
23

UDC 621.762

https://doi.org/10.17073/1997-308X-2024-2-23-34

Research article 
Научная статья

© 2024.  R. R. Khabirov, N. Yu. Cherkasova, T. S. Gudyma, Yu. L. Krutskii, 
                    A. V. Mass, T. S. Ogneva, R. I. Kuzmin, A. G. Anisimov

  xabirov.2016@stud.nstu.ru
Abstract. Composite ceramic materials based on B4C with the addition of TiB2 in amounts of 0, 10, 20, 25 and 30 mol. % have been 

studied. Titanium diboride was synthesized from TiO2 powder and nanofibrous carbon using the boron carbide method in an induc-
tion furnace at 1650 °C in an argon atmosphere. The samples were produced by hot pressing at 2100 °C and 25 MPa in an argon 
environment. The phase composition was determined, and the apparent density and open porosity of the experimental materials 
were measured. The microstructure was assessed using optical and scanning electron microscopy. The investigations revealed 
that an increase in the TiB2 content reduces the open porosity while concurrently enhancing the relative density of  the boron 
carbide ceramics. For a sample containing 30 mol. % TiB2 , the open porosity and relative theoretical density were 1.6 and 
99 %, respectively. Using XRD and XRS analyses established that the synthesized materials are comprised of two phases: B4C 
and TiB2 . The average grain size of TiB2 was 0.85 ± 0.02 µm for the sample with 10 mol. % TiB2 and 8.90 ± 0.25 µm for the mate-
rial with 30 mol. % TiB2 . It was found that at higher TiB2 concentrations, large clusters of grains are formed. The destruction 
pattern of B4C grains is intragranular, while TiB2 grains are characterized by intergranular destruction. For a sample containing 
30 mol. % TiB2 , the fracture toughness was 4.97 ± 0.23 MPa∙m0.5, and the hardness was 3320 ± 120 HV0.5 . Therefore, the addi-
tion of TiB2 at these specified concentrations facilitated a 30 % enhancement in fracture toughness relative to single-phase B4C 
while preserving a high level of hardness.
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IntroductionIntroduction
Ceramics based on B4C are garnering significant 

interest from the  research community due to  their dis-
tinct combination of  properties, including a high level 
of hardness (50 GPa) and low density (2.52 g/cm3), posi-
tioning them as a promising candidate for the fabrication 
of sandblasting nozzles [1–3]. 

Achieving a density in B4C ceramics that approxi-
mates the  theoretical maximum is challenging due 
to  the  presence of  strong covalent B–C bonds, a low 
self-diffusion coefficient, and substantial resistance 
to  grain boundary slippage. B4C also presents limita-
tions in terms of  its relatively modest fracture tough-
ness (3.1–3.2  MPa∙m0.5)  [4] and bending strength 
(475–579 MPa) [5].

Suppressing the  growth of  B4C grains through 
the  establishment of  a two-phase structure has been 
shown to  enhance sintering conditions, thereby facili-
tating the  production of  ceramics with a relative den-

sity nearing the  theoretical ideal  [6;  7]. Furthermore, 
the  development of  composite materials derived from 
boron carbide impacts the  pattern of  destruction. 
Introducing dispersed particles that exhibit greater 
plasticity into  the B4C matrix promotes the dissipation 
of crack energy within the ceramics [8], culminating in 
an increase in material fracture toughness [9].

Titanium diboride is frequently utilized as an 
additive that favorably influences the  characteristics 
of  B4C ceramics. The  B4C–TiB2 system is character-
ized by  an  absence of  significant mutual solubility, 
with TiB2 establishing a mechanical mixture alongside 
B4C. A composition comprising 75–78 mol. % B4C and 
22–25 mol. % TiB2 aligns with a eutectic point that has 
a melting temperature of 2200 °C [10; 11]. Consequently, 
the sintering process for the B4C–TiB2 composite mate-
rial is executed at a reduced temperature, resulting in 
a structure that features isolated TiB2 grains dispersed 
throughout a polycrystalline B4C matrix [12]. The coef-
ficients of linear thermal expansion for titanium boride 
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Аннотация. Исследованы композиционные керамические материалы на основе B4C с добавлением TiB2 в количестве 0, 10, 

