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Abstract

Dense composites of TiB2 with additions of TiN have been produced by microwave sintering. Microwave sintering was conducted at 1200–
1700 1C under controlled atmosphere. The effects of composition, sintering temperature, on densification, microstructure, and mechanical
properties were investigated. Microwave sintering resulted in uniform crack-free uniform microstructure, as well as maximum relative density of
99% and bending strength of 368715 MPa, Young's modulus of 440711 GPa, electric resistivity of 2� 10�5 Ω cm, Vickers hardness of
26.2 70.4 GPa, and a fracture toughness of 6.270.34 MPa �m1/2 were obtained using 36 wt% TiB2, and sintering for 10 min at 1650 1C.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titanium diboride (TiB2) is a refractory intermetallic com-
pound with excellent hardness, corrosion resistance and
electrical conductivity [1,2]. TiB2 based ceramics have been
studied extensively for cutting tools, and armor materials
because of their exceptional mechanical properties under
various service conditions [3]. It is difficult to sinter TiB2 by
standard heating methods because of its low self-diffusion rate.
Therefore, most reported works on densification of TiB2

have been done using advanced consolidation methods such
as hot-pressing, spark-plasma sintering and microwave sinter-
ing [4–14].

Microwave sintering (MWS) is relatively a new method for
processing of ceramics and metals and is generally associated
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with high heating rates and volumetric heating [15]. Micro-
wave sintering ensures considerable time and energy saving,
and therefore is viewed as one of the most prospective
sintering techniques in material processing [15,16]. It has been
shown that MWS may provide enhanced densification during
sintering of oxides [17–19], metals [20–24] and non-oxide
ceramics [25–28]. Processing of high-melting point com-
pounds such as TiB2 is very difficult due to the need of
proper high temperature insulation and/or special design of
microwave applicator [14]. Therefore in this study, the effect
of TiN addition on homogeneity of heating process and
sintering process under microwave radiation has been studied.
An analysis of densification kinetics, microstructural evolution
and mechanical properties of TiB2 microwave sintered cera-
mics was conducted in this study.
2. Experimental procedure

2.1. Processing

For sintering experiments we used commercially available
TiN (US-Nano, USA, BET¼58 m2 g�1, o0.3 wt% O) TiB2
ghts reserved.
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Fig. 1. TEM observation of the starting 50/50 wt% TiN–TiB2 powder.
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(US-Nano, USA, BET¼45 m2 g�1, o1.9 wt% O) powders, and
TiN–TiB2 plasma-synthesized composites with the composition of
64/36 and 50/50 wt% (Neomat, Latvia, BET¼28 m2 g�1,
o1.0 wt% O) were used as starting materials. Typical powder
morphology observed by TEM is shown in Fig. 1.

All available powder compositions were milled for 30 min
at a milling rotation speed of 300 rpm, using ethanol and agate
balls as a milling medium. The weight ratio of balls to powder
was fixed to 5:1. The resultant slurry was dried in vacuum
evaporator and screened through a 60 mesh screen.

The powders were cold compacted at a pressure of 150 MPa
into pellets of 25 mm (∼1 in.) in diameter and 5 mm in
thickness. That was followed by cold isostatic pressing at
220 MPa. At this stage, samples had a green density of around
50% of the theoretical density.

Sintering experiments were carried out using a 6 kW,
2.45 GHz multimode microwave cavity. No additional suscep-
tors were used in the experimental setup, so that the heating
was pure microwave heating, detailed information of the
experimental set-up is presented elsewhere [29]. The heating
profile consisted of a heating rate of 50 1C min�1 from room
temperature to 800 1C with a dwell time of 1 min to insure
pyrometer (Raytek MA2SC) readings. The samples were then
heated to the maximum temperature at 5, 20 and 50 1C min�1.
Sintering was performed between 1400 and 1650 1C for a set
time of 10 min under pure flowing argon atmosphere and
freely cooled down to room temperature.

