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Abstract

Aiming to obtain a reliable description of the quaternary Al-B-Nb-Ti system, the thermodynamic descriptions of the constituent binary
systems B—Nb and B-Ti are revised by modelling of the Gibbs energies of all individual phases using the CALPHAD approach and recent
SGTE descriptions of the Gibbs energies of phases for pure elements. The model parameters have been evaluated taking into account the data on
thermodynamic properties and phase equilibria reported in recent publications and obtained by own key measurements. The phase diagrams and
the thermodynamic properties calculated with the evaluated parameters are in good agreement with the corresponding experimental data, and the
thermodynamic descriptions of the systems become more suitable for high-order systems.
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1. Introduction

The development of a reliable thermodynamic description
of the AI-B-Nb-Ti system is of both scientific and practical
importance: alloys of this system with composition (in at.%)
Ti—(43-48) Al-(5-10) Nb—(0.1-1.0) B, known as niobium rich
gamma-TiAl alloys, have attracted attention due to their good
mechanical properties, low density and good oxidation resis-
tance at elevated temperatures [ 1-4]. The addition of boron is of
specific interest: it is well known that the boron alloying above
0.2 at.% lead to grain refinement of cast materials [2,5,6], how-
ever a detailed understanding of the refinement mechanism is
still lacking, though several theories have been published [7,8].
Moreover, additions of boron, starting from few hundreds ppm,
have been reported to refine and stabilize the lamellar structure
in TiAl alloys [9], though the exact mechanism by which this is
accomplished is not yet clear [10,11].

A reliable thermodynamic description of the quaternary sys-
tem providing quantitative information about phase equilibria
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and thermodynamic properties of the multicomponent alloys is
mandatory for further contributions into the problem of grain
refinement and modelling of the microstructure evolution during
solidification and solid state transformations.

When attempting to perform the CALPHAD modelling of the
ternary Al-B—Ti and B-Nb-Ti systems based on several recent
descriptions of the constituent binary B-Ti system [12—15], we
observed that none of the above quoted thermodynamic descrip-
tions of B-Ti succeeded to reproduce experimental data related
to different phase equilibria with the bcc-phase based on 3-Ti,
the liquid and borides TiB, TizB4 and TiB; in the ternary sys-
tems. Concerning the thermodynamic description of the B-Nb
system performed by Kaufman et al. [12] in 1984, it implied
outdated phase stability data, which are incompatible with lat-
est results. Moreover, the compound solution phases NbB and
NbB;, were modelled as stoichiometric compounds. Therefore,
we performed few key experiments and re-examined the thermo-
dynamic description of the B-Ti and B-Nb systems, taking into
account more experimental data on phase equilibria, thermody-
namic properties and SGTE descriptions of the Gibbs energy of
phases for pure elements [16]. In the present article, part 1 we
report the results on the binary B-Ti and B-Nb phase diagrams
and the systems of higher order will be discussed in next parts.
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2. Thermodynamic models
2.1. Pure elements

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

06 - HS"R — A4+ BT+ CTInT + DT? + ET™' + FT3
+ 1T +JT7°, 4))

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

2.2. Liquid phase and (B-B) solid solution

The liquid phase and the (3-B) solid solution phase in the
binary B-Nb and B-Ti systems are modelled by the substitu-
tional solution model. In the frame of this model the molar Gibbs
energy (Gﬁ) of the phase ¢ in the B-M (M =Nb, Ti) system is
expressed as

G3(T, x) = x5 GH(T) + xm° G (T)
+ RT(xg Inxg + xy Inxy) + 2 Gy, @)

where R is the gas constant, T the temperature, x; the mole frac-
tion of component i (i = B, Ti or Nb) and OG?’ is the molar Gibbs
energy of the pure component i in phase ¢. In Eq. (2) the sum-
mation of the first two terms on the right-hand side represents
the reference part of the Gibbs energy. The next term is the ideal
mixing part of the Gibbs energy and the last term ("SG%’M) repre-
sents the excess Gibbs energy being described by Redlich—Kister
polynomials [17]:

n
XSGEM = XBXMZ”LdB),M(XB —xm)", 3)
v=0

where "Lg M are the interaction parameters in the B-M system

for the phaée ¢. Generally, the temperature dependence of these
parameters may be expressed similar to the conventional Gibbs
energy function (see Eq. (1)), but in the present work maximum
two terms were applied:

VL —a, + by T, 4)

where a and b are parameters to be determined during the opti-
misation procedure.