20, 25, 30 мол. %. Диборид титана был синтезирован из порошка TiO2 и нановолокнистого углерода карбидоборным 
методом в индукционной печи при температуре 1650 °С в потоке аргона. Образцы получены методом горячего прессо-
вания при температуре 2100 °С и давлении 25 МПа в атмосфере аргона. Определен фазовый состав и измерены кажу-
щаяся плотность и открытая пористость экспериментальных материалов. Микроструктуру оценивали методами оптиче-
ской и растровой электронной микроскопии. Выявлено, что увеличение содержания TiB2 снижает открытую пористость 
и увеличивает относительную плотность керамики на основе карбида бора. Для образца, содержащего 30 мол. % TiB2 , 
открытая пористость и  относительная от теоретической плотность составили 1,6 % и 99 % соответственно. Методами 
рентгенофазового и микрорентгеноспектрального анализов установлено, что полученные материалы состоят из двух фаз – 
B4C и TiB2 . Средний размер зерен TiB2 составил 0,85 ± 0,02 мкм для образца с 10 мол. % TiB2 и 8,90 ± 0,25 мкм для мате-
риала с 30 мол. % TiB2 . Установлено, что при более высокой концентрации TiB2 образуются крупные скопления зерен. 
Характер разрушения B4C-зерен – внутризеренный, а для TiB2-зерен характерно межзеренное разрушение. Для образца, 
содержащего 30 мол. % TiB2 , трещиностойкость составила 4,97 ± 0,23 МПа∙м0,5, твердость  – 3320 ± 120 HV0,5 . Таким 
образом, добавка TiB2 в таком количестве позволила увеличить трещиностойкость на 30 % по сравнению с однофазным 
B4C и сохранить высокий уровень твердости.  

Ключевые слова: композиционная керамика, B4C, TiB2, трещиностойкость, отклонение трещины
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and boron carbide are markedly different (5.5∙10–6 °C–1 
for B4C, 7.8∙10–6 °C–1 for TiB2) [13]. In this regard, in 
such materials, upon cooling after sintering, residual 
stresses arise, which, according to the authors of [14], 
reach 1  GPa. Therefore, upon cooling after sintering, 
residual stresses emerge within the material, which, as 
suggested by  [14], can reach up to  1  GPa. Here, not 
only the  magnitude but also the  distribution of  these 
stresses is of  critical importance. Tensile stresses and 
microcracks tend to  form along the  grain boundaries, 
whereas the  compressive stresses within B4C crystal-
lites act to  inhibit their growth and the  subsequent 
development of macrocracks [15]. This stress distribu-
tion significantly contributes to  the  elevated fracture 
toughness observed in these ceramics [16; 17].

B4C–TiB2 composites produced via hot pressing (HP) 
attain a relative density of 99.8 % and a fracture tough-
ness of  9.4  MPa∙m0.5, albeit with a slight reduction in 
hardness (26  GPa) when contrasted with additive-free 
B4C [5;  14;  18–21]. It has been observed that the  in-
situ formation of  titanium diboride within the  mate-
rial – arising from the synthesis of B4C, TiB2 , and car-
bon during ceramic sintering – contributes to enhanced 
mechanical properties of the sintered composite relative 
to  composites incorporating directly added TiB2 pow-
ders [5; 14; 22]. Nevertheless, the mechanisms govern-
ing the evolution of the microstructure of B4C ceramics 
with varying concentrations of TiB2 additive, as well as 
its impact on the properties of  the  composites, remain 
insufficiently elucidated in the literature.

In the  studies reported in [6], the  properties and 
microstructure of  B4C ceramics were analyzed in cor-
relation with the  concentration of  the  TiB2 additive. 
An increase in fracture toughness was observed with 
an increase in TiB2 content beyond 10  %; however, 
the incorporation of more than 30 mol. % TiB2 resulted 
in diminished hardness and bending strength, attribut-
able to the intrinsically lower strength attributes of TiB2 . 
Additionally, an elevated TiB2 content exceeding 
30 mol. % was correlated with a decrease in the com-
posite’s relative density [12; 23], potentially due to TiB2 
limited sinterability [6].

