreparyproro cuare3a (CBC). CrpykrypHble HCCIEIOBaHHS MHIICHEH M MOKPBHITHH BBIIOIHEHBI METO-
JTaMH PEHTTeHO(A30BOTO aHAJIM3a, PACTPOBON AIEKTPOHHOH MHUKPOCKOIHH, YHEPTOAUCIIEPCHOHHOHN CIIEKTPOCKOITUH U ONTHIECKON
SMUCCHOHHOH CTIEKTPOCKONHUH TICIONIETo pa3psiaa. MexaHndeckrue u TpHOOIOTHIeCKrne CBOHCTBA MMOKPBITUI N3MEPEHBI C UCTIONb-
30BaHHEM METO/IOB HAHOMHJCHTHPOBAHMUS, CKPATI-TECTHPOBAHIS H N3MEPUTEIBHOTO CKOTBKEHHS. YCTAHOBIIECHO, UTO TTOIyIEHHBIE
TOKPBITUST 00IaJaiy IIIOTHON Manofe(eKTHOH CTPYKTypOil ¢ paBHOMEPHBIM PAcIpeieIeHHeM 3I€MEHTOB Mo ToimuHe. OCHOBY
nokpeituii cocraBmsumn ['TK-daser ¢-TiC(N) u ¢-(Ni,Cr). Ilpu BBeneHHH B COCTaB MOKPBHITHH Mequ (pOpMUPOBANach IOMOJIHH-
TenbHas amopdHast pasa Ha ee ocHoBe. [TokpbITHs 00aamK TBepRoCThio B nuanazone 18-21 I'Tla u MoayneM yrpyrocti Ha ypoBHe
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Introduction

As the potential of consolidated materials has been
largely exhausted, the development of new high-per-
formance engineering systems is no longer possible
without surface modification technologies and the use
of functional coatings. Today, considerable attention is
focused on the design of coatings for protecting critical
components operating in aggressive liquid and gaseous
environments and under various wear conditions.
Among the most promising are titanium carbide and
carbonitride-based coatings, which exhibit high hard-
ness, wear and corrosion resistance, and pronounced
antifriction properties [1-3].

By adjusting the stoichiometry of TiCN coatings,
it is possible to tailor their mechanical and tribologi-
cal performance by controlling the structural type,
internal stresses, and the concentration of free car-
bon, which acts as a solid lubricant in the tribological
contact zone [4; 5]. At a C/N ratio close to 1, record
hardness values of up to 45 GPa have been reported,
attributed to significant compressive stresses (—6 GPa)
arising from distortions in the FCC lattice structure [6].
In contrast, coatings with an elevated carbon content
(C/N = 5.6) achieved a friction coefficient of ~0.1 [5].
In these coatings, carbon atoms formed amorphous
intergranular layers along TiCN crystallite bounda-
ries, resulting in a nanocomposite structure described
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as nc-TiCN/a-C, where nc denotes nanocrystallites and
a the amorphous phase.

The performance of TiCN coatings can be further
enhanced by the addition of metallic elements [7-12].
For instance, aluminum improves both wear and oxi-
dation resistance [7; 8], while nickel and chromium
exhibit similar effects [9; 10]. These improvements
are attributed to the formation of dense oxide films on
the coating surface during heating in air, which inhibit
oxygen penetration into the bulk material.

In recent years, copper-based coatings have
attracted growing interest [13—15] due to copper’s
relatively low friction coefficient and high thermal
conductivity, which is crucial for efficient heat dissipa-
tion from the contact zone. Copper can be introduced
either in its pure form or as part of brass or bronze
alloys, offering excellent antifriction performance
at relatively low cost [16]. Notably, the incorpora-
tion of ductile metals into ceramic matrices underpins
the concept of nanocomposite superhard coatings
(hardness >40 GPa), as proposed by the author in [17].
This concept involves the formation of nc-MeN/metal
structures (where Me = Ti, Cr, Zr, etc., and metal = Cu,
Ni, Fe, etc.), with the MeN phase consisting of nano-
crystallites and the metallic phase being X-ray amor-
phous. Furthermore, all grains are expected to exhibit
a preferred orientation [17; 18]. Subsequent research
extended this concept to carbide-based systems such as
Ti—Cu-C [19], and nanocomposite nc-TiCN/a-Cu coa-
tings with a hardness of 37 GPa were reported in [20].

