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a b s t r a c t

The standard free energy of formation of titanium boride (TiB2) was measured by the Electro Motive
Force (EMF) method (by using yttria doped thoria (YDT) as the solid electrolyte). Two galvanic cells viz.
Cell (I): Pt, TiB2 (s), TiO2 (s), B (s) |YDT| NiO (s), Ni (s), Pt and cell (II): Pt, TiB2 (s), TiO2 (s), B (s) |YDT|
FeO (s), Fe (s), Pt were constructed in order to determine the �fG◦ of TiB2. Enthalpy increments on TiB2

were measured by using inverse drop calorimetry over the temperature range 583–1769 K. The heat
eywords:
itanium boride
ttria doped thoria
MF method
tandard free energy of formation

capacity, entropy and the free energy function have been derived from these experimental data in the
temperature range 298–1800 K. The mean value of the standard enthalpy of formation of TiB2 (�f H◦

298
〈TiB2〉) was obtained by combining these �fG◦ values and the free energy functions of TiB2 derived from
the drop calorimetry data. The mean values of �f H◦

298 〈TiB2〉 derived from the �fG◦ data obtained from
cell I and II were −322 ± 1.2 kJ mol−1 and −323.3 ± 2.1 kJ mol−1, respectively. These values were found to

t wit
nthalpy increment be in very good agreemen

. Introduction

TiB2 is a refractory intermetallic compound with high hardness,
ow density, high electrical conductivity, good thermal shock resis-
ance, chemical inertness, excellent wear and corrosion resistance
nd high elastic modulus [1,2]. These properties render it suitable
or many applications, such as in the manufacture of wear resis-
ant parts, ballistic armour, cathodes and thermocouple sheaths,
rucibles for molten metals, metal evaporation boats and cutting
ools as well as in tribological applications [2–7]. The neutron
bsorption properties of 10B coupled with the high temperature
tability of TiB2 (containing 10B) makes it a candidate material
or the manufacture of the control rods for fast breeder reactors
8–10].

In the recent past many authors have reported the synthesis of
iB2 and the composites of TiB2 with TiSi2 [11], TiC [12,13], ZrO2
14], B4C [15,16], TiN [17], TiAl [18]. Advanced methods of synthe-
is such as electrochemical deposition [19], spark plasma sintering,
ombustion synthesis [20,21], sol–gel process and mechanical

illing [22] have been used to synthesize TiB2 and its composites.

he magnetic [23] microstructural, thermal, electrical, electronic
roperties as well as bonding properties of TiB2 [24] were also stud-

ed. Witusiewicz et al. [25] have reassessed the phase diagram of the

∗ Corresponding author at: Dept. of Atomic Energy, Indira Gandhi Centre for
tomic Research, Kalpakkam - 603 102, India. Tel.: +91 44 27480500/24149;

ax: +91 44 27480065.
E-mail address: sas@igcar.gov.in (S. Anthonysamy).

925-8388/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2009.11.058
h the assessed data.
© 2009 Elsevier B.V. All rights reserved.

system Ti–B by using the CALPHAD method and by incorporating
more recent experimental data.

Fundamental thermodynamic quantities such as the enthalpy of
formation at 298 K, entropy and heat capacity are required in order
to estimate the standard free energy of formation of TiB2. Several
investigators have reported the standard enthalpy of formation of
TiB2 at 298 K (�f H◦

298 〈TiB2〉) derived from different techniques,
viz. equilibrium measurements [8,26–28], calorimetry [29–32] and
vapour pressure techniques [33–36]. There is a large spread in these
values (as large as ∼190 kJ mol−1). Moreover, there are discrep-
ancies in the value of �f H298◦ 〈TiB2〉 cited in the compendia on
thermodynamic data [37,38]. The �f H◦

298 value of −280 kJ mol−1

cited in Ref. [37] and that compiled by Hultgren et al. [39] differ
widely from the value of −316 kJ mol−1 suggested in Ref. [38].

