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Abstract

Ceramic composites consisting of a boron carbide (B,C) matrix and titanium diboride (TiB,) secondary phase
were obtained by reactive sintering from boron carbide powder with 40 and 50 wt. % of titanium dioxide (TiO,)
additive. The same sintering temperature of 1850 °C and pressure of 35 MPa, but different sintering times
from 15 to 60 min, were applied during reactive hot pressing of the composites in vacuum. The effects of
TiO, content and sintering time on phase compositions, microstructures and mechanical properties of the
composites were studied. The TiO, additive enhanced densification of the B,C-TiB, ceramic composites. Both
Vickers hardness and the fracture toughness of the composites increased with prolongation of sintering time.
The highest hardness of 29.8 GPa was achieved for the composite with 29.6 vol. % of TiB, obtained by sintering
of the precursor with 40wt.% of TiO, additive for 60 min. The fracture toughness reached a maximum value
of 7.5 MPa-m'? for the composite containing 40.2 vol. % of TiB,, which was fabricated by reactive sintering of
the precursor with 50 wt.% of TiO, additive for 60 min.
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I. Introduction ited by its low fracture toughness (1.2-3.7 MPa-m'/?)

. ) . and the poor sintering ability demanding relatively high

B.oron ca.rblde. (B,C) is an 1mportant structura.l €€~ sintering temperatures (above 2000 °C) [5,9,12,13].

ramic rpatenal .w1t¥1 enhanced propqrtle§ and promising Over the last few years, appropriate sintering ad-
1ndus.tr1a1 app.hcatloqs. B,C ceramics is characterised  jitives were added to B4C initial powder to improve
by high melting point (2450°C) and hardness (28— e sintering ability and mechanical properties of B,C
37 GPa).as 1t1s th? tl_“rd hardest matena} after dlamogd based ceramic materials. Numerous sintering aids have
and cubic boron nitride. It has low density (2.52g/em”)  peep identified that allow densification of B ,C ceram-
and hlgh Young’s modulus.(360—460 GPa) [1-5 ]j It has ics at lower sintering temperature and production of
good impact and wear resistance, excellent resistance B,C based composites with secondary phases enhanc-
to chemical agents as well as high capacity for neutron o their fracture toughness. Primary sintering aids iden-
absorption [4,6,7]. Based on these properties, B,C ce-  ifieq for B,C include some metals (Ti, Zr, Nb, Al,
ramics is a perspective material for several applications. Ni), oxides (TiO,, ZrO,, HfO,, AL, O, Y,0.), carbides
It is a promising candidate for wear resistance applica- (Tié 7rC NbCz,TaC)z, nitri(%és (?Allif Szi 1\31 ’) and di-
tions with abrasive or erosive wear such as cutting tools, . cies (T,iBQ Z,rBz T,aBz HfB,). T};ey Zré‘ typically

blasting nozzles and water jet nozzles or for construc-  ,qqed in relatively high quantities, resulting in ceramic
tion of light weight armour such as bullet-proof vests composites [13-18].

[8-11]. However, the application of B,C has been lim- Composite materials consisting of B,C matrix rein-

forced with titanium diboride (TiB,) secondary phase
have been considered as one of the most promising B,C
based ceramic composite materials, because of modifi-
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cation of their properties by TiB, phase. TiB, is char-
acterised by some superior properties including high
melting point (3225 °C), high hardness (25-35 GPa),
high Young’s modulus (~450GPa) and low density
(4.52 g/cm?®). Its fracture toughness (3—5 MPa-m'?) is
higher compared to B,C [18,19]. Moreover, the pres-
ence of TiB, significantly reduces the electrical resis-
tivity of B,C based composites, enabling their electrical
discharge machining [7]. The B,C-TiB, ceramic com-
posite materials can be prepared by non-reactive or re-
active in situ sintering. The mixture of B,C and TiB,
initial powders is used in non-reactive sintering of B ,C-
TiB, ceramic composites. However, the B,0, and TiO,
impurities on the surface of B,C and TiB, starting pow-
der strongly influence the densification behaviour and
microstructure development of B,C-TiB, ceramic com-
posites [20-22]. The advantage of this sintering method
is simple control of the final phase composition of the
fabricated composite materials [7,23,24].