2.2. Characterizations of sintered samples

Density of sintered samples was measured using the
Archimedes' method (ASTM B963-08). Microstructural obser-
vations and analyses were carried out on polished sections
using Jeol JSM-7001F field emission scanning electron micro-
scope (SEM) equipped with an energy dispersive spectrometer.
The average grain size was measured from SEM graphs using
a line-intercept method, and taking into account of at least 100
grains (with a three-dimensional correction factor determined
to be 1.2 (ASTM E112-96)) In case of composites a correction
to the linear intercept method proposed by Wurst [30] was
applied. Hardness was determined by Vickers hardness tester
MMT-3 (Buehler, Japan), a load of 1000 g was employed at a
dwell time of 20 s. At least five measurements were performed
at different locations of each pellet. The fracture toughness was
calculated by the length of the cracks originating from the
edges of the indentation marks, using the method described in-
depth by Niihara et al. [31]. Ultrasonic measurement (both
longitudinal and shear wave velocity) were conduced on each
pellet to determine Young's modules (ASTM E494-92a).
The three-point bending strength tests (using an Instron

4505 apparatus, UK) were conducted in argon, for a loading
speed of 0.5 mm min�1. Measurements were done at room
temperature and at 1600 1С. For this test, rectangular blocks
(2.5� 3� 20 mm3) of sintered samples were cut by electric
discharge machining and were polished on the lateral surfaces
using diamond paste. The reported flexural strengths are the
average of five specimens.
Electrical resistivity was measured at room temperature

using a four linear probe method. The electrical resistivity
measurements were carried out by inducing a current of 10 A
in bar specimens 2.5� 3� 20 mm3.

2.3. Sintering activation energy determination

Constant heating rate experiments were done to measure the
activation energy value of titanium diboride for sintering process.
Wang and Raj [32] have derived the sintering-rate equation (Eq. 1)
used for the quantitative analysis of densification data measured by
constant rate heating techniques, noting that the sintering-rate
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Here, D is the density, R the gas constant, f(D) a function
only of density, C a constant, V the molar volume, γ surface
energy, G the grain size, and N the grain size power law
(N¼3: lattice diffusion, N¼4: grain-boundary diffusion).
Using shrinkage and density data measured at different

heating rates, the activation energy Qa value can be determined
from the slope of the Arrhenius-type plot of ln T dT
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This approach is similar to the combined-stage sintering

model [33]. This model is based on the Herring's scaling law
and assumes that grain size is independent of sample's density.
Assuming that one diffusion mechanism prevails (i.e. grain
boundary or volume diffusion) in the densification.
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where Qa corresponds to the apparent activation energy during
sintering. Γb and Γv are scaling factors [33] for grain boundary
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and volume diffusion respectively. Deff and n are related to the
dominant diffusion mechanism. If Γ and G are independent of
density, plotting the left-hand side of Eq. (3) versus 1/T at a
constant relative density for different heating rates (dT/dt)
gives a line with a slope corresponding to �Q/R.

In the present work we use relative densities as a parameter
to evaluate activation energy for sintering, although the relative
shrinkage of specimens was also measured. For the calcula-
tions purposes the values used below correspond to the mean
values of at least of five samples. We chose the densities
interval of 70–85 of theoretical density suitable for calculations
since the grain growth in this interval was minimal.
3. Results

3.1. Sintering

Apparent densities of microwave sintered samples as a
function of sintering temperature at constant time of 10 min
and heating rates of 5, 20 and 50 1C min�1 are plotted in
Fig. 2. In case of microwave sintering of pure TiN, density
quickly increases with sintering temperature until maximum
density is reached at 1450 1C. In case of TiN–TiB2 composites
the density monotonically increases up to 1400 1C, which is
followed by increase in densification rate until maximum
density is achieved at 1600 1C.

The development of material microstructure as a function of
microwave sintering temperature for pure TiB2 is shown in SEM
images (Fig. 3). The effect of composition at fixed temperature of
1600 1C and heating rate of 5 1C min�1 is shown in Fig. 4.
Fig. 2. Effect of heating rate, composition and sintering temperature on
densification process during microwave sintering of ceramics in TiN–TiB2

system.
3.2. Sample characterizations

The hardness values we found in the present study (Table 1)
are close to those usually reported in the literature for the TiB2

ceramics (Table 2) [6–12,14,34]. It is interesting that an
addition of less hard TiN phase favors the formation of more
homogeneous and fine microstructure during sintering and
causes an increase in hardness due to the grain refinement
[35,36]. In case of 36 wt% TiB2 composition the heating rate
does not significantly influences materials properties.

