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The effects of Zr, Mo and Zr, Ta powder mixtures during spark-plasma sintering of compositions at pressing
loading of 60 MPa in the range 1200 — 1600°C on the phase composition, microstructure, grain sizes of crys-
talline phases, relative density, linear shrinkage, physical-mechanical properties, and linear correlation of elas-
ticity modulus and fracture toughness of mullite—3-SiAION—c-BN samples are shown in the present work.
Synthesized powders of B-SiAION and ¢-BN are characterized by extensive crystallization of -SiAION and
c-BN, respectively. Sintered samples with Zr, Mo and Zr, Ta mixtures show extensive mullite formation, ac-
tive growth of B-SiAION, and less extensive growth of ¢-BN in the range 1200 — 1600°C. Active growth of
crystalline B-Mo, Zr, Mo, and Mo,Zr phases is noticeable in the sample with Zr, Mo mixtures but extensive
growth of crystalline B-Ta, Zr, o-Zr, Ta, a-Ta, Ta;Zr, and Ta,Zr, is observed in the sample with Zr, Ta mixtures
with an increase of temperature. The Zr, Mo mixture favors the formation of a more uniformly and densely
sintered microstructure of the ceramic phase, round metallic Mo and -Mo, Zr particles, more reinforced ce-
ramic-metallic boundary areas, and metallic phases and facilitates the reduction of crystalline-phase grain
sizes in the range 1400 — 1600°C. As a result, the composition with a Zr, Mo mixture sinters more uniformly
and gradually. The corresponding sample shows larger values of physical-mechanical properties, higher
cracking resistance with an insignificant quantity of microcracks, and a larger linear correlation of the elastic-
ity modulus and fracture toughness in the range 1200 — 1600°C.

Keywords: mullite—B-SiAION—c-BN—Zr-Mo, mullite—3-SiAION—c-BN—Zr-Ta, solid solutions in metallic
phases, spark-plasma sintering, properties.

dislocations that cause microcracks of various trajectories
and lengths, degrade the elastic properties, and increase the

Brittleness of boundary areas in oxide—oxide-free crys-
talline phases of various solid and impact-resistant ceramics
is a common problem that is important for studying the
mechanisms and extent of sintering of heterogeneous pow-
ders; the formation of phases, microstructure, and properties
in boundary layers; and, as a result, the development of new
types of these materials [1 —4]. This problem is caused by
the uneven diffusion at the boundaries of sintered particles of
heterogeneous ceramic components because of the different
diffusion coefficients in the powders being sintered as the
temperature and pressing load increase [3, 4]. As a result,
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brittleness arise in the boundary layers of the crystalline
phases. This reduces the compaction and weakens the bound-
ary structures of the heterogeneous ceramic particles [3, 4].
Various methods are employed to solve these problems,
e.g., addition to mixtures being spark-plasma sintered of ox-
ide and oxide-free powders of sialon [5]; oxide components,
in particular Y,05 and Dy,05 that form low-melting eutec-
tics and solid solutions with oxide and oxide-free powders
[6, 7]; cubic ZrO, [8]; and TiC—ZrC solid solution [9]. These
additives stimulate differently the diffusion of the oxide and
oxide-free components at the boundaries of the heteroge-
neous sintered particles in the liquid and solid phases [5 — 9].
These methods are not always applicable in practice because
of the specifics and side processes of the used additives,
which effect the extent and uniformity of the sintering of
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mixtures of oxide and oxide-free powders, the compaction
and strength of the boundary structure of the crystalline
phases, and the physicomechanical properties of the materi-
als [5-9].

However, a method involving addition of mixtures of
metal powders, e.g., Ni, Co or Ni, Mo, to mixtures of ox-
ide-free components being sintered is widely applied
[10 — 13]. The main feature of the method is the formation of
solid solutions of metallic phases and intermetallic com-
pounds in a Ni and/or Co melt [10 — 13]. Transformation of
the metal powders into oxide-free components is avoided in
this process [10 — 13], in contrast to sintered mixtures of ox-
ide-free components and a metal powder where the ox-
ide-free component formed from the metal powder crumbles,
disintegrates, or compacts and strengthens the boundary
structures of the crystalline phases depending on its proper-
ties and, as a result, affects differently the ratio of brittle and
elastic properties, elastic modulus, hardness, and impact vis-
cosity of the materials [14, 15]. Sintering of mixtures of ox-
ide-free components with mixtures of Ni, Co and Ni, Mo
powders regulates the relationship of the shapes, sizes,
sintering of particles of solid solutions of ceramic and metal-
lic phases and intermetallic compounds, and the ratio of brit-
tleness/compaction and strengthening and crack resistance of
boundary layers of the ceramic and metallic phases
[10-13].

