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bstract

4C composites with 15 and 30 vol% TiB2 were pulsed electric current sintered from B4C–TiO2–carbon black mixtures in vacuum at 2000 ◦C. Full
ensification could be realised when applying an optimized loading cycle in which the maximum load is applied after completion of the B4C–TiB2

owder synthesis, allowing degassing of volatile species. The influence of the sintering temperature on the phase constitution and microstructure
uring synthesis and densification was assessed from interrupted sintering cycles. The in situ conversion of TiO2 to TiB2 was a complex process

n which TiO2 is initially converted to TiB2 with B2O3 as intermediate product at 1400–1700 ◦C. At 1900–2000 ◦C, B2O3 reacted with C forming

4C and CO. The B4C and TiB2 grain size in the fully densified 30 vol% TiB2 composite was 0.97 and 0.63 �m, combining a Vickers hardness of
9.3 GPa, an excellent flexural strength of 865 MPa, and modest fracture toughness of 3.0 MPa m1/2.

2010 Elsevier Ltd. All rights reserved.
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. Introduction

As one of the hardest materials known, boron carbide
anks third behind diamond and cubic boron nitride. Being
ntrinsically brittle, B4C often requires different additives to
mprove its sintering behaviour and mechanical properties.
umerous researchers have shown that the addition of TiB2 to
4C can decrease the porosity level and improve the fracture

oughness as well as flexural strength.1–6 Furthermore, dense
4C–TiB2 composites can be easily machined using electrical
ischarge machining (EDM) since TiB2 has a good electri-
al conductivity.7–10 Since both B4C and TiB2 are covalently
onded compounds, sintering temperatures above 2200 ◦C were
equired for pressureless sintering of B4C–TiB2 particulate
omposites.1,3 However, rapid grain growth and concomitantly
ecreased strength were observed in pressureless liquid phase

intered B4C–TiB2 composites. A recent study showed that hot
ressing and pulsed electric current sintering aided in increasing
he density of TiB2 while decreasing the sintering time.11,12

∗ Corresponding author. Tel.: +32 16 321244; fax: +32 16 321992.
E-mail address: jozef.vleugels@mtm.kuleuven.be (J. Vleugels).
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rain size; C. Mechanical properties

Another way to make B4C–TiB2 composites is via in situ
eaction of TiO2, carbon and B4C3–5 or from elemental
owders.13 A flexural strength of 866 MPa and fracture tough-
ess of 3.2 MPa m1/2 were reported for fully dense B4C-20 mol%
15 vol%) TiB2 composites made from B4C, TiO2 and car-
on black mixtures prepared by reaction hot pressing for
h at 2000 ◦C under a pressure of 50 MPa.5 In situ TiB2

ormation is reported when sintering B4C with TiO2 or Ti
ddition in the 1800–2190 ◦C range.14 A mixture of fine-sized
4C with 40 wt% TiO2 was transformed into a 95% dense
4C–TiB2 composite when sintering for 1 h at 2160 ◦C.14 More

ecently, pseudo-eutectic micrometer grained TiB2–B4C com-
osites were synthesized by PECS of mechanically alloyed
lemental powders at 1200–1700 ◦C.13 Phase formation was
ompleted well before full density was achieved and bulk com-
osite materials of nearly full density were obtained when PECS
t 1700 ◦C.13

In the present study, B4C–TiB2 composites with up to
0 vol% TiB2 were made by in situ synthesis from B4C, TiO2 and

arbon black powder mixtures during densification by pulsed
lectric current sintering (PECS). The effect of the processing
emperature on the densification, phase constitution, as well as

icrostructure of the sintered compacts was assessed.

dx.doi.org/10.1016/j.jeurceramsoc.2010.10.028
mailto:jozef.vleugels@mtm.kuleuven.be
dx.doi.org/10.1016/j.jeurceramsoc.2010.10.028
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. Experimental procedure