Various methods can be used to deposit titanium car-
bide and carbonitride coatings, including those alloyed
with transition metals. These methods include plasma
spraying [21], electric arc cladding [22], laser clad-
ding [23], electro-spark deposition [11; 24; 25], chemi-
cal vapor deposition [26], vacuum cathodic arc evapo-
ration [27], and pulsed laser deposition [28]. Among
these, magnetron sputtering stands out as a highly
promising technique, allowing the deposition of wear-
resistant and antifriction coatings across a broad com-
positional range. The method yields coatings with
low impurity levels, minimal defects, and smooth sur-
faces that require no post-processing [1; 12; 29-31].
The capabilities of magnetron sputtering are further
enhanced when multicomponent ceramic targets pro-
duced via self-propagating high-temperature synthesis
(SHS) are used [32; 33]. This approach ensures that
the atomic flux from the cathode to the substrate con-
tains all necessary metallic and non-metallic elements,
providing high compositional homogeneity across
the coating thickness. A promising material for fabri-
cating SHS-based sputtering targets is the STIM-3B
alloy (Ti—Cr—C—Ni system), whose combustion and
structure formation mechanisms have been studied in
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detail [34]. Tin—phosphor bronze powder can also be
used as an alloying addition in target preparation.

The aim of this study was to develop tri-
bological  coatings of Ti—Cr—Ni—-C—(N) and
Ti—Cr—Ni—Cu—Sn—P-C—(N) compositions by mag-
netron sputtering using multicomponent SHS targets
in Ar and Ar-N, atmospheres. Particular emphasis
was placed on the synthesis of targets with tailored
compositions.

Materials and methods

Thesstarting materials used for fabricating the cathode
targets were titanium powder (Ti) grade PTS (<60 um),
chromium powder (Cr) grade PX-1S (<63 pm), nickel
powder (Ni) grade PNK-OT2 (<71 pm), technical car-
bon black (C) grade P804-T with a specific surface area
of 15 m?/g, graphite powder (Cgr) grade MG-1, and
tin-phosphor bronze alloy powder (BrOF grade; com-
position: Cu—7.8 wt. % Sn—0.48 wt. % P; particle size
100-200 pm). The compositions of the reactive mix-
tures for SHS-based target synthesis were calculated
assuming complete chemical transformation according
to the following equation

[70.775 % (Ti+ C) — 19.475 % (3Cr + 2C) —
-5 wt. % Cgr —4.75 wt. % Ni] + X % Bronze,

where X is the bronze content in the charge, set to 0
or 20 wt. %. The compositions of the powder mixtures
are summarized in Table 1.

Before mixing, all starting powders were dried
at 100 °C for 24 h. Mixing was performed in a 3 L
rotary ball mill for 8 h using cemented carbide grinding
balls at a powder-to-ball mass ratio of 1:8.

The adiabatic combustion temperature (7,%), as well

as the equilibrium phase composition and the physi-
cal state of the SHS products at 7', were calculated

Table 1. Experimental compositions
of initial powder mixtures

Ta6nuya 1. IkcnepuMeHTAIbHbIE COCTABBI
HCXOTHBIX MOPOIIKOBBIX cMeceil

Element X0 X=20
wt. % at. % wt. % at. %
Ti 48.44 28.14 38.75 25.52
C 20.02 46.37 16.02 42.05
o 5.00 11.58 4.00 10.50
Cr 21.79 11.66 17.43 10.57
Ni 4.75 2.25 3.80 2.04
Bronze - 20.00 9.32
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using the THERMO software package [35]. Composite
cathode targets of TiCrNiC and TiCrNiC—CuSnP with
dimensions diameter 120 mm % 10 mm were produced
using pressure-assisted self-propagating high-tempera-
ture synthesis SHS, as described in [33].

