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bstract

recursors for the preparation of bulk Sr-doped TiB2 composites were synthesized by modified Pechini method. The high temperature behaviour
f homogeneous Sr–Ti–B–C–O gels was investigated in the range 1200–1650 ◦C. DTA-TG analysis of the precursor powder shows two steps of
he carbothermal reduction with endothermic peaks at temperatures of 1335 ◦C and 1500 ◦C. The influence of strontium content (2, 5, 10, 20 and
0 mol.%) on the phase composition and morphology of powders at 1650 ◦C was studied.

Due to the shift of TiB diffractions and the detection of strontium in TiB grains by EDX analysis the formation of Ti Sr B solid solution
2 2 1 − x x 2

s assumed in the Sr-doped powders. Finally, Sr-doped TiB2 composites were inductive hot-pressed from the as prepared powders at 1900 ◦C
or 7 min. The formation of SrTiO3 phase in the powders is serving as a sintering aid during the preparation of bulk Sr–Ti–B composites. The
xaggerated grain growth (grain size up to ∼60 �m) occurs during the sintering with increasing content of strontium in the precursor.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Generally, binary borides have been studied extensively since
hey exhibit excellent mechanical properties or various strongly
orrelated electron system features depending on the element
onded with the boron. The first category of borides represents
etal diborides with excellent mechanical and good electrical

nd thermal properties e.g. TiB2, ZrB2 or HfB2. The most popu-
ar and wide spread used metal diboride is TiB2 with the Vickers
ardness of 33 GPa, Young’s modulus of 545 GPa, thermal con-
uctivity of 64 W/mK and electrical resistivity 20.4 ��·cm at
5 ◦C.1–3

The second group of borides represented by alkaline earth
orides of Ca, Sr or Ba crystallize in structures typical of d
nd f transition metal borides and have similar properties to
are-earth metal borides.4–6 The divalent alkaline-earth hex-

borides are investigated due to the properties such as high
urie temperature ferromagnetic semiconductors7 and also for

heir thermoelectric properties with very favorable Seebeck
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oefficients and electrical conductivities, which make them
otentially attractive for high-temperature thermoelectric (TE)
pplications.8,9

The structures of borides with lower boron content are deter-
ined by their metallic lattices, and the structures of higher

orides by their boron atoms, which form strong sublattices with
ronounced B–B bonds. The electrons in a boride of the first
roup are transferred to the metal, the main role in electronic
tructure being played by metallic states and in interatomic
onds by Me–Me bonds. In the case of higher borides the elec-
rons are transferred to the boron sublattice, the main role in
lectronic structure and interatomic bonds of the compound are
layed by the sp states of boron and by B–B bonds, respec-
ively. Based on the properties of single metal borides, it is with
reat interest to develop a synthesis route for new ternary boride
omposites and explore their properties and possibility of fur-
her applications. Some attempts to improve specific properties
mechanical, thermoelectric and tribological) of mixed borides
ere already described, 10–15 however there are immense poten-

ials for boron based nanostructures that further exploration is

equired.

The excellent mechanical properties of TiB2 combined with
he thermoelectrical properties of SrB6 could form a basis for the
evelopment of new ternary borides with enhanced mechanical

dx.doi.org/10.1016/j.jeurceramsoc.2011.02.028
mailto:lubos.baca@aac-research.at
dx.doi.org/10.1016/j.jeurceramsoc.2011.02.028
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Table 1
Strontium content in the Sr–Ti–B–C–O precursors.

Sample STB-0 STB-2 STB-5 STB-10 STB-20 STB-50
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nd physical properties e.g. thermoelectric energy conversion at
igh temperatures.

This work is focused on the sol–gel synthesis of boron based
receramic precursors in the Sr–Ti–B–C–O system suitable for
he fabrication of ternary Sr–Ti–B composites. The influence of
r concentration on the phase and microstructural evolution of
iB2 powders during pyrolysis up to 1650 ◦C was studied. From
uch prepared powders a bulk Sr-doped TiB2 composites were
repared by inductive hot-pressing at 1900 ◦C.