The initial mixtures of elemental powders (Ti, B, and
C) or several powder mixtures (B,C with TiC, B,C with
TiO, and B,C with TiO, and C) enable the reactive sin-
tering of B,C-TiB, ceramic composites [7,25-31]. The
advantage of reactive sintering is that the densification
occurs at lower temperatures, which in comparison to
non-reactive sintering leads to the formation of fine and
well distributed in situ created TiB, secondary particles
[1,7,26].

The reactive in situ sintering of B,C powder with the
TiO, sintering additive can be described by following
reaction which is thermodynamically probable in tem-
perature interval from 1300 to 1900K [32,33]:

mB,C + nTiO, — 0B,C,_, +pTiB, +gCO T
(orCO, T)

&)

During the given reaction, sub-stoichiometric boron
carbide B,C, . and titanium diboride TiB, phases are
created as a consequence of the reduction of TiO, sin-
tering additive by carbon originating from the B,C
phase. In later stages of sintering process, the sub-
stoichiometric boron carbide B,C, , can reverse to the
stoichiometric composition resulting in creation of the
B,C-TiB, composite materials. This is achieved by in-
ward diffusion of carbon from external sources and by
loss of excess boron through evaporation. The portion
of in situ created TiB, phase is affected by sintering
parameters, such as the concentration of TiO, additive,
sintering temperature, and sintering time. The maximal
amount of TiO, additive that can be added to B,C with-
out creation of free boron is 32wt.% with CO being
formed or 52wt.% with CO, being formed in Eq. 1
[32,33].

The sintering method is a major factor that affects
the densities, microstructures and mechanical proper-
ties of sintered B,C-TiB, ceramic composites. Although
pressureless sintering of B,C-TiB, ceramics has been
also studied, these composites could not reach the suf-
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ficient densification, which is a basic precondition for
preparation of ceramic materials with unique mechan-
ical properties [4,10,34]. Nearly full density in B,C-
TiB, ceramic composites can be achieved mainly by
hot pressing, pulsed electric current sintering and spark
plasma sintering [1,9,10,17,28,35]. Many authors have
studied the effect of sintering parameters on the me-
chanical properties of B,C-TiB, composites. Their re-
sults show that reactive in situ sintering is beneficial for
densification of B,C-TiB, ceramics. The reaction kinet-
ics is influenced mainly by sintering additives, sinter-
ing temperature, applied pressure, and sintering time.
Both the relative density of B,C-TiB, ceramic compos-
ite and the portion of TiB, secondary phase generally
increase with these parameters. However, higher sinter-
ing temperature or longer sintering time lead to coarsen-
ing of the microstructure [2,6]. Favourable mechanical
properties were reported in fully dense B,C-TiB, ce-
ramic composites in several works and their values dif-
fer mainly depending on the portion of TiB, secondary
phase. The portion of TiB, secondary phase enhances
the fracture toughness of B,C-TiB, composite, because
of higher fracture toughness and toughening effect of
TiB, phase utilising the toughening mechanisms, such
as crack deflection, crack bridging and crack branching.
However, higher portion of TiB, secondary phase could
decrease the hardness, because of lower hardness of this
phase compared to B,C matrix [1,7,26,27].

