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The article shows the effect of mixtures of metal powders of Ti, Nb, Cr, Zr and Ti, Mo, Cr, V, as well as Mo,
Nb, Cr, and Ta during spark plasma sintering of compositions at a pressing load of 85 MPa in the range of
1200 — 1600°C on the phase composition, microstructure, grains sizes of crystalline phases, relative density,
linear shrinkage, physico-mechanical properties, linear correlation, values of standard deviations of the modu-
lus of elasticity and fracture toughness of mullite—(Ti,Ta)(C,N)-B,C—c-BN samples. Synthesized powders of
TiC, TiN, B,C, and #-BN are characterized by different intensity of crystallization of TiC, TiN, B,C, and #-BN
phases, respectively. Spark-plasma sintered solid solution of (Ti,Ta)(C,N) shows intensive crystallization of
the (Ti,Ta)(C,N) phase at 1500°C, as well as crystalline, uniform, and densely sintered microstructure.
Sintered samples with the mixtures of metal powders show similar mullitization and crystallization of the
(Ti,Ta)(C,N), B,C, and c-BN phases with different evolution of the crystalline B-Ti, Nb, Cr, Zr, $-Ti, Mo, Cr,
V, and 3-Mo, Nb, Cr, Ta phases in the range of 1200 — 1600°C. The microstructures of sintered samples are
crystalline, variously uniform and variously densely sintered. The samples with mixtures of metal powders
form variously dispersed granular compositions of crystalline phases in the range of 1200 — 1600°C, different
uniformity, density, path, width of boundary layers of solid solutions of metallic phases, different packing of
particles of non-oxide and solid solutions of metallic phases, have different path and width of propagating
microcracks at the boundaries of ceramic particles and particles of solid solutions of metallic phases at 1300
and 1500°C, as well as across the boundary layers of solid solutions of metallic phases at 1500°C. This differ-
ently affects the ingrowth and values of physico-mechanical properties, crack resistance linear correlation,
values of standard deviations of the modulus of elasticity and fracture toughness in the range of

1200 — 1600°C.

Keywords: mullite—(Ti,Ta)(C,N)-B,C—c-BN, mixtures of Ti, Nb, Cr, Zr, Ti, Mo, Cr, V and Mo, Nb, Cr, and
Ta powders, spark plasma sintering.

INTRODUCTION

The development and implementation in practical appli-
cation of ceramic-metal (cermet) mate-rials are associated
with a number of problems, such as the difference of diffu-
sion processes, mechanisms, homogeneity, completeness and
intensity of crystallization of solid solutions of ceramic and
metallic phases, as well as homogeneity and completeness of
sintering of ceramic and metallic powders or their mixtures,
and especially the areas of particles of heterogeneous solid
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solutions and boundary layers [1 — 5]. As a result, separately
crystallize solid solutions of ceramic and metallic phases of
different densities due to the lack of incorporation of metallic
powders into ceramic components, formed in different scale
sintered and uniform microstructures, boundary layers of dif-
ferent density, uniformity, path, width in the conditions of
low pressing load and sintering temperature, which generally
determines the embrittlement or strengthening, reinforcing
the structures of boundary layers of ceramic and metallic ar-
eas [2—5]. These microstructural features affect the brit-
tle-to-elastic property ratio; initiation, activation, or deceler-
ation of microcracks propagation, the variety, path rectilin-
ear, tortuous, continuous, discontinuous), length and width of
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microcrack; absence or presence of a “bridge” in the bound-
ary layers of ceramic and metallic regions, which inhibits the
propagation of microcracks; decrease or increase of the val-
ues of properties of materials [3 — 5].

Strengthening and reinforcing of the boundary structure
of grains of cermet materials by adding separate metal pow-
ders (e.g., Ti, V, W and Mo) to ceramic compositions is
caused by the formation of different density of non-oxide
compounds during reactions between non-oxide components
and metallic powder, in this case the strengthening and rein-
forcing effect varies greatly depending the density of the
structures of the resulting non-oxide components [2 — 5].

An effective method of strengthening and reinforcing of
the boundary structure of grains of cermet material is associ-
ated with the addition to ceramic compositions the mixtures
of the metal powders: Zr and Mo, Zr and Ta [6].
Strengthening and reinforcing by such additives are caused
by the formation of particles of solid solutions of metallic
phases (e.g., a-, B-Mo, Zr; a-, B-Zr, Ta / a-, B-Ta, Zr) during
the incorporation the structures of metallic components in
the solid state [6]. Crystallization of brittle intermetallic
compounds, such as Mo,Zr, Ta;Zr/Ta;Zr,, forming agglom-
erates of various density and sizes, reduces rigidity and hard-
ness at the boundaries of ceramic and metallic grains, initiate
the propagation of microcracks in the boundary layers of ce-
ramic and metallic phases [6].

A more modern and promising method of strengthening
and reinforcing of the boundary structure of grains of the
cermet material is based on the combination of mixtures of
metal powders of W and Mo, Zr and Ti with additives of
-SizNy, c-BN and solid solution TiC—ZrC [7]; Ni and Ta, Ni
and Zr with additives of TiC and ¢-ZrO,, and solid solution
TaB,—NbC [8]; and powders of metal compounds, such as
Ti,AINb, NiTi, NiNbZr and NiVTa with additives of ¢-ZrO,,
¢-BN and solid solution (Ti, Mo)(C,N) [9]. The combination
of non-oxide/oxide — non-oxide additives with solid solu-
tions, obtained from the corresponding intermediate materi-
als during spark plasma sintering, contributes the incorpora-
tion of hard particles of non-oxide/oxide — non-oxide addi-
tives and solid solutions into the intergranular space of ce-
ramic and metallic grains, which increase compaction, rigid-
ity, and hardness and inhibition the propagation of
microcracks in the boundary areas of these grains [7 —9].
The strengthening and reinforcing of the boundary structure
of the grains by these additives significantly depends on the
per-centage content of -Si3sNy, c-BN, B-SiAION, c-ZrO,,
¢-BN, and current component in the solid solutions, and the
ratio of these additives [7 — 9]. The differences in the used
metal powder mixtures and intermetallic compounds are as-
sociated with the types and mechanisms of reactions, in par-
ticular solid-phase reactions in the presence of W and Mo, Zr
and Ti [7], NiNbZr, NiVTa [9], as well as liquid-phase reac-
tions with the presence of Ni and Ta, Ni and Zr [8], Ti,AINb
and NiTi [9]. During solid-phase sintering of the composi-
tions with W and Mo, Zr and Ti, NiNbZr, and NiVTa,

intermetallic compounds and solid solutions of the metal
phases are formed by direct interaction and incorporation of
metallic components [7,9], while during liquid-phase
sintering of the compositions with Ni and Ta, Ni and Zr;
Ti,AINb, NiTi — via low-melting eutectics in the systems
Ni-Ta, Ni—Zr, Ti3Al-Nb, and Ni—Ti, which differently effect
on the solid-/liquid-phase sintering of ceramic and metal
powders, density, uniformity, width, path, crack resistance of
the boundary layers, as well as physico-mechanical proper-
ties of materials [7 — 9].

The objective of this work is to study the effect of mix-
tures of metal powders of Ti, Nb, Cr; Zr, Ti, Mo, Cr, V; Mo,
Nb, Cr, and Ta during spark plasma sintering of the composi-
tions at a pressing load of 85 MPa in the range of
1200 — 1600°C on the phase composition, microstructure,
grain sizes of crystalline phases, relative density, linear
shrinkage, physico-mechanical properties, linear correlation,
values of standard deviations of the modulus of elasticity,
and fracture toughness of mullite—(Ti,Ta)(C,N)-B,C—c-BN
samples.

EXPERIMENTAL

To prepare a mixture of Al,O5 and SiO, powders, Al,O5
(Aldrich, Belgium, 97.5% purity) and SiO, (Merck, Ger-
many, 97.5% purity) were used. These components were
measured according to a weight ratio corresponding to
mullite stoichiometry (3:2) and mixed in a planetary mill
(RETSCH PM 400) for about 10 min.

The synthesis of TiC, TiN, TaB,, B,C, and 4-BN pow-
ders was performed in a plasma-chemical apparatus under
vacuum at 1600°C for 1 hour using the initial components
(Table 1).

The synthesis of TiC, TiN, TaB,, B,C, and #-BN pow-
ders was performed according to the following reactions:

TiO, + 2C — TiC + CO,, (1)
TiO, + N, - TiN + NO,, @)
2B,0, +4C — B,C +3CO,, 3)
2B,0, + 3.5N, — 44-BN + 3NO,, )
3Ta0, + 10B — 3TaB, + 2B,0;. (5)

The weight ratios of the initial components used to pre-
pare TiC, TiN, B,C, A-BN, and TaB, powders and metal
powder mixtures are shown in Table 2. The content of the
initial components in the mixtures of metal powders was cal-
culated based on the quaternary equilibrium phase diagrams
of Ti-Nb—Cr—Zr, Ti-Mo—Cr-V, and Mo—Nb—Cr-Ta [10 — 12].

Sintered (Ti,Ta)(C,N) was prepared by the spark plasma
sintering method (SPS, Summimoto, model SPS 825. CE,
Dr. Sinter, Japan) from TiC and TiN melts with TaB, additive
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TABLE 1. Characteristics of initial components.

Obtained Initial Manufacturer Purity, %
powder components
TiC TiO,/C Merck, Germany / 98.5/99.0
Aldrich, Belgium
TiN TiO,/N, Merck, Germany / 98.5/99.5
Aldrich, Belgium
TaB, TaO,/B Aldrich, Belgium / 99.0/98.5
Aldrich, Belgium
B,C B,0,/C Merck, Germany / 99.0/98.0
Aldrich, Belgium
h-BN B,05/N, Aldrich, Belgium / 99.0/99.5
Aldrich, Belgium
Ti Ti Merck, Germany 99.0
Nb Nb Aldrich, Belgium 98.5
Cr Cr Merck, Germany 99.0
Zr Zr Aldrich, Belgium 99.5
Mo Mo Merck, Germany 99.0
A\ \Y Aldrich, Belgium 99.5
Ta Ta Merck, Germany 99.5

TABLE 2. Initial component ratios.

Powders/powder Initial Initial component weight ratios,
mixtures components g per 100 g of mixture
TiC TiO,/C 76.90/23.10
TiN TiO,/N, 74.03/25.97
B,C B,0,/C 73.89/26.11
h-BN B,04/N, 57.99/42.01
TaB, TaO,/B 86.47/13.53
Ti, Nb, Cr, Zr Ti, Nb, Cr, Zr 14.21/27.42/29.98/28.39
Ti, Mo, Cr, V Ti, Mo, Cr, V 13.96/27.92/30.15/27.97
Mo, Nb, Cr, Ta Mo, Nb, Cr, Ta 64.75/10.45/14.62/10.18

under vacuum (60 kPa), pressing load of 30 MPa, soaking
time of 10 min, temperature range of 2130 —2280°C, and
heating rate of 230°C/min. The initial component ratio (com-
position (Tij¢Tag4)(Cy7Np3)) was calculated based on the
ternary equilibrium phase diagram of TiC-TiN-TiB, in the
region of molten components of hyper-eutectic (close to
eutectic) composition [13]: mass of components (35 mol.%
TiC/15 mol.% TiN/50 mol.% TaB,) =16,00 / 7,11 / 76,89 g
per 100 g of the mixture; TiC / TiN / TaB, ratio=2,25/1/
10,8.