. Experimental

Sol–gel derived strontium doped titanium diboride (Sr–TiB2)
owders were prepared by carbothermal reduction of the stoi-
hiometric mixture of TiCl4 (99.9%, Acros Organics, Belgium)
nd B2O3 (Rio Tinto Borax, USA) with various doping concen-
rations of Sr(NO3)2. Citric acid (CA) and ethylene glycol (EG)
ere used to chelate and polymerize the inorganic precursors.
he detailed procedure of precursor preparation is described
lsewhere.16 Briefly, the starting boron oxide and strontium
itrate were dissolved in water, whereas titanium tetrachloride
as slowly added to the calculated amount of ethylene glycol.
oth solutions were mixed together and ethylene glycol was
dded in CA:EG ratio of 2:3, to promote the polymerization
uring the evaporation of water. Such prepared gel was dried
n the furnace at 150 ◦C for 1 h and then crushed in agate mor-
ar. The list of Sr–Ti–B–C–O precursors studied in this work is
ummarized in Table 1.

The high temperature synthesis of crystalline powders was
arried out in alumina tube furnace at different temperatures in
owing argon atmosphere. The mass changes and thermal effects
f the Sr–Ti–B–C–O precursors were performed and recorded
hrough the QMS 403 Aëolos® quadrupole mass spectrometer
nd NETZSCH STA 449 F1 Jupiter® thermal analyzer coupled
ith FTIR Tensor 27 (Bruker) spectrometer. Phase composi-

ion was identified by powder X-ray diffraction analysis (X-pert,
hilips). Field emission scanning electron microscopy (FESEM,
arl Zeiss SUPRATM 40VP) was used to study the crystal

ize and morphology of Sr–Ti–B powders. EDX spectra were
ecorded to identify the chemistry of different morphologies
btained in the samples.

. Results and discussion

.1. DTA-TG and XRD analysis
Differential thermal analysis coupled with thermal gravime-
ry and mass spectroscopy (DTA-TG-MS) were used to identify
he high temperature changes during the carbothermal reduc-
ion of Sr–Ti–B–C–O precursors. Based on the previous XRD

f

2

ig. 1. DTA-TG analysis of sample STB-10, previously annealed at 1200 ◦C.

nd Raman results in Ti–B–C–O system,16 where the annealing
f precursors at 1100 ◦C shows only the formation of TiBO3,
utile and graphite, thus the starting temperature of 1200 ◦C was
elected for the first calcination of Sr-doped precursor. DTA-
G spectra of 1200 ◦C treated sample (STB-10, Table 1) were

ecorded up to 1600 ◦C in order to study the processes at higher
emperatures. The gaseous by-products were identified with the
elp of MS-FTIR spectroscopy. The DTA-TG results presented
n Fig. 1 shows three endothermic peaks during the heat treat-

ent up to 1600 ◦C.
The first small peak at 154 ◦C is associated with the evapora-

ion of adsorbed water. The second endothermic peak between
200 ◦C and 1470 ◦C is associated with a high mass loss as
t is shown in the TG curve. This mass loss is mainly caused
y the evolution of CO during the carbothermal reduction of
r–Ti–B–C–O precursor as it was also confirmed by the mass
nd FTIR spectroscopy (data not shown). The maximum of the
arbon monoxide evolution was observed at 1335 ◦C. Finally,
he weak endothermic peak observed at 1555 ◦C indicates the
econd stage of CO formation during the carbothermal reduc-
ion of Ti2O3 and SrB2O4 phases as it was confirmed by XRD
nalysis (Fig. 2).

The XRD analysis of the annealed product at 1200 ◦C showed
he presence of TiC, TiB2 and traces of TiO2 crystalline phases.
he phase analysis further showed that during the first stage of
eight loss in the temperature range 1200–1300 ◦C the content
f crystalline TiC phase decreased and finally disappeared at
400 ◦C. At the same time the intensity of TiB2 peaks increased
nd also Ti2O3 phase crystallized from the precursor at 1300 ◦C.
t indicates that at lower temperatures TiC reacts with the amor-
hous boron to form TiB2 according to reaction:

iC(s) + 2B(s) = TiB2(s) + C(s) (1)

Free carbon formed in situ is then responsible for the first
tage of precursor reduction. The phase analysis proposes the

ollowing reaction:

TiO2(s) + 2B(s) + C(s) = TiB2(s)

+ Ti2O3(s) + CO(g) (2)
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the STB-50 sample was mixed with 15 wt.% excess of carbon
black (Cabot Corp.) and heat treated at 1650 ◦C for 3 h in argon.
ig. 2. XRD analysis of Sr–Ti–B–C–O precursors with 10 mol% Sr content after
igh temperature annealing. Sample STB-0-1500 is without strontium, annealed
t 1500 ◦C.