The standard free energy of formation of TiB2 has not been
experimentally measured, although the estimated data have been
reported in Refs. [37,38]. Even these estimates show significant
scatter, possibly due to the uncertainties in the �f H◦

298 used in
deriving them. Hence, in the present study, the free energy of
formation of TiB2 was determined from the EMF values obtained
by using a galvanic cell that employed YDT as the solid elec-
trolyte and a mixture of Ni, NiO (or Fe, FeO) as the reference
electrode.

Enthalpy increments with TiB2 were measured by using inverse

drop calorimetry in the temperature range 583–1769 K. These were
fitted into a polynomial equation which in turn was used to derive
the temperature dependence of heat capacity, entropy and the free
energy function. These results are presented and compared with
the data cited in the literature.

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sas@igcar.gov.in
dx.doi.org/10.1016/j.jallcom.2009.11.058
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The enthalpy of formation of TiB2 was calculated by the ‘third-
aw’ method by using the free energy functions and the free energy
f formation obtained in this study.

. Experimental

Boron powder with a purity of 99.999% and NiO, FeO and TiO2 with a purity >99%
ere procured from M/s. Aldrich, USA. A YDT solid electrolyte cup (10 mm dia and
mm tall) was obtained by cutting an YDT tube procured from M/s. Corning Inc.,
SA. Titanium boride was obtained from the Materials Processing Division (MPD),
habha Atomic Research Centre (BARC), Mumbai.

.1. Chemical purity of the starting material and phase equilibrium studies

In order to ascertain the chemical purity of TiB2 a complete chemical assay of
iB2 was carried out with the help of an Inductively Coupled Plasma Mass Spec-
rometer (ICPMS, Model: Elan 250, M/s. Sciex, Toronto, Canada). X-ray diffraction
nalysis of TiB2 was carried out by using an EXPERT MPD system supplied by M/s.
hilips, The Netherlands.

The test electrode was a mixture of TiB2, TiO2 and B. It was prepared by homog-
nizing an equimolar mixture of the powdered constituents and cold compacting
hem in to pellets of 10 mm diameter and 1–2 mm height at a pressure of 100 MPa.
hese pellets were heat treated under helium at 900 K for 24 h. The phase purity
f a heat treated pellet was ascertained by XRD analysis and it was found to con-
ain only TiB2, TiO2 and B. These pellets were used as the test electrode in the EMF
xperiment.

.2. EMF measurements

Electromotive Force (EMF) is by definition, the potential difference (voltage)
cross the two electrodes of a galvanic cell under open circuit conditions. This
echnique facilitates the measurement of thermodynamic properties with a higher
egree of precision as compared to the other experimental methods. In the present
tudy the attainment of thermodynamic equilibrium was ascertained by the con-
tancy of the EMF. An accurate and precise measurement of the EMF was made
ossible by using a high impedance multimeter, Solartron 7150 supplied by M/s.
chlumberger Electronics (UK) Ltd., UK.

The cells of the following configurations were assembled for the present study:

t, TiB2(s), TiO2(s), B(s)||YDT||NiO(s), Ni(s), Pt (cellI)

t, TiB2(s), TiO2(s), B(s)||YDT||FeO(s), Fe(s), Pt (cellII)

here YDT represents a 7 wt% yttria doped thoria cup.
An open stacked pellet cell assembly as shown in Fig. 1 was used for the exper-

ment. The sample and the reference electrodes were kept in good physical contact
y pressing them against the surface of the YDT cup. In order to ensure that these
lectrodes were in good electrical contact with the respective leads, a platinum disc
hat was spot welded to the latter was placed on the pellets that constituted the
lectrodes. The platinum lead from the electrode at the top along with a Pt–10% Rh
ire encased in a twin bore alumina sheath sealed together by means of Torr seal

M/s. Inland vacuum industries INC, New York) served as the thermocouple (Type
). The platinum lead from the electrode at the bottom was routed through a fine
nsulating capillary. Three stainless steel extension springs were employed in order
o hold this stacked pellet assembly tightly through an intermediate quartz tube.
he thermocouple (Type S) was calibrated at the freezing points of Sn, Zn, Sb and Ag
s per ITS-90. The hot junction of the thermocouple was positioned in the uniform
emperature zone of the furnace. The reproducibility of the EMF measurements was
stablished not only by varying the mole ratios of the components of the reference
nd test electrodes, but also by thermal cycling and internal consistency checks. All
ther experimental details are the same as described elsewhere [40,41].

