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bstract

Aiming to obtain a reliable description of the quaternary Al–B–Nb–Ti system, the thermodynamic descriptions of the constituent binary
ystems B–Nb and B–Ti are revised by modelling of the Gibbs energies of all individual phases using the CALPHAD approach and recent

GTE descriptions of the Gibbs energies of phases for pure elements. The model parameters have been evaluated taking into account the data on

hermodynamic properties and phase equilibria reported in recent publications and obtained by own key measurements. The phase diagrams and
he thermodynamic properties calculated with the evaluated parameters are in good agreement with the corresponding experimental data, and the
hermodynamic descriptions of the systems become more suitable for high-order systems.

2006 Elsevier B.V. All rights reserved.

D mo

a
m
r
s

t
d
o
t
t
t
t
s
o
e
N

eywords: B–Nb; B–Ti; Phase diagram; Thermodynamic properties; CALPHA

. Introduction

The development of a reliable thermodynamic description
f the Al–B–Nb–Ti system is of both scientific and practical
mportance: alloys of this system with composition (in at.%)
i–(43–48) Al–(5–10) Nb–(0.1–1.0) B, known as niobium rich
amma-TiAl alloys, have attracted attention due to their good
echanical properties, low density and good oxidation resis-

ance at elevated temperatures [1–4]. The addition of boron is of
pecific interest: it is well known that the boron alloying above
.2 at.% lead to grain refinement of cast materials [2,5,6], how-
ver a detailed understanding of the refinement mechanism is
till lacking, though several theories have been published [7,8].

oreover, additions of boron, starting from few hundreds ppm,
ave been reported to refine and stabilize the lamellar structure
n TiAl alloys [9], though the exact mechanism by which this is

ccomplished is not yet clear [10,11].

A reliable thermodynamic description of the quaternary sys-
em providing quantitative information about phase equilibria

∗ Corresponding author. Tel.: +49 241 8098007; fax: +49 241 38578.
E-mail address: victor@access.rwth-aachen.de (V.T. Witusiewicz).
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nd thermodynamic properties of the multicomponent alloys is
andatory for further contributions into the problem of grain

efinement and modelling of the microstructure evolution during
olidification and solid state transformations.

When attempting to perform the CALPHAD modelling of the
ernary Al–B–Ti and B–Nb–Ti systems based on several recent
escriptions of the constituent binary B–Ti system [12–15], we
bserved that none of the above quoted thermodynamic descrip-
ions of B–Ti succeeded to reproduce experimental data related
o different phase equilibria with the bcc-phase based on �-Ti,
he liquid and borides TiB, Ti3B4 and TiB2 in the ternary sys-
ems. Concerning the thermodynamic description of the B–Nb
ystem performed by Kaufman et al. [12] in 1984, it implied
utdated phase stability data, which are incompatible with lat-
st results. Moreover, the compound solution phases NbB and
bB2 were modelled as stoichiometric compounds. Therefore,
e performed few key experiments and re-examined the thermo-
ynamic description of the B–Ti and B–Nb systems, taking into
ccount more experimental data on phase equilibria, thermody-

amic properties and SGTE descriptions of the Gibbs energy of
hases for pure elements [16]. In the present article, part 1 we
eport the results on the binary B–Ti and B–Nb phase diagrams
nd the systems of higher order will be discussed in next parts.

mailto:victor@access.rwth-aachen.de
dx.doi.org/10.1016/j.jallcom.2006.10.034
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. Thermodynamic models

.1. Pure elements

The temperature dependence of the molar Gibbs energy of the
ure elements, referred to the standard state is given by the fol-
owing expression according to the Scientific Group Thermodata
urope (SGTE) [16]:

G − HSER = A + BT + CT ln T + DT 2 + ET−1 + FT 3

+ IT 7 + JT−9, (1)

here HSER is the enthalpy of a pure element at 298.15 K in its
table state (standard element reference SER). These functions
or stable and metastable states of the pure elements were taken
rom the most recent compilation of Dinsdale [16].

.2. Liquid phase and (β-B) solid solution

The liquid phase and the (�-B) solid solution phase in the
inary B–Nb and B–Ti systems are modelled by the substitu-
ional solution model. In the frame of this model the molar Gibbs
nergy (G�

m) of the phase � in the B–M (M = Nb, Ti) system is
xpressed as

�
m(T, x) = xB

0G
�
B(T ) + xM

0G
�
M(T )

+ RT (xB ln xB + xM ln xM) + xsG
�
BM, (2)

here R is the gas constant, T the temperature, xi the mole frac-
ion of component i (i = B, Ti or Nb) and 0G

�
i is the molar Gibbs

nergy of the pure component i in phase �. In Eq. (2) the sum-
ation of the first two terms on the right-hand side represents

he reference part of the Gibbs energy. The next term is the ideal
ixing part of the Gibbs energy and the last term (xsG

�
BM) repre-

ents the excess Gibbs energy being described by Redlich–Kister
olynomials [17]:

sG
�
BM = xBxM

n∑

ν=0

νL
�
B,M(xB − xM)ν, (3)

here νL
�
B,M are the interaction parameters in the B–M system

or the phase �. Generally, the temperature dependence of these
arameters may be expressed similar to the conventional Gibbs
nergy function (see Eq. (1)), but in the present work maximum
wo terms were applied:

L� = aν + bνT, (4)

here a and b are parameters to be determined during the opti-
isation procedure.