2.3. Metal solid solution phases (bcc-Nb), (bee-Ti) and
(hep-Ti)

Analogous to the binary system B—Ti [15], the solution phases
(bce-Nb), (bee-Ti) and (hep-Ti) were described with the two-
sublattice model developed by Hillert and Staffansson [18],

considering solid solubility of B in the metal phases as intersti-
tial. The two sublattices being expressed by the general formula
(M);(B,Va%),. Here Va denotes the amount of vacancies and
% designates the major component in the related sublattice. The
subscript a is the number of interstitial sites per metal (M) atom,
which is equal to 3 for (bcc-Ti) and (bcc-Nb) and 0.5 for (hep-
Ti). In detail the equation for molar Gibbs energy for this model
is given elsewhere [15,19-21].

2.4. Boride solution phases NbB, TiB, NbB> and TiB;

For the description of the molar Gibbs energy of mono-
borides and diborides the two-sublattice models (M);(B%,M);
and (B,M%)(B%,M), are adapted from the description of B-Ti
system [15], respectively, where M denotes Nb or Ti and %
designates the major component in the related sublattice.

2.5. Boride stoichiometric phases Nb3B2, NbsBg, Nb3By,
Nb>B;3 and TizBy

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

GMBI(T) — i HyER (298.15K) — j H3ER (298.15K)
= %GY(T) + °GB(T) + aMPBi + PMBIT 4 MBITIn T
+dMiBjT2 +eMiBjT—l _I_fMiBjT?) +..., (5)

where the OGg(T) and OGI(&[(T) represents the molar Gibbs
energy of (B-B), Nb (bcc) or Ti (hep), respectively, and a, b,
c, ... are optimisation parameters.

3. Experimental and assessed data used for modelling

3.1. The binary system B-Nb

The most complete and reliable phase diagram for the binary B-Nb system
constructed on the basis of accurate experimental investigations is the diagram
published in [22]. This phase diagram was adopted by Rogl [23,24] for con-
structing ternary systems. In well-known handbooks [25] and [26] the phase
diagram 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.%
B, and the work of [28] is less reliable and precise due to contaminated samples,
as shown in more recent publications [22,23,27, etc.]. Therefore, in the present
work we have used the phase diagram of [22], as it was selected also in the
monographs [23,24]. Minor modifications have been introduced to account for
experimental data on the solubility of B in Nb, on the recently identified borides
NbsBg and Nby B3 as well as on the co-ordinates of the (Nb) + NbB eutectic, as
described below.

The solubility of B in Nb was measured by Zakharov and Pshokin [27,29,30]
at several temperatures. These data, reproduced in Table 1, somewhat differ from
source to source, nevertheless both these series were used in the present opti-
misation. In the same papers the co-ordinates of the invariant eutectic point
for the reaction L — (Nb) + NbB were found to be 1.6 wt.% B (12 at.%) and
2443 £20K. The given temperature corresponds well to the value of [22]
(2438 £ 13 K) if taking into account the difference between the International
Practical Temperature Scales IPTS-48 and IPTS-68, but it deviates strongly
from ~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]
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Table 1
Solubility of B in solid Nb
T (K) Solubility Reference
wt.% B at.% B
. 0.35 2.9 [27]
2443 £ 20 (melting) 023 19 [29.30]
0.26 2.2 [27]
2223 0.16 1.4 [29,30]
0.15 1.3 [27]
1873 0.09 0.8 [29,30]
1473 0.05 0.4 [27]
0.03 0.3 [29,30]

