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A thermodynamic study of phase equilibria in the Nb-Ni-Zr system has been carried out experimentally and using the CALPHAD method.
To enable the thermodynamic description of the constituent binary systems, the results from a previous evaluation were adopted for the Nb-Ni,
Ni-Zr and Nb-Zr systems. However, some modifications of the thermodynamic parameters of the Ni-Zr system were made based on recent
experimental data on the binary and ternary phase equilibria. The phase boundaries involving the liquid phase in the Nb-Ni-Zr ternary system at
the constant 60 mol%Ni and 20 mol%Zr were determined experimentally using differential scanning calorimetry (DSC). The thermodynamic
parameters of the Nb-Ni-Zr ternary system were evaluated by combining the experimental results from DSC with reported phase boundaries of
the isothermal sections at 773 and 1073 K. The calculated results reproduced the DSC results as well as the experimental isothermal sections.
Furthermore, the amorphous-forming ability of Nb-Ni-Zr ternary alloys was evaluated by incorporating the thermodynamic properties from the
phase diagram calculations into the Davies-Uhlmann kinetic formulations. The calculated critical cooling rates in the observed metallic glass
forming compositional range were found to be lower than those in the observed amorphous forming range by one or more orders of
magnitude. [doi:10.2320/matertrans. MB200713]
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1. Introduction

In the Nb-Ni-Zr system, amorphous or glassy alloys form
over a wide composition range,"” and these non-crystalline
alloys are expected to act as membrane materials for
hydrogen purification due to their high hydrogen permeabil-
ity.>¥ Although the amorphous- or glassy-forming ability
(hereafter referred to as “amorphous-forming ability”) is
relevant to the liquidus temperatures, information on the
phase equilibria of this ternary system is limited in the solid
state, such as the isothermal sections at 773 and 1073 K,*©
and the phase equilibria involving the liquid phase is not
clear.

To elucidate the phase equilibria involving the liquid
phase, we have examined the phase boundaries at the 60
mol%Ni and 20 mol%Zr sections using differential scanning
calorimetry (DSC), and a thermodynamic analysis of the Nb-
Ni-Zr ternary system has been carried out by combining the
experimental DSC results with literature data using the
Calculation of Phase Diagrams (CALPHAD) method.”

In addition to the phase diagrams, quantitative information
on the amorphous-forming ability of Nb-Ni-Zr alloys is
useful for understanding their thermal stability and for further
development of these hydrogen permeable membrane mate-
rials. In this study, the amorphous-forming ability has also
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been evaluated in terms of the critical cooling rate for
amorphous formation, by incorporating the thermodynamic
quantities obtained from the phase diagram calculations into
the Davies-Uhlmann kinetic formulations.®

2. Experimental Procedures

The alloys used in the DSC measurements were prepared
from pure Nb (99.9%) and Ni (99.9%) powders and a pure Zr
(99.6%) sponge using the following procedures. Initially, the
Nb-Ni alloys were obtained by arc melting cold-pressed
pellets of Nb-Ni mixed powders in an argon atmosphere, and
then these alloys were melted together with the Zr sponge in
the same way. The arc-melted alloys were remelted in a high-
frequency induction furnace for homogenization. The chemi-
cal compositions of the samples were analysed using in-
ductively coupled plasma (ICP) atomic emission spectrosco-
py Model ICP1000V, Shimadzu Corporation, Kyoto, Japan).
The phase boundaries of the Nb-Ni-Zr ternary system at the
60 mol%Ni and 20 mol%Zr sections were investigated using
DSC (Model EXSTARG6300, Seiko Instruments Inc., Chiba,
Japan). The samples were heated and cooled at a rate of 5 K/
min under flowing argon during the DSC measurements
using an «-Al, O3 reference standard. The peak temperature
values during heating were adopted in our thermodynamic
analysis to avoid any experimental errors caused by super-
cooling. The peak temperatures during heating are shown in
Table 1.