.3. Metal solid solution phases (bcc-Nb), (bcc-Ti) and
hcp-Ti)
Analogous to the binary system B–Ti [15], the solution phases
bcc-Nb), (bcc-Ti) and (hcp-Ti) were described with the two-
ublattice model developed by Hillert and Staffansson [18],

2
(
P
f
[

nd Compounds 448 (2008) 185–194

onsidering solid solubility of B in the metal phases as intersti-
ial. The two sublattices being expressed by the general formula
M)1(B,Va%)a. Here Va denotes the amount of vacancies and

designates the major component in the related sublattice. The
ubscript a is the number of interstitial sites per metal (M) atom,
hich is equal to 3 for (bcc-Ti) and (bcc-Nb) and 0.5 for (hcp-
i). In detail the equation for molar Gibbs energy for this model

s given elsewhere [15,19–21].

.4. Boride solution phases NbB, TiB, NbB2 and TiB2

For the description of the molar Gibbs energy of mono-
orides and diborides the two-sublattice models (M)1(B%,M)1
nd (B,M%)1(B%,M)2 are adapted from the description of B–Ti
ystem [15], respectively, where M denotes Nb or Ti and %
esignates the major component in the related sublattice.

.5. Boride stoichiometric phases Nb3B2, Nb5B6, Nb3B4,
b2B3 and Ti3B4

The sublattice model by Hillert and Staffansson [18] allows
lso describe stoichiometric phases. In this case each sublattice
s occupied by only one kind of atoms and the molar Gibbs
nergy of binary stoichiometric borides simplifies to

GMiBj
M:B (T ) − iHSER

M (298.15 K) − j HSER
B (298.15 K)

= i0G
�
M(T ) + j0G

�
B(T ) + aMiBj + bMiBj T + cMiBj T ln T

+ dMiBj T 2 + eMiBj T−1 + f MiBj T 3 + . . . , (5)

here the 0G
�
B(T ) and 0G

�
M(T ) represents the molar Gibbs

nergy of (�-B), Nb (bcc) or Ti (hcp), respectively, and a, b,
, . . . are optimisation parameters.

. Experimental and assessed data used for modelling

.1. The binary system B–Nb

The most complete and reliable phase diagram for the binary B–Nb system
onstructed on the basis of accurate experimental investigations is the diagram
ublished in [22]. This phase diagram was adopted by Rogl [23,24] for con-
tructing ternary systems. In well-known handbooks [25] and [26] the phase
iagram of the B–Nb system is presented on the basis of experimental data of
27] and [28], respectively. In [27] there are data only for the range 0 to ∼20 at.%
, and the work of [28] is less reliable and precise due to contaminated samples,
s shown in more recent publications [22,23,27, etc.]. Therefore, in the present
ork we have used the phase diagram of [22], as it was selected also in the
onographs [23,24]. Minor modifications have been introduced to account for

xperimental data on the solubility of B in Nb, on the recently identified borides
b5B6 and Nb2B3 as well as on the co-ordinates of the (Nb) + NbB eutectic, as
escribed below.

The solubility of B in Nb was measured by Zakharov and Pshokin [27,29,30]
t several temperatures. These data, reproduced in Table 1, somewhat differ from
ource to source, nevertheless both these series were used in the present opti-
isation. In the same papers the co-ordinates of the invariant eutectic point

or the reaction L → (Nb) + NbB were found to be 1.6 wt.% B (12 at.%) and

443 ± 20 K. The given temperature corresponds well to the value of [22]
2438 ± 13 K) if taking into account the difference between the International
ractical Temperature Scales IPTS-48 and IPTS-68, but it deviates strongly
rom ∼1873 K in [28]. In the same time, the composition of the eutectic from
27,29,30] (12 at.% B) differs significantly from [22] (19 ± 2 at.% B) and [28]



V.T. Witusiewicz et al. / Journal of Alloys and Compounds 448 (2008) 185–194 187

Table 1
Solubility of B in solid Nb

T (K) Solubility Reference

wt.% B at.% B

2443 ± 20 (melting)
0.35 2.9 [27]
0.23 1.9 [29,30]

2223
0.26 2.2 [27]
0.16 1.4 [29,30]