(20at.% B). Recently, Borges et al. [31] as well as Borysov et al. [32] have
performed microstructure investigations of B-Nb alloys and reported the com-
position of the eutectic to be 16 and 15at.% B, respectively. Borysov et al.
reported the eutectic temperature to be 2463 &= 13 K [32], based on pyrometric
measurements. For this key experiment in [32] the Nb-B alloys were prepared
by arc melting with a non-consumable tungsten electrode on a water-cooled cop-
per hearth under purified argon. The initial materials were bar Nb (99.8 wt.%
Nb) and amorphous boron. The original B powder contained 5.3% O, 0.55% H,
<0.005% N, 1071% Cu, <1072% Fe and <1072% Si (in wt.%) and therefore
it was previously melted alone in an arc furnace for purification followed by
crushing to small pieces. The purification was quite effective so that oxygen
content was 0.06 wt.% in the alloy Nb—14 at.% B, and N and H contents were
lower of threshold of sensitivity about 10~3 wt.%. The composition of the alloy
was checked by wet chemical analysis. The pyrometer EOP-66 was calibrated in
the Ukrainian National Metrological Laboratory and the technique was similar
to [22].

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

In the phase diagram of [22] the NbsBg boride is absent, though it was
found to be easily obtained by arc melting [33]. Thus, it is highly probable that
this boride occurs through a peritectic reaction of liquid and Nb3By, further
participating in formation of the eutectic with NbB according to the reaction
L <> NbB + NbsBg. Such sequence of equilibria is common also to the analogous
B-V system [34]. It seems to be quite probable that the borides Nbs Bg and Nb3 B4
are stoichiometric, though in the phase diagram of [22] the boride Nb3 B4 has a
considerable homogeneity ranges, based on phase constituents determined for
an alloy annealed at 2973 K. These data could be untrustworthy, taking proper
account of difficulties of accurate composition control in the high-temperature
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Fig. 1. The DTA curves upon heating and cooling with rate 20 Kmin~! using
yttria crucible of the binary as-cast Ti-7.0at.% B (a) and annealed at 2373 K
Ti-55 at.% B (b) alloys.

region and the fact that in [22] the problem of identification of NbsBg was not
solved.

There is no doubt that the NbB, boride has a rather large homogeneity
range. According to [22] this range extends from ~61 up to ~70at.% B with
the congruent melting point at the composition Nb3sBgs. Recently, Nunes et
al. [35] have evaluated the homogeneity range of the NbB,-phase by detailed
microstructural characterisation of as-cast, as-cast+ annealed and solid state

Table 2

Crystal structure data for the B-Nb and B-Ti solid phases [13,15,23-26,48] and their modelling

Phase Prototype Pearson symbol Space group Structurbericht designation Model applied

Nb (bce-Nb), B-Ti (bee-Ti) w cl2 Im3m A2 [M);: (B,Va%)3]*
o-Ti (hep-Ti) Mg hP2 P63/mmc A3 [(Ti);: (B,Va%)os]
8-B B-B hR108 R3m - [B%,M]

Nb3B, Us3Sin P10 P4/mbm D5, [(Nb)3: (B)2]

NbB CrB oC8 Cmcem By [(Nb): (B%,Nb)]
TiB FeB oP8 Pnma B27 [(Ti);: (B%,Ti)]
NbB,, TiB, AlB; hP3 P6/mmm C32 [(B.M%);: (B%,M),]
Nb5B() V5B6 0C22 Cmmm - [(Nb)5: (B)(,]
Nb3By, Ti3By Ta3By o/14 Immm D7y, [(M)3: (B)4]
Nb,B3 V3B3 0C20 Cmcem - [(Nb)2: (B)3]

2 M denotes Nb or Ti.
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Table 3
Summary of thermodynamic parameters for the phases in the binary system B-Nb

Phase Parameters (J mol~!)
Liquid OL5% = —182227 +5.0027; ' L%, = 13667 — 27.617T; *Li%, = 8815
B-B 0GE, — HYR = 10000 + *GHIR; OLY |\ = —150535
bee A2 (Nb) OGRS — Hpt — 3H3™R = OGHYGR + 3°GHECC — 321703 + 125.621T; OGRS, — Hypt = "G HYER; OLECS, |, = —167421
NbB OGRNPB, — 2HSER = 75000 + 2°G HSER; OGNPE, — HSER — HIER =