3. Thermodynamic Modelling

The Gibbs energy for the individual phases was described
using the regular solution approximation” or sublattice
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Table 1 The experimental phase boundaries of Nb-Ni-Zr ternary alloys
determined on heating using a DSC.

Alloy compositions Alloy compositions
(mass%) (mol%)

Nb Ni Zr Nb Ni Zr

Peak
temperature (K)

47.1 503 26 364 616 2.0 1452
39.8 503 99 307 615 7.8 1424
60Ni 330 502 168 255 613 132 1400
series 264  49.8 138 204 609 187 1391
127 476 397 99 586 315 1403
6.8 50.1 431 53 61.0 337 1385
422 342 236 350 450 200 1391
362 384 254 295 495 210 1399
320 444 236 253 556 211 1399
20Zr 265 497 238 205 608 187 1384
series 204 551 245 154 658 188 1386
139 604 257 102 705 193 1380 1518
72 664 264 52 755 193 1571

model.'” A description of the Gibbs energy for each phase
appearing in the Nb-Ni-Zr ternary system will be presented in
this section.

The regular solution approximation was applied to the
liquid and primary solid solution phases. The Gibbs energy of
the ¢ phase was described using the following equation:

Ggq = beon]b + xNi"Gﬁi + x7.° G%

+ RT (enp Inxnp + xni Inxni + xz; Inxz;)

+ bexNiLﬁ]b,Ni + beXZrLfIb,Zr + XNiXZrLﬁi,Zr

+ bexNierLgb’Ni’ZT (1
where x; denotes the mole fraction of element i, R is the
universal gas constant, and 7 is temperature in Kelvin. The
term OG? denotes the Gibbs energy of element i in the ¢
phase, and is called the lattice stability parameter. This value

is described as a function of the temperature, 7, by the
formula:

°G} —°H" = A+ BT + CTInT + DT* + ET* + FT’
AT T @

where °H™ denotes the molar enthalpy of the pure element
i in its stable state at 7 = 298K for the lattice stability
parameter. The symbols A to J denote coefficients. The
parameter ij denotes the interaction energy between i and j
in the ¢ phase, and has a compositional dependency using an
nth degree Redlich-Kister polynomial'! as follows:

L =LY, + LY 00 — x) + LY — )
+ o LY — X 3)
where:

"L =a+bT+cTInT+dl*+ . 4)

The term Lﬁ]b,Ni,Zr is the ternary interaction parameter
between Nb, Ni, and Zr. The compositional dependency of
this parameter is expressed as follows:

¢ _ 0r¢ 17é 279
Lyonize = XNo Ly nize T Ni Ly nize + %20 Lo nizee )

The Gibbs energy contribution due to ferromagnetic or-
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dering of the Ni-rich fcc solid solution phase ((y)) was de-
scribed using the equation of Hillert and Jarl'>!® as follows:

Gle = RTA(D)In(B + 1) ©)
where G}, is the Gibbs energy of the magnetic ordering, g is

the average magnetic moment per atom expressed in Bohr
magnetons, and f(7) is a polynomial function of 7. The term t
is defined as T = T /T, where T¢ is the Curie temperature.
The Gibbs energy of compound phases with some
homogeneity range was described using the sublattice model.
For the simple case of a phase with the formula
(A,B),,(C,D),,, where m and n are the numbers of the sites
of Sublattice 1 and Sublattice 2, respectively, the Gibbs
energy per mole of atoms of the compound is given by:

Gn = y/l;yéoGA:c + yll-})’%joGB:C + yLYIZ)OGA:D
+ yby3°Gg.p + mRT(y) Iny} + y§ Inyg)
+ nRT(yg Inyg + yp Inyp) + =G (7

where °Ga.c denotes the Gibbs energy of a hypothetical
compound, A,,C,, in which all the sites in Sublattice 1 are
occupied by Element A, and all the sites in Sublattice 2 are
occupied by Element C. The colon separates the constituent
elements in the sublattice. The site fraction of the elements on
the sth sublattice is denoted by y;. The term *G is the excess
Gibbs energy term containing the interaction energy between
unlike atoms and is expressed by the following equation:
G = ypypyeLasc + YaybypLasp

+ yeypyaLaco + YeypysLeco ®)
where L; ;i (or L;jx) is the interaction parameter between
unlike atoms on the same sublattice, and is described by an
equation similar to eq. (3).

