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Ceramic-matrix composites based on cubic boron nitride (cBN) with binders, containing refractory
compounds of transition metals and aluminum, are widely used for high-speed (300 — 500 m/min) and
finishing metal processing of hardened alloy steels and heat resistant alloys. PcBN composite materials of the
BL group obtained in the cBN-NbC-Al and ¢cBN-TaC—Al systems (60:35:5 vol. % charge content) have good
application prospects. The purpose of this work was to study the effect of high pressure — high temperature
(HPHT) sintering conditions (7.7 GPa, 1600 — 2450 °C) on the crystal structure of NbC and TaC carbides,
which form together with aluminum the binder of the charge. As a result of a detailed X-ray diffraction study,
it was shown that the original NaCl type crystal structure of these carbides is modified under barothermal
exposure. Namely, an additional position for the placement of small atoms (nitrogen and/or carbon) is formed.
During HPHT sintering, the interaction of NbC and TaC with Al atoms in the charge, as well as with the
nitrogen flow formed during partial decomposition of ¢cBN, results in the formation of solid solutions. At the
same time, the dissolution of aluminum takes place in accordance with the type of Nb or Ta atoms
substitution by it (up to 2.5 at.% Al). Accumulation of nitrogen atoms in the TaC structure occurs by filling
vacancies in the carbon sublattice (dissolves up to 1 at.% N). In the NbC structure this process goes through
interstitial of nitrogen atoms with their placement on the additional position of a modified NaCl-type
structure (dissolves up to 5 at.% N). Besides, the carbon atom also partially moves from its basic positions.
This accumulation of defects leads to a significant increase in the lattice parameter of NbC carbide (a relative
increase of 0.28% for NbC versus 0.11% for TaC). It is shown that the carbide compositions can be described
as NbogsAlo,o4(C, N)1,17 and TaoesAloos(C, N)i. for composites of the cBN-NbC—Al and ¢cBN-TaC-Al systems
with the best operational characteristics (HPHT sintering at 7.7 GPa and 2150 °C).
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1. INTRODUCTION

The industrial need to increase the processing
productivity of modern metal alloys permanently requires
the use of new ceramo-matrix materials. Among them the
cBN-based ceramic materials (PcBN), having extreme
hardness and chemical inertness, are the most promising
for high-speed and finishing metalworking of hardened
steels and heat-resistant alloys [1,2]. One way to improve
performance of PcBN materials could be made by varying
the composition of the binder material, containing
refractory carbides, nitrides, borides, etc.

For this purpose the composite materials of the BL
group in the ¢cBN-NbC-Al and ¢cBN-TaC-Al systems
have been synthesized by HPHT sintering at pressure of
7.7 GPa in the temperature range of 1600 — 2450 °C.
Previously, for these materials the features of
components' solid state interaction have been studied
only by methods of X—ray diffraction phase analysis and
electron microscopy [3—5]. Besides, despite the fact that
an anomalous sintering temperature dependence of the
lattice parameters of NbC and TaC phases was revealed,
their crystal structures were not studied in details.

As a result of series of industrial testing of these
materials it was revealed that maximum values of the
Young's and shear modulus(635 GPa and 270 GPa,
respectively) are detected for ¢cBN-NbC-Al ceramic
obtained at 1950 °C, while a further increase in the
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sintering temperature leads to reduced stress-strain
properties [3, 4]; the microhardness of the cBN-TaC-Al
composite reaches its maximum value (34 GPa) at
2150 °C, while the Young’s modulus is maximum
(590 GPa) at 1600 °C [5]. Set of the properties of cBN—
NbC-Al and ¢BN-TaC-Al composites of BL group
obtained by HPHT sintering at 2150 °C made it
possible to recommend them for high-speed turning of
tempered high-alloyed steel (up to 60 HRC) as well as
for nickel-based alloy (Inconel 718) at high
temperatures in the cutting area [3-5].

2. STATEMENT OF THE PROBLEM AND
EXPERIMENTAL TECHNIQUE

In this work, taking into account the above-
mentioned prospects for the industrial application of
cBN-NbC-Al and ¢cBN-TaC-Al composites, we carried
out a detailed X-ray diffraction (XRD) study of changes
in the crystal structures of NbC and TaC carbides,
which they in presence of ¢cBN and Al undergo at high
pressure and temperatures. Particular attention was
paid to the role of aluminum in this process, which was
added to the charge in order to facilitate sintering
process and contribute to the absorption of residual
oxygen, because it is known that at high pressure the
decomposition of ¢cBN starts at about 2200 °C, while
aluminum reacts much earlier.
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In our opinion the information obtained from these
studies could be contributed to the understanding of
the processes occurring during the solid-state
interaction of NbC and TaC carbides with both
aluminum and boron nitride.