The powder mixtures were pre-compacted to 60 %
of theoretical density in a steel cylindrical mold
at 70 atm. The green compacts were further dried in
a vacuum oven at 100 °C for 4 h to remove residual
moisture and adsorbed gases. The key parameters for
SHS under pressure were as follows: applied pres-
sure — 200 atm; ignition delay — 1 s; dwell time under
pressure — 5 s. The synthesis was carried out in a sand
mold using a DA-1532B hydraulic press. The resulting
billets were then ground and shaped to the required
dimensions using EDM cutting.

The phase composition of the synthesized samples
was analyzed using a DRON 4-07 X-ray diffractometer
(Russia) with monochromatic CuK radiation. Scans
were collected pointwise over a 26 range of 10-110°,
with a step size of 0.1° and exposure time of 3 s per
step. The microstructure was examined using a scan-
ning electron microscope (SEM) S-3400N (Hitachi,
Japan) equipped with a NORAN 7 EDS system
(Thermo Scientific, USA), operated at accelerating
voltages of 5-20 kV.

Coating deposition was performed using a UVN-2M
vacuum unit equipped with gas inlets, a substrate posi-
tioning system, a slit-type ion source, and two magnet-
rons powered by Advanced Energy DC Pinnacle Plus
units (USA), as described in [36]. Substrates included
diameter 30 mm disks of SCM440 steel (equivalent
to 40KhFA steel) for mechanical and tribological tes-
ting, and VK6M cemented carbide for compositional
and adhesion strength analysis. The substrates were
polished using a Struers RotoPol-21 system (Denmark).
Surface cleaning was performed in an ultrasonic dis-
perser using sequential treatments with gasoline, sol-
vent, and isopropanol. Additionally, model substrates
of monocrystalline silicon KEF-4.5 (100) (Elma,
Russia), sized 15x15 mm, were coated for structural
analysis. Both base and model substrates were coated
under identical conditions. Prior to deposition, sub-
strates were cleaned using ion etching (0.03 Pa, 2 kV,
60 mA, Ar" ions). During coating deposition, the mag-
netron current was 1.5 A, the voltage 500 V, the power
supply frequency 50 kHz, the bias voltage —50V,
the working pressure 0.2 Pa, and the process duration
was 10 min. The nitrogen content in the Ar + N, gas
mixture (gas purity 99.999 %) was varied between 0
and 15 %.

The compact ceramics and coatings were exami-
ned by scanning electron microscopy (SEM) and

energy-dispersive spectroscopy (EDS) using an S-3400
microscope (Hitachi, Japan) equipped with a Noran 7
spectrometer (Thermo Scientific, USA). X-ray diffrac-
tion (XRD) analysis of the ceramic specimens was per-
formed using a DRON 4-07 diffractometer (Russia),
while coatings were analyzed using a D8 Advance dif-
fractometer (Bruker, Germany). Diffraction data were
collected using monochromatized CuK, radiation with
a step size of 0.1° and an exposure time of 10 s per step;
the total scan duration was 1 h. Phase identification
was carried out using the EVA software package and
the PDF2 international database. The elemental com-
position of the coatings and their depth distribution
profiles were determined using glow discharge optical
emission spectroscopy (GDOES) on a Profiler-2 spect-
rometer (Horiba Jobin Yvon, France) [37].

Hardness (H) and elastic modulus (£) of the coa-
tings were determined by nanoindentation using a Nano-
Hardness Tester (CSM Instruments, Switzerland) with
a Berkovich indenter, at loads of 4-8 mN, loading rates
of 8-16 mN/min, and a dwell time of 5 s. Calculations
were based on the Oliver—Pharr method. Scratch
testing was conducted in accordance with ASTM
C1624-05 using a Revetest system (CSM Instruments,
Switzerland) equipped with a Rockwell C-type dia-
mond conical indenter (tip radius 200 pm). The maxi-
mum load was 60 N, loading rate 59 N/min, scratch
length 5 mm, and optical magnification 200* and 800~
The minimum critical failure loads corresponding
to the onset of cracking (L ,), the first spallation event
(L.,), and indenter contact with the substrate (L ,) were
identified.

