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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.
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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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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).
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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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