1873
0.15 1.3 [27]
0.09 0.8 [29,30]

1473
0.05 0.4 [27]
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Fig. 1. The DTA curves upon heating and cooling with rate 20 K min−1 using
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0.03 0.3 [29,30]

20 at.% B). Recently, Borges et al. [31] as well as Borysov et al. [32] have
erformed microstructure investigations of B–Nb alloys and reported the com-
osition of the eutectic to be 16 and 15 at.% B, respectively. Borysov et al.
eported the eutectic temperature to be 2463 ± 13 K [32], based on pyrometric
easurements. For this key experiment in [32] the Nb–B alloys were prepared

y arc melting with a non-consumable tungsten electrode on a water-cooled cop-
er hearth under purified argon. The initial materials were bar Nb (99.8 wt.%
b) and amorphous boron. The original B powder contained 5.3% O, 0.55% H,
0.005% N, 10−1% Cu, <10−2% Fe and <10−2% Si (in wt.%) and therefore

t was previously melted alone in an arc furnace for purification followed by
rushing to small pieces. The purification was quite effective so that oxygen
ontent was 0.06 wt.% in the alloy Nb–14 at.% B, and N and H contents were
ower of threshold of sensitivity about 10−3 wt.%. The composition of the alloy
as checked by wet chemical analysis. The pyrometer EOP-66 was calibrated in

he Ukrainian National Metrological Laboratory and the technique was similar
o [22].

The homogeneity range of the boride NbB is rather small and does not
xceed 2 at.% with a maximum that corresponds to the congruent melting point
t 50 at.% B and 3194 ± 13 K [22].

In the phase diagram of [22] the Nb5B6 boride is absent, though it was
ound to be easily obtained by arc melting [33]. Thus, it is highly probable that
his boride occurs through a peritectic reaction of liquid and Nb3B4, further
articipating in formation of the eutectic with NbB according to the reaction
↔ NbB + Nb5B6. Such sequence of equilibria is common also to the analogous

–V system [34]. It seems to be quite probable that the borides Nb5B6 and Nb3B4

re stoichiometric, though in the phase diagram of [22] the boride Nb3B4 has a
onsiderable homogeneity ranges, based on phase constituents determined for
n alloy annealed at 2973 K. These data could be untrustworthy, taking proper
ccount of difficulties of accurate composition control in the high-temperature

r
t
a
m

able 2
rystal structure data for the B–Nb and B–Ti solid phases [13,15,23–26,48] and their

hase Prototype Pearson symbol Sp

b (bcc-Nb), �-Ti (bcc-Ti) W cI2 lm

-Ti (hcp-Ti) Mg hP2 P6
-B �-B hR108 R3̄
b3B2 U3Si2 tP10 P4
bB CrB oC8 Cm
iB FeB oP8 Pn

bB2, TiB2 AlB2 hP3 P6

b5B6 V5B6 oC22 Cm

b3B4, Ti3B4 Ta3B4 o/14 Im

b2B3 V2B3 oC20 Cm

a M denotes Nb or Ti.
ttria crucible of the binary as-cast Ti–7.0 at.% B (a) and annealed at 2373 K
i–55 at.% B (b) alloys.

egion and the fact that in [22] the problem of identification of Nb5B6 was not
olved.
There is no doubt that the NbB2 boride has a rather large homogeneity
ange. According to [22] this range extends from ∼61 up to ∼70 at.% B with
he congruent melting point at the composition Nb34B66. Recently, Nunes et
l. [35] have evaluated the homogeneity range of the NbB2-phase by detailed
icrostructural characterisation of as-cast, as-cast + annealed and solid state

modelling

ace group Structurbericht designation Model applied

3̄m A2 [(M)1: (B,Va%)3]a

3/mmc A3 [(Ti)1: (B,Va%)0.5]
m – [B%,M]
/mbm D5a [(Nb)3: (B)2]
cm Bf [(Nb)1: (B%,Nb)1]

ma B27 [(Ti)1: (B%,Ti)1]

/mmm C32 [(B,M%)1: (B%,M)2]

mm – [(Nb)5: (B)6]

mm D7b [(M)3: (B)4]

cm – [(Nb)2: (B)3]
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Table 3
Summary of thermodynamic parameters for the phases in the binary system B–Nb

Phase Parameters (J mol−1)