The coefficient of friction (f) was measured using
a Tribometer (CSM Instruments, Switzerland) follo-
wing the ASTM G99-95 standard in a pin-on-disk con-
figuration. Test parameters: normal load — 5 N; linear
velocity — 10 cm/s; wear track radius — 8—10 mm; total
sliding distance — 1100 m (30 m for 40KhFA steel sub-
strate). Counterbodies were 6 mm radius pins made
of SKH51 (analogous to R6MS5) or SKD11 (analogous
to Kh12MF) tool steels. Wear tracks and counterbody
surfaces were examined using a WYKO NT1100 opti-
cal profilometer (Veeco, USA) and an MBS-9 optical
microscope (Lytkarino Optical Glass Factory, JSC,
Russia), respectively.

Results and discussion
Composition and structure
of SHS targets

Table 2 presents the calculated adiabatic combus-
tion temperature (7*') and the equilibrium composition
of combustion products at room-temperature initial
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conditions. It can be seen that an increase in the bronze
content of the charge (parameter X) leads to a decrease
in combustion temperature. This is evidently due
to the reduced heat contribution from the TiC forma-
tion reaction and additional thermal losses associated
with heating and melting the bronze.

The calculated T values for the system under study
indicate that the process should occur in a self-sustained
combustion mode. The adiabatic combustion tempera-
ture exceeds the melting points of titanium (1941 K),
nickel (1728 K), and bronze (1358 K), which implies
that carbon will dissolve in the resulting melt within
the combustion front. As the melt becomes saturated
with carbon, crystals of titanium and chromium car-
bides will begin to form, along with the crystallization
of nickel and bronze, with possible mutual solubility
between them.

The results of XRD analysis for the synthesized
compact materials are shown in Fig. 1 and Table 3.
The samples contain titanium carbide with a lattice
parameter significantly lower than the reference value
for standard TiC powder (0.4315 nm) [38], which is
attributed to the dissolution of chromium carbide into
the TiC lattice. The phase composition also includes
chromium carbide Cr,C, and nickel (Ni) with dissolved
Cr and Ti, as evidenced by peak shifts in the diffraction
patterns. Unreacted graphite is also present — unlike
carbon black, it does not fully dissolve in the melt over
the course of the process due to slower dissolution
kinetics. The excess carbon in the deposited coatings is
expected to act as a solid lubricant, reducing the coef-
ficient of friction. The presence of bronze in the X = 20
sample is confirmed by the appearance of Cu reflec-
tions in the diffraction pattern (Fig. 1, b). The absence
of distinct Ni peaks is likely due to its dissolution in
the bronze melt during the SHS process.

The SEM images of the cross-sections of synthe-
sized ceramics with compositions X = 0 and X = 20 are
shown in Fig. 2.

Table 2. Calculated adiabatic combustion temperature
and equilibrium composition of combustion products
assuming room-temperature initial components

The microstructure of the X'=0 sample included
TiC with dissolved Cr, chromium carbide Cr,C,, nickel
(Ni), and graphite. In the X =20 sample, additional
copper-rich layers were observed, with nickel dis-
solved in them without the formation of a distinct Ni

@ TiC
o
A Ni
v Cr,C,
¢ Cu

Intensity

Intensity

.

10 20 30 40 50 60 70 80 90 100 110
20, deg

Fig. 1. XRD patterns of compact ceramics
with X =0 (a) and X' = 20 (b) compositions

Puc. 1. [JudpaxrorpaMMbl KOMIIAKTHOH KepaMUKH
coctaBoB X =0 (a) u X =20 (b)

Table 3. Phase composition of compact ceramics
of X =0 and X = 20 compositions

Ta6nuya 3. ®a30Bblii COCTAB KOMIIAKTHOH KepaMUKH
cocrtaBoB X =01 X=20

Ta6nuya 2. PacueTHble aquadaTuyeckas Temieparypa X=0 X =20
TOpeHHsl U PABHOBECHBII COCTaB NPOAYKTOB IOpeHust Structure i : i :
NpH KOMHATHOH HaYa/IbHOM TeMIepaType Phase ¢ Con lLgiiites | (Com LLETES
ype tent, | parameter | tent, | parameter
HCXOJHBIX KOMIIOHEHTOB
wt. % a, nm wt. % a, nm
. Combustion product TiC cF8/2 79 0.4271 68 0.4269
MleLl.I‘? 7% K composition, wt. % Cgr hP4/1 14 - 7 _
composition | ¢’ . . >
TiC | Cr,C, | Ni C | Bronze Ni cF4/1 3 0.3547 -
X=0 2452 | 67.24 | 18.50 | 4.75 | 9.51 - Cr,C, | 0C20/7 4 - 1 -
X=20 2103 |49.08 | 20.37 | 3.85 | 6.70 | 20.00 Cu cF4/1 - 24 0.3632
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Fig. 2. Microstructure of synthesized ceramics with compositions X = 0 (a) and X = 20 (b)