Sintered (Ti,Ta)(C,N) was crushed in a planetary mill
(RETSCH PM 400) for 30 min to obtain a powder with a
particle size ranging from 5 to 10 pm.

Powders of B,C, A-BN, sintered (Ti,Ta)(C,N) and metal
powder mixtures were mixed at the corresponding weight ra-
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tios (Table 3) in a planetary mill (RETSCH PM 400) for
about 10 min.

The weight ratios of ceramic components and metal
powder mixtures per 100 g of the mixture were as follows:
MA40(Ti ¢ Tag 4)(Cy 7Ny 3)5B,C5BN10Ti10Nb19,5Cr10,5Zr — 3,89,
MA40(Tij ¢ Tag 4)(Co 7Ny 3)5B4C5BN8,5Ti8,5Mo17Cr16V — 4,32,
MA40(Tiy 6 Tag 4)(Cy 7Ny 3)5B4C5BN30M05Nb12,5Cr2,5Ta — 3,21.

The resulting mixture of Al,O; and SiO, powders was
mixed with the prepared groups of powder mixtures
(Tig s Tap 4)(Co.7No 3)/B4C/-BN/TYNb/Cr/Zr, (TigsTag 4)(Co7No3)/
B4C/h-BN/Ti/ Mo/Cr/V, and (Tiy ¢Tay 4)(Cy 7Ng 3)/B4C/h-BN/
Mo/Nb/Cr/Ta in a planetary mill (RETS-CH PM 400) for
about 10 min for subsequent sintering.

The resulting mixtures of the components were placed
into a 30 mm diameter graphite mold and spark-plasma
sintered (SPS, Summimoto, model SPS 825. CE, Dr. Sinter,
Japan) under vacuum (6 Pa), pressing load of 85 MPa, soak-
ing time of 3 — 4 min, temperature range of 1200 — 1600°C,
and a heating rate of 100°C/min.

PROCEDURE FOR DETERMINING
PROPERTIES OF OBTAINED POWDERS
AND SINTERED SAMPLES

Phase composition, microstructure of synthesized pow-
ders and sintered samples, relative density (p,), linear
shrinkage (Al), modulus of elasticity (£), Vickers hardness
(HV), and fracture toughness (Kj,) were determined by the
methods described in Ref. [5].

Theoretical density (Pyeor), g/cm’: mullite — 3.17;
(Tig 6Tag4)(Co7Np3) — 8.2; B4C — 5.2; ¢-BN — 3.49; a-,
B-Ti, Nb, Cr/Zr — 4.76, 4.85/4.97, 5.06; a-, B-Ti,Cr,Zr —
4.9, 4,95; a-, B-Nb,Cr,Zr — 5.08, 5,18; a-, B-Ti,Nb,Cr,Zr —
6.23, 6.58; a-, B-Ti,Mo,Cr/V — 4.87, 4.95/5.08, 5.13; a-,
B-Ti,Cr, V— 4.97, 5.08; a-, B-Mo,Cr,V — 5.13, 5.25; a-,
B-Ti,Mo,Cr,V — 6.34, 6.73; a-, B-Mo,Nb,Cr — 4.70, 4.9;
a-, B-Nb,Cr,Ta — 4.85, 4.97; a-, B-Mo,Cr,Ta — 4.95, 5.10;
a-, p-Mo,Nb,Ta — 5.06, 5.13; a-, B-Mo,Nb,Cr,Ta — 6.12,
6.34.

In order to perform mathematical processing of the £ and
K. data of the samples, the mean standard deviations from a
certain number of values at a current temperature and the to-
tal values of standard deviations in the temperature range of
1200 — 1600°C were calculated using the following formula:

S, =&, —n, ))n,

where S, is the mean standard deviation; », is the result of the
i-th measurement; 7 is the total number of measurements;
and n,, is the arithmetic mean of the results: n =
(ny+ny+..+n+ . +n)n, (n=>5), where n,, n,, n, and n,

are the results of i-measurements.
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TABLE 3. Proportions and initial component ratios™.

Composition

Parameter

M40(Ti ¢ Tag 4)(Co 7No-3)5B4C M40(Tig 4 Tag 4)(Co ,Ng 3)3B4C M40(Tiy ¢ Tag 4)(Co 1Ny 3)5B,C
SBN10Ti10Nb19,5Cr10,5Zr

5BNS8,5Ti8,5Mo17Cr16V SBN30Mo5Nb12,5Cr2,5Ta

Component mass, g per 100 g of mixture:

40 mol.% (Tiy ¢Tay 4)(Cy-Ny3) / 5 mol.% B,C/
5 mol.% A-BN / 10 mol.% Ti/ 10 mol.% Nb /
19.5 mol.% Cr/ 10.5 mol.% Zr

40 mol.% (Ti ¢Tag 4)(Cy 7Ny 3) / 5 mol.% B,C /
5 mol.% A-BN /8.5 mol.% Ti/ 8.5 mol.% Mo /
17 mol.% Cr/ 16 mol.% V 40 mol.%
(Tig¢Tag4)(Cy7Ny3) / 5 mol.% B,C /5 mol.% h-BN /
30 mol.% Mo / 5 mol.% Nb/ 12.5 mol.% Cr /
2.5mol.% Ta

Ratio:

3A1,052Si0, / (Tiy ¢Tag 4)(Cy 7Ny 3) / B,C/
h-BN/Ti/Nb/Cr/Zr
3A1,04-2Si0, / (Tiy ¢ Tag 4)(Cy 1Ny 53) / B,C/
h-BN/Ti/Mo/Cr/V
3A1,042Si0, / (Tiy ¢ Tag 4)(Cy 1Ny 5) / B,C/
h-BN /Mo /Nb/Cr/Ta

54.62/3.11/1.44/5.76 / — —
11.16 /12.16 / 11.75

57.65/3.28/1.52/5.16/ —
10.33/11.18/10.88

— 48.55/2.76/1.28/30.72 /
4.95/6.92/4.82

1.83/32.15/69.44/17.36/ — —

8.96/8.22/8.51

1.73/30.48 /65.79/19.38/ —

9.68/8.94/9.20

— 2.06/36.23/78.12/3.25/
20.2/14.45/20.7

* Component mass: 3A1,05/2Si0, 71.8/28.2 g per 100 g of mixture.

The total values of standard deviations were calculated
using the following formula:

28, =S, + Syt ...t S, . S,

Xt xn

where XS is the total value of standard deviation; S, S ,,

S and S are the standard deviations of each value at a cur-

xi?

rent temperature

RESULTS AND DISCUSSION

The phase composition of TiC, TiN, TaB,, B,C, and
h-BN powders synthesized by the plasma-chemical method
is shown in Fig. 1.

The phase composition of the synthesized TiC, TiN,
B,4C, and #-BN powders is represented by narrow, intensive
diffraction patterns of TiC, TiN, and B,C, and less intensive,
slightly wide diffraction patterns of TaB, (see Fig. 1). This is
related with evoluted diffusion processes during solid-phase
interaction of TiO, with C and TiO, with N, active dissolu-
tion of carbon powder/nitrogen in the low-temperature melt
of ByO3 (Tieting = 500°C) unlike less active solid-phase in-
teraction of TaO, with B. In a result, more accelerated crys-
tallization of TiC, TiN, B,C, and 4-BN phases, than TaB,
phases.

Sintered (Ti,Ta)(C,N) material show crystalline, narrow,
intensive diffraction patterns of (TiygTay4)(Co7Ny3) and

weakly evoluted by-product crystalline phase Ti;__,)B, dur-
ing the formation of solid solution of tantalum carbonitride
(Fig. 2). The mechanisms of formation of tantalum
carbonitride solid solutions are shown in the form of the fol-
lowing reactions:

TiN, + TiC, + xTaB,
= (Ti_Ta* )N, + (Ti, xTa*)C + Tij B,

— (Ti(_ Ta)N, + (Tij,_ Ta)C, + Ti, B, (6)

(1) (1)

(Ti(y_y TN, + (T, Ta)C, +Ti,_ B,

(1-x) (1-x)

- (T, Tar Ta)C(H) (y+1) .

+ (Tl(1 Ta Ta)N,, ) C ]) o T TyB,

= (Ti_2Ta)C(, N o,

+(Ti, X)ZTa)N(y 1Corny T T 19Ba 6.1)

The formation of (Tig¢Tag4)(Cy7Ng3) proceeds in sev-
eral stages: formation of TiN and TiC melts, dissolution of
TaB, in the TiN and TiC melts, and crystallization of
(Tig ¢Tag 4)(Cy7Ng 3). As the solubility of TaB, in the TiN and
TiC melts increases and with the saturation of these melts
with tantalum diboride, low-melting eutectics are formed in
the triple TiC-TiN-TaB, system, and specifically in
TaB,-TiN at 2140-2185°C and TaB,-TiC at 2190 —
2260°C. This corresponds to the region of limited solubility
of the eutectic/peritectic composition of the TiN, TiC, and
TaB, melts. The crystalline diffraction patterns of
(Tig ¢Tag 4)(Cy 7Ny 3) are narrow and intensive. There are no
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Fig. 1. Phase composition of TiC (a), TiN (b), TaB, (¢), B,C (d),
and /#-BN (e) powders synthesized by a plasma-chemical method at
1600°C.
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Fig. 2. Phase composition of (Ti,Ta)(C,N), obtained from TiC and
TiN melts with an addition of TaB, and sintered in the temperature
range of 2130 —2280°C: (Tiy4Tay4)(Cy;Ny3) — solid solution of
tantalum carbonitride; Ti;_(,_,)B, — titanium diboride of a non-stoi-
chiometric composition. The stoichiometry of (Tij¢Tay4)(Cy7Np3)
was determined based on the percentage content of Ti, Ta, C, and N
in this compound with an error of +2% by energy dispersive x-ray
spectrometer (model JET-2300T).

eutectic/peritectic reactions between the TaB, melt and
(Tig¢Tay 4)(Cy 7Ny 3) particles in the low-melting eutectics of
the ternary TiC-TiN-TaB, system. As a result, there is no
recrystallization of the (Ti, ¢Tag 4)(Cy 7Ny 3) phase and corre-
sponding grains. These processes are similar to the processes
occurring in a ternary equilibrium phase diagrams of
TiC-TiN-TiB, of eutectic/hypereutectic composition at a
pressing load of 5 MPa and above at 2327 —2627°C [13]. As
a result, evoluted diffusion and intercalation processes, as
well as crystallization of tantalum carbonitride solid solution
(see Fig. 2) unlike spark plasma sintering of Al,Os, SiO,,

A. V. Hmelov

TiC, and TiN mixtures via plastic state of TiC and TiN dur-
ing unlimited dissolution, saturation of TiC and TiN,
non-forming low-melting eutectics between themselves, or
with Al,O5 and SiO,, in a result don’t contribute the crystal-
lization of the Ti(C,N) phase due to the formation of an un-
limited solubility region at a pressing load of 75 MPa and a
temperature range of 1200 — 1600°C [14]. Crystallization of
the (Ti,Ta)(C,N) phase as a single and stable (whole) com-
pound indicates a region of complete solubility of TaB, in
the TiN and TiC melts, and the lack of spinodal decomposi-
tion of (Ti,Ta)(C,N) compared to a ternary equilibrium phase
diagram of TiC-TiN-TiB,, of complete hypereu-tectic com-
position, which shows the region of incomplete TiB, solubil-
ity in the TiN and TiC melts, consisting of TiB, and melt
[13]. In this sintering conditions, TaB, dissolution in the TiN
and TiC melts is promoted with uniform, complete incorpo-
ration of the crystalline structures of intermediate solid solu-
tions (see reactions (6) and (6.1)), and structuring of tanta-
lum carbonitride solid solution, with a dense (cubic) struc-
ture. This method is more effective compared to obtaining
Ti(C,N), including Ti(C,N) solid solution by using a mixture
of TiC and TiN, a Ti(C,N) powder with a TaC or Ta additive
in the solid phase, or with a TaC additive in Ni/Co melts dur-
ing spark plasma sintering at a pressing load of 35, 30, or
50 MPa [15 — 18], since the absence of non-uniform, incom-
plete by-processes in the TiC and TiN melts typical for solid-
or liquid-phase sintering.