In the current research, TiB2 was synthesized through 
the boron carbide method using B4C, TiO2 , and a carbo-
naceous agent. Typically, acetylene black with a specific 
surface area (Ssp ) of  approximately 50 m2/g is utilized 
as a carbon source in the  synthesis of  refractory oxy-
gen-free compounds. In this instance, nanofibrous car-
bon, also with an Ssp of around 50 m2/g, was employed. 
The use of carbon materials with an expansive specific 
surface area is known to expedite solid-phase reactions, 
hence their application represents a promising avenue in 
the exploration of methodologies for synthesizing com-
posite ceramics [24].

The objective of this study is to delineate the patterns 
in the  formation of phase composition, microstructure, 
and properties of B4C composite ceramics that incorpo-
rate TiB2 synthesized with the aid of nanofibrous carbon. 

Materials and methodsMaterials and methods
Highly dispersed B4C powders (98.5 % purity, 2.1 µm 

particle size), synthesized according to the method given 
in [25], TiO2 (99 %, purity, 1 µm particle size) and nano-
fibrous carbon (99 % purity) were utilized as the initial 
components. The latter consisted of granules 0.4–8.0 mm 
in size, which were composed of  intertwined fibers 
with an average diameter of 73 nm, and was produced 
by  the  catalytic decomposition of  natural and hydro-
carbon gases  [26]. To  enhance reactivity, the  nanofi-
brous carbon granules were pre-milled in an AGO-2S 
planetary mill for 5 min at an acceleration of 15g and 
a ball-to-material weight ratio of 15:1. The drums and 
milling media were made of ZrO2 . The average particle 
size of the nanofibrous carbon granules post-milling was 
3.9 μm. The proportions of the initial powders in the mix-
ture were calculated to facilitate the formation of 10, 20, 
25 and 30 mol. % TiB2 in the sintered ceramics. Samples 
of B4C without additives were also prepared.

The composition of the powder mixtures was deter-
mined based on an analysis published data. Titanium 
diboride was synthesized in a solid phase reaction using 
the boron carbide method [27], according to the follow-
ing reaction [22]

(1 – 0.5x)B4C + xTiO2 + 1.5xC =

= (1 – x)B4C + xTiB2 + 2xCO,

where x is the mole fraction of TiB2 in the mixture.
The  mixing of  boron carbide, titanium oxide, and 

nanofibrous carbon powders occurred in an AGO-2S 
planetary mill for 5 min at an acceleration of 20g, using 
a ball-to-material weight ratio of  30:1. Only powders 
that had been sieved through a 100 µm mesh were used. 
The  synthesis of  TiB2 was performed in an indirect 
heating induction furnace under an argon atmosphere 
at  1650  °C, with a dwell time of  20 min. The median 
particle sizes (d50) for the synthesized powders contain-
ing 10, 20, 25 and 30 mol. % TiB2 were 7.4, 8.3, 8.4 and 
13.4 µm, respectively. 

The synthesized powders were employed to fabricate 
samples by hot pressing (HP) at 2100 °C under a pres-
sure of 25 MPa in an argon atmosphere. The HP process 
lasted for 70  min, with a dwell time at the  maximum 
temperature of 25 min. The dimensions of  the sintered 
samples were 20 mm in diameter and 4 mm in height. 
The  HP parameters were chosen with consideration 
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of  published findings. For instance, research detailed 
in [28] indicates that a HP temperature of 2100 °C yields 
the  highest relative density in ceramics. Other stu
dies  [29; 30] have also conducted hot pressing of B4C 
ceramics at this temperature.

Diffraction patterns were captured using an ARL 
X’TRA diffractometer (Thermo Scientific, Switzerland) 
equipped with a θ–θ goniometer. The  end surfaces 
of the samples which had been cleared of any residues 
from the graphite paper used as a separator during the hot 
pressing process, were photographed after a meticulous 
grinding process.