Puc. 2. MukpocTpykTypa cuHTe3upoBaHHOH kepamuku X = 0 (a) u X =20 (b)

phase. The average grain size of the primary carbide
phase was approximately 3 pm.

Composition, structure,
and properties of the coatings

Coating [ consisted of (at. %): 22.2 Ti, 65.3 C,
10.2 Cr, and 2.3 Ni. Introducing nitrogen into the gas
atmosphere (coating 2) resulted in a nitrogen concent-
ration increase from 0 to 26.3 at. %, accompanied by
a reduction in carbon content to 45.7 at. % (Table 4).
The concentrations of the remaining elements decreased
by approximately 15-20 %. Coatings 3 and 4, which
were alloyed with bronze, contained, in addition
to the main elements, the following (at. %): 12.0 Cu,
0.4 Sn, and 0.3 P (coating 3); and 9.6 Cu, 0.4 Sn, and
0.1 P (coating 4).

It is important to note that energy-dispersive X-ray
spectroscopy (EDS), while widely used for elemental
analysis, is highly sensitive to surface topography and
may produce inaccurate results for light elements such
as C, N, and O. To obtain more reliable data, glow dis-
charge optical emission spectroscopy (GDOES) was
employed. This method allows accurate determination
of both metallic and non-metallic elements [37].

The GDOES analysis demonstrated that all elements
are uniformly distributed across the coating thickness

(Fig. 3).

A slight decrease in signal intensity was observed
at the surface of the coatings, which may be attributed
to surface contamination, the presence of adsorbed
gases, and the formation of a natural oxide film.
The gradual rise in substrate signal is due to increased
surface roughness resulting from ion etching carried
out prior to deposition. According to the GDOES
results, the elemental composition of the coatings was
as follows (at. %): 31.4Ti, 52.1 C, 3.5Ni, 13.0Cr
(coating 7); 23.0Ti, 37.0C, 2.5Ni, 9.0 Cr, 28.5N
(coating 2); 27.5Ti, 46.5 C, 3.8 Ni, 10.5 Cr, 11.7 Cu
(coating 3); 22.8 Ti, 33.7 C, 2.7 Ni, 8.0 Cr, 9.4 Cu,
23.4 N (coating 4).

The atomic Ti/C ratio in the SHS targets was 0.48,
while in the resulting coatings it increased to 0.59—-0.68.
This reduction in the carbon atom concentration in
the coating, compared to that in the target is likely due
to the higher scattering cross-section of carbon atoms
compared to heavier titanium atoms in the plasma
during deposition [39]. As shown below, the GDOES
results are consistent with the XRD data.

The coating thicknesses determined from
the GDOES profiles, along with the calculated deposi-
tion rates, are summarized in Table 4. For coatings /
and 2 — deposited from SHS targets without bronze —
the thickness and deposition rate were similar, mea-
suring 2.0 pum and 91 nm/min, respectively. The use
of bronze-containing targets resulted in a 10-15 %

Table 4. Elemental composition, thickness, and deposition rate of the coatings

Ta6nuya 4. JneMeHTHBIH COCTAB, TOJIIMHA U CKOPOCTh POCTA MOKPBITHIT

Coating Target Gas ‘ Concen'tration, at. % Thickness, Depositior.l
atmosphere | Tj © Cr Ni Cu Sn N pm rate, nm/min

1 Y0 Ar 222 653 | 102 | 23 0 0 2.0 91

2 Ar+N, | 17.8 | 457 | 83 1.9 0 26.3 2.0 91

3 Y20 Ar 20.9 | 54.0 | 9.1 33 | 120 ] 04 | 03 0 2.2 100

4 Ar+N, | 167 | 444 | 72 | 20 | 96 | 04 | 0.1 | 19.6 2.3 105
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Concentration, at. %