Liquid 0L
Liq
B,Nb = −182227 + 5.092T ; 1L

Liq
B,Nb = 13667 − 27.617T ; 2L

Liq
B,Nb = 8815

�-B 0G
�
Nb − HSER

Nb = 10000 + 0GHSER
Nb ; 0L

�
B,Nb = −150535

bcc A2 (Nb) 0GBCC
Nb:B − HSER

Nb − 3HSER
B = 0GHSER

Nb + 30GHBCC
B − 321703 + 125.621T ; 0GBCC

Nb:Va − HSER
Nb = 0GHSER

Nb ; 0LBCC
Nb:B,Va = −167421

NbB 0GNbB
Nb:Nb − 2HSER

Nb = 75000 + 20GHSER
Nb ; 0GNbB

Nb:B − HSER
B − HSER

Nb =
0GHSER

B + 0GHSER
Nb − 157380 − 21.8 T + 3.381T ln(T ) − 1.953 × 10−4T 2

Nb3B2
0GNb3B2

Nb:B − 2HSER
B − 3HSER

Nb = 20GHSER
B + 30GHSER

Nb − 372301 − 53.233T + 11.662T ln(T ) − 2.276 × 10−3T 2

Nb5B6
0GNb5B6

Nb:B − 6HSER
B − 5HSER

Nb = 60GHSER
B + 50GHSER

Nb − 886400 − 87.40T + 13.75T ln(T ) + 8.756 × 10−4T 2

Nb3B4
0GNb3B4

Nb:B − 4HSER
B − 3HSER

Nb = 40GHSER
B + 30GHSER

Nb − 571700 − 35.515T + 5.807T ln(T ) + 1.671 × 10−3T 2

Nb2B3
0GNb2B3

Nb:B − 3HSER
B − 2HSER

Nb = 30GHSER
B + 20GHSER

Nb − 412500 − 39.85T + 6.25T ln(T ) + 3.98 × 10−4T 2

NbB2
0GNbB2

B:B − 3HSER
B = 89628 + 30GHSER

B ; 0GNbB2
Nb:Nb − 3HSER

Nb = 75000 + 30GHSER
Nb ; 0GNbB2

Nb:B − 2HSER
B − HSER

Nb =
20GHSER

B + 0GHSER
Nb − 253125 + 25.7T − 3.268T ln(T ) + 2.746 × 10−3T 2; 0GNbB2

B:Nb − HSER
B − 2HSER

Nb =
0 SER 0 SER 0 NbB2 0 B2Nb −11 0 NbB2 0 B2Nb
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ll values are given in SI units (J, mol, K) and for 1 mol of formula unit.

intered B–Nb alloys. The neutron diffraction experiment clearly showed that
he width of the homogeneity range of this phase is nearly 5 at.% extending from
5 up to 70 at.% B at 2073 K.

Between Nb3B4 and NbB2 there exists one more stoichiometric boride
b2B3 that was synthesised in Cu melt at 1973 K [36]. It is unknown yet up

o what temperature this boride is stable. Thus, the authors of [33] have reported
hat in as-cast alloys with composition Nb–60 at.% B this boride was not found.
his may indicate that Nb2B3 forms according to peritectoid reaction from
b3B4 and NbB2.

Crespo et al. [37] found a small increase of unit cell volume by 3.2 × 106 pm3

or the �-B-based phase saturated by Nb at 2223 K for 24 h and explained this
act by dissolving of ∼0.1 at.% Nb.

Concerning the thermodynamic properties of B–Nb alloys, the majority of
xperimental investigations deal with determination of the enthalpy change of
ifferent borides upon heating [38,39]. Using these data the heat capacity of
b3B2, Nb3B4, NbB0.99 and NbB1.96 borides were evaluated as a function of

emperature [39,40].
Numerous publications on the standard enthalpy of formation of non-
toichiometric diboride NbB2 can be found [41–47]. The data of [41,42,44]
gree well with one another, while the values reported in the other articles are
ess negative and scatter strongly. Due to this, in the present optimisation the data
f [41,42,44] were used with twice as high confidence factor than the others.

r
w
t
w

able 4
ummary of thermodynamic parameters for the phases in the binary system B–Ti

Phase Parameters (J mol−1)

Liquid 0L
Liq
B,Ti = −240892 + 13.510T ; 1L

Liq
B,Ti = −33241 −

�-B 0G
�
Ti − HSER

Ti = 10000 + 0GHSER
Ti

bcc A2 (�-Ti) 0GBCC
Ti:B − HSER

Ti − 3HSER
B = 0GHBCC

Ti + 30GHBCC
B

hcp A3 (�-Ti) 0GHCP
Ti:B − HSER

Ti − 0.5HSER
B = 0GHSER

Ti + 0.50GHS
B

TiB 0GTiB
Ti:Ti − 2HSER

Ti = 40000 + 20GHSER
Ti ; 0GTiB

Ti:B − H
0GHSER

B + 0GHSER
Ti − 165000 − 67.317T + 9.5T ln

Ti3B4
0GTi3B4

Ti:B − 4HSER
B − 3HSER

Ti = 40GHSER
B + 30GHS

Ti

TiB2
0GTiB2

B:B − 3HSER
B = +89628 + 30GHSER

B ; 0GB2Ti
Ti:Ti −

20GHSER
B + 0GHSER

Ti − 329000 + 1.865T + 1.2547
0GHSER

B + 20GHSER
Ti ; 0LTiB2

B,Ti:B = 0LTiB2
B,Ti:Ti = −915

ll values are given in SI units (J, mol, K) and for 1 mol of formula unit.
0590 + 22.072T ; LB:B,Nb = LB,Nb:Nb = −205000 + 25.771T