OGHSER + 0GHSER — 157380 — 21.8 T+ 3.3817 In(T) — 1.953 x 10472
Nb3B, OGRNoE2 — 2HSER — 3HYTR = 20G HZPR 4 30G HER — 372301 — 53.233T + 11.662T In(T) — 2.276 x 10772
NbsBs OGRDsBs — 6HSER — SHIER = 6°G HZER + 50G HIER — 886400 — 87.40T + 13.75T In(T) + 8.756 x 107472
Nb3B;4 OGRD3Bs — 4 HSER — 3HSER — 40G HSER 430G HIER — 571700 — 35.515T + 5.807T In(T) + 1.671 x 107372
Nb,B3 OGRDaBs — 3pSER — o HSER = 30G HSER + 20G HIER — 412500 — 39.85T + 6.25T In(T) + 3.98 x 107472
NbB» OGRSB: — 3HSER = 89628 + 3°G HSER; OGNIB2 — 3HIER = 75000 + 3°G H3ER; OGRPB2 — 2 HSER — H3ER =

20G HSR 4 0G HSER — 253125 +25.7T — 3.268T In(T) + 2.746 x 107372 0GNoB2 _ SER _ o pSER —

0 SER 0 SER. Oy NbB, _ 07BoNb
GHB +2 GHNb ’ LB,Nb:B - LNb:B,Nb -

—110590 + 22.0727; 9 LNbBs

Bie = LpNeny = —205000 +25.771T

All values are given in SI units (J, mol, K) and for 1 mol of formula unit.

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

Between Nb3B4 and NbB, there exists one more stoichiometric boride
Nb,B3 that was synthesised in Cu melt at 1973 K [36]. It is unknown yet up
to what temperature this boride is stable. Thus, the authors of [33] have reported
that in as-cast alloys with composition Nb—60 at.% B this boride was not found.
This may indicate that NbyB3 forms according to peritectoid reaction from
Nb3By4 and NbB;.

Crespo et al. [37] found a small increase of unit cell volume by 3.2 x 106 pm?
for the B-B-based phase saturated by Nb at 2223 K for 24 h and explained this
fact by dissolving of ~0.1 at.% Nb.

Concerning the thermodynamic properties of B-Nb alloys, the majority of
experimental investigations deal with determination of the enthalpy change of
different borides upon heating [38,39]. Using these data the heat capacity of
Nb3B,, NbsBy4, NbB g9 and NbB 95 borides were evaluated as a function of
temperature [39,40].

Numerous publications on the standard enthalpy of formation of non-
stoichiometric diboride NbB; can be found [41-47]. The data of [41,42,44]
agree well with one another, while the values reported in the other articles are
less negative and scatter strongly. Due to this, in the present optimisation the data
of [41,42,44] were used with twice as high confidence factor than the others.

Table 4
Summary of thermodynamic parameters for the phases in the binary system B-Ti

3.2. The binary system B-Ti

Thermodynamic descriptions of the B-Ti system have been reported ear-
lier by Kaufman et al. [12], Murray et al. [13], Bétzner [14] and Ma et al.
[15]. The assessments of [12] and [13] have incorporated old Gibbs energy data
for pure elements and are no longer useful in combination with new reference
data for pure elements from Dinsdale [16] used for the higher order systems.
The description of Bétzner [14] treated the compound solution phases TiB and
TiB, as stoichiometric compounds, though homogeneity ranges 49-50 at.%
B [51] and 65.2-67.6 at.% B [22,49] were experimentally observed for TiB
and TiB,, respectively. In the most recent thermodynamic description of Ma
et al. [15], which is based on the same experimental data as [13], these sol-
ubility ranges were modelled using the two-sublattice model. Unfortunately,
the composition and the temperature ranges of two-phase equilibria between
liquid, 3-Ti and boride phases are modelled such that the majority of recent
experimental data in the ternary Al-B-Ti system [50] could not be well
reproduced.