Several authors prepared B,C-TiB, composites by re-
active hot pressing sintering of the same initial pow-
der mixture consisting of B,C, TiO, and graphite pow-
ders with different portion of TiB, phase in B,C-TiB,
composites and variable mechanical properties depend-
ing on the sintering parameters [7,26,27,29-31]. Khaje-
hzadeh et al. [36] elaborated the thermodynamic of re-
action occurring during sintering of this system and dis-
cussed the process of phase transformation in the B,C-
TiO,-O system. Wang et al. [27] used reactive sintering
at 2050 °C and 35 MPa for 1 h in vacuum of 1 - 1073 Pa.
The B,C-TiB, composites with 10 and 30 vol.% of TiB,
reached the Vickers hardness of 29.5 and 28.0 GPa,
respectively. The B,C-TiB, composites with 40 vol.%
of TiB, had fracture toughness of 8.2 MPa-m'?. Ya-
mada et al. reactive sintered at 2000 °C and 50 MPa for
1h and in 0.1 MPa Ar atmosphere. The B,C-20%TiB,
composite reached a strength of 866 MPa and fracture
toughness of 3.2 MPa-m!? [29]. Huang et al. [31] sin-
tered B,C-20%TiB, composite at 2000 °C and 25 MPa
for 6 min. The resulting samples had a relative density,
fracture toughness, and flexural strength of 99.9 %TD,
3.2MPa-m'?, and 650 MPa, respectively. Skorokhod
et al. [30] applied sintering temperature of 2000 °C
at 20MPa for 1h in Ar atmosphere. The B,C-TiB,
composite with 15vol.% of TiB, reached a strength
of 621 MPa and fracture toughness of 6.1 MPa-m!/?,
Yue et al. [26] prepared the B,C-43%TiB, composites
by hot pressing of B,C, TiO,, and phenolic resin at
1950 °Cand 30 MPa, for 1 h in vacuum. The composites
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had relative density, hardness, flexural strength and frac-
ture toughness of 98.2 %TD, 25.9 GPa, 458 MPa and
8.7 MPa-m'/?, respectively [26]. In the work of Failla
et al. [7], the B,C-TiB, composites were hot pressed
from B,C, TiB, and WC at 1860 °C, 30 MPa for 10—
20 min in vacuum of 0.1 mbar. The B,C-TiB, composite
with 25 vol.% of TiB, showed the hardness of 32.2 GPa,
whereas the B,C-TiB, composite with 75vol.% TiB,
had the fracture toughness of 5.01 MPa-m'/? [7]. Zhao et
al. [1] sintered B rich B C-TiB, composites from TiC-
B mixtures at 2000 °C and 35 MPa for 1 h in a dynamic
vacuum. The maximal Vickers hardness was 30.4 GPa
and the fracture toughness was 5.78 MPa-m'? [1]. As
these values are quite different, more information about
the microstructures and mechanical properties of B,C-
TiB, composites are needed.

Based on the results from our previous works [37,38],
the B,C-TiB, composites prepared from B,C + TiO,
precursors with 40 to 50 wt.% TiO, sintered at 1850 °C
under pressure of 35 MPa in vacuum of about 10 Pa have
the relative densities above 99 %TD and favourable
combination of mechanical properties. These compos-
ites were sintered for 60 min and therefore it is rea-
sonable to study properties of B,C-TiB, composites
sintered for shorter times. Consequently, the presented
work focused on the effects of sintering time on the mi-
crostructure, density, hardness and fracture toughness of
B,C-TiB, ceramic composite materials and the relation-
ship between sintering parameters and properties of the
B,C-TiB, composites.

II. Experimental

B4C and TiO, powders with the purity of 99% and
particle size from 2 to 3um were used to fabricate
B,C-TiB, ceramic composites. Powder mixtures con-
sisting of B,C with 40 and 50 wt.% TiO, (used as sin-
tering additive) were homogenised in horizontal mill in
Teflon container of 450 ml volume with B,C mill balls
and isobutyl alcohol. The initial powder mixtures were

preliminary consolidated using die pressing at a pres-
sure of about 130 MPa in a simple tool with a float-
ing die of cylindrical shape with a diameter of 8 mm.
The final consolidation was realized using hot pressing
in a graphite die with a floating matrix of cylindrical
shape with a diameter of 8 mm at sintering tempera-
ture of 1850 °C, pressure of 35 MPa and different sin-
tering time from 15 to 60 min in a vacuum. The abbre-
viation BT40-x and BT50-x were used for the compos-
ites prepared from the precursor B,C powder with 40
and 50 wt.% TiO,, respectively, where x corresponds to
sintering time, i.e. 15, 30, 45 and 60 min.

The phase analysis was performed using XRD on
Philips PW 1710 diffractometer with source of charac-
teristic X-ray of CoKa operated at 40kV and 40 mA
in the 26 range from 20° to 100° with a step of 0.026°
and scan step time of 47 s. The microstructures were ob-
served using JEOL JSM IT300 scanning electron micro-
scope. Volume portions of the formed phases were esti-
mated using image analysis with the Multiphase module
of AxioVision software. The densities of the hot pressed
samples were measured using the Archimedes’ method.
The relative bulk density was calculated based on the
results of phase identification from the XRD analysis
and measured volume portion of phases from the im-
age analysis. The theoretical densities were calculated
according to the rule of mixture using the density val-
ues of pure phases: 2.52 g/cm?® for B,C and 4.52 g/cm?
for TiB,. The hardness and fracture toughness were
measured using a Vickers indenter with load of 5kgf
(49.03N) and indentation time of 10s. The fracture
toughness K¢ of the B,C-TiB, ceramic composites was
calculated using the formula proposed by Shetty [39]:

H-F\'?
Ky = 0.0889 (—) )
4a

where H is the hardness, F is the applied force, and a is
the average radial crack length measured on the impres-
sion.
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Figure 1. XRD pattern of the BT40-60 composite reactively hot pressed at 1850 °C for 60 min
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Figure 2. XRD pattern of the BT50-60 composite reactively hot pressed at 1850 °C for 60 min

IT1. Results and discussion

3.1. Microstructure of B4C-TiB, composites

XRD patterns of the composites prepared by reac-
tive sintering of the B,C + TiO, precursors with 40 and
50wt.% TiO, for 60 min are presented in Figs. 1 and
2, respectively. Only two phases were detected: matrix
B,C and secondary TiB, phase. The signal intensity ra-
tio of the TiB,/B,C phases for the BT40-60 composite
(Fig. 1) is lower compared to that of the BT50-60 com-
posite (Fig. 2). This is the consequence of a higher por-
tion of the secondary TiB, phase created in the BT50-
60 compared to the BT40-60 composite. The formation
of the same phases was observed also for the samples
sintered for different times. The sub-stoichiometry of
B,C,_, was not measured during the XRD analysis of
the prepared composite samples.

Microstructures of the BT40-x composites sintered
for different times are presented in Fig. 3. Three differ-
ent areas can be identified in the microstructure of the
BT40-15 composite (Fig. 3a). The B,C matrix is rep-
resented by the grey areas. The secondary TiB, phase
with the portion of 24.3 vol.% is represented by the light
areas. The dark areas with the portion of 9.2 vol.% rep-
resent the residual porosity. The portions of TiB, phase

<]

and porosity were measured using the image analysis.
The same phases, but with different portions, were ob-
served in the microstructures of all investigated sam-
ples. It can be seen from Fig. 3 that porosity of the com-
posites decreases with the prolongation of the sinter-
ing time. Significant decrease of porosity below 1 vol.%
with simultaneous increase of the portion of the sec-
ondary TiB, phase to 28.2 vol.% was observed after sin-
tering for 45 min (Fig. 3b). Fully dense microstructure
(without visible porosity) with 29.6 vol.% of TiB, phase
was obtained in the composite BT40-60, sintered for
60 min.

The identification of microstructures of the B,C-TiB,
composites was supported by the elemental mapping
analysis. Mapping analysis of the B,C-TiB, composite
BT40-60 reactively sintered for 60 min is presented in
Fig. 4. Higher magnification was chosen to distinguish
the distribution of elements in the composite phases.
The distributions of B in Fig. 4a and Ti in Fig. 4c sup-
ported by XRD analysis in Fig. 1 confirm the identifica-
tion of the matrix B,C (grey areas) and secondary TiB,
(light areas) phase in Fig. 4b.

Similar effect of sintering time on microstructure ob-
served for the BT40-x composites was visible for the
BT50-x samples (Fig. 5). Thus, microstructure of the

Figure 3. Microstructure of B,C-TiB, composites: a) BT40-15 with 24.3 vol. % TiB, hot pressed for 15 min, b) BT40-45 with
28.2 vol.% TiB, hot pressed for 45 min and c) BT40-60 with 29.6 vol. % TiB, hot pressed for 60 min
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Figure 4. Elemental mapping analysis of B,C-TiB, composite BT40-60 reactively hot pressed for 60 min: a) distribution of B
(K,1-2), b) corresponding SEM image and c) distribution of Ti (K,;)
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Figure 5. Microstructure of B,C-TiB, composites: a) BT50-15 with 37.2 vol. % TiB, hot pressed for 15 min, b) BT50-45 with
39.3 vol. % TiB, hot pressed for 45 min and c) BT50-60 with 40.2 vol.% TiB, hot pressed for 60 min

BT50-x composites consists of the B,C matrix, TiB,
secondary phase and porosity. The portions of TiB,
phase (light areas) increase with sintering time. Uniform
decrease of porosity with the prolongation of the sinter-
ing time was observed in both types of composites pre-
pared by sintering of two different initial powder mix-
tures. However, higher portions of the secondary TiB,
phase were formed in the BT50-x composites than in
the BT40-x samples sintered for identical sintering time.
Both ceramic composites reactively sintered for 60 min
(Figs. 3c and 5c¢) are without visible porosity, but an ap-
parently higher portion of TiB, secondary phase is cre-
ated in the B,C-TiB, composite prepared from the B,C
+ 50 wt.% TiO, precursor.