In this analysis, the formulae (Nb,Ni)g5(Nb,Ni)g 75, (Nb,
Ni)o.4615(Nb,Ni)g.5385, (Ni,Zr)o.833(Va,Zr)o.167, (Ni,Zr)o.75-
(Va,Zr)p2s5, and (Ni,Zr)s575(Va,Zr)g4s were adopted for
the compound phases, NbNi3, NbgNiy, NisZr, NizZr, and
Ni,oZr;, respectively, where Va denotes a vacancy.

The remaining phases were treated as being stoichiometric
compounds. For example, the Gibbs energy of the Niy;Zrg
phase was described as follows:

GRZs _ (.725°GY; — 0.275°Gh, = a+bT  (9)

where the terms a and b correspond to the enthalpy and
entropy terms, respectively, and were evaluated in this study.

4. Kinetic Formulations

The amorphous-forming ability of alloys can be charac-
terized in terms of the critical cooling rate to avoid nucleation
and growth of a crystalline phase during continuous cooling
from a supercooled liquid. In this study, we obtained the
critical cooling rate for amorphous formation using the
kinetic formulations derived by Davies'¥ and Uhlmann'> for
the time-temperature-transformation (TTT) curve, based on
Johnson-Mehl-Avrami isothermal transformation kinetics for
steady-state homogeneous nucleation.'® In the Davies-
Uhlmann kinetic formulations, the time, ¢, necessary for the
formation of a crystalline phase of volume fraction, X, is
given by the following equation:
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Table 2 The alloy compositions used in our calculations, along with the
glass transition temperatures, primary crystalline phases controlling
amorphization, and the calculated critical cooling rates of Nb-Ni-Zr
ternary alloys.

Alloy compositions

No. (mol%) T, (K) Phase R. (K/s)
Nb Ni Zr
1 0 80 20 762* Ni;Zr, 3.4 x 10°
2 20 80 0 723* NbNij, 1.1 x 108
3 0 70 30 813* NisZr, 8.7 x 107
4 30 70 0 824* NbNi; 4.2 x 10°
5 0 65 35 83220 NiyZrg 2.1 x 10°
6 10 65 25 860" Niy Zrg 2.0 x 10*
7 15 65 20 865" NiyZrg 1.2 x 10*
8 25 65 10 880" NbNij; 1.7 x 10*
9 0 60 40 809* NijgZr; 1.4 x 10°
10 10 60 30 811" NipZr; 3.1 x 10*
11 20 60 20 839" NbNi; 5.8 x 10%
12 30 60 10 870V NbNis3 5.9 x 107
13 40 60 0 896!  NbNi; 6.1 x 10?
14 15 55 30 7950 NipZr; 7.5 x 10*
15 25 55 20 825" NbgNi; 1.8 x 10°
16 30 55 15 840" NbgNi; 1.9 x 10°
17 0 50 50 7307 NiZr 3.7 x 108
18 10 50 40 770" NiZr 8.6 x 10°
19 20 50 30 795" NiZr 1.3 x 10°
20 30 50 20 820" NbgNi; 1.7 x 10*
21 40 50 10 845* NbgNi; 3.9 x 10*
22 50 50 0 935* NbgNi; 5.3 x 103
* = Estimated values in this study.
937 { apX exp(G*/kT) }1/4 (10)
kKT | f3N, [1 — exp(—Gn/RT)]?

where 7 is the viscosity of the melt, k is the Boltzmann
constant, 7 is the transformation temperature, ay is the mean
atomic diameter, N, is the number of atoms per unit volume,
and R is the universal gas constant. The fraction of sites at the
liquid/crystal interface, where atoms may preferentially be
added and moved, is denoted by f, and is given by the
following expression: '

S=02Tw —T)/Tw (11)

where Ty, is the liquidus temperature. The term Gy, is the
molar free energy driving force for the liquid to crystallize,
and G* is the free energy barrier for nucleation of a spherical
nucleus.

