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In this study, the low temperature synthesis of dense titaniumdiboride (TiB2) compacts by reaction spark plasma
sintering (RSPS) of ball milled mixtures of titanium and boron powders is presented. The influence of milling
time and sintering temperature on the in-situ reactive synthesis, densification, grain size and mechanical prop-
erties of TiB2was investigated. TiB2 compactswith relative density above 99%have been obtained at a significant-
ly low sintering temperature of 800 °C. X-ray diffraction analysis confirmed the formation of TiB2 along with a
small amount of secondary TiB phase. The effect of TiB on the grain size and the hardness and fracture toughness
was investigated. TiB2 compacts processed were found to have a nanohardness N26 GPa and an elastic modulus
N570GPa and indentation fracture toughnessmore than 3.30MPa.m1/2. It is shown that RSPS can be an attractive
route for synthesis of ultrahigh temperature ceramics at low temperatures.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

TiB2 has a high melting point of 3225 °C and exhibits attractive
properties such as low density (~4.52 g·cm−3), high hardness
(25–35 GPa) and elastic modulus (N570 GPa) and excellent thermal
conductivity (60–120W·m−1·K−1) along with low electrical resistivi-
ty (10–30 × 10−6 Ω·cm), which makes it a candidate material for use
as ultra high temperature ceramics (UHTCs) and in armour applica-
tions, cutting tools, electrodematerials, heating elements and as a rein-
forcement in metal matrix and ceramic matrix composites [1–4]. TiB2
has an A1B2 type hexagonal crystal structure with P6/mmm space
group (a = b = 3.029 Å, c = 3.229 Å; α = β = 90°, γ = 120°)
where titanium atoms are at (0,0,0) and boron atoms are located at
(1/3,2/3,1/2) and (2/3,1/3,1/2) lattice points [1]. The anisotropy of ther-
mal expansion co-efficient [5] and hexagonal symmetry impedes the
material to achieve full density without the presence of micro-
cracking [6,7]. The predominantly covalent nature of bonding along
with the presence of oxides such as TiO2 and B2O3 on the surface of
TiB2 powders and the low self diffusion co-efficient result in difficulties
for achieving full densification during sintering [1,4,8]. As a result, com-
monly used processing techniques such as pressureless sintering, hot
pressing, and hot isostatic pressing require a very high temperature
(N1800 °C) and a long holding time (N45 min) to sinter TiB2 which is
often accompanied with grain growth [9].

In recent times, reaction spark plasma sintering (RSPS) has been
identified as one of the effective techniques to synthesize UHTCs and
their composites. Several researchers have studied reactive systems
such as TiC–TiB2, B4C–TiB2, MoSi2, TiN–TiB2, ZrB2–SiC, and HfB2–SiCw,
ZrC, TaC, TaC–B4C and HfC to achieve dense composites and monoliths
with fine homogeneous grain size and superior mechanical proper-
ties [7,10–19]. It has been reported that the self-propagating high tem-
perature synthesis (SHS) reactions occur due to exothermic reactions
between the reactants during RSPS which enhances the sintering and
densification [10]. It has been empirically concluded that an adiabatic
temperature of above 1800 K is necessary for self-sustaining the SHS re-
action [20]. It has also been reported that an adiabatic temperature of
3300 K could be reached during the SHS reaction between elemental
Ti + B mixture to produce TiB2 [6,20,21]. Prior activation of reactants
by means of mechanical milling has been found to enhance the kinetics
of combustion synthesis by SHS reaction [22,23]. Mechanicalmilling is a
popular method for alloying, where cold welding and fracture of parti-
cles continuously happen and the strain built up increases the reactivity
of themilled powders for combustion synthesis [24]. It is reported that,
to exhibit good mechanical properties including strength at elevated
temperatures, the density of monolithic TiB2 should be above 97% [2].
Metallic and non-metallic additives such as Ti, Cu, Co, Ni, Fe, B4C, CrB2,
AlN, MoSi2, and TiSi2, have been added to obtain dense TiB2 with im-
proved properties [8,25–31]. However, metallic additives have been
found to degrade the corrosion resistance andhigh temperature proper-
ties. Silicide based sinter additives have been found to be compatible
with the borides in enhancing the densification achieved at low temper-
atures [32]. It is reported that densification of TiB2 can be achieved only

Int. Journal of Refractory Metals and Hard Materials 48 (2015) 201–210

⁎ Corresponding author.
E-mail address: sbakshi@iitm.ac.in (S.R. Bakshi).

http://dx.doi.org/10.1016/j.ijrmhm.2014.09.015
0263-4368/© 2014 Elsevier Ltd. All rights reserved.

Contents lists available at ScienceDirect

Int. Journal of Refractory Metals and Hard Materials

j ourna l homepage: www.e lsev ie r .com/ locate / IJRMHM

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijrmhm.2014.09.015&domain=pdf
http://dx.doi.org/10.1016/j.ijrmhm.2014.09.015
mailto:sbakshi@iitm.ac.in
http://dx.doi.org/10.1016/j.ijrmhm.2014.09.015
http://www.sciencedirect.com/science/journal/02634368
www.elsevier.com/locate/IJRMHM


above 1600 °C in Spark Plasma Sintering (SPS), but at this high temper-
ature abnormal grain growth and formation of micro-cracks have been
found to be unavoidable [28]. In a previously reported study, Salamon
et al. used 1 h dry ball milled Ti–6Al–4V and boron powder mixture to
synthesize densemonolithic TiB2 in-situ during SPS. Two types of amor-
phous Boron powder (one containing Mg and the other without Mg)
were used and it was concluded that addition of Mg and very high
heating rate produces homogeneous monolithic TiB2. The mechanical
properties were found to be affected by unreacted boron [33]. However,

therewas nomention ofwhat happens toMg, Al andV in thematerial in
this study. Li Gai et al. synthesized TiB2–Fe composites utilizing elemen-
tal Ti–B–Fe powders by application of 450 MPa pressure just after the
SHS reaction. They found that the grain size and hardness was affected
by the volume fraction of Fe. Additionally, the Fe2B intermetallic formed
during the synthesis may deteriorate the mechanical properties of the
composite [34].

It is observed from the existing literature that fully densemonolithic
TiB2 having good mechanical properties have not been achieved so far
below a sintering temperature of 1400 °C with or without the addition
of sintering aid. The idea of reaction spark plasma sintering (RSPS) has
been originally proposed and patented by Munir and co-workers [33].
They have shown that dense MoSi2 can be produced from elemental
powders using this technique at a lower temperature. This approach
has not been used for UHTCs to the authors' knowledge. So the aim of
the present work was to study the feasibility of low temperature syn-
thesis of TiB2 using RSPS of elemental powders. Further, to improve re-
action kinetics and sintering rates, the mixtures of Ti and B were
mechanically activated by ball milling which has not been carried out
earlier. This is the first study which shows that this RSPS is highly ad-
vantageous for the synthesis of dense TiB2 having sub-micron grain
size. The effect of milling time and sintering temperature on the

Fig. 1. Secondary electron images of Ti–B powder mixture after (a) 0.5 h, (b) 4 h, and (c) 8 h of milling.

Fig. 2. XRD of mechanically milled Ti–B powders after 0.5 h, 4 h and 8 h milling.

Table 1
Information obtained from analysis of XRD plots of the powders.

S no Material/condition Micro-strain (%) a (Å) c (Å)

1 Ti–B, 0.5 h milled 0.3 2.9510 4.6894
2 Ti–B, 4 h milled 0.8 2.9491 4.6950
3 Ti–B, 8 h milled 2.4 2.9483 4.6966
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