The microstructure of sintered (Ti,Ta)(C,N) is crystal-
line, uniform, and densely sintered, with individual fine
pores (Fig. 3a). This is related with evoluted diffusion and
intercalation processes, as well as active crystallization of
tantalum carbonitride solid solution (see Fig. 2) via
low-melting eutectics in the region of limited solubility of
eutectic/peritectic composition of the TiC, TiN, and
TaB, melts of the TiC-TiN-TaB, triple system that promotes
uniform and complete sintering of the (Ti,Ta)(C,N) particles.
As a result, sintered grains of (Tij¢Tag 4)(Cy 7Ny 3) are crys-
talline, monolithic, uniformly and densely packed, and par-
tially fused with a small quantity of fine Ti;_(;_,B, grains,
visible boundary areas of tetra-, hexa-, and octahedral shapes
measuring 2 — 5 um of size (see Fig. 3b). Due to uniform and
complete incorporation reactions (see reaction (6.1)), uni-
form crystallization of (Ti,Ta)(C,N) (see Fig. 2), enhanced
structuring and formation of a dense (Ti,Ta)(C,N) structure,
the (Ti,Ta)(C,N) grains are hard.

The phase composition of the samples sintered from the
initial components with different mixtures of metal powders
by spark plasma sintering in the temperature range of
1200 — 1600°C is shown in Fig. 4a, b.

The mechanisms of formation of the crystalline quater-
nary solid solutions are complex and consist of different
types of components interacting in the solid and liquid
phases:
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Fig. 3. Microstructure of (Ti,Ta)(C,N) sintered at 1500°C by a spark plasma sintering method: @) general microstructure; b) microstructure of
sintered (Ti, ¢Ta, 4)(Cy 7N, 3) grains; / — partially fused (Ti, ¢Ta, 4)(Cy 7Ny 3) grains; 2 — (Ti, 4 Tay 4)(Cy 7N, 3) grains of tetra-, hexa-, and octahe-

dral shapes; 3 —
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Fig. 4. Phase composition of the samples:

a) M40(Ti, cTa, 4)(Cy 7N, 3)5B,C5BN10Til10Nb19,5Cr10,5Zr;

b) M40(Ti ¢ Ta, 4)(Cy 7Ny 3)5B,C5BNS,5Ti8,5Mo17Crl16V;

¢) M40(Ti, ¢ Tag 4)(Cy 7Ny 3)5B,C5SBN30Mo5Nb12,5Cr2,5Ta,
sintered in the range of 1200 — 1600°C: M — mullite; (Ti,Ta)(C,N) —
solid solution of tantalum carbonitride; o.-, B-Ti,Nb,Cr/Zr — a mix-
ture of solid solutions of titanium-niobium-chromium and tita-
nium-niobium-zirconium; o-, $-Ti,Cr,Zr — solid solution of tita-
nium-chromium-zirconium; a-, B-Nb,Cr,Zr — solid solution of nio-
bium-chromium-zirconium; o-, -Ti,Nb,Cr,Zr — solid solution of
titanium-niobium-chromium-zirconium;  a-, [B-Ti,Mo,Cr/V
a mixture of solid solutions of titanium-molybdenum-chromium and
titanium-molybdenum-vanadium; o-, -Ti,Cr,V — solid solution of
titanium-chromium-vanadium; a-, f-Mo,Cr,V — solid solution of
molybdenum-chromium-vanadium; o.-, §-Ti,Mo,Cr,V — solid solu-
tion of titanium-molybdenum-chromium-vanadium; o.-, 3-Mo,Nb,Cr —
solid solution of molybdenum-niobium-chromium; a-, -Mo,Cr,Ta —
solid solution of molybdenum-chromium-tantalum; o.-, B-Nb,Cr,Ta —
solid solution of niobium-chromium-tantalum; a-, f-Mo,Nb,Ta —
solid solution of molybdenum-niobium-tantalum; o.-, 3-Mo,Nb,Cr,Ta —
solid solution of molybdenum-niobium-chromium-tantalum.
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Crystallization of a-, f-Ti, Nb, Cr, Zr:
— solid-phase reactions between chemical compounds
and solid solutions:

a-, B_(Ti’Cr)(nonstable.s.s.) +xa-, B_Zrch(solid phase)

+ X0, B-NOCIy( i phase) = &= B-(Ti 17)(),2xCr2+Cr)Nb

+ 0=, B-(Tiy_,2xCr* Cr)Zr + o=, B-(Ti;_,,, xXNb* Cr)2Cr
+a-, B-(Ti xZr*"Cr)2Cr + a-, B-(Ti,Cr(l_x)be4+)2Cr
+ a-, B—(Ti,Cr(l_x)er4+)2Cr

- -, B-(Ti(lfx), 2xCr-Cr)Nb + a-, B-(Ti
+at-, B-(Ti(y_, ¥Nb-Cr)2Cr

+a-, B-(Ti(lfx),er-Cr)ZCr + a-, B-(Ti,Cr(l_X)be)2Cr

+a-, B-(Ti,Cry_¥Zr)2Cr

— 0o-, B—((Ti(lfx),ZxCrCr + Ti(lfx),ZxCrCr + Ti(lfx),be-Cr

+ Ti(lfx), xZr-Cr)Nb-Zr-2Cr-2Cr)

+ -, B—((Ti,Cr(l_x)be + Ti,Cr(l_X)er)2Cr-2Cr)

- -, B-(Z(Ti(lfx),4xCr)~2Cr + ZTi(l7x),beer~2Cr)Nb~Zr'4Cr
+ a-, B—(Z(Ti,Cr(l_x))beer)4Cr - -, B—(ZTi(l_x),4xCr)‘2Cr
+ 2Ti(I_X),be,er~2Cr)Nb~Zr~4Cr

+ a-, B-(2Ti, 2Cr(1_x),be,er)4Cr, (7)

(H),ZxCrCr)Zr

a-, '(Ti’Nb)@tablc-s.s) +xo-, B_Zrch(solid phase)

- a-, B-(Ti(lfx),Nb2xCrz+)Zr + o, B-(Ti, x),Nber‘”)zCr
— o~ B~(Ti;_,Nb2xCr)Zr + a-, B-(Ti;_,,NbxZr)2Cr
- -, B—((Ti(lfx),NbeCr + Ti(H),Nber)ZrQCr)

= 0, B-(2(Ti;_,,Nb)2xCrxZr)Zr-2Cr

- a-, B-(2Ti(;_,),2Nb,2xCrxZr)Zr-2Cr, (8)
ot B-(TLZ) apie .5 X0 B-NOCIy (14 phase)

— o=, B-(Ti,Zr,_, x2Cr*")Nb + a-, B~(Ti,Zr,_ xNb*")2Cr

(I=x)
— o, B-(Ti,Zr,,_,2xCr)Nb + a-, B—(Ti,Zr(lfx)be)ZCr

(1-x)
— ot~ B-((Ti,Zr,,_,2xCr + Ti, Zr,_ xNb)Nb-2Cr)
— a-, B-(2(Ti,Zr;_,)2xCrxNb)Nb-2Cr

— o-, [3—(2Ti,2Zr(1_x),2xCr,be)Nb-ZCr, )

— solid-phase reactions between double solid solutions:

X B_(Zr’Nb)(rEIaﬁ"el)’ stable.s.s.) tyo-, B_(Ti’cr)(nonstable.s.s.)
— o=, B-(Zr gy, NbyCr?)Ti + ot-, B-(Zr;_, NbyTi*")Cr
+ a-, B'(Zr,Nb(lfy)yCr%)Ti + -, B'(ZraNb(l,y )yTi‘”)C "

+o, B-(Tig CrxNb*")Zr + -, B-(Tiy CrxZr*")Nb
+ o, B-(Ti,Cr l_x)be‘”)Zr + a-, B-(Ti,Cr(lfx)erH)Nb
— -, B-(Zr( l7y),beCr)Ti + o-, B-(Zr(lfy),beTi)Cr

+ a-, B-(Zr,Nb(]fy)yCr)Ti + a-, B-(Zr,Nb(lfy)yTi)Cr

+ -, B—(Ti(lfx),Crbe)Zr + a-, B—(Ti(lfx),Cerr)Nb + a-,
B-(Ti,Cr(y_,wNb)Zr + a-, B-(Ti,Cry_ xZr)Nb — a-,
B—((Zr( 17y)’beCf + Zr( l7y),beTi + Zr,Nb( l7y)yCr

+ Zr,Nb(17nyi)Ti~Cr~Ti~Cr) +a-, B-((Ti(;_,),CrxNb

+ Ti(]fx),Cerr + Ti,Cr(lfx)be + Ti,Cr(lfx)er)Zr-Nb'Zr-Nb)
= o, B-(2(Zry_,Nb)yCryTi + 2(Zr,Nb ;) )yCryTi)2Ti-2Cr
+ -, B—(Z(Ti(l_x),Cr)beer + Z(Ti,Cr(l_x))beer)ZZr-ZNb

- o-, B-(QZr(H)QNb,yCr,yTi + ZZr,ZNb(lfy),yCr,yTi)2Ti-2Cr

A. V. Hmelov

+a-, B-(2Ti_,,2CrxNbxZr
+2Ti1,2Cr_,), xNb,xZr)2Zr-2Nb, (10)

xXa-, B'(Ti’Nb)(stablc.s.S.) tyo-, B_(Cr’zr)(stablc.s.s.)