The  phase composition was determined utiliz-
ing the  corundum number method. A profile analysis 
of  the  diffraction pattern was carried out in the  Fityk 
software package (Poland) to assess the  integral inten-
sity of  the  largest phase peaks. The  weight fraction 
of the phases was calculated according to the formula

where   is the  integral intensity of  the  largest peak 
of the given phase, RIRk is the corundum number of that 
phase.

The apparent density and open porosity of the cera
mics were measured by hydrostatic weighing. The rela-
tive density was determined as the ratio of the apparent 
density to the theoretical value: 

rel

The theoretical density for each composite was cal-
culated using the rule of mixtures, referencing the X-ray 
density values of the components found in the literature 
B4C (2.5 g/cm3) and TiB2 (4.5 g/cm3) [31–33].

The  average particle size of  the powder was deter-
mined using a MicroSizer 201 VA Instrument laser par-
ticle size analyzer (VA Instalt, Russia). Microstructural 
examination was performed on polished sections and 
fracture surfaces employing EVO 50 optical and scan-
ning electron microscopes (Carl Zeiss, Germany). 
To  enhance the  electrical conductivity of  the  samples 
under investigation, a copper layer approximately 20 nm 
in thickness was sputtered onto  the  polished surfaces. 
The chemical composition of the samples was analyzed 
through energy dispersive X-ray spectroscopy (EDX) 
using the  INCA X-ACT system, and maps depicting 
the distribution of chemical elements were generated.

Hardness and fracture resistance measurements were 
conducted utilizing a 402MVD hardness tester (Wolpert 
Group, Germany) equipped with a diamond tetrahedral 
Vickers pyramidal indenter. Hardness was measured 
by the Vickers method under an indenter load of 500 g, 
while fracture toughness tests were administered with 
a load of 5 kg. The values of  this index were initially 
computed using various methods, inclusive of equations 
from  [34;  35]. The  utilization of  equations that con-
sider Young’s modulus (E) yields more accurate values 
of  the  critical stress intensity factor  (KIc ), especially 
when investigating composite materials with significant 
discrepancies in E values. Employing simplified equa-
tions often results in overestimations that deviate sub-
stantially from actual values  [36]. Consequently, most 
literature concentrating on the evaluation techniques for 
calculating the critical stress intensity factor use equa-
tions that include Young’s modulus [34; 35]:

where Hv is the  hardness, GPa; l is the  crack length, 
μm; a  is the  indentation half diagonal, μm; φ  =  3 is 
the constant. 

The Young’s modulus of the experimental materials 
was determined using the rule of mixtures:

where Ei and Ej are the Young’s modulus values of B4C 
and TiB2 , respectively, GPa; mi and mj are their weight 
fractions, %.

For these calculations, the values of Young’s modu-
lus for hot-pressed B4C (450 GPa) and TiB2 (530 GPa) 
were taken from [31–33].

Results and discussionResults and discussion

Open porosity  Open porosity  
and density of composite  and density of composite  

ceramic materialsceramic materials
The  study evaluated the  impact of  varying tita-

nium diboride concentrations on the alteration of (ρrel ) 
and open porosity (P). The  findings are illustrated 
in Fig.  1. In the  B4C ceramics devoid of  additives, 
a  high ρrel was observed at 97.66  ±  0.49  %, with 
P = 0.07 ± 0.02 %. These figures confirm the appropri-
ateness of the selected hot pressing parameters, which 
facilitated the  production of  low-porosity ceramics. 
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Nevertheless, the  sample containing 10  mol.  %  TiB2 
exhibited a lower ρrel and increased P.

With the escalation of TiB2 content to 30 mol. %, 
there was a 15 % increase in relative density and a 42 % 
reduction in open porosity in comparison to the speci-
men with 10  mol.  %  TiB2 . The  resulting material’s 
relative density is on par with that of  composite B4C 
ceramics reported in other studies [6; 7; 37]. 