To calculate eq. (10), it is necessary to derive the
quantities 7, Gy, and G*.

The viscosity of the supercooled liquid between the glass
transition temperature, T,, and 7, was estimated using the
Doolittle expression, based on the relative free volume, fr,

given by the expression:!”
n = Aexp(B/fr) (12)
where:
Jr = Cexp(—Ep/RT). (13)

The terms A, B, and C are constants, and Ey is the hole
formation energy. Experimental data are often unavailable,
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and in this work, Ey was calculated using the linear
relationship between Ey and T, based on a previous study
of Ramachandrarao et al.'” In addition, Ramachandrarao et
al. have also shown that fr ~ 0.03 and B ~ 1 at T,. Then,
assuming that fr =0.03 and 5 = 10"?Pass at T,, and
assigning a value of B = 1, the other constants, A and C in
egs. (12) and (13), can be evaluated. Thus, if T, data are
available, the viscosity of the supercooled liquid can be
evaluated. The glass transition temperatures used for the
evaluation of the viscosity of the binary and ternary alloys are
shown in Table 2, which were estimated using the following
procedure.

The experimental glass transition temperatures have been
reported for Nb-Ni alloys by Jiang and Baram
(Nbs76Nig 4)'® and Zhang and Inoue (NbyoNigo),'” and for
the Ni-Zr alloys by Zielinski er al. (Nijgo_Zr(x =
34-72)),2Y Buschow (Nijgo_ Zr(x = 33-77)),>" and Myung
et al. (NispZrsp).?? In this study, the glass transition temper-
atures for Nb-Ni and Ni-Zr alloys were calculated using the
following equations obtained by fitting the experimental

values to the Redlich-Kister polynomial, similar to
eq. (3).11,23)
TN = 688xnp + 432xi + 15000y (14)
T % = 432xi + 53247, + Xnidze
x {1140 4 1330(xni — xz0)}- (15)

In the above equations, the glass transition temperatures for
the pure metals, Nb, Ni, and Zr were taken as 688, 432, and
532K, respectively, using Ty = 0.25T,.'823-29 There were
variations in the experimental 7, values used for the fit, and
the difference between the experimental and calculated
values was found to be about 50K at most. Hence, we
adopted the experimental values of T, for NbsyNigo (No. 13),
NiysZrss (No. 5), and NisoZrsg (No. 17) rather than the
calculated values. It is noteworthy that a variation in the
value of T, by 50K changes the critical cooling rate
calculated using eq. (10) by less than two orders of
magnitude.

The glass transition temperatures for the ternary alloys
were evaluated based on the experimental data’ on the
crystallization temperatures, Ty, and the supercooled liquid
region, ATx(= Tx — T,). The values of T, for Nb3oNisoZryg
(No. 20) and NbygNisoZro (No. 21) were estimated assuming
that T, changed linearly for a constant Ni content. In practice,
the linear relationship between the value of T, and the
composition was found at the 65 mol%Ni (Nos. 6-8), 60
mol%Ni (Nos. 10-12), and 55 mol%Ni (Nos. 14-16) sec-
tions, and so the above assumption was deemed to be
reasonable.

The molar free energy driving force for the liquid to
crystallize, Gy, can be obtained from the thermodynamic
calculations based on the Gibbs energy functions formulated
in this study, and the temperature dependence of G, was
approximated as being linear using the following expression:

Gm = H (T, = T)/ T (16)

where H/ is the molar heat of fusion.
The free energy barrier for nucleation, G*, is given by the
expression:
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& = X (/G (17)
=— (o
3N m m

where N is Avogadro’s number and oy, is the liquid/crystal
interfacial energy per molar surface area. According to
Turnbull,2® the term o, is related to the molar heat of fusion,
HY, based on the relationship between the value of the bond
energy across the interface, and can be expressed as:

om = aH’. (18)

The constant, «, was empirically evaluated by Saunders and
Miodownik?? to be o ~ 0.41. Thus, the value of G* can be
derived by inserting the value of Hlf; into eq. (18) and then
using the calculated value of oy, in eq. (17).