.1. Material preparation

B4C–TiB2 composites were made by in situ reaction of
4C (Grade HD20, H.C. Starck, Germany, d50 = 0.5 �m),
iO2 (Grade A-HR, Huntsman Tioxide Europe Ltd., crystal
ize = 0.17 �m) and carbon black (Grade 4, Degussa; Germany)
owders. Composites B15T and B30T with a desired TiB2 con-
ent of 15 and 30 vol% respectively were prepared by low energy

ultidirectional mixing (Turbula T2A, WAB, Switzerland) in
thanol for 24 h using ZrO2 milling balls (φ = 5 mm, grade
Z-3Y, Tosoh, Japan). The solvent was removed in a rotating
vaporator at 65 ◦C and the powder mixture was additionally
ried for 24 h at 80 ◦C. The starting compositions were deter-
ined so as to form B4C matrix composites with 15 or 30 vol%
iB2, which have a theoretical density of 2.82 and 3.12 g/cm3

espectively, according to the rule of mixtures based on a density
f 2.52 and 4.52 g/cm3 for B4C and TiB2. The formation of TiB2
hase can be described according to3,4:

4C + 2TiO2 + 3C ⇔ 2TiB2 + 4CO (1)

Under standard state conditions, the change in Gibbs free
nergy of this reaction can be expressed as: �G = 732.7–6.5 T
kJ), which is thermodynamically favourable at temperatures
bove 1150 ◦C.14 Reaction (1) proceeds more rapidly when the
O partial pressure is below the equilibrium pressure, i.e. in
acuum or Ar atmosphere. In the absence of free carbon, TiO2
an be converted to TiB2 using B4C as carbon source.14–17

In the present study, in situ powder synthesis and sintering
as performed during PECS (Type HP D 25/1, FCT Systeme,
auenstein, Germany) in a vacuum of 4 mbar. A pulsed electric
urrent was applied with a pulse duration of 10 ms and pause
ime of 5 ms throughout all the experiments. Powder mixtures
ere poured into a cylindrical graphite die with an inner and
uter diameter of 30 and 56 mm. The B30T powder mixture was
ECS at 1400, 1700, 1900 and 2000 ◦C for 5–13 min, including
utgassing, pressure loading and dwell time at the sintering tem-
erature, under a maximum pressure of 60 MPa, with a heating
nd initial cooling rate of 200 ◦C/min. A representative ther-
al cycle is given in Fig. 1 for the powder mixture heated for
min at 2000 ◦C. In all experiments, a minimum pressure of
MPa was applied to ensure constant contact of the electrodes
ith the die/punch/sample system. Two different loading cycles
ere investigated. In loading cycle C1, the pressure was grad-
ally increased from 8 to 60 MPa within 1 min upon reaching
000 ◦C. In the optimized cycle C2, the maximum pressure of
0 MPa was applied within 1 min, 4 min after reaching 2000 ◦C
llowing degassing of volatile species. Graphite paper was used
o separate the graphite die/punch set-up and powder mixture. A
0 mm thick porous carbon felt insulation was placed around the
raphite die to obtain a homogeneous temperature distribution

nd concomitant sintering behaviour. The sintering temperature
as measured by a two-colour pyrometer (400–2300 ◦C, Impac,
hesterfield, UK), focused at the bottom of a central borehole

n the upper punch, 2 mm away from the top surface of the sam-

3

t

ig. 1. Thermal and mechanical loading cycles during in situ synthesis and
onsolidation of B4C–TiO2–C starting powder mixtures without (C1) and with
C2) a degassing step upon reaching the targeted sintering temperature.

le. The actual set-up and temperature monitoring procedure is
escribed in detail elsewhere.18