— -, B-(Ti_, NbyCr*)Zr + a-, B-(Cr,Zr,_xNb*)Ti

- a-, B~(Ti,, ,,NbyCr)Zr + a-, B-(Cr,Zr(lfx)be)Ti

— a-, B-(Ti,, ,,Nb,yCr)Zr + a-, B-(Cr,Zr(lfx),be)Ti; (11)

(1)
(1)

— liquid-phase reactions between chemical compounds,
as well as chemical compounds and solid solutions:

Y_Ticr2(melt at 1320°C) +xp _Zrcr2(solid phase) +xp _Nbch(solid phase)
- y-(Ti(lfx)2xCr2+Cr2)Nb + y-(Ti(lfx)ZxCrNCrz)Zr

+ y—(Ti(lfx)be“Crz)Crz + }(—(Ti(lfx)er‘P'Crz)Cr2

+ y—(TiCrz(I_X)be‘”)Cr2 + y—(TiCrz(l_x)er‘”)Cr2

- y-(Ti(lfx)2xCr-Cr2)Nb + y-(Ti(lfx)ZxCr-Crz)Zr

+ y—(Ti(lfx)be-Crz)Cr2 + y-(Ti( lﬂryer-Crz)Crz

+ y—(TiCrz(lfx)be)Cr2 + y-(TiCrz(lfx)er)Cr2

— 7-((Ti;_2xCr-Cr, + Tij;_2xCr-Cr, + Ti;;  ;xNb-Cr,
+ Ty Zr-Cry)Nb-Zr-CryCr,) + y-((TiCry,_,xNb

+ TiCrz(l_x)er)CrzCrz) — v-(2(Ti,_,,2xCr)-2Cr,

+ 2Ti(H)beerQCrz)Nb~er~2Cr2

+ y—(ZTiCrz(l_x)beer)ZCr2 — v-(2Tj
+ 2Ti(1_}(),be,er~2Cr2)Nb~Zr~2Cr2

+ y—(2TiCr2(1_x) XNb,xZr)2Cr,, (12)

(1)

(l_x),4xCr-2Cr2

V-TCT et at 1320°0) T XB-(ZEND) e )
— y-(Ti(;_ @ Nb*"Cr)Zr + y-(Ti,_ xZr*Cr,)Nb
+y-(TiCry;_ XNb*)Zr + y~(TiCry_ xZr* )Nb
= ¥~(Ti(;_Nb-Cr,)Zr + y-(Ti;_,xZrCr,)Nb

+ y—(TiCrz(lfx)be)Zr + y—(TiCrz(lfx)er)Nb

— v-((Ti(;_¥Nb-Cr, + Ti;_,xZr-Cr,)Zr'Nb)

+ y—((TiCrZ(lfx)be + TiCrz(lfx)er)Zr-Nb)

- y-(ZTi( l7)())ch)ch~2Cr2)Zr-N’b

+ y—(2TiCr2(lfx)beer)Zr-Nb

- y-(2Ti(Px),be,er'ZCrz)Zr'Nb

+ y-(ZTiCrz(lw,be,er)Zr'Nb, (13)

B-ZrCrymeitat 1510°0) T XB-(TLND) e .5

= Y-(Zr;_¥XNb*Cr,)Ti + y-(Zr,_xTi*"Cr,)Nb
+y-(ZrCry 17)C)be4+)Ti + y-(ZrCrz(lfx)xTi‘”)Nb
- y-(Zr(lfx)beCrz)Ti +

y—(Zr( 17x)xTi~Cr2)Nb + y-(ZrCrz( l7)()be)Ti

+7-(ZrCry_ TNb — y-((Zr;_,xNb-Cr,
+Zr_xTi-Cry)Ti-ND)

+y-((ZrCry;_Nb + ZrCr,,_ xTi)Ti'Nb)

- y-(EZr(lfx)bexTi'ZCrz)TiNb

+9-(2ZrCry;_,, xNbxTi)Ti-Nb

- y-(ZZr(Ifx),be,xTiQCrz)Ti-Nb

+ y—(2ZrCr2(17X),be,xTi)Ti-Nb, (14)
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Y'Ticrz(melt at1320°0) T B_Zrcr2(melt at 1510°C)

+ XB-NbCry(1id phase) y-(Ti(lfx)2xCr2+Cr2)Nb

+ y-(Zr(lfx)ZxCr%Crz)Nb +y-(Ti lﬂc)be‘HCrz)Crz
+ y-(Zr;_yNb*'Cr,)Cr, + y-(TiCry,_ xNb*")Cr,
+y-(ZrCry_ xNb*)Cr, — y-(Ti,_, 2xCr-Cr,)Nb
+y=(Zr(y_2xCrCry)Nb + y~(Ti;_,,xNb-Cr,)Cr,

+ y-(Zr( 17){)be-Cr2)Cr2 + y-(TiCrz(lfx))ch)Cr2

+ y-(ZrCrz(H)be)Cr2 - y-((Ti( l7){)2xCr-Cr2

+ Zr(lfx)ZXCr-Cr2 + Ti(lfx)be-Cr2

+Zr, 17)C)be-Cr2)Nb-Nb~Cr2-Cr2)
+y=((TiCry;_¥Nb + ZrCry;_ xNb)Cr,Cr,)

— v-(2Ti;_,),2xCrxNb-2Cr,

+ ZZr(1_x),2xCrbe~2Cr2)2Nb~2Cr2

+ y-(TiCrz(lfx)be + ZrCrz(H))ch)ZCr2

— v-(2Ti;_,;,2xCrxNb-2Cr,
+2Zr(_,2xCrxNb-2Cr,)2Nb-2Cr,

+ y-(TiCrz(H),be + ZrCrz(lfx),be)2Cr2, (15)

Crystallization of a-, p-Ti, Mo, Cr, V:
— solid-phase reactions between double solid solutions:

o B_(MO’V)(Stablc»S-S-) +xa-, B_(Ti’Cr)(nons'rablcs.s,)

- a-, B-(Mo(lfx),VxCr%)Ti + o-, [3-(1\/[0(]716),VxTi4+ )Cr
+ -, B—(MO,V(lfx)xCer’)Ti + -, B-(MO,V(lfx)xTi“)Cr
= o, B-(Mo;_, VXC)Ti + a-, B-(Mo, ., VxTi)Cr

+ o-, ﬁ—(Mo,V(lfx)xCr)Ti + a-, B'(MO,V(I,X)XTi)Cr

- a-, B-((Mo,_, VxCr + Mo, VxTi + Mo,V
+ Mo,V(lfx)xTi)Ti-Cr-Ti-Cr)

= 0~ B-(2(Moy;_, V)xCrxTi) Ti-Cr

+ o, B-(2(Mo,V,_ xCrxTi)Ti-Cr

= o, B-(2Moy; ), 2VxCrxTi)Ti-Cr

+o-, p-(2Mo,2V,  xCrxTi)Ti-Cr, (16)

(1¥Cr

-, B_(Ti’ V)(stalble.s.s.) +xa-, B_(Cr’MO)(relatively stable.s.s.)
— o-, B—(Ti(l_x),VxCr2+)M0 + a-, B—(Ti(l_x),VxM04+)Cr
- -, B—(Ti(lfx),VxCr)Mo + a-, B—(Ti(lfx),VxMo)Cr

- -, B-((Ti(H),VxCr + Ti(lfx),VxMo)Mo-Cr)

- -, B-(2(Ti(H),V)xCero)Mo'Cr

- -, [3-(2Ti(l_x),ZV,xCr,xMo)Mo'Cr, (17

X0-, B_(Ti’ MO)(stable.s.s) T yo-, B_(\Ccr)(stable.s.s)

— o=, B-(Ti(;_,,MoyCr)V + a-, B-(V;_,,CrxMo*)Ti

- -, B-(Ti(lfy), MoyCr)V + a-, B-(V(H),Cero)Ti

— a-, B-((Ti;_,,MoyCr + V;_,.CrxMo)V-Ti)

- a-, B—(Ti(lj,),Mo,yCr)V +a-, B-(V(lfx)),Cr,xMo)Ti, (18)

— liquid-phase reaction between a chemical compound
and solid solution:

y_Tich(melt at1320°0) T xB_(MO’V)(stable.S.s.)
- y—(Ti(l_x)xV‘”Crz)Mo + y—(Ti(l_x)xMo‘HCrZ)V
+1-(TiCry H)xV‘H)Mo +7-(TiCry l7)r)xM04+)V

— v-(Tij;_xV-Cry)Mo + v-(Ti;;,_ xMo-Cr,)V
+ y—(TiCrz(lfx)xV)Mo + y—(TiCrZ(lfx)xMo)V
- y-((Ti( 17)C)xV~Cr2 + Ti(lfx)xMo-Crz)MoV)
+ y—((TiCrz(lfx)xV + TiCrz(]fx)xMo)Mo-V)
- y-(2Ti(H)xVxMoQCrz)Mo'V

+ y—(ZTiCrZ(l_x)xVxMo)MoV)

- y-(ZTi( l7)(),xV,xM0~2Cr2)M0~V

+7-Q2TiCry_xVxMo)MoV (19)

Crystallization of a-, fi-Mo, Nb, Cr, Ta:
— solid-phase reactions between chemical compounds
and solid solutions:

a-, B_(CI’MO)(relatively stable.s.s.) +xo-, B_Nbch(solid ghase)
+x0t, B-TaCry g phase) = &= B-(Ct.Mo;_,2xCr )Nb

+ a-, B-(Cr, Mo, 2xCr*")Ta + a-, B-(Cr,Mo,_ xNb*")2Cr
+a-, B-(Cr,Mo,_ xTa*")2Cr — a-, B-(Cr,Mo;_ 2xCr)Nb
+a-, B-(Cr,Mo(lfx)ZxCr)Ta +a-, B-(Cr,Mo(lfx)be)ZCr

+ a-, B-(Cr,Mo(lfx)xTa)ZCr — a-, B-((Cr,Mo,, _2xCr

+ Cr,Mo( 17x)2xCr + Cr,Mo(H)be

+ Cr,Mo( 17x)xTa)Nb~Ta-2Cr-2Cr)

- -, [3-(4(Cr,Mo(l7X))4xCrbexTa)Nb~Ta-4Cr

— a-, [3-(4Cr,4M0(17X),4xCr,be,xTa)Nb'Ta~4Cr, (20)

(1)

a-, B_(MO’Ta)(stable.s.s.) + o, B_Nbcrz(SOIid phase)
> a-, ﬁ-(Mo,Ta(lfx)ZxCr%)Nb

+a-, B-(Mo,Ta _ xNb*")2Cr

- -, B-(Mo,Ta(lfx)ZxCr)Nb

+ -, B-(Mo,Ta(l_x)be)ZCr

- a-, B-((Mo,Ta; ,2xCr + Mo, Ta, . xNb)Nb-2Cr)
— a-, B-(2(Mo,Ta,,_,)2xCrxNb)Nb-2Cr
— a-, B-(2Mo,2Ta;_,,2xCr,xNb)Nb-2Cr, 2

ot~ B-(MO,ND) o1id phase X0~ B-TaCly(gqiiq phase)

—> a-, B-(Mo,Nb 1 2xCr*)Ta

+a-, B-(Mo,Nb,_ xTa*")2Cr

— a-, B-(Mo,Nb, 2xCr)Ta + a-, B-(Mo,Nb;_,;xTa)2Cr

— a-, B-(Mo,Nb,_ 2xCr + Mo,Nb,_ xTa)Ta-2Cr)

— o, B-(2(Mo,Nb; _,))2xCrxTa)Ta-2Cr

— o, B-(2Mo,2Nby; ). 2xCr,xTa)Ta-2Cr, (22)

— solid-phase reactions between double solid solutions:

o B-(Nb’Ta)(Stable-S-&) *xo-, B_(Cr’MO)(relatively stable.s.s.)

