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The results of studying the crack resistance of reaction-sintered B
4
C–SiC composite materials impregnated

with liquid silicon with identification and fracture methods are presented. With an increase in the amount of

B
4
C in the reaction-sintered material, its fragility increases. The crack resistance of the material can be in-

creased from 3.40 to 4.02 MPa·m
1/2

(when tested by different methods) by adding to the composite material up

to 30 wt.% SiC. The material is destroyed mainly by the intercrystalline (intergranular) mechanism. Ceramics

containing more than 90 wt.% B
4
C, is partially destroyed by the transcrystalline mechanism.

Keywords: boron carbide, silicon carbide, reaction sintering, siliconization, crack resistance, physical and

mechanical properties, material destruction.

INTRODUCTION

Boron carbide is a unique material that combines high

mechanical properties (Eelast450 GPa, Hm = 49 GPa), low

density (� = 2.51 g/cm3) and TCLE (4.5 � 10–6 K–1), while

also having good wear resistance. The properties of materials

based on B4C allow them to be used as lining elements for

protecting mills, abrasive materials, armor plates, etc. [1].

Most often, materials based on B4C are obtained by the

method of hot pressing [1, 2] with 1 – 3 wt.% B + C, Al + C,

B4C or other additives. The mechanical properties of

such materials are optimal: �fl = 450 – 470 MPa, KIc =

6.0 – 6.5 MPa·m1/2, HV = 38 – 40 GPa [1]. However, despite

the great advantages of hot-pressed materials, the hot-press-

ing method itself has several disadvantages, in particular,

low productivity, high energy consumption, the use of expen-

sive tooling – high-density graphite, the inability to produce

materials of complex shape without additional diamond pro-

cessing. This limits the widespread use of hot pressing and

makes it necessary to search for alternative ways to obtain

materials based on B4C.

The method of reaction sintering by impregnating a po-

rous preform consisting of particles of B4C and soot or B4C,

SiC and soot with liquid silicon to obtain a monolithic mate-

rial [3 – 8] by analogy with reaction-sintered (siliconized)

silicon carbide [9, 10] has been undergoing rapid develop-

ment in the recent years. Some of the disadvantages of such

materials include poor mechanical characteristics (compared

to hot-pressed B4C), lower wear resistance, and large

amounts (10 – 15 vol.%) of residual silicon in the composi-

tion of the final material, which increases its fragility. Never-

theless, the high productivity of the reaction sintering

method and the possibility of obtaining materials of complex

geometric shape attract close attention of researchers to bo-

ron carbide obtained by reaction sintering.

The crack resistance of KIc, like other mechanical prop-

erties of ceramic materials, is largely determined by the

microstructure, the main indicators of which are the number

and size of pores, the size of the grains of the main phase

(boron carbide), the presence of impurities and other phases.

The content, size and shape of pores, the size of B4C grains

depend on the conditions of its production, and the indicators

of strength properties (flexural and compression strength)

monotonically deteriorate with increasing porosity and grain

size [11, 12]. To determine the KIc of ceramic materials, the

most commonly used tests are the Vickers hardness test [13]

and the test for fracture of notched samples [14, 15]. How-
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ever, the Vickers hardness method does not allow to deter-

mining the crack resistance of porous materials. Despite the

fact that in the literature there are data on the crack resistance

of B4C obtained by both methods [16 – 18], there is no infor-

mation on the influence of structural factors on the crack re-

sistance of reaction-sintered B4C.

The purpose of this work is to study the crack resistance

of the reaction-sintered material based on B4C, depending on

the initial content of B4C powder.

MATERIALS AND RESEARCHMETHODS

The starting materials were B4C powder with d0.5 of

42.0 microns and M5 SiC with d0.5 of 3.7 �m, grade K-354

technical carbon black, and Kr00 grade silicon crushed to

d0.5 of 1.0 �m. The compositions of the materials are given in

Table 1. The initial powders were mixed dry in a drum mixer

for 20 hr, plasticized with a 2% aqueous solution of an or-

ganic binder and granulated through a 100 �m mesh. Sam-

ples with dimensions 60 � 60 � 10 mm were pressed from

mixtures by semi-dry molding under pressure of 100 MPa,

dried at 110 – 120°C for 5 h, and impregnated with liquid sil-

icon by soaking. Next, the samples were placed in graphite

containers on graphitized paper pre-lubricated with boron

nitride (h-BN) to prevent adhesion of samples to the con-

tainer due to liquid silicon.