The study of structural features of NbC and TaC
carbides affected by high pressure and temperature
was carried out for samples obtained by the Authors of
Refs. [3-5]. Namely, two powder blends of cBN-—
NbC/TaC-Al (60:35:5, vol.%) were mechanically alloyed
(MA) with further HPHT sintering in a high pressure
apparatus of toroid type (pressure 7.7 GPa) at
temperatures range 1600 — 2450 °C.

X-ray diffraction patterns were obtained in discrete
mode on STOE STADI MP X—ray diffractometer (CuKa
radiation, observation range was 26 = (20 — 100)°, step
scan of 0.015° and counting time per step at 3 s).The
original software package [6], including full complex of
standard Rietveld procedures, has been used for
analysis and interpretation of the XRD patterns
obtained, namely, determination of both peak positions
and integral intensities of the Bragg reflections by
means of full profile analysis; carrying out qualitative
and quantitative phase analysis using PDF data for
phase identification and the least square method for
lattice parameters refinement; testing of the structure
models proposed and refining crystal structure
parameters (including coordinates of atoms, atomic
position filling, texture, etc.); calculation of the
parameters of the real structure of the individual
phases (coherent block sizes and lattice strain values).

3. EXPERIMENTAL RESULTS AND
DISCUSSION

The results of qualitative and quantitative XRD
phase analyzes of diffraction patterns obtained for cBN—
NbC-AI and ¢cBN-TaC-Al composites, sintered at a set
of temperatures, have confirmed our previous data [3-5].
Namely, it was shown that barothermal processing of
the initial charge leads to formation of a small amount
(less than 2 wt.%) of NbB:z or TaB2 as well as possibly a
very small amount of AIN nitride (Table 1).

However, despite the minor change in the phase
composition for both systems with sintering
temperature, the lattice parameters of NbC and TaC
carbides change remarkably (Fig. 1, 2).

The above mentioned variation in the lattice
parameters of NbC and TaC carbides with sintering
temperature (Fig. 1, 2) probably indicates a modification
of their crystal structures. According to available data,
under normal conditions the non-stoichiometric NbCo,95
and TaCogs carbides are characterized by following
lattice parameters: 0,4469 nm and 0,4456 nm,
respectively, while in our case after barothermal action
on the initial mixture, the lattice parameters of carbides
increase significantly (Table 1). The observed increase in
the lattice parameters of NbC and TaC can only be due
to the embedding of additional atoms into the interstices
of carbides' crystal structures.

Thus, the trial models of the crystal structures of
NbCand TaC carbides existing in HPHT sintered cBN—
NbC—-Al and ¢cBN-TaC-Al compositeswere created on
the basis of the following assumptions:
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Table 1 — Results of X-ray diffraction phase analysis for cBN-
NbC-Al and c¢BN-TaC-Al composites sintered at HPHT
method

. . Lattice
Sintering .-
temperature,® C Phase composition parameter,
a, nm
c¢BN-NbC-Al composite
Initial  blend | cBN+NbC? 0.44605(8)
after MA
1900 cBN+NbC+NbBo+AIN2 0.44729(5)
2000 c¢cBN+NbC+NbB2+AIN ? | 0.44726(2)
2150 c¢BN+NbC+NbB2+AIN 0.44718(3)
2300 cBN+NbC+NbB2+AIN ? | 0.44719(3)
2450 cBN+NbC+NbB2+AIN ? | 0.44725(1)
cBN-TaC-Al composite
Initial  blend | cBN+TaC 0.44550(3)
after MA
1600 cBN+TaC 0.44586(3)
1900 cBN+TaC 0.44592(4)
2150 cBN+TaC+TaBz2? 0.44601(2)
2300 cBN+TaC+TaB: 0.44600(3)
2450 cBN+TaC+TaB: 0.44600(2)

1) Aluminum is amorphized under MA action
2) Phase content (wt.%): 50:47:2: <1
3) Phase content (wt.%): 26:72:2
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Fig. 1 - Temperature dependences of lattice parameter of
NbC in HPHT sintered ¢cBN-NbC-Al blend (marked as circles)
as well as of aluminum content in NbC (marked as triangles).
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Fig. 2 - Temperature dependences of lattice parameter of TaC in
HPHT sintered ¢cBN-TaC-Al blend (marked as circles) as well as
of aluminum content in TaC carbide (marked as triangles).

1. Formation of NbB2 and TaB2 borides (Table 1)
should be accompanied by the formation of vacancies in
the metal sublattice of NbC and TaC carbides.