In terms of fracture toughness the KIC value for bulk TiB2 is
lower than that expected in bulk titanium diboride ceramics
because the maximum plateau for mechanical properties in
case of TiB2 is 6–8 μm [37]. In case of composites, there is an
increase in KIC due to finer grain size and since the crack-
deflection was found as primary strengthening mechanism
further increase in fracture toughness requires introduction of
whiskers or specific grain-boundary structure [35,36].

The values for electrical resistivity for pure TiN and TiB2

agree reasonably with the available literature data [12,13,38].
In case of TiN–TiB2 composites, the electrical resistivity
decreases with increase in TiB2 content similar to the rule of
mixtures. Data for Young's modulus and bending strength
measured at room temperature follow similar trend, and
gradually increase with increase in TiB2 content (Fig. 5).
3.3. Determination of the activation energy for sintering

Three different relative densities 70%, 75% and 80% have
been used for the calculation of the activation energy for TiB2

composites sintering (in case of 36 wt% TiB2 composite
densities of 75, 80 and 85% were used), corresponding to a
range where no signification grain growth has yet occurred.
The Arrhenius plot corresponding to relations (1 and 3) is
presented in Fig. 6. The resulting average activation energy
ranges from 850760 to 150713 kJ mol�1 (Fig. 7) in cases
of pure TiB2 and TiN, respectively.



Fig. 3. Microstructure evolution during microwave sintering of nanocrystalline TiB2 powder: (a) 1400 1C, (b) 1500 1C, (c) 1600 1C, and (d) 1650 1C.

Fig. 4. Microstructure of ceramics of TiN–TiB2 system after microwave sintering at 1650 1C and heating rate of 5 1C �min�1: (a) TiN, (b) 36 wt% TiB2, (c) 50 wt%
TiB and (d) TiB2. In (b) and (c) dark phase is TiB2 and light phase is TiN.

Table 1
Processing parameters, microstructural characteristics and properties of microwave sintered composites.

Sample
composition

Tmws
(1C)

Heating rate
(1C min�1)

Relative
density (%)

Grain size
(μm)

Hv
(1.0 Gpa)

KIC

(MPa m1/2)
E (Gpa) Bending strength (3

point) (MPa)
Electrical resistivity, ρ
(Ω cm � 10�6)

TiN 1500 5 99 0.24 18.2 70.3 3.270.1 43078 320713 20
36 wt% TiB2 1650 5 99 0.23 26.2 70.4 6.270.34 440711 368715 14
36 wt% TiB2 1650 20 98 0.22 25.3 70.4 6.070.24 435715 372713 13
36 wt% TiB2 1700 50 98 0.31 24.6 70.3 6.0570.17 432712 365715 13
50 wt% TiB2 1700 20 97 0.25 25.6 70.4 5.970.11 450710 380716 13
TiB2 1700 20 95 2.0 24 70.6 5.5870.32 480710 400 717 11
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4. Discussion

4.1. Effect of TiN addition on sintering and microstructure

Addition of titanium nitride to the TiB2 ceramics allowed to
ensure highly homogeneous heating during microwave sinter-
ing of the composite. In fact titanium nitride is a natural
microwave absorber due to metal-like conductivity at room
temperature. And since the starting particle and agglomerate
size was much smaller than 1 μm, the microwave heating
occurred only by ohmic losses. This ensured high heating rate
up to 800 1C without any adjustment of microwave heating
power [20,25,39]. After this point the amount of TiN played
major role in maximum power used in order to achieve desired
heating rate and sintering temperature. To achieve heating rate
of 20 1C �min�1 the microwave output power level in case of
TiN, 36 wt% TiB2, 50 wt% TiB2 and pure TiB2 was 20, 25, 30
and 35% of maximum load, respectively. Hence, even higher
heating rates may be achieved similar to those usually used
during SPS (4200 1C min�1) [9].
Homogeneous volumetric heating due to TiN addition