The XRD analysis shows only the formation of SrB2O4 from
he amorphous phase by crystallisation above 1300 ◦C except
i-containing compounds (Fig. 3). According to the observed
iffractogram SrB2O4 is present up to 1500 ◦C. The chemi-
al reaction continues based on the phase analysis at higher
emperatures (T > 1500 ◦C) as follows:

rB2O4(s) + Ti2O3(s) + 4C(s) = TiB2(s) + SrTiO3(s)

+ 4CO(g) (3)

The thermodynamic calculations (Malt-2 for Windows pro-
ram and JANAF Thermodynamic database17) gave a Gibbs free
nergy of reaction (3) �Gr = -89.4 kJ mol−1 at 1500 ◦C. This
esult also indicates that reaction (3) can proceed to the right at

his temperature. The XRD analysis confirmed (Fig. 3) that the
ormed ferroelectric SrTiO3 phase is stable up to the maximum
nnealing temperature 1650 ◦C that was applied in this work.
his phase can serve as a sintering aid during the preparation

ig. 3. Effect of strontium addition on the phase composition of Sr–Ti–B–C–O
recursors annealed at 1650 ◦C for 3 h in argon.

T
o

F
(
1

ramic Society 31 (2011) 1465–1471 1467

f bulk Sr–Ti–B-based composites, and/or as a precursor for
ernary boride formation, when sufficient carbon and boron is
resent.

Despite the lack of the thermodynamic data for SrB6 it is
ssumed that at higher sintering temperatures in the excess of B
nd C, SrTiO3 is reduced:

rTiO3(s) + 8B(s) + 3C(s) = SrB6(s)

+ TiB2(s) + 3CO(g) (4)

In order to obtain more precise information about the
ehaviour of strontium in Sr–Ti–B–C–O system, new samples
ith various strontium contents were prepared (Table 1). Sam-
les were annealed at 1650 ◦C for 3 h in argon atmosphere and
nalyzed by XRD analysis (Fig. 3).

The XRD patterns of samples doped with 5 and 10 mol.%
r shows that the major phase is TiB2 and the minor phases are
i2O3 and SrTiO3, respectively. In the samples with 10 mol.%
r the intensity of the SrTiO3 phase increases, whereas the inten-
ity of Ti2O3 phase decreases compared to the sample with lower
mount of strontium. Surprisingly, in the sample with the highest
mount of strontium (50 mol.%), SrTiO3 phase was not detected
y XRD analysis and except TiB2 and Ti2O3 only Sr2B2O5
hase is present. The more detailed analysis of the XRD pat-
ern showed the presence of some unidentified peaks associated
ith the positions of SrB6 phase (JCPDS 28-1210), however

he positions of these diffractions are shifted to higher angles by
(2Θ) ≈ 0.15◦.
The presence of other Sr-based oxide phases in the annealed

recursors indicates the lack of carbon (formed by reaction (1))
n the system for the progress of reaction (3). In order to prove
his assumption another sample STB-50-15C was prepared, i.e.
he XRD pattern of this sample shows the main diffractions
f TiB2, SrB6 and also a small amount of TiO (Fig. 4). When

ig. 4. Comparison of XRD patterns of stoichiometric Sr–Ti–B–C–O sample
STB-50-1650) and precursor with 15 wt.% excess carbon addition (STB-50-
5C-1650) after annealing at 1650 ◦C for 3 h under argon atmosphere.
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ufficient amount of carbon is present in the reaction system,
he content of crystalline strontium and titanium oxide phases
ecreases to the negligible level and major phases TiB2 and SrB6
re formed.

Similar occurrence as for the SrB6 peaks detected in STB-50
nd STB-50-15C samples was also observed in the XRD patterns
f STB-10 samples with stoichiometric amount of carbon but for
iB2 diffractions which are shifted to higher 2Θ angles. These
recise XRD measurements were conducted in Debye–Scherrer
ransmission geometry (STOE Stadi-P, Germany) with a step
f 0.025◦/min. The data were collected on a position-sensitive
etector. The observed shift of TiB2 diffractions suggests the
ormation of either nonstoichiometric Ti1 − xB2, or most prob-
bly the formation of Ti1 − xSrxB2 solid solution, because the
DX analysis showed the presence of strontium in the TiB2 par-

icles. Although the formation of mixed hexaborides11,12 and
iborides18–20 is well studied, to our knowledge there is no report
bout the formation of Ti–Sr–B-based solid solution.