2. Vacancies in the metal sublattice of NbC and
TaC carbides can be occupied by atoms of aluminum,
which was amorphized under MA.
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3. The nitrogen, generated as a result of partial
decomposition of c¢BN, migrates through HPHT
sintered composites and locates in the interstices of the
NbC or TaC carbide lattice as well as in the vacancies
of the carbon sublattice.

As a result of the structural calculations of some
trial models proposed the model with the best
agreement between the experimental and calculated
values of the intensities of diffraction reflections
observed (RB factors did not exceed 0.01) has been
developed. Namely, Fm3m space group, (q1Me+(1-
qlAl) in 4(a) 0,0,0; q2(C+N) in 4(b) 0.5, 0.5, 0.5;
q3(N+C) in 24(e) 0.320, 0, 0. Finally, for the structures
of NbC and TaC carbides, existing in each sample of
the ¢cBN-NbC-Al and ¢cBN-TaC-Al composites studied,
the values of atomic position fillings (ql, q2, q3
parameters), as well as the values of isotropic
temperature factor B have been refined using 7
reflections available on diffraction patterns.

Also it should be noted that the following
assumptions were made at crystal structure modeling
and at its calculations:

1. It was assumed that aluminum completely fills
the vacancies formed in the metal sublattice of carbides
at HPHT;

2. Additional nitrogen atoms were placed according
with the model proposed by us in Ref. [7] for TiN
nitride (modified NaCl type structure model);

3. Total content of nitrogen and carbon atoms,
located in additional 24(e) position, was determined
from the close values of their scattering functions.

The composition of NbC and TaC carbides existing
in each sample of ¢cBN-NbC-Al and c¢cBN-TaC-Al
composites was determined using refined values of q1,
q2, q3 parameters.

Content of aluminum, dissolved in NbC and TaC
carbides at different temperatures, was calculated
using ql value. Correlation between temperature
dependences of aluminum content in NbC and TaC
carbides and their lattice parameter values is clearly
seen (Figs. 1 and 2).

Content of carbon and nitrogen in carbides was
determined using refined g2 and g3 parameters. It was
found that nitrogen atoms in TaC are located
exclusively in the vacancies of its carbon sublattice
(4(b)). However, nitrogen atoms in NbC are located in
24(e) position, where a significant part of the carbon
atoms migrates from 4(b) position also. The total
content of carbon and nitrogen atoms is shown in Fig. 3
for each carbide.

Thus, it is shown that the barothermal effect for
NbC and TaC carbides is different, namely, the smaller
lattice of TaC (a = 0,44550 nm) accumulates a small
amount of nitrogen atoms, which have occupied the
vacancies of the carbon sublattice. While in the larger
lattice of NbC (a = 0,44605 nm), nitrogen atoms placed
in the interstices, where a significant amount of carbon
atoms moves also. The total fraction of nitrogen and
carbon atoms located in the interstices of NbC lattice is
significant and increases with increasing of HPHT
sintering temperature (Fig. 4).

The effect of nitrogen atoms penetrating into the
crystal structures of carbides during sintering leads to
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Fig. 3 - Temperature dependences of total content of carbon
and nitrogen in NbC and TaC carbides.
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Fig. 4 - Temperature dependences of total fraction of nitrogen
and carbon atoms located in the interstices of NbC lattice.

an increase in their lattice parameters. Moreover, for
TaC this increase is about 0.11%, while for NbC it is
more than 0.28%.

Taking into account that the best performance
characteristics were obtained for composites sintered at
2150 °C, here we present the refined compositions of
the carbides for this particular temperature:
Nbo,96A10,04(C,N)1,17 and Tao,95Al0,05(C,N)1.

4. CONCLUSIONS

Based on the results of an XRD study of the crystal
structure of carbides existing in BL composites of the
¢BN-NbC-Al and ¢cBN-TaC-Al systems HPHT sintered
at 7.7 GPa, the following was shown:

1. The crystal structure of the NbC and TaC
carbides at barothermal action can be described
within the modified NaCl-type structure which we
proposed earlier.

2. Interaction of aluminum with NbC and TaC
carbides results in the formation of the substitutional
solid solutions containing up to 2.5 at. % Al.

3. The nitrogen atoms generated during a partial
decomposition of ¢cBN boron nitride are placed in the
additional position of the modified NaCl-type
structure as well as in the vacancies of the carbon
sublattice.