.3. Enthalpy increments measured with TiB2 by drop calorimetry

A “Multi-Detector” High Temperature Calorimeter (MHTC-96) with a drop
etector of M/s. Setaram, France was employed for measuring the enthalpy incre-
ent on TiB2. The tubular calorimetric detector consists of a thermopile having

6 thermocouples in which a sample crucible and an empty reference crucible
re positioned one above the other. These thermocouples cover the whole surface
nabling the measurement of an integrated heat exchange between the crucibles.
n the present study, a drop detector, made up of Pt–30% Rh/Pt–6% Rh thermocou-
les was employed. This detector is placed in a gas-tight alumina tube which in
urn is placed in the furnace heated by a graphite resistance heating element. In

typical experiment, five pairs of the samples of �-alumina reference (SRM 720)

nd TiB2 pellets, each weighing about 150–200 mg, were placed in the individual
lots of the specimen holder maintained at room temperature. The TiB2 samples
nd the Al2O3 references were loaded in such a way that each sample was sand-
iched between two Al2O3 references. The furnace was then gradually heated to the
esired experimental temperature T under argon cover. Once the furnace attained
Fig. 1. Stacked pellets EMF cell assembly.

the desired temperature the specimens were dropped alternatively from the spec-
imen holder, into the sample crucible at the experimental temperature. From the
resultant heat flow signals corresponding to the alumina reference and the TiB2 sam-
ple, the enthalpy increments (TiB2) were measured by using the critically assessed
enthalpy increment values (alumina reference) reported in Ref. [42]. The mean of five
such heat flow values for the standard and that for the sample were used to compute
the enthalpy increment at that temperature. The experiment was repeated 4 or 5
times at the same temperature and the mean value of the enthalpy increments from
these runs were taken for fitting. The calorimeter and the details of the experimental
procedure have been described elsewhere [43].

3. Results and discussion

3.1. Purity of the starting material
All the metallic impurities such as Fe and Ni that could affect
the EMF measurement were found to be less than 100 ppm by
weight. The X-ray diffraction pattern of TiB2 is shown in Fig. 2. It
was observed that all the peaks correspond to the standard pat-
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Table 2
Temperature dependence of the measured EMF of cell II.

Cell II

Temperature (K) EMF (mV)

999 165.7
1020 166.8
1039 167.2
1055 168.3
1075 169.5
1092 170.5
1115 172
1128 172.8
Fig. 2. X-ray diffraction pattern of TiB2.

ern of TiB2 (JCPDS file no. 85-2083). Further, measurement of the
attice parameter indicated that the sample is stoichiometric TiB2.
his observation is in agreement with the data reported by Murray
t al. [44], Batzner [45] and Ma et al. [46] who considered TiB2 as a
toichiometric compound up to its melting point.

.2. Free energy of formation of TiB2

The EMF values obtained by using the galvanic cells I and II are
iven in Tables 1 and 2,

respectively. These data are also depicted in Figs. 3 and 4. A linear
egression analysis of the experimental data yielded the following
east-squares expressions, applicable over the temperature range

f the actual measurements:

MFI = [338.6 + 0.0919T (K)] ± 0.6 (mV) (887–1131 K) (1)

MFII = [71.3 + 0.1046T (K)] ± 0.4 (mV) (832–1003 K) (2)

able 1
emperature dependence of EMF in cell I.

Cell I

Temperature (K) EMF (mV)

887 420
900 421.7
911 422.2
922 423.3
936 424.2
940 425
948 425.4
953 425.6
958 426.9
969 427.6
970 426.8
970 428.2
984 430.3
986 429.7
999 432

1016 433
1038 434
1051 435.5
1062 436.3
1074 437
1085 438
1100 439.5
1112 440.8
1124 442
1131 442.4
Fig. 3. Temperature dependence of EMF in cell I.