.2. The binary system B–Ti

Thermodynamic descriptions of the B–Ti system have been reported ear-
ier by Kaufman et al. [12], Murray et al. [13], Bätzner [14] and Ma et al.
15]. The assessments of [12] and [13] have incorporated old Gibbs energy data
or pure elements and are no longer useful in combination with new reference
ata for pure elements from Dinsdale [16] used for the higher order systems.
he description of Bätzner [14] treated the compound solution phases TiB and
iB2 as stoichiometric compounds, though homogeneity ranges 49–50 at.%
[51] and 65.2–67.6 at.% B [22,49] were experimentally observed for TiB

nd TiB2, respectively. In the most recent thermodynamic description of Ma
t al. [15], which is based on the same experimental data as [13], these sol-
bility ranges were modelled using the two-sublattice model. Unfortunately,
he composition and the temperature ranges of two-phase equilibria between
iquid, �-Ti and boride phases are modelled such that the majority of recent
xperimental data in the ternary Al–B–Ti system [50] could not be well
eproduced.

Firstly, to prove the composition and temperature of the eutectic in the Ti-

ich corner, few DTA-experiments with alloys containing 7.0, 55 and 61 at.% B
ere performed in the present work as to complement earlier measurements of

wo other binary alloys, i.e. Ti–5 at.% B and Ti–7.5 at.% B [32,50]. The alloys
ere prepared by arc melting from iodide titanium (99.9 wt.% Ti) and amor-

21.867T ; 2L
Liq
B,Ti = 42976 + 3.875T ; 3L

Liq
B,Ti = 38759;

− 239999; 0GBCC
Ti:Va − HSER

Ti = 0GHBCC
Ti ; 0LBCC

Ti:B,Va = −14723

ER − 56229; 0GHCP
Ti:Va − HSER

Ti = 0GHSER
Ti ; 0LHCP

Ti:B,Va = 9115;

SER
B − HSER

Ti =
(T ) − 5.0 × 10−4T 2; 0LTiB

Ti:B,Ti = −37503 + 29.790T ;

ER − 660000 − 162.241T + 25.0T ln(T ) − 2.0 × 10−3T 2

3HSER
Ti = 18000 + 30GHSER

Ti ; 0GTiB2
Ti:B − 2HSER

B − HSER
Ti =

T ln(T ) + 3.131 × 10−3T 2 − 4.105 × 10−7T 3; 0GTiB2
B:Ti − HSER

B − 2HSER
Ti =

14 + 46.777T ; 0LTiB2
B:B,Ti = 0LB2Ti

Ti:B,Ti = −18500 + 53.211T
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hous boron. Oxygen content was about 0.1 wt.%, and N and H contents were
ower than the threshold of sensitivity, e.g. about 10−3 wt.% for the Ti–7.0 at.%

alloy. Alloy composition was checked by wet chemical analysis for B. The
TA apparatus was calibrated using secondary reference points of IPTS-90

ogether with high purity Fe and (Mo) + Mo2C eutectic. It showed reproducibil-
ty of all transformation temperatures to be not worse than ∼1%. The DTA
urve obtained for the Ti–7.0 at.% B alloy upon heating and cooling in an yttria
rucible is shown in Fig. 1a. Temperatures of transformation were assumed
o correspond to the onset temperature of departure from the DTA base-line.
he results of this experiment as well as those obtained for other Ti–B sam-
les [32,50] showed that the composition and the temperature of the eutectic
s 7.0–7.5 at.% B and 1777 K, respectively. Thus, the composition of the eutec-
ic well agrees with the data of [13,22], but the temperature of the eutectic
eaction is 36 K lower than measured by Rudy [22] and assessed by Murray
t al. [13].
Secondly, it was necessary to check the temperature of the peritectic reac-
ions L + Ti3B4 ↔ TiB and L + TiB2 ↔ Ti3B4, because available literature data
re contradictory: in the assessments [13–15] these reactions were assigned
453 and 2473 K, respectively, being close to Rudy [22] who reported the
eaction L + TiB2 ↔ TiB at 2463 ± 20 K. In the publications [51,52] the reac-

t
t
c
a
a

able 5
nvariant reactions in the B–Nb systema

eaction between phases �1/�2/�3 Type T (K)