Based on parameters for molded SiCI + C preforms

(� = 2.20 – 2.22 g/cm3, corresponding to a porosity

P = 31.0 – 31.5%) of reaction-sintered silicon carbide, it was

shown in [19] that it is possible to calculate the density of

preforms molded from materials based on boron carbide

(B4C + C and B4C + SiCI + C) that is optimal for the

siliconization process, and hence the theoretical density of

the reaction-sintered materials based on B4C (see Table 1),

provided the following reactions take place:

C (s) + Si (l) � SiC
II
(s), (1)

3B
4
C (s) + Si (l) � SiC

II
(s) + B

12
(C, Si, B)

3
. (2)

Thus, for the material of compositions 2 and 7, the den-

sity of preforms �prf is estimated at 1.68 – 1.70 and

1.78 – 1.80 g/cm3. Due to the high probability of cracking of

the preforms on impregnation with an excess amount of sili-

con, as well as to reduce the dissolution of B4C grains in liq-

uid silicon melt and the formation of the negative phase

B12(C, Si, B)3, materials are molded at a density of

0.80 – 0.85 of the maximum �prf. The material densities of

the obtained preforms of compositions 2 and 8 were �prf

1.44 g/cm3 (P = 44.5%) and 1.53 g/cm3 (P = 46%). Samples

were covered with lump silicon 4 – 5 mm in size in the

amount of 0.70 – 0.72 by weight of the preform and sintered

in a vacuum furnace with graphite heaters and lined with

graphite at 1600°C for 10 min in a vacuum. The excess sili-

con on the surface of the samples after siliconization was re-

moved by sandblasting.

The density and porosity of the sintered specimens were

determined by hydrostatic weighing. The relative density

was calculated from the theoretical density. The micro-

structure of the samples was examined on a Techno Meiji IM

7200 optical microscope. The elastic modulus was deter-

mined dynamically on a ZVUK-230 instrument, measuring

the resonant frequency of longitudinal vibrations. Vickers

hardness was determined by measuring the diagonal length

of the Vickers pyramid imprint. X-ray diffraction analysis

was performed on the Rigaku Smartlab 3 instrument. The

crack resistance of materials based on B4C was estimated

from the KIc value, which was determined in two ways:

1) by the indentation (Vickers pyramid imprint) method

(Fig. 1a ), measuring the length of cracks emanating from the

base of the Vickers pyramid, on the TP-7r-1 hardness meter

with a load of 19.6 N. Crack resistance was calculated by the

equations:

K
Ic
= 0.018 � (P/c

1.5
) � (E

elast
/HV)

0.5
, (3)

K
Ic
= 0.073 � P/c

1.5
, (4)

where P is the applied load; c is the average half-length of a

crack; E
elast

is the modulus of elasticity; HV is the Vickers

hardness;

2) by the three-point bending test (Fig. 1b ) of samples

notched by the electric-spark method to a depth of 1/3 of the

height (notch width 0.3 mm). The speed of movement of the

traverse load was 0.2 mm/min. Crack resistance was calcu-

lated by the equation:

K
Ic
= ((3P � L � c

1/2
)/(2b � h

2
)) � 1.93 – 3.07 � (c/h)

+ 14.53 � (c/h)
2
– 25.1 � (c/h)

3
+ 25.8 � (c/h)

4
, (5)

where L is the distance between supports; b and h are the

width and height of the sample; c is the length of the initial

crack (notch).

For each material composition based on B4C, 5 – 6 sam-

ples were tested; the relative error of determination of KIc did

not exceed 10%. Research equipment was provided by the
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TABLE 1. Initial Composition of Sample Preforms Based on B4C

Composition

number

Content in the preform, wt.% Theoretical density

of sintered materials

�
teor

, %B
4
C SiC carbon

1 100 — — 2.53

2 95 — 5 2.58

3 90 — 10 2.64

4 85 — 15 2.73

5 75 10 15 2.78

6 65 20 15 2.83

7 55 30 15 2.88



St. Petersburg State Institute of Technology and Engineering

(TU).

RESULTS AND DISCUSSION

In the production of the reaction-sintered silicon carbide

materials, silicon dissolves carbon while being absorbed into

the porous preform, saturating the melt to the solubility limit,

and subsequently a secondary crystalline silicon carbide

(SiCII) of the cubic modification (�-SiC) crystallizes from

the melt on the surface of the primary grains (SiCI) [20 – 22].

