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Abstract

Textured TiB2 monolithic ceramics were prepared in a one step in situ synthesis and densification process during pulsed electric current sintering
(PECS) using TiH2 and amorphous B as raw materials. The Lotgering orientation factors of the (0 0 l) and (h k 0) planes were measured to be
0.66 and 0.68, respectively. The crystallographically textured ceramics also display a clear microstructural anisotropy. The addition of SiC as a

secondary phase was found to deteriorate the orientation in the TiB2 ceramic due to grain growth inhibition.
© 2009 Elsevier Ltd. All rights reserved.
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. Introduction

In the last few decades, transition metal diborides (TiB2,
rB2, HfB2, etc.) have become of high research interest as
tructural ceramics due to their unique combination of physical
nd chemical properties, including high melting point, high-
emperature ablation resistance, good chemical inertness, high
hermal and electrical conductivities and high thermal shock
esistance.1,2 ZrB2 and HfB2 based ceramics are thought to
e the most attractive candidates for ultra-high-temperature
eramics (UHTCs) to be applied in hypersonic flight vehicles,
ropulsion system, furnace elements, refractory crucibles and
igh-temperature electrodes.1 TiB2 however is more widely
sed as impact resistant armour, cutting tool, electrode material,
rucible and wear resistant coating.3

The properties of a ceramic are strongly related to the
icrostructure. Different methods have been developed to tai-

or them. Among these methods, texture offers a unique way to
mprove strength,4 toughness5 and wear resistance.6 Amongst
he processes used to induce texture are templated grain growth,

ot forging, tape casting, extrusion and the application of a strong
agnetic field.7–11
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Research on textured ceramics mostly focussed on Al2O3,
i3N4, Sialon and perovskite structure ceramics, but there are
nly few reports on textured UHTCs. Recently, Ni et al.12,13

repared c-axis oriented ZrB2 and HfB2 based UHTCs by slip
asting in a strong magnetic field in combination with SPS.
he oxidation resistance was found to be better in the [0 0 1]
irection.12,13

Preferential TiB2 grain growth was reported during hot press-
ng but a combined crystallographic texture and pronounced
rain morphology, i.e. aspect ratio of the grains, was not
bserved.14 In situ PECS synthesised TiB2 crystallites, grown
rom milled Ti and amorphous B starting powders, were claimed
o preferably orient with the [0 0 1] orientation parallel to the
irection of the applied pressure and DC current.15 The obtained
orides had no pronounced microstructural anisotropy and the
icrostructure was dominated by needle-shaped crystallites
ith an inhomogeneous aspect ratio.15

In this study, the preparation of textured TiB2 ceramics by in
itu synthesis and consecutive densification in the same die setup
uring PECS is assessed. The influence of the addition of SiC
s a secondary phase on texture formation is also investigated.
. Experimental procedure

Commercially available TiH2 (Grade VM, Chemetall, Ger-
any, BET = 2.0 m2/g), amorphous B (Grade I, H.C. Starck,
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h k l and h k l reflections. p0 and p represent a random oriented
and a (h′ k′ l′) textured material, respectively. In this study, the p
and p0 values were calculated according to the data obtained
from XRD patterns and JCPDS card 35-0741, respectively.

Table 1
XRD peak intensity ratios.
044 S. Ran et al. / Journal of the Europea

ermany, BET = 14.7 m2/g) and SiC (�-SiC, Kaier Nanome-
er Technology Development Co. Ltd., China, BET = 70 m2/g)
owders were used as starting materials. Monolithic TiB2 and
iB2–30 vol.% SiC composites were prepared. The powders
ere stoichiometrically (TiH2:B = 1:2) mixed using WC-Co

grade MG15, Ceratizit, Luxembourg) balls in ethanol in a
olyethylene container. The mixtures were ball milled for 24 h
n a multidirectional mixer (type T2A, WAB, Basel, Switzer-
and). The slurry was dried at 60 ◦C in a rotary evaporator.
he dried and sieved (325 mesh) powder mixture was loaded

nto a graphite die/punch setup (Φ = 30 mm) lined with graphite
aper. Details on the die/punch/powder assembly is provided
lsewhere.16 The synthesis and densification were conducted by
ECS (Type HP D25/1, FCT Systeme, Rauenstein, Germany)

n a dynamic vacuum. The TiB2 monoliths and TiB2–SiC com-
osites were densified during 3 min at 1800 ◦C under a pressure
f 50 MPa. The temperature was measured axially through the
unch by an optical pyrometer, focused on the bottom of the
pper punch about 2 mm from the top surface of the sample.

The reaction between TiH2 and B is highly exothermic.
hen the heating rate is above a critical value, self-propagating

igh-temperature synthesis will be initiated, resulting in a
harply increased temperature and excessive H2 gas release
rom the TiH2 phase and high risk of die fracture. According to
SC–TGA measurements on the TiH2 and B powder mixture,

here is an endothermic peak at 516 ◦C, corresponding to the
ecomposition of TiH2. For the sake of protecting the die/punch
etup, the heating rate below 900 ◦C was limited to 10 ◦C/min.