The deconvolution analysis of the (1 0 1) plane diffraction of
r-doped TiB2 (STB-10 sample annealed at 130 ◦C) shows that

he diffraction maximum consists of at least two peaks (Fig. 5).
he first major peak belongs to TiB2, while the second one is
nknown. Owing to the similar behaviour of Sr to Ca and Ba in a
roup of alkaline earth elements and the fact that calcium forms
oth the hexagonal CaB2 and cubic CaB6, and similarly BaB2
ransforms to more stable BaB6,21,22 the existence of metastable
rB2 phase, or the formation of Ti1 − xSrxB2 solid solution might
e considered. Although only the SrB6 is in the XRD database,
ajchowski et al.23 mentioned the existence SrB2 phase, but
ithout any details regarding the structure and properties.
The formation of Ti1 − xSrxB2 solid solution can proceed

ccording to the following general reaction:

enOm + nB2O3 + (m + 3n)C → MeB2 + (m + 3n)CO (5)
here n = 2 and m = 3 would be for Me = Ti, and n = m = 1 would
e for Me = Sr in the present studied system. The formation of
hermodynamically stable SrB6 phase at higher temperatures

Fig. 5. Deconvolution of (1 0 1) plane diffraction of STB-10 sample.
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ollows the reaction:22

enOm + 3nB2O3 + (m + 9n)C → MeB6 + (m + 9n)CO (6)

ith the same values of variables as in reaction (5). It is obvi-
us that the formation of diborides requires lower amount of
arbon, although except of this reducing agent the other con-
rolling parameters like temperature, gas pressure and time play
n important role.24 In sample STB-50-15C with an excess of
arbon reaction (6) can proceed and except of TiB2 also SrB6 is
ormed.

.2. SEM and EDX analysis

The microstructure evolution of heat treated sol–gel derived
r–Ti–B–C–O precursors was investigated from 1200 ◦C up to
650 ◦C for 3 h.

Three different morphologies were observed in the pre-
ursor after annealing at 1200 ◦C in flowing argon (Fig. 6a).
he relatively large platelet-like grains TiB2 particles with the
ize of 7–10 �m and thickness about 100 nm were observed.
he smaller round-shaped grains with a diameter up to 3 �m
ere identified as TiC. The large amorphous areas (Fig. 6b)

ontain the remains of unreacted precursor, because no other
rystalline phases were detected at this temperature by XRD
nalysis.

When the temperature reached 1300 ◦C in the previously
morphous areas small clusters of plate-like TiB2 grains grew
o the size of ∼10 �m from the centre of area to all directions
Fig. 6c). At this temperature, the carbothermal reduction of
recursor rises and new titanium oxide phase appears. However,
RD analysis shows no evidence of crystalline Sr-containing
hases at 1300 ◦C.

With further temperature increase the amount of amorphous
hase remarkably decreased what corresponds with the results
f XRD and DTA-TG analysis (Fig. 6d). Based on the XRD,
EM and EDX analysis of all samples, it is assumed that during

he calcinations a part of strontium ions are incorporated in the
nreacted amorphous phase and part as the Ti1 − xSrxB2 solid
olution. We suppose that during the crystallization process the
trontium content in the Ti1 − xSrxB2 solid solution is modify-
ng in the temperature dependent manner. The quantification of
DX spectra at different temperatures proves that the strontium
ontent in the crystals varies (Fig. 7). However, this hypothesis
ill require a more detailed study of the Sr–Ti–B–C system.
Finally, the synthesised precursors were sintered at 1900 ◦C

nd the preliminary results showed that the preparation of dense
r-doped TiB2 composite can be done by inductive hot-pressing
rom the annealed powders (Table 2).

The density measurement revealed the highest bulk density
or the sample doped with 2 mol.% of Sr (STB-2) followed by
ample STB-0 and samples STB-5 and STB-10, respectively. As
an be seen, the bulk density varies with the phase composition.