Firstly, to prove the composition and temperature of the eutectic in the Ti-
rich corner, few DTA-experiments with alloys containing 7.0, 55 and 61 at.% B
were performed in the present work as to complement earlier measurements of
two other binary alloys, i.e. Ti-5 at.% B and Ti—7.5 at.% B [32,50]. The alloys
were prepared by arc melting from iodide titanium (99.9 wt.% Ti) and amor-

Phase Parameters (J mol~!)
Liquid OL5a = —240892 + 13.5107: 'Ly, = —33241 — 21.8677: *Lyy'%, = 42976 + 3.875T: L%, = 38759;
B-B 0GE — HYR = 10000 + G HYR
bee_A2 (B-Ti) OGRS — HEFR — 3HFER = 0GHPCC + 3°G HECC — 239999; OGBEG — HEFR = OGHECC; OLBCE = —14723
hep_A3 (a-Ti) OGHS — HYFR — 0.5HSPR = "G H +0.50GHZ™R — 56229; OGRS — HYPR = G HEFR; OLESE, = 9115;
TiB OGTIB. — 2HSER = 40000 4 2°G HyFR; °GTiB — HEFR — HYFR =

OGHFFR + OGHPR — 165000 — 67.317T 4 9.5T In(T) — 5.0 x 10~*7%; OLTE, .. = —37503 + 29.790T;
Ti3B4 0GTBs — 4 SER — 3SR = 40G HSER 4 30G HFR — 660000 — 1622417 + 25.07 In(T) — 2.0 x 10772
TiB, 0GTB2 — 3HSER = 189628 + 3°G HSER; 0GET — 3HSER = 18000 + 30G HSER; OGTIB; — o SER — p3ER —

2OGH]§ER +OGHSER _ 329000 + 1.865T + 1.2547T In(T) + 3.131 x 10372 — 4.105 x 10~7T3; 0GBy — HSER 2SR =
OGHFR +20GH; O R, = OL TR = —91514 +46.777T; OL TR, = OLB2li. = —18500 + 53.211T

B, Ti:Ti —

Ti:B,Ti —

All values are given in SI units (J, mol, K) and for 1 mol of formula unit.
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phous boron. Oxygen content was about 0.1 wt.%, and N and H contents were
lower than the threshold of sensitivity, e.g. about 10~ wt.% for the Ti-7.0 at.%
B alloy. Alloy composition was checked by wet chemical analysis for B. The
DTA apparatus was calibrated using secondary reference points of IPTS-90
together with high purity Fe and (Mo) + Mo, C eutectic. It showed reproducibil-
ity of all transformation temperatures to be not worse than ~1%. The DTA
curve obtained for the Ti—7.0 at.% B alloy upon heating and cooling in an yttria
crucible is shown in Fig. la. Temperatures of transformation were assumed
to correspond to the onset temperature of departure from the DTA base-line.
The results of this experiment as well as those obtained for other Ti-B sam-
ples [32,50] showed that the composition and the temperature of the eutectic
is 7.0-7.5 at.% B and 1777 K, respectively. Thus, the composition of the eutec-
tic well agrees with the data of [13,22], but the temperature of the eutectic
reaction is 36 K lower than measured by Rudy [22] and assessed by Murray
etal. [13].

Secondly, it was necessary to check the temperature of the peritectic reac-
tions L+ TizB4 <> TiB and L+ TiB; <> Ti3By4, because available literature data
are contradictory: in the assessments [13—15] these reactions were assigned
2453 and 2473 K, respectively, being close to Rudy [22] who reported the
reaction L+ TiB; <> TiB at 2463 +20 K. In the publications [51,52] the reac-

tion L+ TizBy4 <> TiB is assigned a temperature of 2273 50K and in [53] of
~2333 K. To verify temperatures of these reactions few key experiments with
binary Ti-55 at.% B and Ti—61 at.% alloys B were performed by XRD and ther-
mal analysis in the frame of this work. The samples were prepared by arc melting
using the same materials and procedures as described above. Oxygen content
was about 0.02 wt.%. Nitrogen and hydrogen contents as in previous cases were
lower than the threshold of sensitivity. One piece of each alloy was annealed for
1hin argon gettered by Ta at 2373 K. The XRD analyses (a DRON-3M diffrac-
tometer used Cu Ka filtered radiation) of the as-cast as well as the annealed
samples show that they contained all the three borides (TiB, TizB4 and TiB,)
and that the performed annealing increased the Ti3B4 content. As an example
the DTA curves obtained upon heating and cooling for the annealed Ti—55 at.%
B sample are shown in Fig. 1b. The DTA shows the initial melting temperature to
be 2393 K, while the pyrometric Pirani—Altertum method gave 2428 £ 25 K that
is close to the value reported by Rudy [22]. The DTA temperature is hereafter
treated as relating to the reaction L + TizB4 <> TiB, and the pyrometric tempera-
ture seems to be rather overestimated owing to small quantity of liquid and to be
close to the next reaction L+ TiB, <> Ti3By4. All other phase equilibria as well
as thermodynamic properties used for the present optimisation were the same
as selected by [15].