The aim of the work was to study the effects of Zr, Mo
and Zr, Ta additives on the phase composition, micro-
structure, grain size of crystalline phases, relative density,
linear shrinkage, physicomechanical properties, and linear
correlation of the elastic modulus and impact viscosity of

TABLE 1. Characteristics of Starting Components

A. V. Hmelov

mullite—3-SiAION—c-BN samples during their spark-plasma
sintering with pressing load 60 MPa at 1200 — 1600°C.

EXPERIMENTAL

Mixtures of Al,O; and SiO, powders were prepared us-
ing Al,O5 (Aldrich, Belgium; 97.5% pure) and SiO, (Merck,
Germany; 97.5% pure). These components were weighed in
the weight proportion corresponding to the mullite stoichio-
metry (3:2) and mixed in a planetary ball mill (Retsch PM
400) for ~10 min. B-SiAION and c¢-BN powders were syn-
thesized in a plasma-chemical apparatus under vacuum at
1600°C for 1 h using the starting components (Table 1).

B-SiAION and ¢-BN were synthesized according to the
reactions:

Si,N, + AIN + ALO; - Si,ALO,N, (x=3), (1)
2B,0, + 3,5N, — 4¢-BN + 3NO,. )

B-SiAION and c¢-BN powders in mixtures with Zr, Mo
and Zr, Ta additives were mixed in weight proportions (Ta-
ble 2) in a planetary ball mill (Retsch PM 400) for ~10 min
to produce two different groups of homogeneous mixtures
(Table 2).

The obtained mixture of Al,O; and SiO, powders was
mixed with the two prepared groups of B-SiAlION/c-BN/Zr,
Mo and B-SiAlON/c-BN/Zr, Ta powder mixtures in a plane-
tary ball mill (Resch PM 400) for ~10 min.

Obtained powder Starting components Manufacturer(s) Purity, %
B-SiAION Si;N,/AIN/AL O, Merck, Germany/Aldrich, Belgium/Aldrich, Belgium 97.5/99.5/98.5
c-BN B,04/N, Merck, Germany/Aldrich, Belgium 99.5/98.5
Zr Zr Aldrich, Belgium 99.0
Mo Mo Merck, Germany 99.5
Ta Ta Aldrich, Belgium 99.5

TABLE 2. Proportions of Components in Starting Powder Mixtures*

Parameters

M30SiAION10BN30Zr30Mo

M30SiAION10BN30Zr30Ta

Component masses 30 mol% [-Si;Al;0;N; /
10 mol% ¢-BN/30 mol% Zr / 30 mol% Mo

Component masses 30 mol% B-Si;Al;O;N5/
10 mol% ¢-BN/30 mol% Zr / 30 mol% Ta
Ratio 3A1,0,°2Si0, / B-Si;AL,03Ns/ ¢-BN / Zr /
Mo, 3A1,0,-2810,/ 3-Si3Al;0;Ns/ ¢-BN / Zr / Ta

1.69/59.88/5.26/4.92

59.06/ 1.67/ 18.98/20.29 —

— 50.22/1.42/16.14/32.22

1.99/70.42/6.19/3.10

* Component masses (3A1,04/2510,) 71.8/28.2 g per 100 g of mixture.
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Fig. 1. Phase composition of B-SiAION (a) and ¢-BN powders (b)
synthesized by plasma-chemical method at 1600°C: B-SiAION,
sialon; AIN, aluminum nitride; c-BN, cubic boron nitride.

The obtained mixtures of components were loaded into a
graphite press-mold of diameter 30 mm and underwent
spark-plasma sintering (SPS, Sumimoto, Model SPS 825,
CE; Dr. Sinter, Japan) under vacuum (6 Pa) with pressing
load 60 MPa for 2 min at 1200 — 1600°C at heating rate
100°C/min.

