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The effect of the formation of sintered TiC–ZrC solid solutions in mullite–WC–TiC–ZrC and mul-

lite–c-BN–TiC–ZrC samples during spark plasma sintering of compositions at a compression load of 60 MPa

in the range of 1200–1600°C on their phase composition, microstructure, relative density, open porosity, lin-

ear shrinkage, physicomechanical properties, and linear correlation of elastic modulus and fracture toughness

is shown. The synthesized WC, c-BN powders, and solid solutions of TiC–ZrC prepared by spark plasma

sintering at 1800°C are characterized by intensive crystallization of WC, c-BN and (Ti, Zr)C, respectively,

with the formation of a uniform, densely sintered crystalline microstructure. Sintered samples containing

80/20 and 90/10 mol.% solid solutions of TiC and ZrC show intensive development of mullite and (Ti, Zr)C, a

gradual increase in c-BN and (Zr, Ti)C, as well as a decrease in the intensity of the formation of the WC phase

in the range of 1200 – 1600°C. The microstructure of more evenly and densely sintered samples containing

c-BN and solid solutions of TiC–ZrC (in various proportions) is fine-grained with a small number of pores and

most strengthened at the boundaries of the regions of oxide and oxide-free crystalline phases. As a result, such

samples show higher values of the relative density, linear shrinkage and physicomechanical properties in the

range of 1200 – 1600°C, high crack resistance at 1500°C and larger linear correlation of the elastic modulus

and fracture toughness in the range of 1200 – 1600°C.

Keywords: mullite–WC, mullite–c-BN, TiC–ZrC solid solutions, spark plasma sintering.

INTRODUCTION

The problem of compaction and structural strengthening

of the oxide–oxide-free crystalline phase boundaries is rele-

vant and requires a comprehensive and diverse approach to

its practical solution [1, 2]. This problem arises during the

sintering of mixtures of oxide and oxide-free powder due to

differences in the diffusion coefficients in the powders

[1 – 4], and is also caused by phase transformation, for ex-

ample, c-BN � h-BN, during which a brittle, intermediate

layer of h-BN forms at the contact boundaries of particles of

dissimilar powders with increasing content of c-BN in

sintered powder mixtures, increasing temperature and com-

pression load [5, 6]. This leads to uneven and incomplete

sintering of the powders, the formation of dislocation re-

gions, the formation of microcracks in the h-BN boundary

layer, embrittlement of the boundaries of the crystalline

phase regions and a deterioration of the physicomechanical

properties of the material [2 – 4, 6, 7].

One of the traditional and most effective ways to solve

this problem is to use additives of oxide powders containing

rare-earth metals (for example, Y2O3, Dy2O3) that inten-

sively form low-melting eutectics with oxide and oxide-free

powders, which stimulate diffusion of the substance through

the eutectic melt and compensate for the difference in diffu-

sion coefficients in the sintered powders [8 – 10]. These ad-

ditives cause oxidation of the oxide-free powder with a

change in its composition, forming particles of oxide pow-

der, which otherwise affects the sintering of mixtures, grain

growth of the oxide-free component and the formation of

glass phase of various compositions with an increase in the
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content of the additive oxide component in sintering mix-

tures [8 – 10].

Traditionally, ZrB2 and c-ZrO2 additives are added to

sintered mixtures of oxide and oxide-free powders, which

compact and strengthen the structure of the boundary layers

by sintering additive particles of the highest hardness with

particles of the initial mixture components at the contact

boundaries of dissimilar powders [11, 12]. These additives

cause uneven and incomplete solid-phase sintering with in-

creasing temperature and compression load; therefore, it is

necessary to carefully select the amount and ratio of addi-

tives with the initial components of the mixtures [8 – 12].

At the same time, a method of compaction and strength-

ening of the structure of boundary layers of materials is in-

troduced in practice by obtaining a TiC–ZrC solid solution

during spark plasma sintering of a mixture of oxide and ox-

ide-free powders at temperatures above 1500°C [13]. As a

result, sintering and the formation of a solid solution develop

simultaneously, which contributes to a more intensive and

complete incorporation of the crystalline phase of the solid

solution into the structure of the boundary layers and a sig-

nificant improvement in the physicomechanical properties of

the material [13]. During this sintering, compaction and

strengthening of the structure of the boundary layers is real-

ized through solid-phase sintering and depends on the per-

centage and structure of the components in the solid solution

[13].