allowed to preserve fine-grain structure (Fig. 4) up to
temperatures as high as 1600 1C. However, in case of fine
TiN starting powders the titanium nitride ceramics can be
easily consolidate to full density even at 1500 1C. Hence, at
higher temperatures in the TiN–TiB2 compositions the grain-
growth of TiN dominates. In this case the TiB2 grains are at
least twice smaller than those of TiN (Fig. 4). This increases
both Vickers hardness and fracture toughness of composites.
In case of pure TiB2, solid-bond necking forms between

particles at temperatures as low as 800 1C. Since neck
formation is not accompanied by shrinkage, this formation
and further neck growth is believed to result from a surface-
diffusion mechanism. Shrinkage is not observed for sintering
temperatures less than 1200 1C. During this 400 1C interval
large (∼250 nm) grains are formed with faceted surfaces



Table 2
Summary of research illustrating the effect of different sintering additives on the mechanical and electrical properties of TiB2 ceramics.

Sample
composition
(wt%)

Processing details Method/
temperature (1C/Dwell time)
(min)

Relative density
(%)

Grain size
(μm)

Hv (GPa) KIC,
(MPa m1/2)

E (GPa) Bending strength
(MPa)

Electrical
resistivity,
ρ (Ω cm� 10�6)

TiB2 [11] SPS/1400/10 97.6 3 18.3
(70.6)

5.8 (70.8) 428 – 13.8

TiB2 [12,13] HP/1800/60 97.5 5 25–26 4.6 (70.5) 497 – 15.1
TiB2 [34] CS/2200/60 99.4 3–50 – 5.0 510 232 3P 8.3
TiB2 (this study) MWS/1700/10 95.5 2 24 (70.6) 5.58

(70.32)
480
(710)

400(717) 3P 9

TiB2-3 CrB2 [14] MWS/2100/30 98 4 27.0
(71.3)

6.1 (70.17) – – –

TiB2–3CrB2 [14] HP/2000/60 99 20 26.7
(70.5)

4.78
(70.57)

– – –

TiB2–2.5 Ti [10] SPS/1650/5 99.1 8 26.8
(70.6)

5.9 (70.3) – 558 (739) 4P –

TiB2–5TiSi2 [5] HP/1600/60 99.6 4 25.2
(70.6)

5.8 (70.5) 517
(711)

425 (768) 4P 10

TiB2–10TiSi2 [5] HP/1600/60 99.6 6 23.5
(71.0)

4.2 (70.8) 470
(715)

337(7767) 4P 9.9

TiB2–5AlN [6] HP 1800/60 98.0 4 22.0 6.8 450 650 4P –

TiB2–10Si3N4

[7]
HP/1800/60 96 3.8 20 4.4 – 400 4P –

TiB2–36TiN [8] RHP/1850/30 98.0 2 18 5.8 – 390 3P –

TiB2–36TiN [9] RSPS/1600/13 97.8 0.4 20.4
(71.6)

5.05
(70.17)

– – –

TiB2–36TiN
(this study)

MWS/1650/10 99.2 0.23 26.2
(70.4)

6.20
(70.34)

440
(710)

368(713) 3 P 14

Notes: MWS—microwave sintering, CS—conventional sintering, SPS—spark-plasma sintering, HP—hot-pressing, RHP—reactive hot-pressing, RSPS—reactive
spark-plasma sintering; 4P—point bending strength, 3P—3 point bending strength.
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(Fig. 2 (a)), which is another proof of active surface diffusion
at low temperatures. This allows forming of TiB2 ceramics
without any secondary phases (e.g. TiB) at higher temperatures
and thus providing an additional enhancement of bending
strength and Young's modulus in particular [11]. After
temperature of 1600 1C we experience formation of elongated
grains in TiB2, which is an indication of grain growth process.
Hence the average grain size of fully-dense sample is close to
2 μm, which is enough to possess hardness and fracture
toughness similar to the dense samples produced by hot-
pressing.