.2. Characterization

After PECS and sand blasting, the sintered 4 mm thick discs
ere cross-sectioned and polished to a mirror finish. The bulk
ensity of the sintered composites was measured in ethanol.
he crystalline phases during the reaction were investigated by a
–θ X-ray diffractometer (XRD, Seifert, Ahrensburg, Germany)
sing Cu-K� radiation (40 kV, 40 mA). The microstructure and
omposition of the PECS materials were examined by scan-
ing electron microscopy (SEM, XL30-FEG, FEI, Eindhoven,
he Netherlands), equipped with an energy dispersive analysis
ystem (EDS, EDAX, Tilburg, the Netherlands) for compo-
itional analysis. The Vickers hardness, HV1, was measured
Model FV-700, Future-Tech Corp., Tokyo, Japan) with an
ndentation load of 9.81 N. The fracture toughness, KIC, was
alculated from the length of the radial cracks of the inden-
ations according to the formula of Anstis et al.19 The elastic

odulus, E, of the B4C–TiB2 composites was measured on
ectangular bars by the resonance frequency method.20 The
esonance frequency was measured by the impulse excitation
echnique (Grindo-Sonic, Lemmens N.V., Leuven, Belgium).
he flexural strength at room temperature was measured in a

hree-point bending test (Series IX Automated Materials Test-
ng System 1.29, Instron Corporation) with a span width of
0 mm and a crosshead displacement of 0.1 mm/min on rect-
ngular (25 mm × 3 mm × 2 mm) bars, which were cut from the
ECS discs by electrical discharge machining. All surfaces were
round (grinding wheel type D46SW-50-X2, Technodiamant,
he Netherlands) on a Jung grinding machine (JF415DS, Göp-
ingen, Germany). The reported flexural strength values are the
ean and standard deviation of five measurements.

. Results and discussion
.1. In situ synthesis of B4C–TiB2 powder

In the present study, a heating rate of 200 ◦C/min was applied
o in situ synthesize TiB2 and densify B4C–TiB2 composite
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Fig. 3. Sintering behaviour of the B C–TiO –C powder mixture (B C-30 vol%
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ig. 2. Sintering behaviour of the B4C–TiO2–C powder mixture (B4C-30 vol%
iB2) during PECS for 6 min at 2000 ◦C under a pressure of 60 MPa without
egassing step (cycle C1 in Fig. 1).

owders in one step using PECS. According to Eq. (1), the car-
othermal reaction of TiO2, C and B4C produces a large amount
f CO gas during TiB2 powder synthesis. During PECS, the evo-
ution of the vacuum pressure in the furnace and the shrinkage
nd shrinkage rate of the powder compacts were recorded to
llow elucidating the reactive synthesis and densification pro-
ess.

A representative thermal cycle for in situ synthesis and sin-
ering of B4C-30 vol% TiB2 composites using loading cycle C1
s shown in Fig. 2. The complete cycle with a total duration of
25 min can be divided into three main steps, i.e., heating of

he starting powder mixture, in situ synthesis of a B4C–TiB2
owder mixture and composite densification. After an initial
hermal expansion of the powder compact, shrinkage starts
round 1400 ◦C during the heating up phase (section I) before
ncreasing the mechanical load. An abrupt increased shrink-
ge however is realised when applying a maximum pressure
f 60 MPa within 1 min immediately upon reaching 2000 ◦C
section II). The compact further shrinks throughout the sub-
equent dwell period of 4 min at 2000 ◦C (section III). Upon
ncreasing the load at 2000 ◦C, an increased vacuum pressure is
bserved implying the release of volatile species. The density
f the sintered compact was only 85%.