Phase analysisPhase analysis
Fig.  2 presents the  X-ray diffraction pattern 

of a composite material consisting of boron carbide and 
30 mol. % titanium diboride, which is characterized by 
the highest relative density. The sample’s composition 
by weight percentage is: 65B4C, 31TiB2 and 4C. 

Graphite paper served as a barrier between the punch 
and the powder during hot pressing. It is possible that 
particles of  the graphite penetrated into  the more pro-
found pores evident on the sample’s surface. This could 
account for the  carbon reflection observed in the  dif-
fraction pattern.

The  lack of  TiO2 reflections in Fig.  2 suggests 
the complete reaction of the starting powder materials. 
Furthermore, the  absence of  ZrO2 reflections implies 
that there was no significant attrition of  the  milling 
media during the milling process.

Microsrtructural studyMicrosrtructural study
The  microstructure of  composite ceramics with 

a 30 mol. % addition of TiB2 comprises a matrix (appea
ring gray in images) interspersed with light-colored clus-
ters of varying sizes (Fig. 3, a). To elucidate the consti

Fig. 1. Relative density ( ) and open porosity ( ) of experimental 
materials as a function of the amount of TiB2 additive 

Рис. 1. Относительная от теоретической плотность ( )  
и открытая пористость ( ) экспериментальных материалов  

в зависимости от количества добавки TiB2

Fig. 2. XRD pattern of B4C ceramic sample with 30 mol. % TiB2 

Рис. 2. Рентгеновская дифракционная картина  
образца керамики B4C с 30 мол. % TiB2

Fig. 3. Results of EDX analysis of ceramics  
containing 30 mol. % TiB2

a – general view of the investigated area, b – EDX spectrum 

Рис. 3. Результаты EDX-анализа керамики,  
содержащей 30 мол. % TiB2

а – общий вид исследуемой области,  
b – характеристический рентгеновский спектр
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tuents of  the  structure, maps detailing the  distribution 
of  chemical elements were generated, and reflections 
indicative of boron and titanium were observed within 
these light clusters (Fig. 3, b). Consequently, these clus-
ters have been identified as the TiB2 phase. The absence 
of zirconium in the spectral analysis further corroborates 
the lack of significant wear on the grinding media during 
processing.

The material with 10 mol. % TiB2 exhibits a low rela-
tive density and elevated open porosity, which is attributed 
to the large number of pores (Fig. 4, a). TiB2 grains are 
evenly dispersed throughout the B4C matrix. However, an 
increase in TiB2 content is associated with the emergence 
of larger aggregates of this phase (Fig. 4, b).

Fig.  5 provides histograms that portray the  distri-
bution of TiB2 grain size across composites of varying 
compositions, while an accompanying table lists their 
mean size (davg) along with the  d50 and d90 statistics. 
The  grain size distribution curves for the  composite 
ceramics exhibit a unimodal configuration with a single 
pronounced peak. A lognormal function was employed 
to  model the  distribution curve of  TiB2 grain sizes in 
the fabricated materials.

With an increment in TiB2 content within the mate-
rial’s composition, there is a corresponding increase in 
the average size of the diboride grains, as well as the for-
mation of large clusters. In the specimen containing 10 
mol. % TiB2 , the  largest grain clusters do not exceed 
4.5 µm. The restricted range of size distribution in this 

Average size and parameters  
d50 , d90 of TiB2 grains  

in B4C + TiB2 ceramic samples 
Средний размер и параметры  
d50 , d90 зерен TiB2 в образцах  

композиционной керамики B4C + TiB2

TiB2 , mol. % davg , μm d50 , μm d90 , μm

10 0.85 ± 0.02 0.72 1.37

20 2.05 ± 0.04 1.62 3.47

25 2.40 ± 0.09 1.40 5.26

30 8.90 ± 0.25 1.82 35.89

Fig. 4. Microstructure of B4C samples with 10 mol. % (a) and 20 mol. % (b) TiB2 additions 

Рис. 4. Микроструктура образцов B4C с добавкой TiB2 в количестве 10 мол. % (а) и 20 мол. % (b)