The two half-cell reactions of cell I are given by

TiB2(s) + 2O2− → TiO2(s) + 2B(s) + 4e− (3a)

2NiO(s) + 4e− → 2Ni(s) + 2O2− (3b)
For the passage of 4 Faraday of charge, the over-all chemical
reaction could be represented by Eq. (4):

TiB2(s) + 2NiO(s) → TiO2(s) + 2B(s) + 2Ni(s) (4)

Fig. 4. Temperature dependence of EMF in cell II.
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Table 3
Some thermodynamic functions of TiB2.

T (K) H◦
T

− H◦
298 (kJ mol−1) T (K) H◦

T
− H◦

298 (kJ mol−1) Cp (J K−1 mol−1) S◦
T

(J K−1 mol−1) −(GT − H◦
298)/T

(J K−1 mol−1)

Measured Fit

583 18.314 16.535 298 0 44.271 28.472 28.472
684 24.007 23.424 300 0.082 44.585 28.747 28.473
785 29.769 30.637 400 5.196 56.282 43.378 30.388
884 36.993 37.976 500 11.170 62.702 56.683 34.342
986 45.898 45.791 600 17.669 67.044 68.519 39.071

1086 54.241 53.684 700 24.547 70.406 79.115 44.048
1187 64.249 61.879 800 31.733 73.244 88.706 49.040
1287 69.110 70.205 900 39.186 75.779 97.482 53.942
1387 76.628 78.737 1000 46.882 78.125 105.589 58.706
1488 86.230 87.560 1100 54.807 80.348 113.140 63.315
1588 99.062 96.496 1200 62.949 82.487 120.223 67.766
1688 105.057 105.630 1300 71.302 84.566 126.908 72.060
1769 113.325 113.171 1400 79.861 86.603 133.250 76.206
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– – – 1500 88.622
– – – 1600 97.582
– – – 1700 106.739
– – – 1800 116.091

The standard free energy change, �rG◦
(4) of the above reaction

s calculated by using the Nernst relation,

rG◦
(4) = −4FE (5)

rG◦
(4) = [−130.7 − 0.0355T (K)] ± 0.2 (kJ mol−1) (6)

here �rG◦
(4) is the change in standard free energy for the reaction,

is the Faraday’s constant and E is the EMF of the cell.
By combining Eq. (6) with the auxiliary data on the free energy of

ormation of TiO2 [38] and NiO [38], an expression for the standard
ree energy of formation of TiB2 was obtained (Eq. (7)):

f G◦ < TiB2 > = [−340.4 + 0.0414T (K)] ± 2.2 (kJ mol−1)

× (887–1131 K) (7)

The two half-cell reactions pertaining to cell II could be repre-
ented as follows:

iB2(s) + 2O2− → TiO2(s) + 2B(s) + 4e− (8a)

FeO(s) + 4e− → 2Fe(s) + 2O2− (8b)

For the passage of 4 Faraday of charge, the over-all chemical
eaction could be represented by

iB2(s) + 2FeO(s) → TiO2(s) + 2B(s) + 2Fe(s) (9)

The �rG◦
(9) of this reaction was found to be

rG◦
(9) = [−27.5 − 0.0403T (K)] ± 0.2 (kJ mol−1) (10)

Combining the above expression (Eq. (10)) with the molar free
nergies of formation of FeO [47] and TiO2, an expression for the
olar free energy of formation of TiB2 was calculated to be:

f G◦ < TiB2 > = [−389.6 + 0.0902T (K)] ± 2.5 (kJ mol−1)

× (832–1003 K) (11)

Eq. (7) was derived from as many as 25 measurements obtained
y using the cell I in the temperature range 887–1131 K, while Eq.

11) was obtained from 8 measurements by using cell II in the
emperature range 832–1003 K. Values obtained by using the cell
I were used to validate the results obtained from cell I. The val-
es of −299 kJ mol−1 and −299.4 kJ mol−1 at 1000 K for the free
nergy derived from these two independent measurements are
88.608 139.293 80.212
90.588 145.075 84.087
92.550 150.626 87.839
94.498 155.971 91.476

in excellent agreement with each other and with the value of
−300.6 kJ mol−1 cited in Ref. [38], while the values cited in Ref. [22]
are higher (−264.2 kJ mol−1).