Concentration, at. %
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Fig. 3. GDOES depth distribution profiles of coatings I (a), 2 (b), 3 (¢), and 4 (d)
Puc. 3. OOCTP-npodunu nokpsituii 1 (a), 2 (b), 3 (c¢) u 4 (d)

increase in both coating thickness and deposition rate.
This effect can be attributed to the higher electrical
conductivity (5.8-107 S/m) [40] and sputtering yield
(3—6 atoms/ion) [41] of copper compared to titanium
carbide (3.0-107 S/m and 0.5-1.0 atoms/ion) [42; 43].
It is worth noting that the reduction in deposition rate
typically observed in reactive sputtering [44; 45] dur-
ing transitions from conditions / — 2 and 3 — 4 was
not observed in this study.

Typical SEM images of coating fracture surfaces
are shown in Fig. 4, a. All coatings exhibited a dense,
defect-free structure with no pronounced columnar
features typically observed in TiC-based ion-plasma
coatings [46; 47]. It is important to note that the pres-
ence of columnar grains in the structure generally has
a detrimental effect on the mechanical and tribological
properties of coatings [48].

The diffraction patterns of the coatings are shown
in Fig. 4, b. The main structural component of all coa-
tings was the face-centered cubic (FCC) ¢-TiC phase
(ICDD 31-1400). The crystallite size of this phase,
calculated using the Scherrer equation for the most
intense (200) reflection, was 36, 34, 32, and 29 nm
for coatings [ through 4, respectively. The lattice
parameter (a) of the ¢-TiC phase ranged from 0.433
to 0.434 nm, which is consistent with the standard
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powder reference. Reflections at 20 = 44.2° and 51.5°
correspond to a solid solution of nickel and chromium,
c-(Ni,Cr) (ICDD 77-7616). For coatings / and 2,
the crystallite size of this phase was similar, falling
within the range of 22-23 nm. The addition of bronze
to both non-reactive and reactive coatings led to a
reduction in the crystallite size of the ¢-(Ni,Cr) (111)
phase to 15 nm in coating 3 and 8 nm in coating 4.
In coatings 3 and 4, which were alloyed with bronze,
an additional peak was detected at approximately
20 ~ 43°, close to the position characteristic of copper
(c-Cu, ICDD 04-0836). The pronounced peak broad-
ening and the absence of other copper reflections sug-
gest that copper is predominantly present in an amor-
phous state, forming intergranular layers that separate
the crystallites of the primary phase and hinder their
coalescence during growth [17-19].

Scratch testing results are presented in Fig. 5, and
the critical load values L, and L , are summarized in
Table 5.

Coating / demonstrated the highest critical loads,
with L, =26.5N and L,>60N. For coating 2,
the onset of cracking and the first spallation event —
accompanied by fluctuations in acoustic emission and
the coefficient of friction — occurred at a load of 15.7 N.
Coating 3 exhibited the lowest crack resistance, with
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Coating 3

Coating 4
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® c¢-TiC
(200) B c-(Ni,Cr)
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Fig. 4. SEM images of cross-sectional fracture surfaces
of coatings 3 and 4 (a), and XRD patterns of coatings /—4 (b)

Puc. 4. COM-u300paxeHus IOIEPEUHbIX U3JI0MOB
TOKpBITHH 3 1 4 (a) ¥ peHTTeHOTPaMMbl IOKPBITHIA [—4 (b)

L., =2.6 N, although no spallation was observed over
the entire load range. Coating 4 showed L, =19.9 N
and L, > 21 N. For all coatings, no indenter contact
with the substrate was observed, indicating that the L ,
value exceeded 60 N. Overall, coating / exhibited
the best performance in terms of crack resistance and
adhesion strength.