The phase composition, microstructure, relative density
Prel» linear shrinkage A/, elastic modulus E, Vickers hardness
HYV, and impact viscosity K, of the synthesized powders and
sintered samples were determined by the previously pub-
lished methods [4]. The theoretical density of the compo-
nents (g/cm3) were mullite 3.17; B-Si;Al;05N;5 3.09, ¢-BN
3.49, h-BN 2.1, a-Mo, Zr 2.46, B-Mo, Zr 3.52, a-Ta, Zr 6.52,
B-Ta, Zr 7.68, B-Zr-Ta 2.95, a-Zr, Ta 4.0, Mo 10.28, Ta
16.69, Mo,Zr 3.89, Ta;Zr 3.97, and Ta;Zr, 4.34.

RESULTS AND DISCUSSION

The phase composition of the synthesized sialon and
c-BN powders (Fig. 1) consisted mainly of strong diffraction
maxima of B-SiAION with an insignificant amount of
unreacted AIN and strong diffraction maxima of c-BN.

Figure 2 shows the phase compositions of samples pre-
pared by SPS at 1200 — 1600°C.

Samples with Zr, Mo and Zr, Ta additives were charac-
terized by extensive mullite formation at 1200 — 1600°C.
This was caused by rapid formation of mullite structures
with the stoichiometric composition during the reaction of
Al,O5 and SiO,. Also, B-SiAION was observed to form ap-
proximately equal to the increase of mullite at
1200 — 1600°C because of structuring of sialon during its
viscous flow. However, ¢-BN formed less extensively than
mullite and B-SiAION at 1200 — 1600°C because of the
dense (cubic) structure of this component with distinct cova-
lent bonds and rapid diffusion and structuring of ¢-BN in the
solid. Relatively rapid formation of #-BN and the weakened
intensity of ¢-BN diffraction maxima related to this were no-
ticeable in the samples at 1400 — 1600°C. This was due to a
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Fig. 2. Phase composition of M30SiAION10BN30Zr30Mo (@) and
M30SiAION10BN30Zr30Ta samples (b) sintered at 1200 —
1600°C: M) mullite (3A1,042Si0,); h-BN) hexagonal boron
nitride; a-Mo, Zr, a-Ta, Zr) solid solution of hexagonal zirconium;
-Mo, Zr, B-Ta, Zr) solid solution of cubic zirconium; o-Zr, Ta)
solid solution of cubic tantalum; (B-Zr, Ta) solid solution of
tetragonal tantalum; Mo, molybdenum; o-Ta) cubic tantalum;
B-Ta) tetragonal tantalum; Mo, sZr) molybdenum zirconium;
Me,Zr) dimolybdenum zirconium; Ta;Zr) tritantalum zirconium;
Ta;Zr,) tritantalum dizirconium.

partial phase transition ¢-BN — A-BN. A reaction of
B-SiAION with ¢-BN and #-BN was not observed. This was
indicated by the lack of additional diffraction maxima at
1200 — 1600°C.
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Fig. 3. Microstructure of 30SiAION10BN30Zr30Mo: «) general view; a,)
ceramic phase, a,) metallic phase containing crystalline Mo and intermetallic
Mo,Zr; a;) solid solution B-Mo, Zr, and M30SiAION10BN30Zr30Ta sam-
ples: b) general view; b,) ceramic phase; b,) metallic phase containing crys-
talline o-Ta and intermetallic Ta;Zr and Ta;Zr,; b;) solid solution B-Ta, Zr,
sintered at 1500°C.