— o, B-(Nb,Ta,,_ xCr**)Mo + a-, B-(Nb,Ta,_ xMo*")Cr
— a-, B-(Nb,Ta(l_x)xCr)Mo + a-, B-(Nb,Ta ( 1_x)xM0)Cr

- o-, B-((Nb,Ta( oGt Nb,Ta(H)xMo)Mo-Cr)

— o, B-(2(Nb,Ta;_,)xCrxMo)Mo-Cr

— a-, B-(2Nb,2Ta,_, xCr,xMo)Mo-Cr. 23)

Samples with mixtures of metal powders show more in-
tensive mullitization and crystallization of (Ti, Ta)(C,N) com-
pared to crystallization of the B,C and ¢-BN phases (see
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Fig. 4a—c) in the temperature range of 1200 — 1600°C.
Higher crystallization of mullite, (Ti,Ta) (C,N) with a dense
(cubic) structure, and partially of B,C and ¢-BN above
1400°C (see Fig. 4a, b) is associated with the formation of
stoichiometric compositions and complete structuring of
these crystalline phases via low-melting eutectics in the mix-
tures of Ti, Nb, Cr, Zr and Ti, Mo, Cr, V (see reactions
(12) — (15), (19)), unlike less active processes during crystal-
lization of mullite (Ti,Ta)(C,N), B4C, and c-BN (see Fig. 4¢)
during eutectoid reactions in the mixture of Mo,Nb, Cr, and
Ta (see reactions (20) — (23)). The mechanisms of develop-
ment of these crystalline phases are associated with the dis-
solution of Al,O; and SiO, in the melts (eutectics) and
eutectoid mixtures, oxidation of metallic and non-oxide com-
ponents, formation of their oxide compounds, low-melt-
ing/eutectoid compounds between oxide components of me-
tallic powders and Al,05 and SiO,, as well as between oxide
components of metallic powders and non-oxide compounds.
The formation of less crystalline phases, such as B,C and
c-BN is caused by the low content of the resulting B,O; at
5 mol.% B,C and BN in the sintered compositions, which re-
duces the completeness and activity of the formation of
low-melting/eutectoid compounds between the oxide compo-
nents of metallic powders and B,0;. There is no
¢-BN — h-BN phase transformation in the samples. This is
related with differently uniform structuring and the forma-
tion of stable, various dense crystalline structures (e.g.,
(Ti,Ta)(C,N); B,C; B-Ti, Nb, Cr, Zr; B-Ti, Mo, Cr, V;
B-Mo,Nb, Cr, Ta), which contributes the strengthening and
reinforcing of the ¢-BN phase crystalline structure. This re-
sults in a more complete, uniform structuring and visible
higher ingrowth of the ¢-BN crystalline phase compared to
crystalline B,C. The samples contain no reaction products
(e.g., non-oxide crystalline phases) as a result of interaction
between crystalline (Ti,Ta)(C,N), B,C, and ¢-BN phases due
to their dense structures and low reaction ability. The sam-
ples show narrow and different intensity peaks of the crystal-
line phases a-; B-Ti, Nb, Cr, Zr; a-, B-Ti, Mo, Cr, V; a-,
B-Mo,Nb, Cr, Ta in the temperature range of 1200 — 1600°C
(see Fig. 4a — ¢). Thus, up to 1400°C, the crystalline phase of
a-Ti, Mo, Cr, V is more evoluted than crystalline phases of
a-Ti, Nb, Cr, Zr and a-, B-Mo,Nb, Cr, Ta. This is related
with active diffusion and uniform, complete intercalation of
small and roughly equal sizes of cations Cr2*, V4", Mo*", and
Ti** compared to limited diffusion and gradual, heteroge-
neous incorporation of different size of cations (e.g., Cr2",
Nb*, Ti*", Zr*" and Cr2*, Mo*", Nb**, Ta*") into the struc-
tures of binary solid solutions in solid phases (see reactions
(7)— (11), (16) — (18), and (20) — (23)). The crystalline phase
of a-Ti,Mo,Cr,V is more structured with a dense structure
than the o-Ti,Nb,Cr,Zr and o-Mo,Nb,Cr,Ta crystalline
phases up to 1400°C. Above 1400°C, a higher ingrowth of
the B-Ti,Nb,Cr,Zr crystalline phase is observed compared to
the B-Ti,Mo,Cr,V and -Mo,Nb,Cr, Ta crystalline phases.
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This is explained by a higher diffusion with relatively uni-
form and complete incorporation of different size of cations
(e.g., Cr2", Nb*", Ti**, and Zr*") into the structures of binary
solid solutions via a subsequent dissolution of the binary
solid solutions and formation of low-melting eutectics of
various compositions in the primary melt (y-TiCr,) at
1320°C (see reactions (12), (13)), secondary melt (3-ZrCr,)
at 1560°C (see reaction (14)), and in the relatively stable
low-melting composition of y-TiCr, and B-ZrCr, melts with
solid particles of B-NbCr, in the region of partially limited
solubility of B-NbCr, in these melts in the temperature range
of 1560 — 1600°C (see reaction (15)), which promotes the
diffusion and intercalation processes. This is different from a
less active diffusion with the develop-ment of uniform and
complete incorporation of small and about equal size of cat-
ions Cr2*, V4, Mo*", and Ti*" into the structures of binary
solid solutions via a one-stage dissolution of binary solid so-
lutions and formation of a low-melting eutectics in a single
melt of y-TiCr, in the temperature range of 1320 — 1600°C
(see reaction (19)), as well as a limited diffusion and gradual,
heterogeneous solid-phase incorporation of different size of
cations Cr2", Mo*", Nb**, and Ta*" into the binary solid solu-
tion structures via a solid-phase dissolution of a-, f-NbCr,,
and o, B-TaCr, of various density, in the stable and dense bi-
nary solid solution structures and solid-phase incorporation
of stable and dense binary solid solutions in the wide and
uniform region of complete solubility of the metal compo-
nents (see reactions (20) — (23)). The region of partially lim-
ited solubility of B-NbCr, in y-TiCr, and -ZrCr, melts is as-
sociated with a different content of B-NbCr, dissolved in the
corresponding melts (TiCr, and ZrCr,) in the 240°C melting
point range of the components and a narrow 1560 — 1600°C
temperature range of the formation of this region, which does
not contribute to a complete dissolution of B-NbCr, in the
ZrCr, melt in the composition, containing a mixture of Ti,
Nb, Cr, and Zr powders. As a result, the 3-Ti,Mo,Cr,V crys-
talline phase is more structured with a dense structure than
the B-Ti,Nb,Cr,Zr and [-Mo,Nb,Cr,Ta crystalline phases
with less dense structures in the temperature range of
1400 — 1600°C. The feature of solid-phase crystallization
and the stability of the a-, 3-Mo,Nb,Cr,Ta phase are associ-
ated with the gradual, uniform, and complete intercalation of
a larger Ta*" cation into the structures of binary solid solu-
tions with low diffusion of Ta*" cation and more dense struc-
ture of Ta at a low tantalum content in the initial component
mixture (see Table 3) via reactions (20) and (22), unlike
liquid-phase crystallization of the B-Ti,Nb,Cr,Zr and
B-Ti,Mo,Cr,V phases, where the incorporation of large-size
Ti** and Zr*" cations into the structures of binary solid solu-
tions is promoted via low-melting eutectics. In a result in-
crease structuring and the density of the structures of a-,
B-Mo,Nb,Cr,Ta crystalline phases.

However, the compositions of a-, 3-Ti,Mo,Cr,V crystal-
line phases display more intensive crystalline phases of ter-
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Fig. 5. Microstructures of samples sintered from the compositions: M40(TiTa,4)(Cy7Ny3)5B,C5SBN10Til0Nb19,5Cr10,5Zr (a, a));
M40(Tiy ¢Tay 4)(Cy 7Ny 3)5B,C5BN8,5Ti8,5Mo17Cr16V (b, b;); M40(Tij¢Tay4)(Cy 7Ny 3)5B,C5BN30Mo5Nb12,5Cr2,5Ta (¢, ¢;) at 1300°C

(a, b, ¢) and 1500°C (a,, b, ¢)).

nary solid solutions compared to less intense crystalline
phases of ternary solid solutions in the compositions of o.-,
B-Ti,Nb,Cr,Zr and o-, B-Mo,Nb,Cr,Ta crystalline phases in
the temperature range 1200 — 1400°C. Higher crystallization
of ternary solid solution phases is associated with active dif-
fusion and uniform, complete solid-phase incorporation of
small and about equally size of cations (e.g., Cr2*, V4, Ti**,
Mo*") into the a-, B-(Ti,Cr); -, B-(Mo,V); a-, B-(Ti,V); a-,
B-(Cr,Mo); a-, B-(Ti,Mo); and a-, B-(V,Cr) structures (see
reactions (16) — (18)), but less active crystallization of ter-
nary solid solution phases is caused by limited diffusion and
gradual, inhomogeneous solid-phase incorporation of differ-
ent size of cations (e.g., CrZ", Nb**, Ti**, Zr*") into the a-,
B-(Ti,Cr); a-, B-(Ti,Nb); a-, B-(Ti,Zr); a-, B-(Zr,Nb); and a-,
B-(Cr,Zr) structures (see reactions (7) — (11)), as well as dif-
ferent size cations (e.g., Cr2*, Mo*", Nb#*, Ta*") into the a-,
B-(Mo,Ta); a-, B-(Mo,Nb); a-, B-(Nb,Ta); and a-, B-(Cr,Mo)
structures (see reactions (20) — (23)). As a result, crystalline
phases of the ternary solid solutions of composition with Ti,
Mo, Cr, and V powders are more structured with dense struc-
tures, than the crystalline phases of ternary the solid solu-
tions of compositions with Ti, Nb, Cr, Zr and Mo,Nb, Cr, Ta
powders with less dense structures in the temperature range
of 1200 — 1400°C. However, at 1500°C, a different crystalli-
zation of more dense structures of ternary solid solutions,
such as B-Nb,Cr,Zr; 3-Mo,Cr,V; and B-Mo,Nb,Ta are visible
(see Fig. 4). This is related with different activity and homo-
geneity of incorporation of the various dense structures of
metallic components. The structures of crystalline phases,
such as a-, B-TiNb,Cr,Zr; a-, B-Ti,Mo,Cr,V; and a-,
B-Mo,Nb,Cr,Ta, are more dense compared to the structures
of ternary solid solutions of such compositions, since the a-,
B-Ti,Nb,Cr,Zr; a-, B-Ti,Mo,Cr,V; and a-, B-Mo,Nb,Cr,Ta

crystalline phases — solid solutions of complete incorpora-
tion of metallic components. Above 1500°C, crystallizes
only B-Ti,Nb,Cr,Zr; B-Ti,Mo,Cr,V; and [-Mo,Nb,Cr,Ta
phases. This is corresponds the region of complete lig-
uid-/solid-phase solubility of the quaternary equilibrium
phase diagrams  Ti-Nb—Cr-Zr, Ti-Mo-Cr-V, and
Mo-Nb—Cr-Ta [10—12]. Crystalline phases, such as a-,
B-Ti,Nb,Cr,Zr; a-, 3-Ti,Mo,Cr,V; and a-, B-Mo,Nb,Cr,Ta are
present as single solid solutions without decomposition into
constituent components. This indicates the absence of
spinodal decomposition of these solid solutions. In the tem-
perature range of 1200 — 1600°C, the samples contain no
chemical com-pounds of the following compositions:
TixNbyCr,Zr,,, TixMoyCr,V,,,, or MoxNbyCr,Ta,,. This is re-
lated with a high effect of the pressing load (85 MPa), which
promotes various types, uniformity and intensity of the solid-
and liquid-phase incorporation reactions (see reactions
(7) — (23)), and phase transformations: a- — B-Ti,Nb,Cr,Zr;
o- — B-Ti,Mo,Cr,V; and a- — 3-Mo,Nb,Cr,Ta.