In a second approach, presented in Fig. 3, the load was only
ncreased after the maximum in vacuum pressure allowing out-
assing of the volatile species (loading cycle C2 in Fig. 1).
esides a continuous shrinkage of the powder compact above
400 ◦C, a sharp increase in vacuum pressure was observed start-
ng around 1750 ◦C, as shown in section I of Fig. 3. The vacuum
ressure reached a maximum after 1.5 min at 2000 ◦C. Note that
he external pressure was kept at a minimum of 8 MPa for 4 min
t 2000 ◦C in order to ensure that the in situ formed gas could
eave the powder compact. After the measured vacuum pressure
ecrease about 4 min after reaching 2000 ◦C, the mechanical
ressure was increased from 8 to 60 MPa within 1 min (section
I in Fig. 2) resulting in a rapid shrinkage of the powder com-

act and a further decrease of the vacuum pressure. No further
ensification was observed after the load increase at 2000 ◦C as
emonstrated by the constant displacement curves in section III
n Fig. 3.

t
r
a
o

4 2 4

iB2) during PECS for 9 min at 2000 ◦C under a pressure of 60 MPa with
egassing step (cycle C2 in Fig. 1).

To assess the influence of the sintering temperature on the
ynthesis process, additional PECS cycles were conducted at
400, 1700 and 1900 ◦C for the 30 vol% TiB2 composite. The
aximal pressure of 60 MPa was only applied after degassing
few minutes at 1400, 1700 and 1900 ◦C. The evolution of the
acuum pressure and densification as a function of temperature
or the 15 and 30 vol% TiB2 composites was comparable.

The bulk and relative density of the in situ synthesized
4C–TiB2 composites are summarized in Table 1. The densifi-
ation behaviour exhibits a gradual increase in sintered density
ith increasing PECS temperature from 1400 to 2000 ◦C. With
egassing step, the B15T and B30T composites PECS at 2000 ◦C
eached full densification, whereas a relative density of only
5% was obtained for the B30T composite processed without
egassing step.

The XRD patterns of the B30T starting powder and the frac-
ured and ground surfaces of the composites PECS at 1400, 1700,
900 and 2000 ◦C are compared in Fig. 4. The JCPDS cards
atching the spectra are 84-1286 for anatase TiO2, 86-1129

or rhombohedral B4C, 85-2083 for hexagonal TiB2, 73-2158
or H3BO3, and 41-1487 for hexagonal graphite. Since the C
ource is amorphous carbon black, only TiO2 and B4C phases
ere found in the starting powder.
The XRD patterns and accompanying Rietveld quantification

nalysis (Table 1) reveal full conversion of TiO2 to hexagonal
iB2 after PECS for 7 min degassing + 5 min dwell at 1400 ◦C
r 5.5 degassing + 5 min dwell at 1700 ◦C. However, there was
o noticeable vacuum drop during these thermal cycles, imply-
ng that there is a non-volatile oxygen-containing intermediate
roduct involved.

According to the Rietveld analysis (Table 1), the TiB2 phase
ontent remained almost constant in the powder compacts PECS
t 1400, 1700, 1900 and 2000 ◦C with a degassing step. The B4C
ontent on the other hand gradually increased with increasing
ECS temperature. Beside the aforementioned phases, diffrac-

ion peaks from graphite and H3BO3 phases were identified in
he ceramics PECS at 1400, 1700 and 1900 ◦C. The carbon black

emained amorphous at 1400 ◦C and transformed to graphite
t 1700 and 1900 ◦C. An intense H3BO3 peak at 28◦ 2θ was
bserved on the fractured surfaces of the ceramics PECS at 1400,
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(
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b) surfaces of B4C-30 vol% TiB2 composites PECS with a degassing step at
400, 1700, 1900 and 2000 ◦C, as well as at 2000 ◦C without a degassing step.

700 and 1900 ◦C (Fig. 4a) whereas it was not measured on
he ground surfaces (Fig. 4b). The removal of the water-soluble

3BO3 on the ground surfaces was due to the presence of cool-
ng water during grinding. The presence of a large amount of

3BO3 on the fractured surface implies the presence of B2O3
n the ceramics PECS at 1400, 1700 and 1900 ◦C, since B2O3
nd humidity water interact immediately on the exposed fracture
urface according to an exothermal reaction with the formation
f H3BO3. The amount of H3BO3 decreased with increasing
ECS temperature and completely diminished at 2000 ◦C when
pplying a degassing step. In contrast to the TiB2–B4C com-
osite obtained after PECS at 2000 ◦C with degassing cycle, the
eramic without degassing cycle contained a substantial amount
f graphite, as shown in Fig. 4a and b.