3.3. Enthalpy increments by drop calorimetry

The enthalpy increment values measured in the temperature
range of 583–1769 K were fitted in to a 4-term polynomial function
using the least-squares method:

HT − H◦
298/(J mol−1) = 61.427(T/K) + 9.360 × 10−3(T/K)2

+ 20.212 × 105(K/T) − 25, 926 (12)

The following constraints were used for fitting the data: (a)
HT − H◦

298 = 0 at 298 K and (b) the first derivative of this expression
with respect to temperature at 298 K is equal to the value of heat
capacity of TiB2 at 298 K. The standard error in the fit was 3% and
the standard deviation of the fit was estimated to be 1.7 kJ mol−1.
The experimentally measured enthalpy increment and the data
obtained from the fit are given in Table 3. The s◦

298 value needed
for the computation of the entropy and free energy functions were
obtained from Ref. [9]. In addition, the calculated heat capacity,
entropy and free energy functions at suitable temperature intervals
(100 K) are also given in Table 3.

In Fig. 5, the measured and the fit values of enthalpy incre-
ments obtained from the present study are compared with the
values given in Ref. [37]. It is seen that these two are in good agree-
ment (within 1.7%). It is evident from Fig. 6 that the heat capacity
values obtained in this study agree with those cited in Ref. [37].
The agreement between the present heat capacity is within 2% at
temperatures below 1600 K and within 3% at temperatures above
1600 K, respectively.

3.4. Errors in EMF measurement

The EMF data represented by Eqs. (1) and (2) are precise within
0.6 (mV) and 0.4 (mV), respectively. These values would introduce
an error of ±0.2 kJ mol−1 in the �rG◦ values derived through Eqs. (6)

and (10). Other possible uncertainties which will contribute to the
over-all error in the calculation of standard free energy of formation
of TiB2 [±2.2 kJ mol−1 (Eq. (7)) and ±2.5 kJ mol−1 (Eq. (11))] are due
to the errors in the free energy of formation of TiO2, NiO and FeO
obtained from Ref. [39].
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Fig. 5. Measured values of the enthalpy increments of TiB2.

3

g

In order to determine the value of �f H◦
298 〈TiB2〉 from the data

T
C

Fig. 6. Temperature dependence of Cp of TiB2.
.5. Third-law analysis of the EMF data

In order to examine if �fG◦ values obtained in this investi-
ation are free from temperature dependent systematic errors, a

able 4
omparison of the values of �f H298◦ 〈TiB2〉.

�fG◦ (kJ mol−1) = (A + BT (K)) Temperature (K)

A B

−340.4 0.0414 887–1131
−389.6 0.0902 832–1003
−317.3 0.0167 600–1100
−280.9 0.0167 600–1100

– 2270
– –
– 1900–2250
– 2100–2400
– –
– 1850–2100
– –
– –
– –

a Computed from the free energy data.
mpounds 491 (2010) 747–752 751

“third-law” analysis [48] was carried out. This method verifies if
the values of �f H◦

298 derived from the experimental data show any
temperature dependence. This analysis is carried out by using the
free energy functions (fef) cited in the literature. These (fefs) are
auxiliary functions derived from independent experimental deter-
minations. In this study the fef pertaining to various compounds
involved in the equilibrium reactions were obtained from different
standard compilations [37,38]. The ‘fef’ is defined as follows:

fef = G◦
T − H◦

298
T

(13)

where G◦
T is the standard free energy of formation at temperature

T, H◦
298 is the standard enthalpy at 298 K. The �f H◦

298 〈TiB2〉 value
thus obtained was compared with the values cited in the literature
(Table 4). Several investigators have experimentally determined
the heat of formation of TiB2 at 298 K [8,26–36]. The assessed val-
ues of �f H◦

298 are presented in Refs. [37,38] and are summarized in
Table 4. Brewer and Haraldsen [26] have determined the thermody-
namic stability of refractory borides by establishing an equilibrium
between nitrogen and the boride phases. They found the value
of �f H◦

298 〈TiB2〉 to be −301 kJ mol−1, that was further confirmed
by Samsonov [27]. However, the mass spectrometric studies by
Schissel and Williams [33] yielded a value of −134 kJ mol−1 for
�f H◦