The microstructures of plasma-sintered samples at 1300
and 1500°C are shown in Fig. 5.

At 1300°C, the microstructures of the samples with mix-
tures of metal powders, are crystalline, different-uniform,
variously dense sintered with containing different sizes of
pores, in particular separate large pores in the sample with a
mixture of Ti, Nb, Cr, and Zr powders (see Fig. 5a), some
small pores in the sample with a mixture of Ti, Mo, Cr, and V
powders (see Fig. 5b), and more quantity of different sizes of
pores between weakly sintered particles in the sample with a
mixture of Mo, Nb, Cr, and Ta powders (see Fig. 5¢). This is
related with a difference of reaction mechanisms, intensity
and homogeneity of incorporation of different size metal cat-
ions into the structures of binary solid solutions (see reac-
tions (7) — (11), (16) —(18), (20) —(23)), solid phase struc-
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Fig. 6. Size distribution of the grains of crystalline phases of the

samples:

a) M40(Ti, ¢Tay 4)(Cy 7Ny 3)5B,C5BN10Ti10Nb19,5Cr10,5Zr;

b) M40(Ti ¢Tay 4)(Cy 7N, 3)5SB4,C5BN8,5Ti8,5Mo17Crl6V;

¢) M40(Ti, ¢Tay 4)(Cy 7Nj3)5B,C5BN30Mo5Nb12,5Cr2,5Ta,
sintered in the range of 1200 — 1600°C: W) 1200°C; ) 1300°C;
) 1400°C; M) 1500°C; ) 1600°C.

turing of the crystalline phases (Ti,Ta) (C,N); B4,C; c-BN;
o-Ti,Nb,Cr,Zr; a-Ti,Mo,Cr,V; and o-Mo,Nb,Cr,Ta (see
Fig. 4a — ¢). This variously affects the density of crystalline
phases, uniformity and completeness of solid-phase sintering
of the ceramic particles, ceramic particles and particles of
solid solutions of metallic phases, particles of ternary and
quaternary solid solutions of metallic phases of different den-
sity, as well as pore filling due to various-intensive diffusion
processes, at the boundaries of these particles at 1300°C in

A. V. Hmelov

compositions with a mixtures of Ti, Mo, Cr, V; Ti, Nb, Cr,
Zr; and Mo, Nb, Cr, and Ta powders.

A more uniform and densely sintered microstructure with
the absent of pores is visible in the sample with a mixture of
Ti, Nb, Cr, and Zr powders (see Fig. 5a,), unlike non-uni-
formly sintered micro-structure, consisting of uniform,
dense, and partially layered crystalline regions in the form of
various-dense and various-size layering areas, containing
small pores at 1500°C (see Fig. 5b,), as well as unevenly
sintered microstructure with coarse pores at 1500°C (see
Fig. 5b;). The sample with a mixture of Ti, Mo, Cr, and V
powders shows a clear boundary between such crystalline re-
gions (see Fig. 5b). The uniform and densely sintered crys-
talline region is explained by a homogeneous, active
sintering of various-dense particles of (Ti,Ta)(C,N), B,C,
¢-BN and -Mo,Cr,V, as well as B-Ti,Mo,Cr,V, but a partially
layered crystalline region is caused by inhomogeneous and
gradual sintering of equally dense ceramic and B-Ti,Mo,Cr,V
particles. The differences in diffusion processes in each of
the crystalline regions cause uneven and incomplete
sintering at the joints of various-dense crystalline regions,
thus forming a boundary section. The differences in sample
microstructures at 1500°C are associated with different reac-
tion mechanisms of liquid-/solid-phase crystallization of
B-Ti,Nb,Cr,Zr; B-Ti,Mo,Cr,V; and f-Mo,Nb,Cr,Ta (see reac-
tions (12) — (15), (19), (20) — (23) and see Fig. 4a — ¢), activ-
ity, homogeneity, and completeness of incorporation of vari-
ous-dense structures of the metallic compo-nents, structuring
of crystalline phases, such as (Ti,Ta)(C,N); B,C; c-BN;
B-Ti,Nb,Cr,Zr; B-Ti,Mo,Cr,V; and [-Mo,Nb,Cr,Ta (see
Fig. 4a — c) via low-melting eutectics and eutectoid, different
compositions of the low-melting eutectic and eutectoid. This
differently affects the uniformity and completeness of
sintering of ceramic particles, ceramic particles and particles
of solid solutions of metallic phases, pore filling, as well as
the activity and uniformity of sintering, density, uniformity,
width, and path of the boundary layers of [-Nb,Cr,Zr;
-Mo,Cr,V; -Mo,Nb,Ta between heterogeneous particles, as
well as the uniformity and completeness of sintering such
boundary layers with ceramic particles and particles of solid
solutions of metallic phases in the temperature range of
1400 — 1600°C with a pressing load of 85 MPa.

The distribution of crystalline phase grains sizes, relative
density (p,), and linear shrinkage (A/) in the temperature
range of 1200 — 1600°C, as well as the boundary microstruc-
tures of ceramic (oxide, non-oxide) and metallic crystalline
phases at 1500°C, photo of the indentation press at 1300 and
1500°C, microcracks propagation paths across the boundary
layers, physico-mechanical properties in the temperature
range of 1200 — 1600°C of the samples with different mix-
tures of metal powders, are shown in Figs. 6 — 20.

An increase in p,, and A/ of the samples with mixtures of
metal powders, occurs gradually up to 1400°C and more ac-
tively from 1400 to 1600°C. In particular, the sample, con-
taining a mixture of Ti, Nb, Cr, and Zr powders, shows
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Fig. 7. Variation in p, (a) and A/ (b) of the samples:
M40(Tig¢Tag 4)(Cy 7Ny 3)5B,C5BN10Ti10Nb19,5Cr10.5Zr (W);

M40(Tiy ¢Tay 4)(Cy7N( 3)5B,C5BN8,5Ti8,5Mo17Cr16V (),

M40(Tiy ¢Tay 4)(Cy 7Ny 3)5B,C5BN30Mo5Nb12,5Cr2,5Ta (M),
sintered in the range of 1200 — 1600°C.

higher ingrowth of sintering compared to the samples, con-
taining mixtures of Ti, Mo, Cr, V and Mo, Nb, Cr, Ta pow-

% (TigeTap,)(CosNos)

sintered at 1500°C.

ders, in the temperature range of 1400 — 1600°C. A gradual
sintering up to 1400°C is caused by a gradual intercalation
processes at similar solid-phase reaction mechanisms of
crystallization of quaternary solid solutions of metallic
phases (see reactions (7)—(11), (16)—(18), (20)—(23)),
solid-phase structuring of crystalline phases in the tempera-
ture range of 1200 — 1400°C (see Fig. 4a — ¢), uneven and in-
complete diffusion processes with inhomogeneous
solid-phase sintering of ceramic particles, ceramic particles
and particles of solid solutions of metallic phases with the
formation corresponding microstructures (see Fig. 5a —c¢),
and low effect of variously-dispersed particles (see Fig. 6) on
solid-phase sintering. The active sintering above 1400°C is
associated with the evolution of intercalation processes at
different reaction mechanisms of conversion of binary to
quaternary solid solutions of metallic phases (see reactions
(12) — (15), (19), (20) — (23)), liquid-/solid-phase crystalliza-
tion of quaternary solid solutions of metallic phases (see
Fig. 4a — ¢), uniform and complete diffusion processes via
low-melting eutectics and eutectoid, homogeneity and com-
pleteness of sintering of the compositions with the formation
more densely sintered microstructures (see Fig. 5a; —c¢)),
and higher effect of variously-dispersed particles (see Fig. 6)
on liquid-/solid-phase sintering.

Development of physico-mechanical properties of the
samples, containing different mixtures of metal powders dif-
fers from sintering the compositions in the temperature range
of 1200 — 1600°C. A higher increase in E, K|, and HV is

| Mullite |/

Fig. 8. Microstructures of the boundaries of mullite regions, (Tij¢Tay4)(CysNy3), B4C, c-BN,
B-Ti,Nb,Cr,Zr of the M40(Ti,¢Ta,4)(CysNy3)5B,C5BN10Til10Nb19,5Cr10,5Zr sample (a — ag),
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Fig. 9. Microstructures of the grain boundaries of ceramic and metallic phase of the
M40(Tij ¢Tag 4)(Cy 7Ny 3)5B4C5BN10Ti10Nb19,5Cr10,5Zr sample (a —ag.), sintered at 1500°C:
A — B-Nb,Cr,Zr boundary layer; 4, — B-Mo,Cr,V boundary layer; 4; — p-Mo,Nb,Ta boundary
layer; 4, — grain boundaries of oxide and non-oxide, non-oxide phases; M — mullite; 7i-7a-C-N —
(Ti,Ta)(C,N) of the following composition: (Ti, 4Taj 4)(Cy N, 3); BC — B,C; BN — ¢-BN.

PECFLILEINER
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p-Mo Crv Fig. 10. Microstructures of the boundaries of mullite regions, (Ti,4Tay4)(Cy7Ny3), B4C, ¢-BN,

B-Ti,Mo,Cr,V of the M40(Tij¢Ta,4)(Cy;Ny3)5B,C5BN8,5Ti8,5Mo17Cr16V sample (b — by),
sintered at 1500°C.
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Fig. 11. Microstructures of the grain boundaries of ceramic and metallic phase of the
M40(Ti, ¢ Tay 4)(Cy 7Ny 3)5B,C5BNS,5Ti8,5Mo17Cr16V sample (b — bg ), sintered at 1500°C. Desig-
nations are the same as in Fig. 9.
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Fig. 12. Microstructures of the boundaries of mullite regions, (Ti,4Ta,4)(Cy-Ny3), B,C, ¢-BN,
B-Mo,Nb,Cr,Ta of the M40(Ti,¢Ta,4)(Cy;Ng3)5B,C5BN30Mo5Nb12,5Cr2,5Ta sample (c — cy),
sintered at 1500°C.
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Fig. 13. Microstructures of the grain boundaries of ceramic and metallic phase of the
M40(Ti, ¢ Tay 4)(Cy 7Ny 3)5B,C5BN30Mo5Nb12,5Cr2,5Ta sample (¢ — cg.), sintered at 1500°C. Des-
ignations are the same as in Fig. 9.
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Fig. 14. Variations of E (a), K|, (b), and HV (c¢) of the samples: M40(Ti,¢Ta,4)(CysNg3)5B,C5BN10Til1ONb19,5Cr10,5Zr (H);
M40(Tij¢Tag 4)(Cy 7Ny 3)5B,C5BN8,5Ti8,5Mo17Cr16V (1); (b) M40(Tij ¢Tay 4)(Cy 7Ny 3)5B,C5SBN30M05Nb12,5Cr2,5Ta (M); sintered in the
range of 1200 — 1600°C.
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Fig. 15. Path and width of microcracks propagating at the boundaries of particles of ceramic phases and solid solutions of metallic phases of the
samples: M40(Tiy¢Tag 4)(Cy-Ng3)5B4C5BN10Ti10Nb19,5Cr10,5Zr (a, a;); M40(Tij ¢Tay4)(Cy 7Ny 3)5B,C5BN8,5Ti8,5Mol17Cr16V (b, b)),
M40(Ti ¢ Tay 4)(Cy 7N( 3)5B,C5BN30Mo5Nb12,5Cr2,5Ta (c, ¢;), sintered at 1300°C (a, b, ¢) and 1500°C (a,, b;, c¢,): 1) main microcrack;

2) secondary microcrack.