The purpose of the present work is to study the effect of

the formation of TiC–ZrC solid solutions during spark

plasma sintering at a compression load of 60 MPa in the

range of 1200 – 1600°C on phase composition, micro-

structure, relative density, open porosity, linear shrinkage,

physicomechanical properties, and linear correlation of the

elastic modulus and fracture toughness of mullite–WC-,

mullite–c-BN samples.

EXPERIMENTALMETHODS

Al2O3 and SiO2 powders were mixed (Table 1) according

to the procedure described in [3]. The synthesis of WC and

c-BN powders was carried out in a plasma-chemical unit un-

der vacuum at 1600°C for 1 h (Table 2) according to the re-

actions:

2WO
3
+ 5C � 2WC + 3CO

2
, (1)

2B
2
O

3
+ 3.5N

2
� 4c-BN + 3NO

2
. (2)

Solid solutions of TiC–ZrC were obtained by spark

plasma sintering under vacuum at 1800°C and a compression

load of 70 MPa for 5 min (Table 3). The samples were then

ground up in a planetary mill (RETSCH PM 400) for 30 min

to obtain powders with particle sizes from 5 to 10 microns.

Powders of WC, c-BN and TiC–ZrC solid solutions (see Ta-

ble 3) were mixed in a planetary mill for 10 min. The result-

ing mixture of Al2O3 and SiO2 powders was mixed with the

prepared groups of WC/80 TiC–20 ZrC, WC/90 TiC–10 ZrC,

c-BN/80 TiC–20 ZrC and c-BN/90 TiC–10 ZrC powder mix-

tures in a planetary mill for 10 min. The component mixtures

were poured into a graphite mold with a diameter of 30 mm

and prepared by spark plasma sintering (SPS on a Sum-

mimoto unit, model SPS 825. CE, Dr. Sinter, Japan) under

vacuum (6 Pa) with a compression force of 60 MPa, 2 min

holding time in the range of 1200 – 1600°C with a heating

rate of 100°C/min.
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TABLE 1. Proportions of the Components in the Initial Mixtures*

Composition

Mass of components

3 mol.% WC /

97 mol.% (TiC–ZrC),

in g, per 100 g of the

mixture

The ratio 3Al
2
O
3
·2SiO

2
/

WC / 80 TiC–20 ZrC,

3Al
2
O
3
·2SiO

2
/ WC /

90 TiC–10 ZrC

Composition

Mass of components

3 mol.% c-BN /

97 mol.% (TiC–ZrC),

in g, per 100 g of the

mixture

The ratio 3Al
2
O
3
·2SiO

2
/

c-BN / 80 TiC–20 ZrC,

3Al
2
O
3
·2SiO

2
/ c-BN /

90Ti–10ZrC

M3WC97 (80 TiC–20 ZrC)

M3WC97 (90 TiC–10 ZrC)

8.08 / 91.92

8.57 / 91.43

12.37 / 1.08

11.66 / 1.10

M3BN97 (80 TiC–20 ZrC)

M3BN97 (90 TiC–10 ZrC)

1.07 / 98.93

1.14 / 98.86

93.45 / 1.01

87.72 / 1.01

* Mass of components (3Al2O3/2SiO2), g, per 100 g of the mixture 71.8 / 28.2.

TABLE 2. Characterization of the Starting Components.

Resulting

powder

Source

components
Manufacturer Purity, %

WC WO3/C Aldrich, Belgium /

Merck, Germany

98.0/97.5

c-BN B2O3/N2 Merck, Germany /

Aldrich, Belgium

99.0/99.5

TiC TiO2/C Merck, Germany /

Aldrich, Belgium

99.5/98.0

ZrC ZrO2/C Aldrich, Belgium /

Aldrich, Belgium

99.5/98.0

TABLE 3. The Ratio of the Sintered Powders TiC and ZrC.