Nanoindentation tests revealed that the coatings
had hardness values in the range of H = 18+21 GPa
and elastic moduli of E =220+235 GPa. The H/E
ratio, which reflects the coating’s resistance to elas-
tic strain to failure, and the H3/E? ratio, indicative
of resistance to plastic deformation, were calculated

to assess potential tribological behavior [49; 50].
Coating 2 showed the highest values of H/E = 0.090
and H3/E* = 0.174 GPa. Coatings I, 3, and 4 displayed
similar H/E values of 0.082-0.083 and H?*/E? values
of 0.122-0.132 GPa. The relatively moderate hard-
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6102l 7y H 20 7
F
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Fig. 5. Scratch testing results for coatings / (a) and 3 (b)

Puc. 5. Pe3ynbTarhl cKpaTd-TeCTHPOBAHUS
nokpeituii / (a) u 3 (b)

Table 5. Mechanical properties of coatings

Tabnnya 5. MexaHuvecKue XapaKTepHUCTHKHU

TMOKPBITHI
Coating Lﬁ} ’ Lﬁ ’ é-lI)’a (ﬁga HIE Hé/f:’
1 26.5 | >60.0 | 18 221 | 0.083 | 0.127
2 15.7 | 157 21 234 1 0.090 | 0.174
3 26 |>60.0| 19 235 | 0.082 | 0.132
4 199 | >21.0 | 18 220 | 0.082 | 0.122
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ness of the coatings may be attributed to the presence
of an excess carbon-rich phase [4]. This is supported by
atomic ratios of (Ti + Cr)/C = 0.82-0.85 for coatings /
and 3 and (Ti + Cr)/(C + N) = 0.49-0.54 for coatings 2
and 4.

Tribological tests showed that the uncoated steel
substrate exhibited the highest average coefficients
of friction,favg =0.63 and 0.71, in contact with SKH51
and SKD11 steel counter bodies, respectively (Fig. 6,
Table. 6). Coating / had the lowest friction coefficient,
£=0.17+0.18, likely due to its high carbon concentra-
tion (approximately 50 at. %). Coatings 2, 3, and 4
showed friction coefficients in the range of 0.22-0.25
with both counter body types. It is noteworthy that
nitrogen alloying of coating / resulted in a 20 %
increase in the coefficient of friction.

An increase in the friction coefficient following

previously reported in [51] and was attributed to struc-
tural modification and a decrease in carbon content.
Copper addition, in turn, led to a 40 % and 10 %
increase in the friction coefficient of Ti—~Cr—Ni—C and
Ti—Cr—Ni—C-N coatings, respectively. A similar rise
in the friction coefficient upon copper incorporation
was observed earlier for TiCN and TiAlISiN coa-
tings [52; 53]. The authors of those studies attributed
this effect to the adverse impact of the brittle Cu,O
phase that forms during sliding.

Fig. 7 shows two-dimensional wear track profiles
and micrographs of the counter body surfaces after
tribological tests of the coatings and substrate. The wear
depth of the substrate exceeded that of the coatings
by factors of 1.5-7.0 and 2.0-10.0 when using SKHS51
and SKD11 counter bodies, respectively.

Wear track analysis revealed that the 40KhFA

nitrogen incorporation into TiC-based coatings was steel substrate exhibited a specific wear rate
0.5 0.5
08 Substrate 0.8 |-
0.6 |- 06l Substrate
0.4 I 0.4 | 04
0.2 ‘ ‘ ‘ ‘ ‘ 0.2 ‘ ‘ ‘ ‘

Friction coefficient

0_ 1 | | | | 0 1 | | | |
0 200 400 600 800 1000 0 200 400 600 800 1000
Distance, m Distance, m
a b
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Fig. 6. Friction coefficient as a function of sliding distance
in tests against SKH51 (a) and SKD11 (b) counter bodies

Puc. 6. 3aBrucuMocTH K03()PHULUESHTA TPEHUS OT AUCTAHIIUU
MIPU UCTIBITAHUSIX B Mape ¢ KoHTprenamu POMS (a) u X12MO (b)

Table 6. Friction coefficient and specific wear rate for uncoated substrate and coatings

Ta6nuya 6. KoapunmeHT TpeHUs! U NPUBEIEHHBIN H3HOC /15 HEMOKPBITOI MOIJI0KKH U NOKPBITHI