Crystalline a- and -Mo, Zr, Mo, and Mo,Zr phases
were observed in the M30SiAION10BN30Zr30Mo sample at
1200 — 1600°C. Mainly weak diffraction maxima of less
dense a-Mo, Zr and crystalline Mo appeared at 1200°C be-
cause of the low solubility of Zr in Mo and poor crystalliza-
tion of Mo in the solid. A phase transition during which less
dense crystalline a.-Mo, Zr rearranged into the denser crys-
talline B-Mo, Zr in the solid because of the increased solubil-
ity of Zr in a-Mo, Zr and Mo up to 1400°C was noted. Si-
multaneously, crystalline Mo,Zr formed because of dissolu-
tion of intermediate Mo, sZr and crystalline Mo in a-Mo, Zr
at 1200 — 1300°C with formation of the Mo,Zr structure at
1400°C. A certain amount of -Mo, Zr formed at 1400°C be-
cause of a solid-state reaction of a-Mo, Zr and Mo,Zr at
1200 — 1400°C. The appearance of weak diffraction maxima
of a/B-Mo, Zr at 20 of 20.7 and 49.5° and their slight
ingrowth at 26 of 27.5, 44.6, and 54.6° at 1400°C were indic-
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ative of this. These processes corresponded to the tem-
perature range of a eutectoid in the Mo—Zr system
two-phase equilibrium diagram [16]. Crystalline 3-Mo,
Zr and Mo,Zr phases grew more extensively at
1500 — 1600°C. This was explained by the increasing
liquid-phase solubility of Zr and Mo, respectively, in
-Mo, Zr with rapid formation of crystalline 3-Mo, Zr
and Mo,Zr phases. The ingrowth of crystalline 3-Mo,
Zr was also explained by the reaction of Mo,Zr and the
liquid phase. A crystalline Mo phase was missing in the
sample with Zr, Mo above 1400°C (Fig. 2a ). This indi-
cated that Mo was fully converted into crystalline
B-Mo, Zr and Mo,Zr phases at 1400 —1600°C
(Fig. 2a). These formation mechanisms of crystalline
B-Mo, Zr and Mo,Zr phases corresponded to the
eutectic  temperature ranges 1543 -1603 and
1583 — 1607°C in the Mo—Zr system two-phase equilib-
rium diagram [16].

The M30SiAION10BN30Zr30Ta sample showed
crystalline a- and B-Ta, Zr, B- and a-Zr, Ta, and - and
o-Ta phases at 1200 — 1600°C. Less dense structures of
crystalline a-Ta, Zr, B-Zr, Ta, and B-Ta were insignifi-
cantly developed at 1200°C. This was explained by the
limited solubility of Zr in B-Ta and of B-Ta in Zr and
poor crystallization of 3-Ta in the solid. A phase transi-
tion at which less dense crystalline a-Ta, Zr, B-Zr, Ta,
and B-Ta rearranged into denser B-Ta, Zr, a-Zr, Ta, and
a-Ta in the solid because of transformations in the Zr
and Ta crystal structures [17] and the increased solubil-
ity of Zr in a-Ta, Zr, B-Ta, and B-Zr, Ta up to 1400°C at
60 MPa was noticeable in the sample with the Zr, Ta
mixture. The most rapid development of 3-Ta, Zr, a-Zr,
Ta, and o-Ta was noted at 1500 — 1600°C because of
the increasing solubility of Zr in B-Ta, Zr and a-Ta in
a-Zr, Ta, respectively. Also, Ta;Zr and Ta;Zr, crystal-
lized rapidly at 1400 — 1600°C. The reaction of crystal-
line Ta3Zr and Ta;Zr, and the liquid phase promoted
rapid development of crystalline B-Ta, Zr and o-Zr, Ta
phases. Ta;Zr formed at 1400°C and continued up to 1500°C
while Ta;Zr, formed at 1500°C and continued up to 1600°C.
Crystalline Ta;Zr formed because of liquid-phase dissolution
of Zr and B/o-Ta in a/B-Ta, Zr and P/a-Zr, Ta, respectively,
while Ta;Zr, formed because of liquid-phase dissolution of
TasZr in B-Ta, Zr and a-Zr, Ta with recrystallization of
Ta;Zr,. This corresponded to the eutectic temperature range
in the Ta—Zr system two-phase equilibrium diagram [17].
Similar appearance of diffraction maxima of crystalline Mo,
Mo,Zr, a-Ta, TayZr, and TasZr, at 1200 — 1600°C was noted.
This was explained by the approximately equal structure for-
mation of these components because of dense Mo, o-Ta, and
intermetallic compound structures. Simultaneously, reactions
of mullite, -SiAION, and ¢-BN with Zr, Mo and Zr, Ta mix-
tures and intermetallic compounds were not observed be-
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cause decomposition products of mullite and sialon and oxi-
dation products of ¢-BN, mixtures of metal powders, and
intermetallic compounds were missing at 1200 — 1600°C.