Secondary and backscattered electron micrographs of the
tarting powder mixture and B30T composites PECS with a
egassing step below 2000 ◦C are presented in Fig. 5. In all
eramics, the bright TiO2/TiB2 and grey B4C contrast grains are
omogeneously distributed. The starting powder contains sub-

icrometer grained TiO2 and B4C powder as well as nanometric

arbon black. The ceramic PECS at 1400 ◦C has nanometer
ized TiB2 grains due to the short reaction cycle. Increasing
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ig. 5. Secondary (left) and backscattered (right) electron micrographs of the sta
emperatures with degassing step, 1400 (c, d), 1700 (e, f) and 1900 ◦C (g, h).

he temperature to 1700 ◦C resulted in rapid TiB2 grain growth.
t 1900 ◦C, relatively large submicrometer and equiaxed TiB2
rains were evenly distributed in a grey B4C matrix.

The microstructure of the B30T composites PECS at 2000 ◦C
ith and without degassing step are compared in Fig. 6a–d.
rom the fracture surfaces, both composites can be classified as
ully dense. However, the microstructure as well as the phase
omposition (see Table 1) is significantly different. Graphite
akes (Fig. 6a) were clearly observed in the composite PECS
ithout degassing step. With degassing step during PECS at
000 ◦C, the microstructures of B30T (Fig. 6c and d) and B15T

Fig. 6e and f) exhibited equiaxed bright submicrometer TiB2
rains in a submicrometer sized B4C matrix.

The chemical composition of the starting powder and
omposites PECS with a degassing step were measured by SEM-

t
t
c
F

powder mixture (a, b) and fracture surfaces of the composites PECS at different

DS standardless analysis, carried out at 12 kV. As shown in
ig. 7, the B30T starting powder and the ceramics PECS at
400 and 1700 ◦C contain a substantial amount of oxygen of
bout 16.5 wt%. With increasing PECS temperature to 1900
nd 2000 ◦C, the residual oxygen level decreased to 2.46 and
.3 wt% respectively. When the powder compact was sintered at
000 ◦C without a degassing step, a total O content of 8.4 wt%
as measured. The oxygen analysis clearly indicated that only

he material PECS at 2000 ◦C with a degassing step resulted in
pure B4C–TiB2 composite.

Besides the O level, the C and B content in the composites

hermally treated at 1400 and 1700 ◦C were comparable with
hat of the starting powder, implying there was no O, C or B
ontaining volatile species formation at these temperatures (see
ig. 7). With a degassing step at 1900 and 2000 ◦C, the O and C
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Based on the phase constitution, the overall composition
hanges and vacuum pressure evolution, B2O3 and graphite
ere identified as intermediate products during the in situ PECS
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ynthesis of B4C–TiB2 composites. TiO2 initially completely
eacted with B4C forming TiB2, B2O3 and carbon at 1400 and
700 ◦C. At 1900 and 2000 ◦C, the in situ formed B2O3 reacted
ith C forming B4C and CO gas. When the high temperature

eaction was not completed or inhibited by gas entrapment, the
iquid B2O3 solidified after cooling and readily reacted with
ater to form H3BO3 on the surface when exposed to ambient
umid air.