The crystalline phases and crystallographic orientation were
etermined by X-ray diffraction (XRD, 3003 TT, Seifert,
hrensburg, Germany) using Cu K� radiation with a scanning

ate of 0.5◦/min. The microstructures of the polished surfaces
f the sintered ceramics were examined by scanning electron
icroscopy (SEM, XL30-FEG, FEI, Eindhoven, Netherlands).

. Results and discussion

During PECS, the graphite paper on the surface of the TiB2
onolithic ceramic acts as carbon source resulting in the forma-

ion of a small amount of TiC on the sample surface. The XRD
attern of the sandblasted surface, shown in Fig. 1(a), reveals the
resence of TiC in addition to TiB2. No TiC was observed after
emoval of the surface layer (<0.3 mm) by grinding. According
o JCPDS card 35-0741, also indicated on Fig. 1, the intensity of
he 1 0 0 diffraction peak of pure TiB2 is stronger than for 0 0 1.
n Fig. 1(a) however, the 0 0 1 intensity is slightly stronger than
or the 1 0 0 reflection, indicating textured TiB2. The XRD pat-
erns of a top surface “TS” and side surface “SS”, respectively
erpendicular and parallel to the pressing as well as the current
ow direction, are compared in Fig. 1.

It is obvious from Fig. 1(b) that the (0 0 1) plane has the
trongest relative intensity on the TS surface, whereas the (1 0 0)

lane is the most intense on the SS surface (Fig. 1(c)). Because
0 0 l) planes are perpendicular to (h k 0) planes, there is nearly
o trace of 1 0 0, 2 0 0 and 1 1 0 peaks on the TS surface. For
he same reason, it is difficult to find 0 0 1 and 0 0 2 peaks on

I
I

ig. 1. XRD patterns of the sandblasted TiB2 surface (a), ground surface per-
endicular (b) and parallel (c) to the pressing direction, and JCPDS card 35-0741
d).

he SS surface. The 1 0 1 reflection has a relatively high inten-
ity on both surfaces, as also reported for textured ZrB2 based
eramics.2 Since TiB2 and ZrB2 are both hexagonal, it can be
xplained accordingly. First, the (1 0 1) plane intersects (0 0 1)
nd (1 0 0) planes. Secondly, the average atomic density on the
1 0 1) plane is the highest of all planes. The relative intensity in
he XRD pattern increases with the average atomic number of
he plane, what is illustrated by the JCPDS 35-0741 reference
attern. Therefore, the presence of 1 0 1 peaks on both surfaces
s attributed to the intrinsic crystallographic structure of TiB2.12

The crystallographic difference between the TS and SS sur-
aces can be quantified by comparing the I(0 0 l)/I(1 0 1) and
(h k 0)/I(1 0 1) intensity ratios. As summarised in Table 1, the
(0 0 l)/I(1 0 1) ratio on the TS surface was substantially higher
han on the SS surface, whereas the I(h k 0)/I(1 0 1) ratio shows
he opposite trend. After in situ synthesis and densification, the
-axis of the TiB2 grains shows a preferred orientation perpen-
icular to the top surface. The degree of texture formation is
valuated by the Lotgering orientation factor, f, defined by the
ollowing equations:17

= p − p0

1 − p0
, p0 and p =

∑
Ih′ k′ l′∑
Ih k l

(1)

ith
∑

I(h′ k′ l′) and
∑

I(h k l) the integrated intensities of the
′ ′ ′
JCPDS 35-0471 TS surface SS surface

(0 0 l)/I(1 0 1) 0.34 4.35 0

(h k 0)/I(1 0 1) 0.89 0.13 6.45
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ig. 2. Backscattered electron micrographs of polished TS (a and c) and SS (b
nalyses (e) of the phases in (a) and (b).

he Lotgering orientation factor of the (0 0 l) and (h k 0) planes
anges from 0 for a randomly oriented material to 1 for a fully
extured material, and was measured to be 0.66 and 0.68 respec-
ively for the PECS TiB2.