Figure 3 shows the microstructures of the samples pre-
pared by SPS at 1500°C. The microstructure of the
M30SiAION10BN30Zr30Mo sample (Fig. 3a) was more
uniformly and densely sintered with a small amount of
weakly sintered areas and had smaller pores than that of the
M30SiAION10BN30Zr30Ta sample (Fig. 3b). This was ex-
plained by the different effects of diffusion processes in the
metallic phases of the Mo, Zr and Zr, Ta metal powder mix-
tures on sintering of the main components. However, the
samples had uniformly and densely sintered microstructures
of the ceramic phase with almost no pores and contained dif-
ferent amounts of agglomerated particles (Fig. 3a; and b)).
The uniform sintering of the compositions because of vis-
cous flow of sialon and the almost complete solid-state
sintering of ¢-BN and /-BN particles were responsible for
this. The microstructure of the metallic Mo and Mo,Zr
phases consisted of round particles of crystalline Mo about
1 um in size and soft agglomerates of crystalline Mo,Zr
about 2 — 3.5 um in size (Fig. 3a,). This was explained by
dissolution of a solid solution of Mo in 3-Mo,Zr and devel-
opment of the Mo,Zr structure from the liquid phase at
1500 — 1600°C (Fig. 2a).

The microstructure of metallic a-Ta and Ta;Zr phases
appeared as weakly sintered nonuniform compacted crystal-
line formations of a-Ta and Ta;Zr about 2 — 3 mm in size as
compared to the monolithic crystalline Ta;Zr, structure about
8 um in size that consisted mainly of densely fused crystal-
line Ta;Zr formations and less dense sintered o-Ta particles
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Fig. 5. Changes of P (m) and A/ (W) of
M30SiAION10BN30Zr30Mo (@) and M30SiAION10BN30Zr30Ta
samples (b) at 1200 — 1600°C.

(Fig. 3b,). This structure of Ta;Zr, was explained by the cor-
responding formation of crystalline Ta;Zr, (Fig. 2b). In gen-
eral, the structural differences in crystalline o-Ta, Ta;Zr, and
TasZr, were due to formation features of these crystalline
phases during the various diffusion processes in the composi-
tion being sintered (Fig. 25 ). Significant pores between crys-
talline formations of a-Ta and Ta;Zr, and Ta;Zr and Ta;Zr,
were observed (Fig. 3b,) and resulted from the various diffu-
sion processes. Hence, the crystal structure of Ta;Zr, was
harder than those of a-Ta and Ta;Zr. Also, B-Mo, Zr and
B-Ta, Zr phases formed different microstructures (Fig. 3a;
and b3). The microstructure of B-Mo, Zr was more uniform
and densely sintered to round B-Mo, Zr particles (Fig. 3a3),
in contrast to crystalline 3-Ta, Zr formations of variously ag-
glomerated particles of various shapes (Fig. 3b5).

Figures 4 — 8 show grain sizes of crystalline phases at
1400 — 1600°C; p,; and A/ at 1200 — 1600°C, the micro-
structure of boundary areas of oxide and oxide-free crystal-
line phases at 1500°C, the physicomechanical properties at
1200 — 1600°C, and photographs of indentations at 1500°C.

The M30SiAION10BN30Zr30Mo composition was uni-
formly sintered at 1200 — 1600°C because of extensive de-
velopment of crystalline f-Mo, Zr and Mo,Zr phases from
the liquid phase (Fig. 2a ), formation in general of a uniform
and densely sintered microstructure (Fig. 3a), the dense
microstructure of the ceramic phase with fewer agglomer-
ated particles (Fig. 3a,), formation of weakly fused and com-
pacted crystalline Mo,Zr formations as soft agglomerates
(Fig. 3a,), and development of polydisperse grains of the
crystalline phases at 1400 — 1600°C (Fig. 4).

Simultaneously, the development of this sintering was af-
fected by variation of ¢-BN grain sizes (Fig. 4) associated
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with formation of 4-BN at 1400°C (Fig. 2a). A decrease of
mullite and B-SiAION grain sizes (Fig. 4) had little effect on
the extent of sintering of this composition because ¢-BN
grains grew rapidly and the large sizes of Mo,Zr grains
(Fig. 4) to a certain degree slowed diffusion at the boundaries
of sintered mullite and B-SiAION grains and ¢-BN/A-BN,
mullite, B-SiAION, and Mo,Zr grains and sintering of
¢-BN/h-BN and Mo,Zr grain boundaries. This correlated

A. V. Hmelov

with results from an analysis of the microstructure of
boundary areas of the crystalline phases (Fig. 6a — a3).