RD analysis of sintered STB-0 sample revealed the presence of
iB2, TiC and a very low amount of Ti2O3 phase. Similar results
ere observed in the STB-5 sample (Fig. 8). Neither crystalline
rB6, nor other Sr-based phases were identified. On the other
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Fig. 6. Scanning electron micrographs of 10 mol.% Sr-doped TiB2 powders calcined in flowing Ar atmosphere (a) at 1200 ◦C/3 h; (b) EDX analysis of this sample;
and back scattered micrographs of samples annealed at (c) 1300 ◦C/3 h; (d) 1650 ◦C/3 h.

F
p

h
t
t

Table 2
Densities of hot pressed Sr-Ti-B-C-O samples with different Sr content.

Sample STB-0 STB-2 STB-5 STB-10

Sr content (mol.%) 0 2 5 10
B

t
o

S
T
s
a
g
u
a
i

ig. 7. The effect of temperature on the content of selected elements in STB-10
owder during the carbothermal reduction obtained from EDX analysis.
and, XRD pattern of the bulk ceramic composite prepared from
he STB-10 powder showed beside TiB2 and TiC phases, also
he presence of SrTiO3 phase. The lack of carbon necessary for

t
D
r

ulk Density (g cm−3) 4.39 4.49 4.33 4.36

he reduction of SrTiO3 (see reaction (4)) prevents the formation
f SrB6.

The morphology of samples was studied by employing of
EM on the fracture surfaces of the sintered samples (Fig. 9a–d).
he micrographs show that the finest microstructure with the
mallest particle size was obtained for the STB-2 sample. With
ddition of strontium in the precursor, the exaggerated grain
rowth occurs as it was seen in sample STB-10 with grain size
p to ∼60 �m. This grain size increase is explained by the higher
mount of liquid phase during sintering. SrTiO3 and other oxide
mpurities can form liquid phase during sintering at 1900 ◦C and

hus enhance the sintering and also the grain growth process.
uring the rapid cooling crystalline SrTiO3 or Ti2O3 phases

e-precipitate from the liquid, supported by XRD patterns.
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Fig. 8. XRD analysis of bulk Sr doped TiB2 ceramics prepared from precursors
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ith 0, 5 and 10 mol.% Sr content (STB-0, STB-5, STB-10) after sintering at
900 ◦C for 7 min by inductive hot pressing. s

S

ig. 9. Scanning electron micrographs of Sr-doped TiB2 bulk ceramics prepared fro
or 7 min in vacuum (a) STB-0; (b) STB-2 (c) STB-5; (d) STB-10.
ramic Society 31 (2011) 1465–1471

. Conclusions

Sr-Ti-B precursor was successfully prepared from TiCl4,
2O3 and Sr(NO3)2 mixture by modified Pechini process

ollowed by subsequent annealing in the temperature range
200–1650 ◦C. DTA-TG analysis coupled with mass spec-
roscopy showed two endothermic peaks at 1335 ◦C and 1555 ◦C
ssociated with the carbothermal reduction of Sr–Ti–B–C–O
recursor. XRD analysis revealed that during the first stage
f reduction SrB2O4 and Ti2O3 phase is reduced according to
eaction:

rB2O4(s) + Ti2O3(s) + 4C(s) = TiB2(s) + SrTiO3(s)

+ 4CO(g)

The in situ formed SrTiO3 phase can serve as a sintering
id during the preparation of bulk Sr–Ti–B-based composites,
nd/or as a precursor for ternary boride formation. When suf-
cient carbon and boron is present in the reaction system, the

econd stage of reduction proceeds above 1500 ◦C via reaction:

rTiO3(s) + 8B(s) + 3C(s) = SrB6(s) + TiB2(s) + 3CO(g)

m as synthesized Ti–Sr–B–O precursors by inductive hot-pressing at 1900 ◦C
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The XRD analysis of products annealed at 1650 ◦C showed
hat the excess of carbon is necessary for the complete reduc-
ion of oxide phases and allows the formation of almost pure
iB2–SrB6 powder.

Relatively large platelet-like TiB2 grains were growing to the
ize of ∼10 �m above 1300 ◦C from the remaining amorphous
arts of the precursors to all directions.

Finally, the precursors were densified by inductive hot-
ressing at 1900 ◦C for 7 min in argon atmosphere. During the
intering an exaggerated grain growth (grain size up to ∼60 �m)
as observed, more pronounced with increasing content of

trontium in the precursor. Samples with 2 mol.% of Sr achieved
he highest density among the tested compositions.
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