Fig. 16. Indentation images when measuring HV of the samples: a,a;) M40(Ti,4Ta,4)(Cy;Ny3)5B,CSBN10Ti10Nb19,5Cr10,5Zr;
b, b)) M40(Tij ¢Tay,)(Cy 7N, 3)5B,C5BNS,5Ti8,5Mol17Crl6V; ¢, c;) M40(Tij ¢Tay4)(Cy 7Ny 3)5B,C5BN30Mo5Nb12,5Cr2,5Ta, sintered at
1300°C (a, b, ¢) and 1500°C (a,, b, ¢,): 1) main microcrack; 2) secondary microcrack.

shown by the sample, containing a mixture of Ti, Mo, Cr, and
V powders, compared to a less active increase of such prop-
erties observed in samples, containing mixtures of Ti, Nb, Cr,
Zr and Mo, Nb, Cr, Ta powders, in the temperature range of
1200 — 1600°C.

The lower values of the physico-mechanical properties
of the sample with a mixture of Ti, Nb, Cr, and Zr powders
up to 1400°C are caused by a non-homogeneous and gradual
solid-phase crystallization of a less dense structure of the
a-Ti,Nb,Cr,Zr phase (see Fig. 4a), less uniform and weakly
sintered microstructure with a large number of different sizes
of pores (see Fig. 5a), and a development of monodisperse

composition of grains of the crystalline phases (see Fig. 6).
This leads to a considerable decrease in strengthening, rigid-
ity, hardness, and reinforcing of the boundary areas of
the particles of B,C and o-TiNb,Cr,Zr; ¢-BN and
a-Ti,Nb,Cr,Zr; (Ti,Ta)(C,N) and o-Ti,Nb,Cr,Zr; as well as
B4C, ¢-BN, and (Ti,Ta)(C,N) with high heterogeneity of lo-
cal stress sites around brittle a-Ti,Nb,Cr,Zr particles and low
distribution of ductile properties at the boundary areas of
these heterogeneous particles. As a result, there is a reduc-
tion in crack resistance, where are visible a rectilinear path,
slightly wide and longer microcracks in the photo of indenta-
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Fig. 17. Microcrack propagation across the boundary layer of solid solution of metallic phase of the M40(Ti,¢Tag4)(CyNy3)

5B,C5BN10Ti10Nb19,5Cr10,5Zr sample (a5, — ag_,), sintered at 1500°C.

Fig. 18. Microcrack propagation across the boundary layer of solid solution of metallic phase of the M40(Ti,4Tag4)(Cy-Ny3)
5B,C5BN8,5Ti8,5Mo17Cr16V sample (b5, — by ), sintered at 1500°C: 3) bridges across microcracks.

tion press (see Fig. 14a), at the interface of ceramic particles
and solid solution of metallic phase (see Fig. 164_;), caused
by the localization of brittleness areas around the
a-Ti,Nb,Cr,Zr particles and large sizes of pores at the bound-
ary areas of the grains (see Fig. 5a). In a result, the initiation
of such microcracks requires minimum energy and, occurs
easily and more quickly. This leads to a non-homogeneous
dissipation of the stress sites in front of the propagating
microcracks. A higher increase of the values of such proper-
ties of the sample with a mixture of Ti, Nb, Cr, and Zr pow-
ders in the temperature range of 1400 — 1600°C is associated
with the activation of liquid-phase crystallization of a more
dense structure of B-Ti,Nb,Cr,Zr (see Fig. 4a), development
of a uniform and densely sintered microstructure with the ab-
sence of pores (see Fig. 5a,), more variously-dispersed com-
position of grains of the crystalline phases (see Fig. 6), for-
mation of various dense, relatively uniform, slightly tortur-

ous, and various-width boundary layers of the B-Nb,Cr,Zr
phase (see Fig. 8a — ag), and relatively dense packing with
clear boundary areas of oxide and non-oxide particles,
non-oxide particles and particles of solid solution of the me-
tallic phase (see Fig. 9a — ag_(), with different paths and vari-
ous-width of microcracks across the boundary layers of solid
solution of the metallic phase (see Fig. 17a;; —ag.;). This
leads to a certain increase of strengthening, rigidity, hard-
ness, and reinforcing of the boundary areas of the particles
B,C and B-TiNb,Cr,Zr; ¢-BN and pB-Ti,Nb,Cr,Zr;
(Ti,Ta)(C,N) and B-Ti,Nb,Cr,Zr; and B,C, ¢-BN, and
(Ti,Ta)(C,N) with a reduction of local stresses and a higher
distribution of ductile properties at the boundaries of such
heterogeneous particles. This improves crack resistance with
the formation of some tortuosity, less wide and longer
microcracks in the photo of indentation press (see Fig. 15a,),
at the boundary of the ceramic particles and particles of solid
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Fig. 19. Microcrack propagation across the boundary layers of solid solution of metallic phase of the M40(Tij4Tag4)(Co-Nos3)
5B,C5BN30Mo5Nb12,5Cr2,5Ta sample (c5_; — cg.1.1), sintered at 1500°C: 7, ] — microcracks propagation across the upper and lower areas of

boundary layers of the solid solution of metallic phase.

solution of the metallic phase (see Fig. 164, ;) associated
with higher energy for initiation of microcracks with the par-
tial dissipation of stress sites in front of the propagating
microcracks.

A higher increase of the physico-mechanical properties
of the sample with a mixture of Ti, Mo, Cr, and V powders
up to 1400°C is caused by active solid-phase crystallization
of a more dense structure of the o-Ti,Mo,Cr,V phase (see
Fig. 4b), more uniform and densely sintered microstructure
with a small number of pores (see Fig. 5b), development of
more variously-dispersed compositions of grains of the crys-
talline phases (see Fig. 6). In a result increase strengthening,
rigidity, hardness, and reinforcing of the boundary regions of
the particles of B,C and «-Ti,Mo,Cr,V; c¢-BN and
a-Ti,Mo,Cr,V; (Ti,Ta)(C,N) and «-Ti,Mo,Cr,V; as well as
non-oxide particles with a significant reduction of the num-
ber of local stress sites and uniform distribution of ductile
properties at the boundaries of such heterogeneous particles.
This improves crack resistance with the evolution of tortur-
ous path, narrow, small length of microcracks in the photo of
indentation press (see in Fig. 15b), at the boundary of ce-
ramic particles and solid solution of metallic phases (see
Fig. 16b,_;). As a result, the stress sites are dissipated more
actively in front of propagating microcracks. The most active
increase and higher values of such properties of the sample
in the temperature range of 1400 — 1600°C are associated
with intensive liquid-phase crystallization of the dense struc-
ture of the B-Ti,Mo,Cr,V phase (see Fig. 4b), development of
a uniform and densely sintered microstructure with a small
number of pores (see Fig. 5b,), a more diverse composition
of grains of the crystalline phase (see Fig. 6), formation of
dense, homogeneous, torturous, and narrow boundary layers
of the $-Mo,Cr,V phase (see Fig. 10b — bg), dense packing
with barely visible boundary areas of oxide and non-oxide
particles, non-oxide particles and particles of solid solution

of the metallic phase (see Fig. 115 — bg ))), with tapering, tor-
turous, intermittent path of narrow microcracks across the
boundary layers of solid solution of the metallic phase, in the
middle of them are located variety of dense, small strength-
ening and reinforcing bridges (see Fig. 17a5.; —ag ;). As are-
sult, significantly increase in strengthening, rigidity, hard-
ness, and rein-forcing the boundary areas of the particles of
B,C and B-Ti,Mo,Cr,V; ¢-BN and -Ti,Mo,CrV;
(Ti,Ta)(C,N) and B-Ti,Mo,Cr,V; as well as B,C, ¢-BN, and
(Ti,Ta)(C,N) with the largest dissipation of local stresses and
uniform distribution of ductile properties at the boundaries of
such particles. Therefore, significantly improves the crack
resistance with the formation of torturous path, narrow and
short microcracks in the photo of indentation press (see the
Fig. 15b,), at the boundary of ceramic particles and solid so-
lution of the metallic phase (see Fig. 165, ;). Due to dense,
hard particles of B,C, ¢-BN, (Ti,Ta)(C,N), B-Ti,Mo,Cr,V and
the presence of small pores (see Fig. 5b;), the initiation of
such microcracks requires maximum energy and is strongly
hindered. As a result, stress sites are actively dissipated in
front of the propagating microcracks.

The lowest values of the physico-mechanical properties
of the sample with a mixture of Mo, Nb, Cr, and Ta powders,
in the temperature range of 1200 — 1600°C are caused by
non-homogeneous and gradual solid-phase crystallization of
a less dense structure of the a-, B-Mo,Nb,Cr,Ta phases (see
Fig. 4¢), non-uniform and non - densely sintered microstruc-
tures with a large number of different sizes of pores (see
Fig. 5c¢, c¢;), development of more monodisperse composi-
tions of grains of the crystalline phases (see Fig. 6), forma-
tion of non-homogeneous, variously dense, rectilinear, and
wide boundary layers of the [-Mo,Nb,Ta phase (see
Fig. 12¢ — ¢g), non-homogeneously dense and partially lay-
ered compaction with strongly visible boundary sections of
oxide and non-oxide particles, non-oxide par-ticles and parti-
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cles of solid solution of the metallic phase (see
Fig. 13¢ —cg), different path, width, and homogeneity of
microcracks across the boundary layers of solid solution of
the metallic phase (see Fig. 19¢;_; — ¢g_) during active crack-
ing of the brittle boundary structures of the intermediate lay-
ers of B-Mo,Nb,Ta, especially near the 3-Mo,Nb,Cr,Ta parti-
cles with the crumbling of area of such particles and the for-
mation of different size of B-Mo,Nb,Cr,Ta particles (see
Fig. 19¢g 1, comparing to various resistance to crumbling the
areas with the B4C, c¢-BN particles, higher with the
(Ti,Ta)(C,N) particles, which differently retards the propaga-
tion and reduces the width of microcracks across the bound-
ary layer of B-Mo,Nb,Ta (see Fig. 19¢q4.1, Cs.1-15 C3-15 C3-1-1)-
This indicates the different homogeneity, completeness of
solid-phase diffusion processes, and sintering of the
intermediate layer of B-Mo,Nb,Ta and the particles of B,C,
¢-BN, (Ti,Ta)(C,N), B-Mo,Nb,Cr,Ta. During these processes,
there is no crumbling of the particles, which is associated
with high density and hardness of such particles. As a result,
reduce strengthening, rigidity, hardness, and reinforcing of
the boundary areas of the particles B,C and a-,
B-Mo,Nb,Cr,Ta; ¢-BN and a-, f-Mo,Nb,Cr,Ta; (Ti,Ta)(C,N)
and o-, B-Mo,Nb,Cr,Ta; as well as B4,C, ¢-BN, and
(Ti,Ta)(C,N) with a non-homogeneous increase of local
stress sites around the less hard a-, 3-Mo,Nb,Cr,Ta particles,
and a low distribution of ductile properties in the boundary
areas of such heterogeneous particles. As a result, more re-
duces the crack resistance, where visible clear rectilinear
path, more wide and more long the main microcracks with
small tortuosity at the ends, with various sizes of certain
chips (see Fig. 15¢), towards brittle areas are formed, as well
as the combination of different paths and widths of the main
and secondary microcracks in the photo of indentation press
(see Fig. 15¢,), at the boundary of the ceramics particles and
solid solution of the metallic phases (see. Fig. 16¢ , ¢i_))-
This is caused by the formation of large brittle areas around
the a-, B-Mo,Nb,Cr,Ta particles and large sizes of pores at
the boundary sections of the grains (see Fig. 5¢, c¢;). As a re-
sult, the initiation of such microcracks requires minimum en-
ergy and, occurs easily and more quickly. Thus, in front of
propagating the main microcrack of a larger width and with
the rectilinear path are localized and more non-uniformly
dissipated significant stress sites along the (-Mo,Nb,Cr,Ta
particles and between the (Ti,Ta)(C,N) and -Mo,Nb,Cr,Ta
particles. Such microcrack undergoes a significant narrowing
between the B,C and c-BN particles, and the stress sites in
front of it are dissipated more actively. The stress sites are
also intensively dissipated in front of a torturous, secondary,
narrow microcrack between the ¢-BN and (Ti,Ta)(C,N) parti-
cles with partial retarding of propagation the microcrack (see
Fig. 19¢, 4, cg.1.1)- Thus, the strengthening and reinforcing of
boundary regions of the ¢-BN and (Ti,Ta)(C,N) particles is
higher, than the boundary regions of the B,C and ¢-BN parti-
cles, and (Ti,Ta)(C,N) and -Mo,Nb,Cr,Ta particles.
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The results of the physico-mechanical properties differ-
ently affect S, and XS, as well as linear correlation of £ and
K. of the samples in the temperature range of
1200 — 1600°C (Fig. 20).