↔ bcc + Nb3B2 Eutectic ∼1873

↔ bcc + NbB Eutectic 2441 ± 12c

2443 ± 20
2463 ± 13
2439
2453

+ NbB ↔ Nb3B2 Peritectic ∼2113b

cc + NbB ↔ Nb3B2 Peritectoid 2353 ± 40
2209
2350

↔ NbB Congruent ∼2563b

3194 ± 13c

3176

↔ NbB + Nb3B4 Eutectic ∼3023b

3137 ± 17c

3044

↔ NbB + Nb5B6 Eutectic 3174.1

+ Nb3B4 ↔ Nb5B6 Peritectic 3174.2

+ NbB2 ↔ Nb3B4 Peritectic ∼2993b

3212 ± 14c

3169
3186

↔ Nb2B3 ? >1973
b3B4 + NbB2 ↔ Nb2B3 Peritectoid 2650

↔ NbB2 Congruent 3273
3313 ± 18c

3308
3303

↔ NbB2 + (�B) Eutectic ∼2213b

2310 ± 22c

2234
2285

a The data printed in bold letters are those used for the optimisation.
b Taken from Figure.
c Corrected for differences between IPTS-48 and IPTS-90.
nd Compounds 448 (2008) 185–194 189

ion L + Ti3B4 ↔ TiB is assigned a temperature of 2273 ± 50 K and in [53] of
2333 K. To verify temperatures of these reactions few key experiments with

inary Ti–55 at.% B and Ti–61 at.% alloys B were performed by XRD and ther-
al analysis in the frame of this work. The samples were prepared by arc melting

sing the same materials and procedures as described above. Oxygen content
as about 0.02 wt.%. Nitrogen and hydrogen contents as in previous cases were

ower than the threshold of sensitivity. One piece of each alloy was annealed for
h in argon gettered by Ta at 2373 K. The XRD analyses (a DRON-3M diffrac-

ometer used Cu K� filtered radiation) of the as-cast as well as the annealed
amples show that they contained all the three borides (TiB, Ti3B4 and TiB2)
nd that the performed annealing increased the Ti3B4 content. As an example
he DTA curves obtained upon heating and cooling for the annealed Ti–55 at.%

sample are shown in Fig. 1b. The DTA shows the initial melting temperature to
e 2393 K, while the pyrometric Pirani–Altertum method gave 2428 ± 25 K that
s close to the value reported by Rudy [22]. The DTA temperature is hereafter

reated as relating to the reaction L + Ti3B4 ↔ TiB, and the pyrometric tempera-
ure seems to be rather overestimated owing to small quantity of liquid and to be
lose to the next reaction L + TiB2 ↔ Ti3B4. All other phase equilibria as well
s thermodynamic properties used for the present optimisation were the same
s selected by [15].

Content of B in phases (at.%) Comment/Reference

�1 �2 �3

20 ∼3b ∼40b Experiment [28]

19 ± 2 ∼2 ∼49 Experiment [22]
12 – – Experiment [27,29,30]
15 – – Experiment [this work]
15.1 0.5 50.0 Assessment [12]
15.1 2.0 48.8 This assessment

38.5b ∼50b ∼40b Experiment [28]

∼0.9b ∼50 ∼40 Experiment [22]
0.3 50.0 40.0 Assessment [12]
1.9 49.0 40.0 This assessment

50 50 – Experiment [28]
∼50 ∼50 – Experiment [22]

49.9 49.9 – This assessment

∼53b ∼50b ∼57b Experiment [28]
54 ∼51b ∼57.5b Experiment [22]
58.2 50.0 57.1 Assessment [12]

51.4 49.9 54.5 This assessment

51.4 57.1 54.5 This assessment

55.5b ∼64b ∼57b Experiment [28]
57.3b ∼61b ∼58b Experiment [22]
58.2 70.0 57.1 Assessment [12]
52.7 61.0 57.1 This assessment

– – – Experiment [36]
57.1 65.9 60.0 This assessment

66.6 66.6 – Experiment [28]
66 66 – Experiment [22]
66.7 66.7 – Assessment [12]
65.9 65.9 – This assessment

∼91b ∼74b ∼97.5b Experiment [28]
∼98 ∼70b ∼99.5b Experiment [22]
95.8 70.0 100 Assessment [12]
95.4 70.3 99.5 This assessment
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.3. Crystal structure

The crystal structures of the phases in the binary B–Nb and B–Ti systems
nd the models used for the description of these phases are summarized in
able 2. Nb and �-Ti, diborides NbB2 and TiB2 as well as borides Nb3B4 and
i3B4 are isostructural phases, respectively. Due to this all isostructural phases
ere modelled using analogous models (see Sections 2.4 and 2.5). This allows

imple integration of these models in a thermodynamic description of higher
rder systems.