The M30SiAION10BN30Zr30Ta composition was
nonuniformly sintered at 1200 — 1600°C. Sintering of the
composition increased up to 1400°C and decreased at
1400 — 1600°C. The increased sintering up to 1400°C re-
sulted from solid-state mutual dissolution of Zr in B-Ta
and B-Ta in Zr at 1200 —1300°C with initiation of
solid-state mutual dissolution of Zr in a-Ta and o-Ta in
Zr, dissolution of Zr and B/a-Ta in solid solutions a-Ta,
Zr and B/o-Zr, Ta at 1400°C, and development of crystal-
line ¢-BN (Fig. 2b). However, the increase in the
sintering of this composition up to 1400°C was much less
than the increased sintering of the
M30SiAION10BN30Zr30Mo composition because the in
general nonuniformly sintered microstructure contained
more pores (Fig. 3b) and was less dense than the micro-
structure of the ceramic phase with many agglomerated
particles (Fig. 3b;). The sintering decreased at
1400 — 1600°C because the phase transition of ¢-BN into
h-BN was more rapid (Fig. 20) and variously compacted
crystalline a-Ta, Ta;Zr, and Ta;Zr, structures formed
from partially recrystallized o-Ta, Ta;Zr and fully
recrystallized Ta;Zr, in the liquid phase consisting of
tightly fused agglomerates in the metallic phase
(Fig. 3b,); variously sintered and agglomerated -Ta, Zr
particles of various shapes formed (Fig. 3b5); a-Ta grains
grew smoothly; B-Ta, Zr gains grew more rapidly; and
TazZr and Ta;Zr, grains grew especially extensively with
development of a monodisperse composition of the crys-
talline phases at 1400 — 1600°C (Fig. 4). As a result, the
formed a-Ta, Zr and P/a-Zr, Ta crystalline phases had
less of an effect on the stimulation of sintering of this
composition.

The change of the physicomechanical properties of
the samples correlated with sintering of these composi-
tions at 1200 — 1600°C. The elastic properties of the
M30SiAION10BN30Zr30Mo sample increased uni-
formly and strongly, which correlated with increases of
K. and HV of the sample at 1200 — 1600°C. However,

range because of the formation of nonuniformly and in-
completely compacted crystalline Mo,Zr formations as
soft small agglomerates in the metallic phase (Fig. 3a,), a
significant increase in the sizes of ¢-BN grains, and the
large sizes of the Mo,Zr grains (Fig. 4). As a result, bond-
ing at the contact boundaries of ¢-BN/A-BN and Mo,Zr

grains decreased with the development in these sections of
brittle properties and the reduction of elastic properties. This
diminished the resistance of the samples to the effects of an
external load. This sample was characterized by lower crack
resistance at 1500°C as compared to that at 1300°C (Fig. 8a
and ). In general, the correlating results of these properties
were explained by the presence of round -Mo, Zr particles
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(Fig. 3as), the polydisperse grain composition of the crystal-
line phases (Fig. 4), and the presence of a thin intermediate
layer of 4#-BN at the boundary areas of the oxide—oxide-free
and oxide-free crystalline phases (Fig. 6a — a5) that strength-
ened the sample structure. As a result, the above side effects
were fully compensated and microcracks propagated to a
limited extent and discontinuously in several directions
around the indentation (Fig. 8a,) along a winding trajectory
(Fig. 8a,,) with slow and halting movement of the
microcracks along grain boundaries of the crystalline phases.
In general, this was related to the interaction of the propa-
gated microcracks and indicated shapes, particle sizes,
and/or local stress areas around these particles. As a result,
stresses were evenly dissipated from of the propagated
microcracks because of the developed elastic properties at
the particle contact boundaries that were caused by the
strengthening effect at the boundary areas of oxide—ox-
ide-free and oxide-free crystalline phases (Fig. 6a — a3), the
polydisperse grain composition (Fig. 4), and, correspond-
ingly, hardening of the boundary areas of the crystalline
phases and the structure that increased the resistance of the
sample to the action of the external load.