Table 5
Invariant reactions in the B-Nb system®
Reaction between phases ¢1/da/db3 Type T (K) Content of B in phases (at.%) Comment/Reference
é1 ) b3
L <> bce+Nbs By Eutectic ~1873 20 ~3b ~40P Experiment [28]
L <> bcc+NbB Eutectic 2441 £+ 12°¢ 19+2 ~2 ~49 Experiment [22]
2443 +20 12 - - Experiment [27,29,30]
2463 +£13 15 - - Experiment [this work]
2439 15.1 0.5 50.0 Assessment [12]
2453 15.1 2.0 48.8 This assessment
L+NbB <> Nb3B, Peritectic ~2113b 38.5° ~50P ~40° Experiment [28]
bee +NbB <> Nbs3 B, Peritectoid 2353+ 40 ~(0.9b ~50 ~40 Experiment [22]
2209 0.3 50.0 40.0 Assessment [12]
2350 1.9 49.0 40.0 This assessment
L < NbB Congruent ~2563> 50 50 — Experiment [28]
3194 +13¢ ~50 ~50 - Experiment [22]
3176 49.9 49.9 - This assessment
L <> NbB +Nb3By Eutectic ~3023P ~53b ~50P ~57° Experiment [28]
3137 +17° 54 ~51° ~57.5° Experiment [22]
3044 58.2 50.0 57.1 Assessment [12]
L <> NbB +NbsBg Eutectic 3174.1 51.4 49.9 54.5 This assessment
L+Nb3B4 <> NbsBg Peritectic 3174.2 51.4 57.1 54.5 This assessment
L+NbB; <> Nb3By Peritectic ~2993> 55.5b ~64° ~57° Experiment [28]
2124+ 14 57.3b ~61° ~58P Experiment [22]
3169 58.2 70.0 57.1 Assessment [12]
3186 52.7 61.0 57.1 This assessment
? <> NbyB3 ? >1973 - - - Experiment [36]
Nb3B4 + NbB; <> Nby B3 Peritectoid 2650 57.1 65.9 60.0 This assessment
L <+ NbB, Congruent 3273 66.6 66.6 - Experiment [28]
3313 +18° 66 66 - Experiment [22]
3308 66.7 66.7 - Assessment [12]
3303 65.9 65.9 - This assessment
L <> NbB, +(BB) Eutectic ~2213P ~91° ~74° ~97.5b Experiment [28]
2310 +22°¢ ~98 ~70° ~99.5b Experiment [22]
2234 95.8 70.0 100 Assessment [12]
2285 95.4 70.3 99.5 This assessment

4 The data printed in bold letters are those used for the optimisation.
b Taken from Figure.
¢ Corrected for differences between IPTS-48 and IPTS-90.
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3.3. Crystal structure

The crystal structures of the phases in the binary B-Nb and B-Ti systems
and the models used for the description of these phases are summarized in
Table 2. Nb and B-Ti, diborides NbB, and TiB; as well as borides NbzB4 and
Ti3 B4 are isostructural phases, respectively. Due to this all isostructural phases
were modelled using analogous models (see Sections 2.4 and 2.5). This allows
simple integration of these models in a thermodynamic description of higher
order systems.

4. Optimisation

The parameters of the thermodynamic models that were
evaluated in the present work are the interaction parameters
of all individual phases in the B-Nb and B-Ti systems. The
model parameters were evaluated by searching for the best

fit to the experimental phase equilibrium data and thermody-
namic data using the PARROT optimiser of the Thermo-Calc
software [20]. The PARROT can handle various kinds of exper-
imental data minimizing an error sum where each of the
selected experimental values is given a certain weight. The
weight is chosen by personal judgement and changed by trial
and error during the work until most of the selected experi-
mental data were reproduced within the expected uncertainly
limits.