Direct reduction of TiO2 or ZrO2 powder with B4C
as been reported to produce diborides and diboride-carbide
omposites.14–17 The reactions between oxides and B4C are
ndothermic and become favourable at temperatures lower than
or the equivalent reactions with carbon.17 The reaction of oxides
nd B4C has also been exploited to promote the densification of
4C and ZrB2 based on the ability of B4C to react with oxides

hereby reducing the amount of oxide impurities.14,15,21–24 A
4C-40 wt% TiO2 mixture without free carbon addition was

ransformed into a 95% dense B4C–TiB2 composite when pres-
ureless sintered for 1 h at 2160 ◦C.14 Thermodynamic analysis
f the B4C–TiO2 system and its experimental verification indi-
ated that TiO is reduced by carbon originating from the B C
2 4
hase, resulting in a mixture of sub-stoichiometric boron carbide
nd TiB2.14 Formation of TiB2 in a B4C-50 wt% TiO2 mixture
as observed when thermally treated above 1600 ◦C.15
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ig. 8. Change in Gibbs free energy of reactions (1)–(3) as a function of tem-
erature.

In the current PECS experiments, the possible reactions
etween B4C, TiO2 and C forming TiB2 are:

.5B4C + 3TiO2 ⇔ 3TiB2 + 2B2O3 + 2.5C (2)

B2O3 + 7C ⇔ B4C + 6CO (3)

The temperature dependency of the Gibbs free energy change
f reactions (1), (2) and (3) under standard conditions is com-
ared in Fig. 8, as calculated by software FactSage.25. Reaction
1) is a direct combination of reactions (2) and (3). Under stan-
ard state conditions, synthesis of TiB2 from B4C and TiO2 is
hermodynamically favourable above room temperature, while
he theoretical initial formation temperature of B4C from B2O3
nd C is 1580 ◦C (reaction (3)). Boron carbide powder forma-
ion by boric acid or boron oxide reduction with graphite or
etroleum coke at 2200–2500 ◦C has been reported.24

In the present experiments, the in situ formed liquid B2O3
eacted with C forming B4C and a substantial amount of CO
hat causes the vacuum drop during the dwell period at 2000 ◦C.
ue to the presence of extra C in the starting powder, all residual
2O3 was converted to B4C.

In this study, the vacuum pressure in the PECS furnace was
aintained around 4 mbar. Under these conditions, liquid B2O3

hould already start boiling and escape from the powder com-
act around 1100 ◦C. However, the logged vacuum level did not
ndicate any sign of volatilization during the synthesis of the

4C–TiB2 composites at 1400 and 1700 ◦C with a degassing
tep. Even in the PECS cycle without degassing step (cycle
1) at 2000 ◦C, only a slightly increased vacuum pressure was
etected around 2000 ◦C (see Fig. 2). Obviously, the volatiliza-
ion of boron oxide is significantly delayed during the PECS
rocess at lower temperatures, what can be attributed to the fact
hat the powder compact is relatively insulated from the fur-
ace environment. The graphite papers in-between the punches
nd the die can temporarily seal off the actual powder compact
rom the surrounding vacuum vessel. Moreover, a small 30 mm

iameter and 4 mm thick sample is PECS in a large vacuum
ontainer (about 0.5 m3) at a heating rate of 200 ◦C/min. The
esponse of the vacuum pressure measurement is delayed, i.e.
acuum changes seem to appear at a higher temperature dur-

fl
T
m
e
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ng the heating section, due to the vacuum measurement in the
xhaust pipe of the system towards the vacuum pump and the
igh heating rate.

.2. In situ fully densified B4C–TiB2 composites

Providing a proper degassing step is included during in situ
ECS processing, fully dense B15T and B30T composites can
e obtained at 2000 ◦C. The microstructures of these compos-
tes are shown in Figs. 6c–f. The volume fraction of the in situ
ynthesized TiB2 phase was estimated by image analysis to be
6.6 and 33.5 vol% respectively on the fractured surfaces of the
ECS B15T and B30T composites, which is close to the tar-
eted compositions of 15 and 30 vol%. Compared to hot pressed4