The M30SiAION10BN30Zr30Ta sample showed non-
uniform development of physicomechanical properties, in
particular, a smooth growth up to 1400°C and a rapid de-
crease at 1400 — 1600°C. The physicomechanical properties
grew smoothly because of the formation of o-Ta, Zr and
[B-Zr, Ta phases that strengthened the sample structure during
a phase transition of the less dense structure of these solid so-
lutions into denser structures 3-Ta, Zr, a-Zr, Ta, and crystal-
line c-BN in the solid (Fig. 2b) and a relatively polydisperse
composition of the crystalline phase grains at 1400°C
(Fig. 4) in the sample structure. A slight embrittlement of the
sample structure was observed in the photograph of the in-
dentation with an indication of the linear trajectory of
microcrack propagation at 1300°C (Fig. 85 ). The reason for
this was the formation of less dense crystalline a-Ta, Zr and
B-Zr, Ta phases (Fig. 2b ). However, the rapid decrease of the
physicomechanical properties was explained by the
embrittling effect of the formed variously compacted crystal-
line a-Ta, Ta;Zr, and Ta;Zr, structures consisting of densely
fused agglomerates in the metallic phase (Fig. 3, b,); consid-
erable growth of crystalline phase grains; the practically
monodisperse composition of the crystalline phase grains
(Fig. 4); and the wide boundary layers of #-BN and o-Ta at
the boundary areas of the oxide—oxide-free and oxide-free
crystalline phases (Fig. 6b — b,). As a result, the boundary ar-
eas of these crystalline phases were significantly weakened
(Fig. 6b — b3). This increased the brittleness and decreased
the elastic properties and resistance of the sample to the ac-
tion of the external load. This sample was characterized by
lower crack resistance with a linear trajectory of microcrack
propagation at 1500°C (Fig. 8b,), on the path of movement
of which TasZr and TasZr, particles were situated
(Fig. 8b,.9). In general, a microcrack advanced along the sur-
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Fig. 7. Changes of E and K (@, ® and ¥, respectively) and HV
(b) of M30SiAION10BN30Zr30Mo (/) and
M30SiAION10BN30Zr30Ta samples (2) at 1200 — 1600°C.

face of Ta;Zr and Ta;Zr, particles and not in the particle bulk
with insignificant splitting of them because of the formation
on the surface of Ta;Zr and Ta;Zr, particles of brittle bound-
ary layers of 4#-BN and o-Ta as compared to denser and
harder crystalline Ta;Zr and Ta;Zr, structures (Fig. 3b,).
These results corresponded to formation of crystalline Ta;Zr
and Ta;Zr, structures (Fig. 3b,) and microstructures of
boundary areas of oxide—oxide-free and oxide-free crystal-
line phases (Fig. 6b—b;). Therefore, propagating
microcracks interacted less vigorously with particles of the
crystalline phases of the monodisperse grain composition,
i.e., stresses in front of microcracks propagating rapidly
along grain boundaries of crystalline phases were unevenly
and incompletely dissipated.

Figure 9 shows the linear correlation of £ and K. of
sintered samples. A comparison of the quantities R? of the
samples showed an insignificant difference in this quantity
(~0.01) that was greater in the M30SiAION10BN30Zr30Mo
sample. Simultaneously, the deviations of the lines relative to
the E and K, values of these samples were practically identi-
cal at 1200 — 1600°C. The positions of the lines of the sam-
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Microcrack shift

Fig. 8. Photographs of indentations with changing HV of sintered M30SiAION10BN30Zr30Mo: ) at 1300°C; a,) at 1500°C, and
M30SiAION10BN30Zr30Ta samples: b) at 1300°C; b,) at 1500°C) with an indication of the propagation trajectories of microcracks (a,_,) and

(b,) at 1500°C, respectively.

ples relative to each other were approximately the same at
1200 — 1600°C.

The correlation of the properties of
M30SiAION10BN30Zr30Mo relative to the line was some-
what poorer at 1300, 1500, and 1600°C as compared to the
more accurate correlation of the properties relative to the line
at 1200 and 1400°C. This result at 1300°C was explained by
the weak sample structure because of the less dense crystal-
line a-Mo, Zr phase and the poorly developed ¢-BN phase
(Fig. 2a); at 1500 and 1600°C, by the nonuniformly and in-
completely compacted microstructure caused by the forma-
tion of weakly fused and poorly compacted crystalline
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2 y = 0.2056x - 25.163
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Fig. 9. Linear correlation of £ and K,, of samples at
1200 — 1600°C.