Fig. 5. Histogram plot of TiB2 grain size  
distribution in sintered ceramics:

1 – 10 mol. % TiB2 ; 2 – 20 mol. % TiB2 ;  
3 – 25 mol. % TiB2 ; 4 – 30 mol. % TiB2 

Рис. 5. Участок гистограммы распределения  
размера зерен TiB2 в спеченной керамике:

1 – 10 мол. % TiB2 ; 2 – 20 мол. % TiB2 ;  
3 – 25 мол. % TiB2 ; 4 – 30 мол. % TiB2 
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ceramic suggests a uniform growth of the second phase 
inclusions. Conversely, clusters measuring up to 320 µm 
were identified in the  sample with 30  mol.  %  TiB2 . 
The distribution function graph for the TiB2 grain sizes in 
this sample demonstrates an asymmetrical profile, with 
a  considerable presence of  coarse grains, as indicated 
by  the  elevated d90 values. Meanwhile, the  d50 para
meter shows only a minor increase with the rise in TiB2 
concentration. Therefore, the microstructure of the cera
mics is characterized by a combination of  uniformly 
distributed fine TiB2 grains and larger grains and clus-
ters. This phenomenon is likely due to the high degree 
of agglomeration present in the initial powder mixtures 
and the subsequent growth of these agglomerates during 
the TiB2 synthesis process. 

Microstructural images from studies [18;  23] also 
affirm that the  size of  grain clusters for this phase 
expands as the  TiB2 concentration increases. Findings 
by researchers in [38] demonstrate that employing finer 
B4C powder aids in creating fine-grained B4C–TiB2 
ceramics with a more homogeneously distributed TiB2 
phase.

To mitigate the inhomogeneity of the grain structure, 
it is advisable to extend the milling duration of the pow-
der mixtures prior to the synthesis of TiB2 powder, and 
also to  perform additional milling of  the  synthesized 
powder mixture. 

Mechanical propertiesMechanical properties
The incorporation of TiB2, which possesses a lower 

hardness than B4C, results in a decrease in the hardness 
of  the  B4C–TiB2 composite as depicted in Fig.  6 and 
corroborated by numerous studies  [7; 15]. The dimini
shed fracture toughness observed in samples contain-
ing 10, 20, and 25 mol. % TiB2 additives is attributed 
to  their high open porosity and low relative density. 
The presence of  large pores within the ceramic matrix 
adversely affects its resistance to crack propagation [39]. 
Nevertheless, enhancing the TiB2 content to 30 mol. % 
yielded improvements in both hardness and fracture 
toughness over materials with lesser additive amounts 
and the pure B4C sample.

Research in [6] reported the  fabrication of  cera
mics with 30  mol.  %  TiB2 from commercial B4C 
and TiB2 powders through spark plasma sinter-
ing (P  =  50  MPa, t  =  2000  °C). The  resultant mate-
rial’s relative density was 97.91 % of  theoretical, with 
a hardness of 28.86 ± 0.29 GPa and fracture resistance 
of 4.36 ± 0.1 MPa∙m0.5, figures that are inferior to those 
achieved in the current study. The authors of [6] suggest 
that the decreased performance metrics with TiB2 con-
tents exceeding 5 mol. % are due to TiB2’s limited sinter-
ability. In contrast, our study demonstrates an increase in 

the relative density of ceramics with rising TiB2 concen-
trations, underscoring the enhanced sinterability of tita-
nium diboride synthesized via the boron carbide method 
compared to that of commercial powders.

The  research presented in  [38] involved synthesiz-
ing ceramics using commercial powders of  B4C and 
30 vol. % (37.5 mol. %) TiB2 by hot pressing at 2000 °C 
and 35  MPa. This process produced a material with 
a uniform distribution of  TiB2 grains, a theoretical 
relative density of  100  %, and mechanical properties 
(Hv  =  30.42  ±  0.79  GPa, KIc  =  5.16  ±  0.19  MPa∙m0.5) 
comparable to those observed in the present study, likely 
facilitated by intensive milling for 12 h.