In the reaction-sintered material based on B4C, in addition to

these phases, there is a phase of a solid solution of silicon in

boron carbide — B12(C, Si, B)3, which crystallizes on the

B4C grains in dense ring-like layers, known as “core-shell”

structure [23, 24]. The grains of the initial boron carbide are

the “core”, and the “shell” is the solid solution of silicon in

boron carbide, interconnected in a three-dimensional matrix

(Fig. 2). The dense phase B12(C,Si,B)3 prevents silicon from

moving deep into the porous preform, therefore, reac-

tion-sintered B4C is characterized by increased porosity (Ta-

ble 2) compared to reaction-sintered SiC [25].

Due to the high viscosity of the melt, materials without

the addition of SiC cannot be consolidated to the maximum

density (P = 1.5 – 3.7%, compositions 1 – 4). In the compo-

sitions without the addition of carbon, its only source is B4C,

which gives off carbon on dissolution in the silicon melt, in-

creasing the solid solution content, impairing the impregna-

tion of the porous preform. Therefore, the material of com-

position 1 has the highest porosity (P = (96.3 ± 0.1)%, see

Table 2). With the introduction of up to 15 wt.% carbon into

the material, the amount of viscous melt of composition

B12(C,Si,B)3 decreases, increasing the impregnation of po-

rous preforms and, consequently, their density (see Table 2).

Introduction of up to 30 wt.% of SiC reduces the viscosity of

the silicon melt, allowing for maximum compaction of the

B4C–SiC composite (�rel = (96.3 ± 0.1)%, P = (0.9 ± 0.1)%).

Porosity strongly affects a number of mechanical characteris-

tics, Eelast in particular, the value of which is low when the

density of materials without silicon carbide is low (com-

pounds 1 – 4) (see Table 2). With an increase in the density

of the composite B4C–SiC (compositions 5 – 7), Eelast in-

creases, reaching the maximum value in the material of com-

position 7, where Eelast = (345 ± 5) GPa. The hardness of a

composite material depends on the hardness of its phases.

Boron carbide has maximum hardness; when less solid sili-

con carbide is introduced into the material, the total hardness

decreases to HV = (27.8 ± 0.1) GPa (see Table 2, composi-

tion 7).

The dependence of KIc calculated by equation (3) has a

monotonic character, decreasing with increasing content of

B4C in the material (Fig. 3). The lack of carbon in composi-

tions 1 – 3, leading to the formation of a solid solution
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Fig. 1. A schematic representation of the Vickers pyramid imprint

in the determination of KIc by the methods of indentation (a) and

fracture (b): c) the average half-length of the crack; 1) ceramic sam-

ple; 2) V-shaped notch; 3) lower supports; 4) loading traverse. Fig. 2. Microstructure of reaction-sintered B4C of composition 1.

TABLE 2. Physical and Mechanical Properties of Composite Materials Based on B4C.

Composition

number

Density

(� ± 0.02), g/cm3

Relative density

(�
rel

± 0.1), %

Porosity

(� ± 0.1), %

Modulus of elasticity

(E
elast

± 5), GPa

Vickers hardness

(HV ± 0.1), GPa

1 2.44 96.3 3.7 300 35.0

2 2.51 97.1 2.9 308 33.8

3 2.58 97.8 2.2 315 33.1

4 2.69 98.5 1.5 319 32.4

5 2.75 98.8 1.2 325 29.3

6 2.80 99.0 1.0 334 28.4

7 2.85 99.1 0.9 345 27.8



B12(C,Si,B)3, increases the fragility of the composite mate-

rial based on B4C. Porosity in all samples (<4%) is evenly

distributed and does not form clusters; it does not affect the

nature of the destruction (see Fig. 2). The fractures of the

specimens tested for crack resistance were subjected to de-

tailed fractographic electron microscopic analysis (Fig. 4). In

contrast to hot-pressed B4C [26], in which the particles are

contact-sintered together in a single dense monolith, in the

reaction-sintered material the intergranular space is occupied

by less hard silicon and secondary silicon carbide, which

strongly influence the nature of the destruction. The samples

are destroyed mainly in accordance with the intercrystalline

(intergranular) character (see Fig. 4). Microfractures stop de-

veloping at the grain boundaries. In samples with a high con-

tent of B4C (compounds 1 – 3), in which an annular solid so-

lution layer with a lower hardness is formed on the B4C

grains, the fracture can destroy the grains (the transcrystal-

line nature of the destruction). With the introduction of up to

30 wt.% silicon carbide into the material, the values of KIc

increase from (2.94 ± 0.02) to (3.49 ± 0.02) MPa·m1/2.