Compositions
Mass of components (mol.% TiC /

mol.% ZrC), g, per 100 g of the mixture
TiC/ZrC Ratio

80 TiC–20 ZrC 69.97/30.03 2.33/1

90 TiC–10 ZrC 83.98/16.02 5.24/1



Phase composition of the synthesized powders, as well

as microstructure, open porosity �, relative density �rel, lin-

ear shrinkage �l, elastic modulus E, Vickers hardness HV,

and imprint surface area S of each sample (see Table 1) was

calculated by the method described in [3]. Theoretical den-

sity of powder components was as follows, g/cm3: mullite

3.17, c-BN 3.49, WC 15.6, TiC 4.93, ZrC 6.73. The impact

strength KIc of the samples was determined by the method

described in [2].

RESULTS AND DISCUSSION

Phase composition of the synthesized WC and c-BN

powders is mainly represented by intense diffraction maxima

of WC and c-BN with a small amount of tungsten oxycarbide

(Fig. 1). This phase is a non-stoichiometric composition of

tungsten carbide containing an unreacted amount of WO3

and C. The phase composition of sintered TiC–ZrC solid so-

lutions with different ratios of TiC and ZrC is shown in x-ray

diffraction patterns (Fig. 2). The microstructure of sintered

TiC–ZrC solid solutions depending on the ratio of TiC and

ZrC is shown in Fig. 3.

X-ray diffraction patterns of sintered TiC–ZrC solid so-

lutions are represented by less intense (Zr, Ti)C and devel-

oped (Ti, Zr)C phases (see Fig. 2). The lower intensity of the

(Zr, Ti)C phase is explained by TiC content significantly ex-

ceeding the content of ZrC (see Table 2), which causes par-

tial incorporation (intercalation) of Ti4+ cations into the ZrC

structure, with (Zr, Ti)C developing less actively in the solid

phase. In turn, the lowest ZrC content (see Table 2) facilitates

the complete incorporation of Zr4+ cations into the TiC struc-

ture, developing (Ti, Zr)C in the solid phase more inten-

sively. As a result, the difference between the cationic radii

of Ti4+ and Zr4+ is inverse to the development of solid solu-

tions at various ratios of TiC and ZrC (see Table 2). The

microstructure of sintered TiC–ZrC solid solutions is crystal-

line, uniformly and densely sintered, consisting of evenly

spaced (Ti, Zr)C regions in (Zr, Ti)C with an insignificant

number of individual fine pores (see Fig. 3). The formation

of dense microstructures is associated with incomplete de-

velopment of (Zr, Ti)C in the solid phase, (Ti, Zr)C has a sig-

nificant compaction and strengthening effect on the forming

(Zr, Ti)C microstructure; TiC is mainly spent on solid phase

sintering of these compositions at a compression load of

70 MPa.

The phase composition of samples prepared from mix-

tures of the starting components by spark plasma sintering in

the range of 1200 – 1600°C is shown in Fig. 4. Samples con-

taining solid solutions with different ratios of TiC and ZrC
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Fig. 1. Phase composition of WC (a) and c-BN (b) powders synthe-

sized by spark plasma sintering at 1600°C: WC) tungsten carbide;

WCxOy) tungsten oxycarbide; c-BN) cubic boron nitride.

Fig. 2. Phase composition of TiC–ZrC solid solutions synthesized

at 1800°C by spark-plasma sintering with a ratio of 80TiC–20ZrC

(a) and 90 TiC-10 ZrC (b): (Ti, Zr)C) solid solution of zirconium

carbide; (Zr, Ti)C) solid solution of titanium carbide.

Fig. 3. Microstructure of TiC–ZrC solid solutions prepared by

spark-plasma sintering at 1800°C with 80 TiC–20 ZrC (a) and

90 TiC–10 ZrC (b) component ratios.



show intense mullitization in the range of 1200 – 1600°C,

which is due to the intensive structuring of mullite during the

interaction of Al2O3 and SiO2 and the formation of its

stoichiometric composition. (Ti, Zr)C develops more inten-

sively in comparison with (Zr, Ti)C in the range of

1200 – 1600°C. This is explained by a more complete struc-

turing of (Ti, Zr)C in comparison with (Zr, Ti)C in the solid

phase in the range of 1200 – 1600°C. As a result, intense and

narrow diffraction maxima of (Ti, Zr)C are formed in com-

parison with weak and individual wide diffraction maxima of

(Zr, Ti)C. Crystalline TiC is observed in samples with WC; it

is especially intensively developed in the range of

1400 – 1600°C (see Fig. 4a, b ). This is due to the partial de-

composition of WC with the formation of crystalline W2C

and amorphous carbon by the reaction:

2WC � W
2
C + C

amorphous
. (3)

Amorphous carbon actively diffuses into a less densely

structured (Zr, Ti)C with its intense carbon saturation. As a

result, (Zr, Ti)C becomes less stable and partially decom-
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Fig. 4. Phase composition of samples sintered in the 1200 – 1600°C range with the following compositions: M3WC97 (80 TiC–20 ZrC) (a),

M3WC97 (90 TiC–10 ZrC) (b), M3BN97 (80 TiC–20 ZrC) (c) and M3BN97 (90 TiC–10 ZrC) (d): M) mullite (3Al2O3·2SiO2); WC, W2C)

tungsten carbides; c-BN) cubic boron nitride; (Zr, Ti)C) solid solution of titanium carbide; (Ti, Zr)C) solid solution of zirconium carbide.



poses into a solid solution of non-stoichiometric composition

and TiC in the range of 1400 – 1600°C by the reaction:

(Zr, Ti)C � (Zr, Ti
x–1

)C
y–1

+ (x – 1)TiC
semicrystal

/(x – 1)TiC
cryst

+ (y – 1)C
amorphous

. (4)

In the samples, there is an active increase in WC to

1300°C and c-BN in the range of 1200 – 1600°C (see Fig. 4),

which is due to intense diffusion and structuring of these

components in the solid phase. The intensity of these pro-

cesses in a less dense (hexagonal) WC structure is higher

than in a dense (cubic) c-BN structure. On x-ray diffraction

patterns of samples in the range of 1300 – 1600°C, a de-

crease in the intensity of WC diffraction maxima is observed

with the formation of an incidental crystalline W2C phase

(see Fig. 4a, b ). This is due to the partial decomposition of

WC (reaction (3)), which is insignificant in the range of

1300 – 1400°C and more active in the range of

1400 – 1600°C (see Fig. 4a, b ). These results correspond to

the phase diagram of the equilibrium system W–C [14].

In contrast to the partial decomposition of WC, cubic bo-

ron nitride is not susceptible to decomposition in conditions

of spark plasma sintering of the corresponding compositions

(see Fig. 4c, d ). This is explained by the cubic structure of

c-BN more resistant to the compression load with increasing

temperature compared to the less stable hexagonal structure

of WC. At the same time, the formation of h-BN in the range

of 1200 – 1600°C is not observed in the samples (see

Fig. 4c, d ). This indicates the absence of the c-BN � h-BN

phase transformation with increasing temperature. Mullite

does not interact with (Zr, Ti)C, (Ti, Zr)C, WC, and c-BN,

since there are no products of decomposition of mullite and

oxidation of solid solutions, WC and c-BN in the range of

1200 – 1600°C (see Fig. 4).

The microstructure of samples prepared by spark plasma

sintering at 1500°C is shown in Fig. 5.

The microstructure of samples with WC is crystalline,

unevenly and least densely sintered, with weakly sintered ar-

eas and many pores of various sizes (see Fig. 5a, b ). This is

explained by the partial decomposition of WC with the for-

mation of crystalline W2C and amorphous carbon by reaction

(3). A decrease in the content of WC in sintered composi-

tions with increasing temperature (see Fig. 4a, b ) leads to a

decrease in structure strengthening, and amorphous carbon

slows down sintering at the boundaries of Al2O3, SiO2 and

WC, Al2O3, SiO2 and (Zr, Ti)C, (Ti, Zr)C particles the least,

and at the boundaries of WC and (Zr, Ti)C, (Ti, Zr)C parti-

cles — the most. In the first case, this is due to the viscous

flow and activation of diffusion of oxide components, which

stimulate more uniform and complete sintering of dissimilar

particles. In the second case, this is explained by limited and

incomplete solid-phase diffusion at the boundaries of ox-

ide-free sinter particles; as a result, amorphous carbon as the

finely dispersed component is more actively embedded and

accumulates at the boundary regions of these particles. These

processes correspond to the microstructure of the boundaries

of crystalline phase regions (Fig. 6a – a4). Densely sintered

regions of different sizes are observed in the microstructure

of the samples formed during active diffusion between parti-

cles of oxide components and WC, (Zr, Ti)C, (Ti, Zr)C.