The optimisation in both systems started with those borides,
for which the data on the heat capacity or enthalpy changes
upon heating were available. Thus, the values of the parameters
labelled c, d, e and f (see Eq. (5)) for the borides were derived by
best fitting of these experimental values setting the weight equal
to zero for all other experimental phase equilibria and thermody-

Table 6

Invariant reactions in the B-Ti system®

Reaction between phases ¢1/dba/d3 Type T (K) Content of B in phases (at.%) Comment/reference

b b2 b3
bce + TiB < hep Peritectoid 1159+4 <0.2 - - Experiment [53]
<1.7 ~0.1 Experiment [70]

1158 - - - Experiment [this work]
1156 0.05 48.3 0.09 Assessment [15]
1156 0.01 48.9 0.03 This assessment

L+TiB, < TiB Peritectic 2463 £20 - - - Experiment [22]

L+TiB, <> TizBy Peritectic 2293 - - - Experiment [51]
2473 £25 42+3 ~65.5 58.1 Assessment [13]
2477 41.9 65.0 57.1 Assessment [15]
2414 31.7 65.9 57.1 This assessment

L+Tiz;B4 <> TiB Peritectic 2333 - - - Experiment [70]
2174 £50 - - - Experiment [52]
- - - 49.3 Experiment [49]
2273 - 57.14 - Experiment [51]
2393 - - - Experiment [this work]
2453 ~39 58.1 50.0 Assessment [13]
2453 41.3 57.1 50.0 Assessment [15]
2390 30.9 57.1 49.7 This assessment

L <+ TiB, Congruent >3153 - 67 - Experiment [51]
3498 + 25 - 66.3 - Experiment [22]
3123 +£50 - - - Experiment [67]
3173 +70 - - - Experiment [68]
3063 + 30 - - - Experiment [66]
3193 - - - Experiment [52,69]
3498 - - - Experiment [65]
3498 + 25 66.7 66.7 — Assessment [13]
3498 66.7 66.7 - Assessment [15]
3476 66.7 66.7 - This assessment

L+ TiB; +(B-B) Eutectic 2353 +20 >98 - - Experiment [22]
2353 +20 ~98 ~66.7 ~100 Assessment [13]
2330 97.5 67.6 100 Assessment [15]
2334 98.5 66.8 100 This assessment

L <> bcc+TiB Eutectic 1813 £ 10 7+1 - - Experiment [22]
1803 +10 >1 - - Experiment [51]
~1943 - - - Experiment [53]
1777 - - - Experiment [this work]
1813 £ 10 7+1 <1 ~50 Assessment [13]
1805 7.5 0.8 48.3 Assessment [15]
1781 7.3 0.5 49.0 This assessment

2 The data printed in bold letters are those used for the optimisation.
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1600 2000 2400
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T
1200

Fig. 2. Enthalpy change upon heating of niobium borides: points are experimen-
tal data of [38—40] and lines result from the present thermodynamic description.

namic data. The obtained parameters were used as initial values
in the further steps of optimisation.

The optimisation of the B-Nb phase diagram was continued
in two steps. Firstly, the monoboride and the diboride of Nb were
treated as stoichiometric compounds; in the second treatment
they were treated by two-sublattice model, which are given in
Sections 2.4 and 3.3. The parameters obtained from the previous
treatments were used as starting values for the following action.

In the B-Ti system the parameters obtained in prior descrip-
tion by Ma et al. [15], exempting those for the monoboride and
diboride of Ti, were used as starting values.

5. Results and discussion

The excess Gibbs energy coefficients for the phases of the
B-Nb and B-Ti systems are summarised in Tables 3 and 4,
respectively. The evaluated sets of the parameters were used
to calculate phase diagrams and thermodynamic properties of
the phases of these binary systems using the computer program
Thermo-Calc [20].

5.1. The binary system B—Nb

Comparison between calculated and experimental values
[38-40,54] for enthalpy change upon heating and heat capacity
are shown in Figs. 2 and 3, respectively. Obviously, the agree-
ment is excellent. Fig. 4 illustrates the composition dependency
of the standard enthalpy of formation of solid phases at 298 K as
well as the enthalpy of mixing for the liquid phase at 3500 K, as
calculated with the optimised thermodynamic dataset. Here the
experimental data, for the exception of the diboride, are scarce.
The calculated curve for the standard enthalpy of formation of
solid phases matches well with the data of [41,42,44].