4.2. Sintering mechanism

In case of sintering data with visible densification (i.e.
41200 1C in case of TiB2 ceramics) the consolidation process
followed a shrinkage-producing mechanism (i.e. grain-
boundary or volume diffusion) (Fig. 2). It is interesting to
note that with increase in TiB2 content the effect of heating
rate on density becomes less important. Similar situation has
been observed by Skorokhod and Krstic [40] during conven-
tional sintering of B4C–TiB2 where it was attributed to the
coarsing of very fine (∼100 nm) TiB2 particles in B4C matrix.

Fig. 7 underlines decrease in activation energy for sintering
with increase in TiN content. This suggests that different
diffusing species were active for pure TiN and TiB2. More-
over, data for pure TiN Qa¼150713 kJ mol�1 is close to
results of Demirskyi et al. [41] of 230 kJ mol�1 that was
determined for the grain-growth in nanocrystalline TiN powder
occurred mainly by grain-boundary diffusion. Whereas in case
of volume diffusion for conventional sintering the value of
480–520 kJ mol�1 is usually reported [41–43].
In case of TiB2 the data on activation energy of diffusion is

sparse. Baumgartner et al. [34] reported an activation energy
for the grain-growth for TiB2 of 10207230 kJ mol�1, but
they did not specify diffusion mechanism or diffusing species.
During consolidation of fine TiB2 powder using conventional
sintering at 1800–2100 1C Ouabdesselam et al. [44] reported a
value of 774746 kJ mol�1 in case of the densification
process at by a volume diffusion mechanism.
Moreover, the activation energies for the diffusion of B in

TiB or TiB2 are reported to be ∼190 kJ mol�1 [45], which is
associated with vacancy diffusion process and is much smaller
than the estimated activation energy for sintering for TiB2 in
the present study. Therefore the boron diffusion in TiB2 is not
the rate-controlling factor during microwave sintering.
Further, the activation energy for the self-diffusion of

titanium in TiC is 770 kJ mol�1 [46]. Here the diffusion
process would be rate-limited by the slowest diffusing species,
which, for TiB2, is likely to be the titanium atoms, as is the
case for TiC. This provides a good agreement with data on
grain-growth by Baumgartner et al. [34] and on densification
by Ouabdesselam et al. [44]. For this reason we believe that in
case of composites with TiB2 the Ti diffusion in TiB2 is the



Fig. 5. Effect of composition on mechanical properties of ceramics in TiN–
TiB2 system after microwave sintering: (a) Vickers hardness and KIC; (b)
Young's modulus and 3-point bending strength.

Fig. 6. Linear regression for determination of the activation energy of the
microwave sintering process of pure TiN and TiB2 ceramics with combined
stage sintering model assuming a constant grain size.
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rate controlling factor. In case of 36 wt% TiB2 composite both
N diffusion in TiN and Ti diffusion in TiB2 contribute at the
same time to densification process.

Hence, in this case much faster densification rate is achieved.
In terms of hardness and KIC this composite has better properties
than bulk TiB2 specimens (Table 1), and it is much easier to
consolidate by pressureless microwave sintering than SPS.
Fig. 7. Effect of TiB2 content on activation energy for microwave sintering in
TiN–TiB2 system.
5. Conclusions

A study of the pressureless microwave sintering of nanocrystal-
line TiN–TiB2 system has been presented. High densification of
green compacts has been achieved with addition of TiN as a
secondary phase to insure homogeneous heating during sintering.
The estimated activation energies indicated a nitrogen diffusion in
TiN and Ti diffusion in TiB2 as the rate-controlling factors for
sintering. The sintered samples present a relative density of
495% in case of TiB2 and fully dense when ceramics with TiN
have been used. Densification process for TiB2 ceramics was
enhanced by addition of TiN. The TiB2 composites sintered at
1650–1700 1C provide the attractive combination of dense uni-
form microstructure and excellent mechanical properties, includ-
ing relative density 499%, a Vickers hardness of
26.270.4 GPa, bending strength of 368715 MPa, Young's
modulus of 440711 GPa and a fracture toughness of
6.270.34 MPa m1/2. The dense and fine-grained microstructures
are the main factors to improve the mechanical properties of
ceramics consolidated by microwave sintering.
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