The microstructure of c-BN samples is crystalline, most

uniformly and densely sintered with an insignificant number
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Fig. 5. Microstructure of samples sintered at 1500 (Ñ with the composition M3WC97 (80 TiC–20 ZrC) (a), M3WC97 (90 TiC–10 ZrC) (b),

M3BN97 (80 TiC–20 ZrC) (c) and M3BN97 (90 TiC–10 ZrC) (d).



of pores and weakly sintered areas (see Fig. 5c, d ). This is

due to diffusion between oxide components and (Zr, Ti)C,

(Ti, Zr)C particles due to the viscous flow, activation of dif-

fusion of Al2O3 and SiO2, which stimulates mainly intensive

and uniform solid-phase sintering of c-BN particles at

1500°C. An insignificant number of pores and weakly

sintered areas in the samples is explained by less developed

diffusion processes at the boundaries of sintered particles

(Zr, Ti)C, (Ti, Zr)C and c-BN; as a result, an uneven, incom-

plete solid-phase sintering of these oxide-free particles de-

velops.

Changes in �rel, �, �l, microstructure, E, KIc, HV and a

photo of Vickers hardness imprints of samples with different

ratios of c-BN and cubic ZrO2, respectively, sintered in the

range of 1200 – 1600 and at 1500°C are shown in Figs. 6 – 9.

An increase in �rel and �l with a decrease in � of samples

containing WC and c-BN is approximately similar for sam-

ples sintered in the range of 1200 – 1400°C. This is ex-

plained by the uniform filling of pores during mullite diffu-

sion, the initiation of structuring of (Zr, Ti)C and (Ti, Zr)C

(see Fig. 4). However, above 1400°C, significant sintering

differences are observed depending on the oxide-free compo-

nent found in the sintering composition. The decrease in �rel

and �l of the samples containing WC is explained by the par-

tial decomposition of WC (see Fig. 4a, b) with the initiation

of diffusion and uneven distribution (content) of W2C, car-

bon at the boundaries of sintered particles of Al2O3, SiO2 and

WC, Al2O3, SiO2, WC and (Zr, Ti)C, (Ti, Zr)C, WC and

(Zr, Ti)C, (Ti, Zr)C, as well as with intense diffusion of car-

bon through the pores in the range of 1400 – 1600°C. This

correlates with the microstructure of the boundaries of crys-

talline phase regions (see Fig. 6a3). As a result, the diffusion

of matter between these particles slows down,

inhomogeneous sintering of particles develops, and pore fill-

ing slows down (see Fig. 5a, b ). At the same time, a slight

increase in the � of the samples is noticeable in the range of

1500 – 1600°C, caused by pore coalescence.

Samples containing c-BN show a larger and more stable

increase in � and �l with a corresponding decrease in � in

the range of 1200 – 1600°C. This is due to the structuring of

(Zr, Ti)C and (Ti, Zr)C, active and uniform sintering of c-BN

particles in the solid phase (see Fig. 4c, d ) with insignificant

formation of pores and weakly sintered areas (see

Fig. 5c, d ). The sample with the 90/10 mol.% ratio of
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Fig. 6. Microstructure of sintered samples of compositions M3WC97 (90 TiC–10 ZrC) (a – a4-0) with a distorted portion of the boundary be-

tween regions (a4) and dislocations (a4-0) and M3BN97 (90 TiC–10 ZrC) (b – b2) at 1300 °C (a – a2, b) and at 1500°C (a3 – a4-0, b1, b2).



TiC/ZrC shows large values of these properties compared

with the properties of the sample with the 80/20 mol.% ratio.

This is due to a more developed structuring of (Ti, Zr)C in

the sample in the 1200 – 1600°C range (see Fig. 4d ).