Mo,Zr formations as soft agglomerates in the metallic phase
(Fig. 3a,), activation of c-BN grain growth, the large sizes of
Mo,Zr grains (Fig. 4), and development of slight brittleness
at boundaries of oxide—oxide-free and oxide-free crystalline
phases because of a thin intermediate layer of #-BN in the
boundary areas of the crystalline phases (Fig. 6a — a;). The
poorer correlation of the sample properties to the line had
substantially no effect on the value of R2, i.e., on the elastic
properties and impact viscosity (Fig. 7). This was due to the
formation of round B-Mo, Zr particles (Fig. 3a;), the
polydisperse composition of the crystalline phase grains
(Fig. 4), and the twisting propagation trajectory of a few
microcracks (Fig. 8a; and a,.), which in general compen-
sated the above side processes and strengthened the sample
structure. The better correlation of the sample properties with
the line at 1200 and 1400°C was related to the smaller influ-
ence and initiation of development of the above processes
during sintering of this composition.

Simultaneously, the correlation of the
M30SiAION10BN30Zr30Ta sample properties with the line
at 1300, 1500, and 1600°C as compared to the more accurate
correlation of the properties with the line at 1200 and 1400°C
vanished. The less accurate correlation of the sample proper-
ties with the line at 1300°C was related to its weak structure
because of the less dense a-Ta, Zr, B-Zr, Ta, and poorly de-
veloped c-BN phases (Fig. 2b ). However, the poorer correla-
tion of the sample properties with the line at 1500 and
1600°C was due to a nonuniform, agglomerated, and porous
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microstructure caused by formation of variously compacted
crystalline a-Ta, TasZr, and Ta;Zr, structures consisting of
densely fused agglomerates in the metallic phase (Fig. 35,),
the formation of a monodisperse composition of crystalline
phase grains (Fig. 4), development of significant brittleness
in the boundary areas of oxide—oxide-free and oxide-free
crystalline phases caused by the broad boundary layers of
h-BN and o-Ta (Fig. 60 — b,), and the linear propagation tra-
jectory of many microcracks (Fig. 85, and b,_,). These rea-
sons and the less accurate correlation of the sample proper-
ties with the line related to them decreased the R? parameter.
This indicated that the sample elastic properties decreased
and the brittleness increased (Fig. 7). However, the more ac-
curate correlation of the sample properties with the line at
1200 and 1400°C was correspondingly related to the smaller
influence and initiation of development of the above pro-
cesses during sintering of this composition.

CONCLUSION

Mixtures of Zr, Mo and Zr, Ta powders during SPS of
compositions with pressing load 60 MPa at 1200 — 1600°C
were shown to affect the phase composition, microstructure,
crystalline phase grain size, p,,, A, physicomechanical prop-
erties, and linear correlation of £ and K| of the viscosity of
mullite—B-SiAlION-c-BN samples. The synthesized powders
of B-SiAION and ¢-BN were characterized by extensive
crystallization of B-SiAION and c-BN, respectively.

Extensive mullite formation, rapid growth of $-SiAION,
and less extensive development of c¢-BN at 1200 —
1600°C  was observed in sintered samples. The
M30SiAION10BN30Zr30Mo sample had noticeably rapid
development of crystalline B-Mo, Zr, Mo, and Mo,Zr phases;
M30SiAION10BN30Zr30Ta, noticeably extensive ingrowth
of crystalline B-Ta, Zr, a-Zr, Ta, a-Ta, Ta;Zr, and Ta;Zr,
phases as the temperature increased. The Zr, Mo mixture
stimulated formation of more uniform and dense sintering of
the ceramic phase microstructure; particles of metallic Mo
and round B-Mo, Zr; weakly fused crystalline Mo,Zr forma-
tions, and stronger boundary areas of ceramic-metallic and
metallic phases and helped to reduce the grain sizes of
mullite, B-SiAION, c¢-BN, and crystalline Mo, Mo,Zr,
B-Mo, Zr phases at 1400—1600°C. As a result, the
M30SiAION10BN30Zr30Mo composition was more uni-
formly sintered. This sample showed high physico-
mechanical properties, high crack resistance with an insignif-
icant number of microcracks, and a good linear correlation of
E and K at 1200 — 1600°C
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