4. The lattice parameters of NbC and TaC carbides
studied are dependent on the amount of aluminum
and nitrogen dissolved in their crystal structures
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Brosiiue HPHT crnikanusa vHa kpucraniuyay crpykrypy kap6igie NbC i TaC y PcBN komnoaurax
cucrem cBN-NbC-Al i cBN-TaC-Al

H.M. Binseunal, JI.A. Crpariituyk?, A.M. Kypumoxr!, B.3. Typresuu?, O.1. Hakoneunal, I1.I1. Koryriok!,
JLII. Craciox?

v Kuiscvruti Haylonanvrull yHigepcumem imeni Tapaca Illesuenxa, gyn. Bonooumupcvra, 64/13, 01601 Kuis, Yrpaina
2 Inemumym naomeepoux mamepianie im. B.M. Baxyns HAH YVipainu, 8ys. Aémosasoocvka, 2, 04074 Kuis, Ykpaina

Kepamo-maTpugsi KoMmo3nty Ha OCHOBI KyOi4HOrO HITpHAY 6Opy 31 3B'S3KAMH, IO MICTSTH TYTOILJIABKI
CITOJIYKH TIEPEeXiMHUX METAJIB Ta AJIIOMIHIM, IMMPOKO BUKOPUCTOBYIOTHCS JIS BUCOKOIIBHUAKICHOI (300 —
500 M/XB) Ta YMCTOBOI METAJI000POOKN 3arapTOBAHUX JIETOBAHHUX CTAJIEH Ta YKAPOMIIHUX CILIABIiB. XOpOIIi
MEePCIeKTUBHA MPAKTUYHOIO 3aCTOCYBAHHS A 11horo MaiTh PcBN kommoswuritiai matepianu BL rpymm
orpumani B cucremax cBN-NbC-Al ta ¢cBN-TaC-Al (ckman mmuxtu B 00. % 60:35:5). Meroo mamoi poboru
Oysio BuBueHHs BBy ymMoB HPHT cmikammsa (7,7 I'Ta, 1600 — 2450 °C) Ha KpHCTATIYHY CTPYKTYPY
kap0imis NbC ta TaC, axi cymicHo i3 amomiHieM GOPMyIOTH 3B’A3Ky IIUXTH. B pesysbTaTi JOKJIAIHOTO
PEHTreHOCTPYKTYPHOTO JOCIIIIPKeHHS 0yJIO IOKA3aHO, 0 IPUTAMAHHA I[UM Kap0iiaM BUXIHA KPUCTAJIIYHA
crpykrypa tuiy NaCl B ymoBax 6aporepMivyHOro BIUTHBY MOIHU(IKYETHCS, HAOYBAIYH JOJATKOBY IIO3HIIII0
JUIS PO3MIIMIEHHST MajuX 3a poamipoMm artomiB (asory abo/ra Byruierro). [Ipy HPHT cmikamui B3aemomis
rap6igie NbC ta TaC 3 amomiHieM IIUXTH, a TAKOXK 13 a30TOM, II[0 YTBOPIOETHCS IIPY YACTKOBOMY PO3IASl
c¢BN, Besme /10 yrBOpeHHs TBepAuxX pPo3dyWHIB. [Ipm 11bOMY, PO3UMHEHHS AJIOMIHII B1JI0OYyBAETHCA 34 THUIIOM
3aMimeHHs HUM Hiob1o abo tarTamy (mo 2,5 at. % Al). AkymymoBanHs a3oty B crpykTypl TaC BinOyBaeTnest
13 JI03aMOBHEHHAM HUM BaKAHCIH B miArpaTii Byrieiro (podunHsaeTbes 10 1 aT. % N), a B crpyrrypi NbC 3a
TUIIOM 3aHYPEeHHS 3 PO3MINIEHHAM B JOJATKOBIM moauIni wMomaudikoBauol crpykrypu tumy NaCl
(posumHOETBCT A0 5 aT. % N), 1m0 AKoI TAKOM YACTKOBO MEPEMIILYyeThCA BYTJIEb 31 CBOIO OCHOBHOI'O
nososxenHs. Take HakonuueHHs JedeKTIB Befle 0 CYyTTEBOro 301/IbIIeHHs mapaMeTpy rpatku kapoigy NbC
(BigrOCHE 30imbinenHa 0,28 % mmsa NbC cymporus 0,11 % misa TaC). Ilokasamo, 110 118 KOMIIOSHTIB CHCTEM
c¢cBN-NbC-Al ta ¢cBN-TaC-Al 3 matikpamumu excruayaramiiiauvu xapakrepuctukavu (HPHT cmikaunns
apu 7,7 I'lla ta 2150 °C) cknamu kapbimiB MosxkHa ommcat Sk NbogsAloos(C,N)1,17 and Taoe5Al0,05(C,N)1.

KmiouoBi cnosa: Bucori tumckm, Hanarsepmi wmarepiamm c¢BN, Monokap6igu, Penrreniscbka
nudparromerpis, Kpucramgiuna crpyrrypa.
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