. Optimisation
The parameters of the thermodynamic models that were
valuated in the present work are the interaction parameters
f all individual phases in the B–Nb and B–Ti systems. The
odel parameters were evaluated by searching for the best

u
l
b
t

able 6
nvariant reactions in the B–Ti systema

eaction between phases �1/�2/�3 Type T (K)

cc + TiB ↔ hcp Peritectoid 1159 ± 4

1158
1156
1156

+ TiB2 ↔ TiB Peritectic 2463 ± 20

+ TiB2 ↔ Ti3B4 Peritectic 2293
2473 ± 25
2477
2414

+ Ti3B4 ↔ TiB Peritectic 2333
2174 ± 50
–
2273
2393
2453
2453
2390

↔ TiB2 Congruent >3153
3498 ± 25
3123 ± 50
3173 ± 70
3063 ± 30
3193
3498
3498 ± 25
3498
3476

↔ TiB2 + (�-B) Eutectic 2353 ± 20
2353 ± 20
2330
2334

↔ bcc + TiB Eutectic 1813 ± 10
1803 ± 10
∼1943
1777
1813 ± 10
1805
1781

a The data printed in bold letters are those used for the optimisation.
nd Compounds 448 (2008) 185–194

t to the experimental phase equilibrium data and thermody-
amic data using the PARROT optimiser of the Thermo-Calc
oftware [20]. The PARROT can handle various kinds of exper-
mental data minimizing an error sum where each of the
elected experimental values is given a certain weight. The
eight is chosen by personal judgement and changed by trial

nd error during the work until most of the selected experi-
ental data were reproduced within the expected uncertainly

imits.
The optimisation in both systems started with those borides,

or which the data on the heat capacity or enthalpy changes

pon heating were available. Thus, the values of the parameters
abelled c, d, e and f (see Eq. (5)) for the borides were derived by
est fitting of these experimental values setting the weight equal
o zero for all other experimental phase equilibria and thermody-

Content of B in phases (at.%) Comment/reference

�1 �2 �3

<0.2 – – Experiment [53]
<1.7 ∼0.1 Experiment [70]
– – – Experiment [this work]
0.05 48.3 0.09 Assessment [15]
0.01 48.9 0.03 This assessment

– – – Experiment [22]

– – – Experiment [51]
42 ± 3 ∼65.5 58.1 Assessment [13]
41.9 65.0 57.1 Assessment [15]
31.7 65.9 57.1 This assessment

– – – Experiment [70]
– – – Experiment [52]
– – 49.3 Experiment [49]
– 57.14 – Experiment [51]
– – – Experiment [this work]
∼39 58.1 50.0 Assessment [13]
41.3 57.1 50.0 Assessment [15]
30.9 57.1 49.7 This assessment

– 67 – Experiment [51]
– 66.3 – Experiment [22]
– – – Experiment [67]
– – – Experiment [68]
– – – Experiment [66]
– – – Experiment [52,69]
– – – Experiment [65]
66.7 66.7 –– Assessment [13]
66.7 66.7 – Assessment [15]
66.7 66.7 – This assessment

>98 – – Experiment [22]
∼98 ∼66.7 ∼100 Assessment [13]
97.5 67.6 100 Assessment [15]
98.5 66.8 100 This assessment

7 ± 1 – – Experiment [22]
>1 – – Experiment [51]
– – – Experiment [53]
– – – Experiment [this work]
7 ± 1 <1 ∼50 Assessment [13]
7.5 0.8 48.3 Assessment [15]
7.3 0.5 49.0 This assessment
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parameters presented in Table 4 are compared with experimen-
tal data for the B–Ti system as shown in Figs. 6–8. It can be
seen that the calculated heat capacity of the diboride TiB2 (see
Fig. 6) is well compatible with experimental results. It should
ig. 2. Enthalpy change upon heating of niobium borides: points are experimen-
al data of [38–40] and lines result from the present thermodynamic description.

amic data. The obtained parameters were used as initial values
n the further steps of optimisation.

The optimisation of the B–Nb phase diagram was continued
n two steps. Firstly, the monoboride and the diboride of Nb were
reated as stoichiometric compounds; in the second treatment
hey were treated by two-sublattice model, which are given in
ections 2.4 and 3.3. The parameters obtained from the previous

reatments were used as starting values for the following action.
In the B–Ti system the parameters obtained in prior descrip-

ion by Ma et al. [15], exempting those for the monoboride and
iboride of Ti, were used as starting values.

. Results and discussion

The excess Gibbs energy coefficients for the phases of the
–Nb and B–Ti systems are summarised in Tables 3 and 4,

espectively. The evaluated sets of the parameters were used
o calculate phase diagrams and thermodynamic properties of
he phases of these binary systems using the computer program
hermo-Calc [20].