A comparison between the calculated B-Nb phase diagram
and experimental phase diagram data is illustrated in Fig. 5. It
can be seen that the present description reproduces the invariant
equilibria and the experimental data of [27,29,30,32,35,37], as
well as the data on isothermal melting and incipient melting by

35 1 1 | |
A NbB, [39]
m NbsB, [39] NbsB,
O NbBygy [39]
. <O NbB, g [39]
T 30 @ NbB g 54 B
©
1S
-
z 251 -
v
<
Q
©
v
o
3
T 20 -
15

T T T T
500 1000 1500 2000 2500
Temperature (K)

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

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

5.2. The binary system B-Ti

The thermodynamic functions calculated according to the
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 TiB, (see
Fig. 6) is well compatible with experimental results. It should

0 1 1 | | 1 1 1 1 1
® NbB, [41]
104 O NbB,s; [42) 7al
W NbB,g, [43] /
- \ @ NbBg [44]
5 204 O NbByy, [45] / -
£ \ % NbB,  [46,47]
2 301 N / -
c N 4
S 407 N s -
S ~ _ -
£ -s0- -
NS}
G -60- " L
>
a »
B 70+ ° -
S
C
.80+ -
<&
-90 T T T T T T T T T
0 01 02 03 04 05 06 07 08 09 10
Nb B (mole fraction) B

Fig. 4. Enthalpy of formation of the liquid phase at 3500 K (reference state is
liquid components; dashed line) and of solid phases at 298 K (reference state is
bce-Nb and 3-B; solid line) in the binary system B—Nb: points are experimen-
tal data for borides [41-47] and lines result from the present thermodynamic
description. 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
[22,27,29,30,32,35,37] and lines result from the present thermodynamic descrip-
tion.

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

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

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

40

TiB,
O TiB, [57] )

A TiB  [56]

Heat capacity (J mol™ K")

0 1 1 1 1 1
\ /)
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©
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0 0.2 0.4 0.6 0.8 1.0
Ti B (mole fraction) B
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1500

2500

Temperature (K)

3500

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-
mental data for borides [58-64] and lines result from the present thermodynamic
description. Data for the diboride of Refs. [58,61,62,64] were not used in the
optimisation.

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

Finally, the calculation of the metastable invariant reac-
tion L+TiB; <> TiB performed using the present description
gave the temperature 2400 K and composition of liquid equal
to Ti-31.0at.% B. It is highly probably that just this reac-
tion temperature was determined in some works rather than a
temperature for the reactions with the participation of TizB4
(L+Ti3By <> TiB or L+ TiB; <> Ti3By4) as was claimed.

Fig. 6. Heat capacity of borides in the Ti—B system: lines are calculated data
using the present thermodynamic description; circles are experimental data of
[57] for the TiBy; triangles are estimated data of [56] for the TiB (these data
were not used in the optimisation).
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Fig. 8. Entropy at 298 K for the solid phases of the binary system B-Ti: points
are evaluated data using the second and third thermodynamic law [56,60,62] and
the line results from the present thermodynamic description.
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Fig. 9. Phase diagram of the system B-Ti: points are experimental data of
[22,32,50-53,65-69] as well as DTA results of this work and lines result from
the present thermodynamic description.

6. Summary and conclusions

In the present work, the thermodynamic descriptions of the
binary systems B—Nb and B-Ti have been elaborated, involving:

e Critical assessment of phase equilibria in the system B—Nb.

e Key experiments for the determination of the temperature
of the invariant reactions L <>bcc+NbB, L <> bee+TiB,
L+Tiz;B4 <> TiB and L+ TiB, <> TizBg.

e Thermodynamic descriptions of the B-Nb and B-Ti systems
based on critically assessed experimental values for phase
equilibria and thermodynamic data.

e 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
B-Ti systems match well to experimentally determined phase
equilibria and selected thermodynamic properties. The advan-
tages of these descriptions relates to their good integration into
high-order systems Al-B-Ti and B-Nb-Ti, which will be dis-
cussed in the next parts of this work.
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