The effect of both the initial powder mixture compo-
sition and sintering time on TiB, secondary phase por-
tion formed in the B,C-TiB, composites during reactive
hot pressing at the temperature of 1850 °C and pressure
of 35 MPa is presented in Fig. 6. Almost linear progress
of secondary phase portion created in B,C-TiB, com-
posites with sintering time can be seen for both types of
composites (BT40-x and BT50-x). Higher portion of the
secondary TiB, phase in the hot pressed BT50-x com-
posites is related to the larger extent of the in situ re-
action during sintering. The maximal portion of TiB,
secondary phase (40.2 vol.%) was measured by the im-
age analysis of the sample sintered for the longest time
(60 min).

Figure 7 reveals the effects of sintering time on den-
sity of the ceramic composites hot pressed at 1850 °C

(b)
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Figure 6. The effect of sintering time on portion of secondary
TiB, phase in hot pressed B,C-TiB, composites

and pressure of 35 MPa. Figure 7 confirms the increase
of density with the prolongation of sintering time and
similar behaviour for both samples. Relative densities
of the hot pressed BT40-x composites are slightly lower
than that of the BT50-x samples, but the measured val-
ues overlap partially. The BT40-x samples reached the
average densities from 90.8 to 99.3 %TD when prolong-
ing sintering time from 15 to 60 min. Higher standard
deviation in the density values was measured at sinter-
ing time of 15 min, because of higher porosity of those
composites. The average densities of the sintered BT50-
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Figure 7. The effect of sintering time on density of B,C-TiB,
composites

x samples increased from 91.2 to 99.5 %TD with the
prolongation of sintering time from 15 to 60 min. As
nearly full density was measured for both samples sin-
tered for 60 min, longer sintering time was not applied.

3.2. Mechanical properties of B4C-TiB, composites

The effect of sintering time on the hardness of B,C-
TiB, composites is shown in Fig. 8. The average hard-
ness value of the BT40-x samples increased from 15.4
to 29.8 GPa when prolonging sintering time from 15 to
60 min. Significant increase in the hardness of the com-
posites was observed in sintering time interval from 30
to 45min. The highest measured hardness value was
29.8 GPa and it was achieved for the B,C-TiB, com-
posite with 29.6 vol.% of TiB, phase. The average hard-
ness of the BT50-x composites increased from 22.6 to
28.5 GPa with the prolongation of sintering time from
15 to 60 min. Significant increase in the hardness of
these composites was observed when prolonging sinter-
ing time from 15 to 30 min.

The obtained hardness values of the B,C-TiB, com-
posites (Fig. 8) was influenced by two factors: the den-

32+
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18 |
J‘ Sintering additive
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N
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1l l . . .
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Figure 8. The effect of sintering temperature on the hardness
of hot pressed B,C-TiB, composites
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sification progress and portion of TiB,. The densifica-
tion showed the crucial effect on hardness increase at
sintering times up to 30 min, whereas the portion of the
formed TiB, phase was dominant from sintering times
longer than 45 min. The densification was enhanced by
the concentration of sintering additive (TiO,) in the pre-
cursor powders. This was the reason for higher hardness
of the BT50-x composites sintered at shorter sintering
times, up to 30 min, compared to the BT40-x samples.
At longer sintering times, above 45 min, both compos-
ites achieved required densification with density values
about 99 %TD. From this sintering stage higher portion
of TiB, in situ created phase in the BT50-60 composite
resulted in its lower hardness compared to the sample
fabricated from the precursors with 40 wt.% TiO,.

The hardness values of 29.8 GPa and 28.5 GPa were
measured for fully densified (above 99.3 %TD) B,C-
TiB, ceramic composites with 29.6 and 40.2 vol.% of
TiB, secondary phase, respectively. These values show
hardness decrease with the increase of TiB, portion
in B,C-TiB, composites sintered for identical time of
60 min. This can be compared with the results reported
in previous works [7,26,27], where the hardness val-
ues of 32.2GPa [7], 29.5 GPa [27], 28.0 GPa [27] and
25.9GPa [26] were measured for B,C-TiB, ceramic
composites with 10, 25, 30 and 43 vol.% of TiB, phase,
respectively.