The increase in KIc and HV of samples with WC up to

1400°C is due to compaction and strengthening of the struc-

ture at the boundaries of the mullite–WC (see Fig. 6a ) and

mullite–(Zr, Ti)C–(Ti, Zr)C regions (see Fig. 6, a1). At the

same time, a gradual increase in the physicomechanical

properties is observed in the range of 1200 – 1400°C. This is

explained by weak elastic properties at the boundary of the

WC–(Zr, Ti)C–(Ti, Zr)C regions (see Fig. 6a2), which cause

incomplete compaction and strengthening of the structure at

this boundary section. In this case, the sample is character-

ized by high crack resistance with a minimum number and a

small length of microcracks propagating along a relatively

rectilinear path (see Fig. 9a ) along the boundary of the less

strengthened regions WC–(Zr, Ti)C–(Ti, Zr)C. A decrease in

the physicomechanical properties of these samples is ob-

served above 1400°C, and most intensively in the range of

1500 – 1600°C (see Fig. 8). This is explained by the partial

decomposition of WC and the corresponding destabilization

(decay) of the incompletely structured (Zr, Ti)C with the for-

mation of a less dense crystalline TiC structure in the range

of 1400 – 1600°C (see Fig. 4a, b). These processes lead to an

uneven distribution of crystalline W2C and amorphous car-

bon at the boundary section of the mullite–WC regions (see

Fig. 6, a3), the formation of a dislocation region at the

mullite–WC–(Zr, Ti)C–(Ti, Zr)C boundary (see Fig. 6a4, a4-0)

during the incorporation of crystalline TiC into the boundary

section WC–(Zr, Ti)C–(Ti, Zr)C (see Fig. 6, a4) through its

embrittlement with the non-stoichiometric composition (Zr,

Tix–1)Cy–1. As a result, brittleness increases, the compaction

and strengthening of the structure decrease, the sliding of

particles relative to each other under the action of the exter-

nal applied load at the boundary sections of the mullite–WC,

mullite–WC–(Zr, Ti)C–(Ti, Zr)C regions increases. Finely

dispersed (up to 1 �m) amorphous carbon located closer to

the boundary of the mullite–WC regions affects these pro-

cesses to a greater extent, in contrast to the smaller influence

of coarse (~2.5 �m) crystalline W2C (see Fig. 6a3). Thus,

elastic properties (E, KIc, and HV) decrease and brittle prop-

erties increase at these boundary sections of the samples (see

Fig. 8), which is caused by the formation of an uneven and

less densely sintered microstructure of the samples (see

Fig. 5a, b ). Consequently, crack resistance of the sample sig-

nificantly decreases with a maximum number and greater

length of microcracks propagating along a winding path (see

Fig. 9a1) along the boundary sections of the least strength-

ened areas of mullite–WC and mullite– WC–(Zr, Ti)C–

(Ti, Zr)C.

A more intense increase in KIc and HV of samples with

c-BN up to 1400°C is due to developed elastic properties

and, as a result, compaction and strengthening of the struc-
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Fig. 7. Change in �rel, �, and �l of samples in the range of 1200 –

1600°C depending on the ratio of TiC and ZrC in solid solutions:

�) M3WC97 (80 TiC–20 ZrC); �) M3WC97 (90 TiC–10 ZrC);

�) M3BN97 (80 TiC–20 ZrC);�) M3BN97 (90 TiC–10 ZrC).

Fig. 8. Change in E,KIc andHVof samples sintered in the range of 1200 –

1600°C depending on the ratio of TiC and ZrC in solid solutions:

�) M3WC97 (80 TiC–20 ZrC); �) M3WC97 (90 TiC–10 ZrC);

�) M3BN97 (80 TiC–20 ZrC);�) M3BN97 (90 TiC–10 ZrC).