.1. The binary system B–Nb

Comparison between calculated and experimental values
38–40,54] for enthalpy change upon heating and heat capacity
re shown in Figs. 2 and 3, respectively. Obviously, the agree-
ent is excellent. Fig. 4 illustrates the composition dependency

f the standard enthalpy of formation of solid phases at 298 K as
ell as the enthalpy of mixing for the liquid phase at 3500 K, as

alculated with the optimised thermodynamic dataset. Here the
xperimental data, for the exception of the diboride, are scarce.
he calculated curve for the standard enthalpy of formation of
olid phases matches well with the data of [41,42,44].

A comparison between the calculated B–Nb phase diagram

nd experimental phase diagram data is illustrated in Fig. 5. It
an be seen that the present description reproduces the invariant
quilibria and the experimental data of [27,29,30,32,35,37], as
ell as the data on isothermal melting and incipient melting by

F
l
b
t
d

ig. 3. Heat capacity of niobium borides: points are experimental data of [39,54]
nd lines result from the present thermodynamic description.

TA from [22], quite well. It should be mentioned that the tem-
eratures at which the sample collapsed do not relate to liquidus
emperatures (see also B–Ti [12,22] and B–Hf [55] systems).
able 5 summarises the invariant reactions in the B–Nb system,
oth calculated and experimentally determined.

.2. The binary system B–Ti

The thermodynamic functions calculated according to the
ig. 4. Enthalpy of formation of the liquid phase at 3500 K (reference state is
iquid components; dashed line) and of solid phases at 298 K (reference state is
cc-Nb and �-B; solid line) in the binary system B–Nb: points are experimen-
al data for borides [41–47] and lines result from the present thermodynamic
escription. The data of Refs. [43,45–47] were not used for the optimisation.
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Fig. 5. Phase diagram of the system B–Nb: points are experimental data of
[
t

b
t
f
a

a
F
e

s

F
u
[
w

Fig. 7. Enthalpy of formation of the liquid phase at 3500 K (dashed line) and of
solid phases at 298 K (solid line) in the binary system B–Ti: points are experi-
m
d
o

p
p
p
e

t
g

22,27,29,30,32,35,37] and lines result from the present thermodynamic descrip-
ion.

e underlined that the estimated values of the heat capacity for
he TiB monoboride that were based on analogy to monoborides
rom other B–M systems by [56] (marked as triangles in Fig. 6)
re unreliable and were not used in the optimisation.

The calculated standard enthalpy of formation of solid phases
t 298 K (see Fig. 7) and the calculated entropy at 298 K (see
ig. 8) as function of composition reproduce the majority of the

xperimental data available.

The comparison of the calculated phase diagram of the B–Ti
ystem with experimental data is shown in Fig. 9. Obviously, the

ig. 6. Heat capacity of borides in the Ti–B system: lines are calculated data
sing the present thermodynamic description; circles are experimental data of
57] for the TiB2; triangles are estimated data of [56] for the TiB (these data
ere not used in the optimisation).

t
t
t
(

F
a
t

ental data for borides [58–64] and lines result from the present thermodynamic
escription. Data for the diboride of Refs. [58,61,62,64] were not used in the
ptimisation.

resent description fits well to the experimental results of the
resent work, as well as to the data from [22,50,51,53]. Com-
arison of the calculated invariant reactions in the system with
xperimental data is listed in Table 6.

Finally, the calculation of the metastable invariant reac-
ion L + TiB2 ↔ TiB performed using the present description
ave the temperature 2400 K and composition of liquid equal
o Ti–31.0 at.% B. It is highly probably that just this reac-

ion temperature was determined in some works rather than a
emperature for the reactions with the participation of Ti3B4
L + Ti3B4 ↔ TiB or L + TiB2 ↔ Ti3B4) as was claimed.

ig. 8. Entropy at 298 K for the solid phases of the binary system B–Ti: points
re evaluated data using the second and third thermodynamic law [56,60,62] and
he line results from the present thermodynamic description.
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ig. 9. Phase diagram of the system B–Ti: points are experimental data of
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. Summary and conclusions

In the present work, the thermodynamic descriptions of the
inary systems B–Nb and B–Ti have been elaborated, involving:

Critical assessment of phase equilibria in the system B–Nb.
Key experiments for the determination of the temperature
of the invariant reactions L ↔ bcc + NbB, L ↔ bcc + TiB,
L + Ti3B4 ↔ TiB and L + TiB2 ↔ Ti3B4.
Thermodynamic descriptions of the B–Nb and B–Ti systems
based on critically assessed experimental values for phase
equilibria and thermodynamic data.
Thermodynamic equilibrium calculations of thermodynamic
properties and phase diagrams in comparison to experimental
data from various sources.

The proposed thermodynamic descriptions for the B–Nb and
–Ti systems match well to experimentally determined phase
quilibria and selected thermodynamic properties. The advan-
ages of these descriptions relates to their good integration into
igh-order systems Al–B–Ti and B–Nb–Ti, which will be dis-
ussed in the next parts of this work.
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