The arrangement of values (points) relative to the stan-
dard deviation ranges for £ and K of the samples with mix-
tures of Ti, Nb, Cr, Zr and Ti, Mo, Cr, V powders, is gener-
ally similar with a more uneven arrangement of values rela-
tive to the standard deviation ranges for £ and Kj, of the sam-
ple with a mixture of Ti, Mo, Cr, V powders. A more uniform
arrangement of values (points) relative to the standard devia-
tion ranges for £ and K, of the sample with a mixture of Mo,
Nb, Cr, and Ta powders. These differences affect the value of
mean S, at each temperature, the total value of XS, of linear
correlation £ and K|, of the samples in the temperature range
of 1200 — 1600°C, where more low total values of standard
deviations with a mixture of Ti, Mo, Cr, and V powders,
higher total values — in the sample with a mixture of Ti, Nb,
Cr, and Zr powders, and the highest total values - in the sam-
ple with a mixture of Mo, Nb, Cr, and Ta powders in the tem-
perature range of 1200 — 1600°C. This is related with a dif-
ferent variation of data scattering relative to each other and a
certain value relative to mean value of £ and K at each tem-
perature, that affects the accuracy of mean value of S, of £
and K at a current temperature, in result at the value and ac-
curacy of total value of standard deviations of £ and Kj in
the range of 1200 — 1600°C. In this case, the scattering of £
and K, values is reduced significantly in the samples with
mixtures of Ti, Nb, Cr, Zr and Ti, Mo, Cr, V powders, as op-
posed to a gradual decrease in such scattering of the property
values of the sample with a mixture of Mo, Nb, Cr, and Ta
powders, as the temperature increases from 1200 to 1600°C.

Comparing the R? values, are visible small differences of
R? of the samples with mixtures of Ti, Nb, Cr, Zr and Mo,
Nb, Cr, Ta; Ti, Mo, Cr, V and Mo, Nb, Cr, Ta powders, equal
to 0,01 and 0,02, compared to the R? difference of the sam-
ples with mixtures of Ti, Nb, Cr, Zr and Ti, Mo, Cr, V pow-
ders, equal to 0,0108. These R? differences correlate with the
arrangement of £ and K, values of the samples relative to
straight lines, as well as with the total values of standard de-
viations of E and K, in the temperature range of
1200 — 1600°C. The correlation accuracy of the property val-
ues of the sample with a mixture of Ti, Nb, Cr, and Zr pow-
ders increases in the range of 1400 — 1600°C compared to
practically unchanged and high correlation accuracy of the
sample with a mixture of Ti, Mo, Cr, and V powders in the
range of 1200 — 1600°C and non-uniform (low) correlation
accuracy of the sample with a mixture of Mo, Nb, Cr, and Ta
powders, relative to straight lines in the temperature range of
1200 — 1600°C. In this case, the E and K|, values of the sam-
ple with a mixture of Ti, Mo, Cr, and V powders, are located
on a straight line, slightly shifted, and more shifted relative
to the straight lines of the samples with mixtures of Ti, Nb,
Cr, Zr and Mo, Nb, Cr, Ta powders in the range of
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Fig. 20. Values of S, and XS,, as well as linear correlation of E and K, of the samples: M40(TijTa,4)(Cy;Ny3)5B4C5BN10Ti
10Nb19,5Cr10,5Zr (®); M40(Ti, ¢Tay4)(Cy-Ng3)5B,C5BN8,5Ti8,5Mo17Cr16V (A); M4A0(Ti,Tay4)(Cy Ny 3)5B,C5SBN30Mo5Nb12,5Cr2,5Ta
(®) in the range of 1200 — 1600°C.

1200 — 1600°C, respectively. Also, the arrangement of the
straight lines does not differ relative to each other.

The differences of mismatches of standard deviations
values in each of the temperature ranges, the total standard
deviations values, and correlation of the £ and K| values rel-
ative to the straight lines with the difference in the R? value
of the samples in the range of 1200 — 1600°C are associated
with the differences of the reaction mechanisms, intensity of

solid-/liquid-phase crystallization, and density of structures
of the a-, B-Ti,Nb,Cr,Zr; a-, B-Ti,Mo,Cr,V; and a-,
B-Mo,Nb,Cr,Ta phases (see reactions (7)—(23) and
Fig. 4a—c), as well as homogeneity and density of the
sintered microstructures (see Fig. Sa — ¢, a; — ¢,), dispersity
of the crystal phase grain composition (see Fig. 6), unifor-
mity, density of structures, path, width of the boundary layers
of solid solutions of metallic phases (see Fig. 8a— as,
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100 — bg, 12¢ — ¢y), packing of non-oxide particles and parti-
cles of solid solutions of metallic phases (see Fig. 9a — ag.,
116 —bgy, 13¢—cg), as well as microcracks propagating
path, width, length across the boundary layers of different
solid solutions of metallic phases (see Fig. 17a;;—as.,
18651 — bgy, 19¢5; —cg.1.1)- As a result, the strengthening
and reinforcing effect of the various-dense structures of the
a-, B-TiNb,Cr,Zr and o-, B-Ti,Mo,Cr,V phases, cermet
microstructures, as well as (Ti,Ta)(C,N), B,C, ¢-BN and
B-Ti,Nb,Cr,Zr and B-Ti,Mo,Cr,V particles on the uniformity,
path, width of structures of the boundary layers of solid solu-
tions of metallic phases, microcracks at the boundaries of ce-
ramic particles and solid solutions of metallic phases, across
the boundary layers of solid solutions of metallic phases, as
well as the effect of the boundary layers of solid solutions of
metallic phases on the strengthening and reinforcing the
structures of the samples with mixtures of Ti, Nb, Cr, Zr and
Ti, Mo, Cr, V powders, is approximately similar. This corre-
lates with small differences of XS, and R? for E and K|,
(equal to 0,42, 0,29, and 0,0108, respectively) unlike a differ-
ent strengthening and reinforcing effect of the various dense
structures of a-, B-Ti,Nb,Cr,Zr; a-, B-Ti,Mo,Cr,V; and a-,
3-Mo,Nb,Cr,Ta, cermet microstructures, (Ti,Ta)(C,N), B,C,
¢-BN particles and solid solutions of metallic phases, bound-
ary layers of solid solutions of metallic phases of the samples
with mixtures of Ti, Nb, Cr, Zr and Mo, Nb, Cr, Ta, and Ti,
Mo, Cr, V and Mo, Nb, Cr, Ta powders. In this case, such dif-
ferences are more pronounced between the samples with
mixtures of Ti, Mo, Cr, V and Mo, Nb, Cr, Ta powders,
rather than between the samples with mixtures of Ti, Nb, Cr,
Zr and Mo, Nb, Cr, Ta powders. This indicates various differ-
ences of values of XS, and R? for E and K|, (1,22, 0,80, and
0,02 versus 0,80, 0,51, and 0,01, respectively).

CONCLUSION

The effect of the mixtures of Ti, Nb, Cr, Zr; Ti, Mo, Cr,
V; and Mo, Nb, Cr, Ta powders on the phase composition,
microstructure, grain sizes of crystalline phases, p., Al
physico-mechanical properties, linear correlation, values of
standard deviations for E and K, of mullite —
(Ti,Ta)(C,N) — B4C — ¢-BN samples is shown during spark
plasma sintering of compositions at a pressing load of
85 MPa in the temperature range of 1200 — 1600°C.

The synthesized TiC, TiN, B,C, and #-BN powders are
characterized by respectively different crystallization inten-
sity of the TiC, TiN, B,C, and 4-BN phases. A (Ti,Ta)(C,N)
solid solution, obtained by spark plasma sintering at 1500°C,
shows an intensive crystallization of the (Ti,Ta)(C,N) phase
along with the crystalline, uniform, densely sintered
microstructure, and consists of uniformly packed grains of
(Ti,Ta)(C,N).

The sintered samples with mixtures of metal powders,
show intensive mullitization, active crystallization of
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(Ti,Ta)(C,N) and less intensive crystalline phases of B,C and
c-BN with various evolution of crystalline phases of
B-Ti,Nb,Cr,Zr; B-Ti,Mo,Cr,V; and B-Mo,Nb,Cr,Ta in the
temperature range of 1200 — 1600°C. The sample with a
mixture of Ti, Nb, Cr, and Zr powders, forms a more uniform
and densely sintered microstructure at 1500°C, as well as
variously-dispersed grain compositions of crystalline phases
in the range of 1200 — 1600°C. This composition undergoes
more intensive sintering, however, forms less homogeneous
and non-dense structure, more wide and less tortuous bound-
ary layers of solid solution of the metallic phase, across them
propagating microcracks with different path and width unlike
the sintered composition with a mixture of Ti, Mo, Cr, V
powders and with higher properties of boundary layers,
microcracks comparing to the composition with a mixture of
Mo, Nb, Cr, Ta powders at 1500 °C. As a result, the sample
with a mixture of Ti, Mo, Cr, and V powders shows a higher
increase of the physico-mechanical property values, higher
crack resistance, higher linear correlation, and smaller values
of mean and total standard deviations of the modulus of elas-
ticity and fracture toughness in the temperature range of
1200 — 1600°C.
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