Coating SKHS51 counter body SKDI11 counter body
f Vo mm*(N-m) | ¥, omm¥%/(N-m)| f Voo mm*/(N-m) | 7, mm3/(N-m)
1 0.18 1.4-10°° 54-10°% 0.17 1.2:-10°¢ 2.4-107
2 0.22 1.3-10°¢ 7.3-10°8 0.22 1.1-10°¢ 2.9-107
3 0.25 5.0-10°¢ 3.0-107 0.24 3.6:10°¢ 6.9-107
4 0.24 2.3-10°¢ 1.1-107 0.23 3.7-10°¢ 2.2:107
Substrate 0.63 1.2-104 5.7-10°¢ 0.71 2.7-104 1.2:10°
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Fig. 7. Wear track profiles and micrographs counter body wear zones
from tests using SKH51 (a) and SKD11 (b) balls

Puc. 7. TIpodunu 1opoxkek u3Hoca U MUKpodoTorpaduu 30H H3HOCA KOHTPTEI
IIpY UCTIbITaHUAX Mapukamu POMS () u X12M® (b)

of 1.2:107* mm?/(N-m) (SKH51 counter body) and
2.7-10* mm3/(N-m) (SKD11 counter body) (Table 6).

Coatings / and 2 exhibited the lowest specific
wear rates, with V= (1.3+1.4)-10° mm?/(N-m) and
(1.1+1.2)-10° mm?*/(N'm) in tribological pairs with
SKHS51 and SKD11, respectively. Coatings 3 and 4 sho-
wed higher wear rates when paired with SKH51 counter-
bodies— ¥, =5.0-10°and 2.3-10° mm?*/(N-m) — and
comparable V= (3.6+3.7):10° mm*/(N-m) when
tested against SKD11. The reduced wear resistance
of the coatings upon bronze addition may be attributed
to the fact that copper, the primary component, is a soft
phase more prone to abrasion [54]. Microscopic analy-
sis of wear scars on the counterbodies (Fig. 7) revealed
that the greatest wear occurred during contact with
the uncoated substrate (Table 6). The minimum coun-
terbody wear (V) for the SKH51 ball was observed
with coatings / and 2, while for the SKD11 ball it was

recorded with coatings / and 4.

Thus, deposition of Ti—-Cr—Ni—-C—(N) and Ti—-Cr—
—Ni—Cu—Sn—P-C—(N) coatings led to a 2.5-4.2-fold
reduction in the friction coefficient of the steel sub-

strate and a two-order-of-magnitude decrease in spe-
cific wear. Notably, coating / demonstrated the most
favorable combination of low friction coefficient and
high wear resistance in tests with both SKH51 and
SKD11 balls, while also exhibiting the highest crack
resistance and adhesion strength.

Conclusion

Ti—Cr-Ni—-C—(N) and Ti—Cr—Ni—Cu—Sn—-P-C—(N)
coatings were deposited by magnetron sputtering in
Ar and Ar-N, atmospheres using SHS-derived targets.
The coatings exhibited dense, defect-free, and uniform
microstructures. The primary structural components in
all coatings were FCC phases ¢-TiC(N) and c¢-(Ni,Cr).
For the Ti—-Cr—Ni—C and Ti—-Cr—Ni—-C-N coatings,
the crystallite sizes of the ¢-TiC(N) and ¢-(Ni,Cr) pha-
ses were similar, ranging from 34-36 nm and 22-23 nm,
respectively. The introduction of bronze resulted in
the formation of an amorphous Cu-based phase and
areduction in the crystallite size of c-TiC by 12—-15 % and
¢-(Ni,Cr) by 32-64 %. All coatings demonstrated hard-
ness values in the range of 18-21 GPa and elastic moduli

69
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between 220 and 235 GPa. The Ti—Cr—Ni—C coating exhi-
bited the best combination of crack resistance, adhesion
strength, lowest coefficient of friction (0.17-0.18), and
high wear resistance (1.4-10° and 1.2-10° mm3/(N-m)
when paired with SKH51 and SKDI11 counterbodies,
respectively). Deposition of Ti—Cr—Ni—Cu—Sn—P-C-N
coatings contributed to a 2.5-4.2-fold reduction in

the

substrate’s coefficient of friction and a two-order-of-

magnitude decrease in specific wear.

10.
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