omposites obtained from mixed TiO2, B4C and C, or PECS13

omposites from milled Ti, B and C, a much finer microstruc-
ure was obtained in the currently investigated PECS composites.
he average grain size of B4C and TiB2 in the fully dense B30T
omposite is 0.97 and 0.63 �m, whereas the grain size changed
o 1.22 and 0.49 �m respectively when the TiB2 content was
ecreased to 15 vol%. Obviously, the growth of the B4C matrix
hase is inhibited by the dispersed TiB2 phase. TiB2 grain growth
n B4C–TiB2 composites is reported to occur mainly through
iffusion along the B4C grain boundaries.4 Due to the presence
f uniformly dispersed TiB2 grains, B4C grain boundaries are
inned, hereby inhibiting B4C grain growth. On the other hand,
iB2 grains tend to grow when an interconnected TiB2 grain
tructure is formed in the B30T composite. This pinning effect
s similar to that observed in hot pressed TiB2–B4C.5

The Vickers’ hardness, elastic modulus, indentation frac-
ure toughness and three-point flexure strength were measured
or the dense B4C–TiB2 composites. The E-modulus of the
4C-15 vol% TiB2 composite was 482 GPa and increased to
97 GPa with increasing TiB2 content to 30 vol% due to the
igher intrinsic E-modulus of pure TiB2. The 30 and 15 vol%
iB2 composites had a Vickers hardness (HV1) of 39.3 and
6.9 GPa respectively. Although B4C is harder than TiB2, the
igher hardness of the 30 vol% TiB2 grade is due to the refined
4C grain size. The fracture toughness of the 15 vol% TiB2 com-
osite was 2.5 MPa m1/2 and slightly increased to 3.0 MPa m1/2

or the 30 vol% TiB2 composite.
The measured toughness values are lower than reported for

icrometer grain sized B4C–TiB2 composites obtained by hot-
ressing,4 6.1 MPa m1/2 at TiB2 and B4C grain sizes up to 5 �m,
r PECS,13 5.9 MPa m1/2 at a TiB2 and B4C grain size of 1–2 and
–7 �m, respectively. The toughness data however are in excel-
ent agreement with those reported for finer grained reaction
ot pressed B4C-15 vol% TiB2 that show a slight increase from
.7 to 3.7 MPa m1/2 with increasing TiB2 grain size from 0.75
o 2.2 �m.5 The modest toughness of the present composites
s due to their fine grained microstructure and the concomitant
imited contribution of crack deflection toughening. An excellent

exural strength of 720 MPa was obtained for the B4C-15 vol%
iB2 composite. Due to a finer grain size and homogeneous
icrostructure, the strength of the 30 vol% TiB2 composite was

ven higher reaching an excellent value of 865 MPa.
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. Conclusions

The present study showed that rapid sintering by PECS is a
romising route for the preparation of fine-grained in situ synthe-
ized and densified B4C–TiB2 composites from TiO2, B4C and
arbon black powder mixtures. Thermodynamic and experimen-
al assessment of the reduction of TiO2 with B4C and C revealed
hat TiO2 initially reacted with B4C to form TiB2, B2O3 and C.
he in situ formed B2O3 is subsequently reacted with free C

o produce B4C and CO gas. Full conversion of TiO2 into TiB2
ould be obtained after 7 min at 1400 ◦C, but complete removal
f residual oxygen from B2O3 requires a temperature above
900 ◦C.

Full composite densification could only be realised when
pplying an optimized loading cycle in which the maximum
oad is applied after completion of the in situ B4C–TiB2 powder
ynthesis, allowing degassing of volatile species.

The obtained submicrometer grain sized B4C composites
ith 15 and 30 vol% TiB2 combined a very high hardness
f 36.9 and 39.3 GPa with an excellent flexural strength of
24 ± 54 and 865 ± 58 MPa and E-modulus of 482 and 497
espectively. The fracture toughness however is modest and
bout 2.5–3.0 MPa m1/2.
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