Similarly, [12] describes ceramics with 30  vol.  % 
(37.5 mol. %) TiB2 and 100 % relative density, prepared 
from commercial B4C and TiB2 powders subjected 
to 24 h of grinding and subsequently sintered by spark 
plasma sintering at 2000  °C and 60  MPa. This mate-
rial exhibited a hardness of 31 ± 0.5 GPa and a fracture 
toughness of 3.75 ± 0.25 MPa∙m0.5.

These comparative analyses indicate that the mecha
nical properties of the experimental material developed 
in this work are competitive with those of ceramics fab-
ricated from commercial TiB2 powders. Hence, synthe-
sizing TiB2 from relatively inexpensive starting mate
rials such as TiO2 , carbon, and B4C emerges as a viable 
strategy to enhance the properties of B4C ceramics.

On the  fracture surfaces of  the  initial B4C sintered 
sample (Fig.  7) and the  sample containing 10  mol.  % 
TiB2 (Fig.  8,  a), transgranular fracture of  B4C was 

Fig. 6. Hardness ( ) and fracture toughness ( )  
of composite ceramics as a function of amount  

of TiB2 additive 

Рис. 6. Твердость ( ) и трещиностойкость ( )  
композиционной керамики в зависимости  

от количества добавки TiB2
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Fig. 8. Microstructure of ceramics with addition of 10 mol. % TiB2
a – fracture surface, b – crack deflection on TiB2 grains and agglomerates 

Рис. 8. Микроструктура керамики с добавкой 10 мол. % TiB2
а – поверхность разрушения, b – отклонение трещины на зернах и агломератах TiB2

Fig. 7. Fracture surface of sintered B4C without additives 

Рис. 7. Поверхность разрушения спеченного B4C без добавок
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observed. This indicates a significantly strong cohe-
sive strength among the intergranular bonds. According 
to  ceramic materials fracture theory, the  dominance 
of a  transgranular fracture mechanism positively influ-
ences fracture toughness.

In certain TiB2 grains, a variation in the  frac-
ture pattern within the  intergranular regions is noted 
(Fig.  8,  b). Similar observations were made in pre
vious studies  [15;  22], especially when a crack transi-
tions from B4C to  TiB2 . Such variations could stem 
from alterations in the  crack’s path as it approaches 
grains possessing a fracture toughness superior to  that 
of the B4C matrix. This crack deflection process is likely 
to facilitate the dissipation of energy, thereby enhancing 
the mechanical properties of the composite ceramics [6]. 
In the examined material, such crack deflection was dis-
tinctly visible upon interaction with TiB2 grains (refer 
to  Fig.  8,  b), accounting for the  observed increase in 
fracture toughness in the composite with 30 mol. % TiB2 
in comparison to the additive-free B4C.

ConclusionsConclusions
The  investigation has established clear trends in 

the  alterations to  the  microstructure and properties 
of B4C-based composite ceramics as a function of their 
composition.

1. X-ray phase analysis has verified that the sintered 
composite materials are composed of boron carbide and 
titanium diboride. The  absence of  TiO2 reflections in 
the X-ray diffraction patterns substantiates the complete 
synthesis of TiB2 . 

2. An increment in the  TiB2 content results in 
an enlarged average grain size of  the  diboride, with 
the  formation of  substantial clusters ranging between 
100–320  μm. This phenomenon may contribute 
to increased anisotropy in the properties of the ceramics. 

3. The  prevalent fracture mechanism in B4C is 
observed to be transgranular, while TiB2 exhibits inter-
granular failure. This distinction underscores a modu-
lation in the  trajectory of  cracks when encountering 
TiB2 particles, where crack deviation is associated with 
the  dissipation of  energy, thereby enhancing the  com-
posite’s fracture toughness.

4. The material incorporating 30 mol. % TiB2 exhi
bits a synergy of high fracture toughness and hardness. 
This composition is distinguished by its elevated relative 
density, diminished open porosity, and a robust cohesive 
strength among grains.
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