Highly textured ZrB2 and HfB2 based ceramics with Lotger-
ng orientation factors of the (0 0 1) plane above 0.90, prepared
y means of slip casting in a 12 T magnetic field and subsequent
ensification by pulsed electric current sintering, were recently
eported.12,13 Microstructural analysis however did not reveal
ny morphological difference between the surfaces perpendic-
lar and parallel to the pressing direction.12,13 It is well known
hat elongated grains can act as reinforcements to improve
echanical properties such as flexure strength and fracture
oughness.18,19 Hexagonal cross-sections as well as elongated
iB2 grains were simultaneously observed on cross-sectioned
ECS TiB2/Cu cermets.20

a
o
s
d

) surfaces of TiB2 (a and b) and TiB2–30 vol.% SiC (c and d), and EDS point

In the present work, the textured TiB2 also has a clear
icrostructural anisotropy, as shown in Fig. 2(a) and (b), with

he a- and b-axis of the elongated TiB2 grains aligned perpen-
icular to the pressure and current (P and DC) direction. The
iB2 grains have a clear hexagonal platelet shape with a thick-
ess of 10.12 ± 2.18 �m and a diameter of 21.60 ± 6.21 �m, as
easured by the linear intercept method of 50 grains. In both
ig. 2(a) and (b), a secondary phase was found at the triple

unctions and along some grain boundaries. EDS point analysis
f the constituent phases (see Fig. 2(e)) indicated that the bulk
hase is TiB2 whereas the smaller grains contain Ti, O and C.
his secondary phase was assumed to be TiO1−xCx which was

lso reported to be present in hot pressed TiB2.21 Volatile boron
xide was claimed to be reduced by graphite surrounding the
ample to produce CO gas, which transported carbon into the
ensifying powder compact to form TiO1−xCx.21 The titanium
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ig. 3. XRD patterns of ground TS (a) and SS (b) surfaces of TiB2–30 vol.%
iC together with JCPDS card 35-0741 (c).

xide and boron oxide were present on the surface of the ZrH2
nd B starting powders, whereas the carbon interdiffused from
he graphite die and punches. The traces of bright atomic num-
er contrast WC, clearly visible in Fig. 2(c) and (d), originated
rom the WC-Co milling medium used. Both TiO1−xCx and WC
ere not detected by XRD due to their low content.
The density of the ground TiB2 ceramic was measured to be

.45 g/cm3. Assuming a theoretical density of 4.52 g/cm3 would
mply a residual porosity of about 1.5 vol.%. It is worthwhile not-
ng that nearly all the pores are located at the grain boundaries
nd no pores are present inside the TiB2 grains. Baik et al. inves-
igated the effect of oxygen contamination on the densification of
iB2, revealing that most pores were inside the grains for high-
xygen content TiB2 grades whereas mainly intergranular pores
ere observed for low-oxygen ceramics.22 Oxygen enhanced
rain boundary diffusion and promoted the grain coarsening
y accelerating evaporation and condensation kinetics.22 In this
ork, the TiB2 was in situ synthesized from TiH2, allowing to

imit the oxygen contamination to a minimum. The low-oxygen
ontent is in agreement with the intergranular residual porosity.

The formation of textured TiB2 is attributed to preferen-
ial orientation growth of the TiB2 grains. When hot pressing
ommercial micrometer sized TiB2 powders, grains tended to
row with the [0 0 1] zone axis parallel to the applied pressure
irection.14 During PECS, the interaction of the magnetic field
nduced by the DC current was also thought to assist to orient
iB2 crystallites.15

Comparing the XRD spectra of the sandblasted and ground
S surfaces in Fig. 1 suggests that the presence of the secondary
iC phase largely deteriorates the orientation of TiB2. To prove

his, TiB2 composites with 30 vol.% SiC grain growth inhibitor
ere prepared according to the same processing route using
iH2, amorphous B and SiC starting powders. XRD (Fig. 3) and
EM (Fig. 2) results indicated that there was no clear difference
etween TS surface and SS surface. The calculated Lotgering
rientation factors of (0 0 l) and (h k 0) were only 0.05 and 0.13,

uggesting a random TiB2 grain orientation. In contrast however,
he orientation of HfB2 grains prepared by slip casting in a strong

agnetic field alignment was reported to slightly increase with
he addition of SiC.13 Obviously, the orientation mechanism in

1
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his case is different since crystallographic orientation is due to
he anisotropic magnetic susceptibility of the diboride and the
econdary SiC phase has no adverse effect. In the case of in
itu synthesis and sintering, TiB2 grains grow with a preferred
rientation and limiting the TiB2 grain growth by grain bound-
ry pinning clearly inhibits microstructural and crystallographic
exture development. The grain size of TiB2 decreased to ∼2 �m
hen adding 30 vol.% SiC.

. Conclusions

Microstructurally as well as crystallographically textured
onolithic TiB2 was prepared by in situ synthesis during pulsed

lectric current sintering for 3 min at 1800 ◦C and 50 MPa from
iH2 and amorphous B. The Lotgering orientation factors of the
0 0 l) and (h k 0) planes were 0.66 and 0.68, respectively. Due
o the low-oxygen content in the material, the residual porosity
∼1.5 vol.%) was located at the grain boundaries. Texture for-
ation was attributed to the preferred TiB2 grain growth in the

irection perpendicular to the applied pressure, since texture for-
ation could be inhibited by the addition of a SiC grain growth

nhibitor.
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