Figure 9 shows Vickers indentation morphology
of the BT50-60 composite reactively hot pressed for
60 min. The B,C matrix is represented by the grey ar-
eas and the secondary TiB, phase with the portion of
40.2 vol.% is represented by the light areas. The radial
cracks initiating from the corners of impression are vis-
ible and measured length (a) of one crack is marked in
Fig. 9.

The effect of sintering time on the fracture toughness
of the hot pressed B,C-TiB, composites is shown in
Fig. 10. The average fracture toughness of the BT40-

Figure 9. Vickers indentation morphology of B,C-TiB,
composite reactively hot pressed for 60 min
(a is measured length of one radial crack)
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Figure 10. The effect of sintering temperature on the
fracture toughness of hot pressed B,C-TiB, composites

x composites increased from 5.8 to 6.9 MPa-m'? when
prolonging sintering time from 15 to 60 min. The av-
erage fracture toughness of the BT50-x composites in-
creased from 6.6 to 7.5 MPa-m"? when prolonging sin-
tering time from 15 to 60 min. Higher values of fracture
toughness were achieved for the BT50-x samples com-
pared to the BT40-x samples. This can be explained by
the formation of a higher portion of the toughening TiB,
secondary phase in the BT50-x samples compared to the
BT40-x samples. The earlier densification of the pre-
cursors having higher concentration of TiO, (50 wt.%)
was reflected in a similar way as it was described when
the progress of hardness was discussed in Fig. 8. Sig-
nificant increase of the fracture toughness of the sin-
tered BT50-x composites was observed when sintering
time was increased from 15 to 30 min. However, the in-
crease of the fracture toughness of the sintered BT40-
Xx composites was postponed to sintering times interval
from 30 to 45 min. The highest fracture toughness of
7.5MPa-m'? was measured for the B,C-TiB, compos-
ite with the highest portion of TiB, (40.2 vol.%) tough-
ening phase.

The fracture toughness values could be compared
with the literature data: 3.2 [29,31], 8.2 [27] and
8.7 MPa-m'?? [26] achieved for the B,C-TiB, ceramic
composites with 20, 40 and 43 vol.% of secondary TiB,
phase, respectively. These values confirmed the posi-
tive effect of TiB, phase on toughening effect in B,C-
TiB, ceramics and in this work we achieved the frac-
ture toughness values of 6.9 and 7.5 MPa-m"/? for the
B,C-TiB, fully dense ceramic composites (99.3 and
99.5 %TD) with 29.6 and 40.2 vol.% of TiB, phase, re-
spectively.

IV. Conclusions

B,C-TiB, ceramic composites were hot pressed us-
ing in situ reaction of two initial powder mixtures con-
sisting of B,C with 40 and 50 wt.% of TiO, at 1850 °C,
under pressure of 35 MPa and in a vacuum for differ-
ent sintering time (15, 30, 40 and 60 min). The effects
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of sintering time and amount of TiO, in precursor pow-
ders on the microstructure, density, hardness and frac-
ture toughness of the ceramic composites were studied.

All composite samples consisted of two phases, B,C
matrix and TiB, secondary phase. The portion of TiB,
phase created in the B,C-TiB, composites increased
with the prolongation of sintering time. The positive
effect of sintering time on the density was observed
for both types of the samples achieving values above
99 %TD for the longest sintering time of 60 min.

The densification was crucial for the hardness in-
crease at sintering times up to 30 min. It was enhanced
in the samples fabricated from the precursor with higher
concentration of TiO, (50wt.% TiO,). However, the
higher portion of softer TiB, phase caused lower hard-
ness of the composite with higher concentration of
TiO, (50wt.% TiO,). The highest hardness value of
29.8 GPa was achieved for the B,C-TiB, composite
with 29.6 vol.% of TiB, phase obtained from the pre-
cursor with 40 wt.% TiO, and sintered for the longest
time of 60 min.

Higher values of fracture toughness were achieved
for the samples fabricated with higher portion of TiO,
sintering additives. This can be explained by the forma-
tion of a higher portion of TiB, toughening secondary
phase in these composites. The highest fracture tough-
ness of 7.5MPa-m1/> was measured for the B,C-TiB,
composite with the highest portion of 40.2 vol.% TiB,
phase.
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