ture at the boundaries of the mullite–(Zr, Ti)C–(Ti, Zr)C re-

gions (see Fig. 6b ). Such a sample has high crack resistance

and no microcracks (see Fig. 9b ). A further rapid increase in

the physicomechanical properties of the samples in the range

of 1400 – 1600°C (see Fig. 8) is associated with the absence

of decomposition of (Zr, Ti)C, more advanced structuring of

(Ti, Zr)C, and a slight development of c-BN (see Fig. 4c, d ),

the formation of the most uniformly and densely sintered

microstructure (see Fig. 5c, d ), greater compaction and

strengthening at the boundaries of the mullite–c-BN and

c-BN–(Zr, Ti)C–(Ti, Zr)C regions (see Fig. 6b1, b2) and the

most developed elastic properties at the boundary sections of

the regions of these crystalline phases of the sample. At the

same time, such a sample is characterized by slightly lower

crack resistance with a minimum number and length of

microcracks propagating along a relatively winding path at

1500°C (see Fig. 9b1). This is explained by the formation of

separate unevenly and incompletely sintered sections during

solid phase sintering of (Ti, Zr)C and c-BN particles (see

Fig. 5c, d ) with microcracks propagating along their bound-

aries.

The results of linear correlation of E and KIc of sintered

samples are shown in Fig. 10. The value of R2 is slightly

higher for the M3WC97 (90 TiC–10 ZrC) sample than for

M3WC97 (80 TiC–20 ZrC). In this case, the deviation of lin-

ear straight lines with respect to the points (values) E and KIc,

as well as their location relative to each other, are identical in

the range of 1200 – 1600°C. These results correlate with a

change in phase composition (see Fig. 4a, b ), microstructure

(see Fig. 5a, b ), processes at the boundaries of the regions of

oxide – oxide-free and oxide-free crystalline phases (see

Fig. 7a – a4-0), physicomechanical properties (see Fig. 8) and

crack resistance (see Fig. 9a, a1) of the samples.

A slight difference of about 0.003, for maximum values,

is evident in the R2 value for the compositions M3BN97

(80 TiC–20 ZrC) and M3BN97 (90 TiC–10 ZrC). There is

practically no deviation of linear straight lines relative to the

points (values) E and KIc, and their position relative to each
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Fig. 9. Vickers hardness HV imprints of samples sintered at 1300 and 1500°C with compositions M3WC97 (90 TiC–10 ZrC) (a, a1) and

M3BN97 (90 TiC–10 ZrC) (b, b1).

Fig. 10. Linear correlation of E and KIc of samples sintered in the

range of 1200 – 1600°C.



other in the range of 1200 – 1600°C is approximately the

same. The greatest correlation of the property values of sam-

ples containing c-BN, compared with samples containing

WC, is due to more intensive structuring of (Ti, Zr)C and

slightly better development while maintaining the integrity

of the composition (Zr, Ti)C (see Fig. 4c, d ), the formation

of uniform and most densely sintered microstructures (see

Fig. 5c, d ), a large strengthening of the structure with barely

noticeable boundaries of the areas of oxide – oxide-free and

oxide-free crystalline phases (see Fig. 6b – b2), active devel-

opment of elastic properties (see Fig. 8) and greater crack re-

sistance (with. Fig. 9b, b1).

CONCLUSION

The effect of the formation of sintered TiC–ZrC solid so-

lutions in samples of mullite–WC–TiC–ZrC and mullite–

c-BN–TiC–ZrC during spark plasma sintering with a com-

pression load of 60 MPa in the range of 1200 – 1600°C on

their phase composition, microstructure, �rel, �, �l, physico-

mechanical properties and linear correlation of E and KIc is

shown.

The synthesized powders of WC, c-BN and solid solu-

tions of TiC–ZrC sintered at 1800°C by spark plasma

sintering are characterized by intensive crystallization of

WC, c-BN, and (Ti, Zr)C, respectively, with a uniformly,

densely sintered crystalline microstructure.

Sintered samples containing 80/20 and 90/10 mol.%

solid solutions of TiC and ZrC are characterized by intense

mullitization and development of (Ti, Zr)C. However, a

gradual increase in c-BN and (Zr, Ti)C and a decrease in the

intensity of WC is observed in the samples in the range of

1200 – 1600°C. The microstructure of samples containing

c-BN and solid solutions of TiC–ZrC in various proportions,

is more uniformly and densely sintered, crystalline,

fine-grained with few pores, and most strengthened at the

boundaries of the regions of oxide and oxide-free crystalline

phases. Such samples show large values of �, �l and

physicomechanical properties in the range of 1200 – 1600°C,

high crack resistance with insignificant microcracks at

1500°C, and a significant linear correlation of E and KIc in

the range of 1200 – 1600°C.
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