298. The high temperature calorimetric measurement by Lowell
and Williams [29] and the high temperature Knudsen effusion mass
spectrometric studies by Schissel and Trulson [34] yielded �f H◦

298
〈TiB2〉 values of −209 kJ mol−1 and −218 kJ mol−1, respectively.
Williams [28] analyzed the above values [29,34] and recommended
a value of −209 kJ mol−1. Yurick and Spear [8] re-determined the
enthalpy of formation of TiB2 by an equilibrium study on the Ti–B–N
system and obtained a value of −304 kJ mol−1 through a third-law
analysis of their data. This value differs from the assessed values of
−280 kJ mol−1 [37,39] and −316 kJ mol−1 [38]. The �f H◦

298 〈TiB2〉
value of about −280 kJ mol−1 presented in Ref [37] as well as by
Hultgren et al. [39] were derived by assessing the calorimetric
heats [29,30], vapour pressures [34–36] and equilibrium mea-
surements involving TiB2 [26–28]. Huber [31] performed oxygen
bomb calorimetry of TiB2 and reported a value of −324 kJ mol−1 for
�f H◦

298 〈TiB2〉. Akhachinskij and Chirin [32] used the direct prepara-
tion of TiB2 from its constituent elements in a Calvet calorimeter in
order to derive a value of −319 kJ mol−1 for �f H◦

298 〈TiB2〉. Guzman
et al. [49] quoted the value of −323.8 kJ mol−1 for �f H◦

298 〈TiB2〉.
obtained in this study, the free energy functions of TiB2 were com-
puted by combining the drop calorimetry data with the free energy
functions of Ti and B obtained from Hultgren et al. [39]. The follow-
ing reaction (14) was considered in the computation of this free

�f H◦
298 〈TiB2〉 (kJ mol−1) References

−322.0 This study-cell I
−323.3 This study-cell II
−315.9 [38]a

−279.5 [37,39]a

−301.0 [26,27]
−134 [33]
−209 [28]
−218 [34]
−209 [29]
−304 [8]
−324 [3]
−319 [32]
−323.8 [49]
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Fig. 7. Third-law analysis of the experimental (EMF) data.

nergy function (�fef):

i(s) + 2B(s) → TiB2(s) (14)

The values of �rG◦
(4) and �rG◦

(9) were computed for each exper-
mental temperature using the EMF data listed in Tables 1 and 2.
hese free energy data were combined with the corresponding val-
es of �fG◦ 〈NiO〉 or (�fG◦ 〈FeO〉) and �fG◦ 〈TiO2〉 in order to derive
fG◦ 〈TiB2〉 from cells I and II. The �f H◦

298 〈TiB2〉 value pertaining
o each measurement was computed by using Eq. (15):

f H◦
298K(TiB2) = �f G◦(TiB2) − T × �fef (15)

The �fef values interpolated at the actual temperature at
hich the EMF measurement was carried out were combined with

he computed values of �fG◦ 〈TiB2〉 in order to derive �f H◦
298

TiB2〉. A third-law plot of �f H◦
298 〈TiB2〉 (Fig. 7) indicates that our

xperimental measurements do not suffer from significant tem-
erature dependent errors. The values of −322 ± 1.2 kJ mol−1 and
323.3 ± 2.1 kJ mol−1 were derived for �f H◦

298 〈TiB2〉 from cells
and II, respectively. The enthalpy of formation of TiB2 at 298 K
btained from our measurements are in good agreement with the
ata reported in the standard reference [38] as well as with those
eported by most of the investigators (Table 4).

. Conclusions

The standard free energy of formation of TiB2 was determined
or the first time by using an EMF method that employed yttria
oped thoria as the oxide solid electrolyte. Enthalpy increments
f TiB2 were measured by using inverse drop calorimetry over the
emperature range 583–1769 K. By using the measured values of
he enthalpy increments, other thermodynamic functions viz., heat
apacity, entropy and the free energy function have been derived
n the temperature range 298–1800 K. Two independent EMF mea-
urements (cell I and cell II) carried out in this study yielded �f H◦

298
alues of −322 ± 1.2 kJ mol−1 and −323.3 ± 2.1 kJ mol−1, respec-
ively. These values agree with those cited in the literature as
ell.
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