The most reliable KIc values are determined by the frac-

ture method, which makes it possible to evaluate the crack

resistance of the real defect material, in contrast to the inden-

tation method, in which high porosity does not allow qualita-

tive measurement of KIc, and low porosity or high content of

the B12(C,Si,B)3 solid solution phase, locally concentrated in

individual zones of the sample, may not fall into the area im-

pacted by the Vickers pyramid and artificially increase KIc

values (calculated by equation (4)). In general, crack resis-

tance determined by the indentation (calculated by equation

(4)) and fracture methods has similar values (see Fig. 3).

Based on the KIc values calculated using equations (4) and

(5), it is possible to construct a curve of the average KIc value

for reaction-sintered material based on B4C (see Fig. 3,

dashed line).

Regardless of the method (indentation or fracture), con-

sidering or ignoring the values of Eelast and HV, conflicting

KIc values were obtained, ranging from (2.17 ± 0.02) to

(3.00 ± 0.02) MPa·m1/2 (for the composition with the maxi-

mum content of B4C), and there is a general pattern of in-

creasing fragility of the ceramic material with an increase in

the content of B4C. The maximum values of KIc were

achieved for a composite material with 30 wt.% SiC:

(3.49 ± 0.02) MPa·m1/2 when calculated according to equa-

tion (3), (4.02 ± 0.02) MPa·m1/2 when calculated by equation

(4) and (3.40 ± 0.02) MPa·m1/2 when calculated by equa-

tion (5).

Microstresses can have a significant effect on the crack

resistance of reaction-sintered B4C. In the present work,

microstresses were studied using an approximation method,

by x-ray structural analysis (analyzing the ratios of the physi-

cal broadening of diffraction reflections {330} and {220}) of

B4C-based samples. This made it possible to determine 	à/a

by the equation 	à/a = ±�/(4tg
), where a is the average lat-

tice parameter; 	a is the maximum deviation from its aver-

age value; 
 is the Bragg angle. Hence, the magnitude of

microstresses can be calculated by the equation

� = Eelast(	a/a). The microstress level � changes with in-

creasing porosity and increasing volumetric content of the

solid solution phase, which is typical for materials with a

high content of B4C — � = 90 – 190 MPa (for materials of

compositions 1 – 3, Fig. 5). When SiC particles are added to

a composite material, its � level decreases from 35 MPa (at
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Fig. 3. The dependence of KIc of the reaction-sintered material on

the initial content of B4C in it:�) KIc calculated by the equation (3);

�) by the equation (4); �) by the equation (5); - - - -) average KIc

value.

Fig. 4. Fractograms of the destruction of reaction-sintered materials

based on B4C: a) composition 1; b) composition 7.



10 wt.% SiC) to 20 MPa (at 30 wt.% SiC). The maximum

value of microstresses (� = 190 MPa) is characteristic of re-

action-sintered B4C (composition 1) with high porosity and a

low elastic modulus. With increasing porosity of the reac-

tion-sintered B4C-based material, a high level of micro-

stresses remains. This suggests that the presence of pores and

the B12(C,Si,B)3 solid solution phases does not lead to relax-

ation of internal stresses in this material. The increase in

microstresses as a function of the increase in the total poros-

ity and the content of the B12(C,Si,B)3 phase in the material

with the maximum amount of B4C may be due to the hetero-

geneity of the medium; at the same time, the fraction of

grain – pore boundaries becomes significant. The latter cir-

cumstance leads to an inhomogeneous distribution of ther-

mal stresses in the material and to different conditions of

their relaxation at intergrain boundaries and grain – pore

boundaries, which can also adversely affect the level of crack

resistance of the reaction-sintered B4C-based material.

CONCLUSION

The crack resistance of the composite material B4C–SiC,

obtained by impregnating porous preforms with liquid sili-

con, was studied. Crack resistance was evaluated by the

methods of indentation (measuring the length of cracks ema-

nating from the base of a Vickers pyramid) and fracture (by

the three-point bending test). It is shown that with an in-

crease in the amount of B4C, the fragility of the reac-

tion-sintered material increases, the KIc values obtained by

different methods are not high — from (2.17 ± 0.02) to

(3.00 ± 0.02) MPa·m1/2. With the introduction of up to

30 wt.% SiC into the composite material, KIc increases from

(3.40 ± 0.02) to (4.02 ± 0.02) MPa·m1/2 (when tested by dif-

ferent methods). The material is destroyed mainly by the

intercrystalline (intergranular) mechanism, however, due to

the high porosity and high amounts of the solid solution

B12(C,Si,B)3, the material containing over 90 wt.% B4C is

destroyed partially according to the transcrystalline mecha-

nism.
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