In our calculations, the constants in eq. (10) were taken
to be ap =028 x 10°m, X=10"%, and N, =5 x 10?8
atoms/m>.

Since the critical cooling rates for amorphous formation,
R., can be defined as the minimum cooling speed that does
not intersect the TTT curve, R. was calculated using the
following equation:

19)

where T, and ¢, are the temperature and time at the nose of
the TTT curve, respectively.

5. Results and Discussion

In this section, the calculated phase equilibria in the binary
and ternary systems will be discussed, followed by a
discussion on the amorphous-forming ability of Nb-Ni-Zr
ternary alloys evaluated by combining the CALPHAD and
Davies-Uhlmann kinetic approaches.

In our thermodynamic analysis, the descriptions of the
lattice stability parameters for each element were mostly
taken from the Scientific Group Thermodata Europe (SGTE)
data®® and are shown in Table 3.

5.1 Thermodynamic analysis of the binary systems
5.1.1 The Nb-Ni binary system

The Nb-Ni binary system is composed of a liquid phase
(L), a Nb-rich bcce solid solution ((8 Nb)), a Ni-rich fcc solid
solution ((y)), NbNis, and NbgNi5. In this binary system, the
thermodynamic parameters of our previous reassessment,’”)
based on the recent experimental studies of Hao and
Yang,3°’31) were used, and are listed in Table 4. The
calculated Nb-Ni phase diagram is shown in Fig. 1.

5.1.2 The Ni-Zr binary system

The following phases are known to exist in the Ni-Zr
binary system: a liquid phase (L), a Ni-rich fcc solid solution
((9)), a Zr-rich hep solid solution ((« Zr)), a Zr-rich bce solid
solution ((B Zr)), the stoichiometric compounds, Ni;Zr,,
Niy Zrg, Niy1Zrg, NiZr, and NiZr,, non-stoichiometric com-
pOUHdS, Ni5ZI‘, Ni3ZI‘, and Nilozl'7.

In this binary system, the phase boundaries have been
investigated over the entire composition range by Kirkpatrick
and Larsen,*” and for the Ni-rich region by Bsenko®® and
Kramer.*® For the chemical formula of the NisZr, phase,
designated by Kirkpatrick and Larsen, Bsenko reassigned the
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stoichiometry as Niy;Zrg with a Nip Hfg-type crystal struc-
ture. As regards the data on the thermodynamic properties,
both the enthalpy of mixing for the liquid phase®-® and the
enthalpy of formation for the compound phases®’ " have
been reported. A critical assessment of this binary system has
been carried out by Nash and Jayanth,*" and a thermody-
namic assessment has been reported by Saunders.*” Ghosh*®
has performed a thermodynamic reassessment of this binary
system, taking into account the formation of Ni3;Zr and
Ni;1Zry, and the homogeneity range of NisZr and NijoZr7,
which were excluded by Saunders.*” The thermodynamic
parameters assessed by Ghosh were adopted in this study.
However, the phase diagram calculations showed that the
homogeneity range of NisZr increased with decreasing
temperature, reaching a value of about 10 mol% at room
temperature. In addition, the experimental phase relationship
concerning the phase stability of the binary compounds, for
example, the phase equilibria between (8 Nb,8 Zr), NiZr, and
Ni¢Zr7, were not reproduced in the calculated isothermal
section, based on the results of Ghosh. Thus, the thermody-
namic parameters for Ni3Zr were modified in such a way that
the homogeneity range was less than 0.1 mol% at room
temperature, and the phase stability of NijoZr; and Nij;Zrg
was re-evaluated by taking into account the phase equilibria
in the ternary system. This re-evaluation of the thermody-
namic parameters is presumably necessary due to the fact that
the parameters assessed in the thermodynamic analysis are
not unique, and Hillert and Schalin*” pointed out this non-
uniqueness as a problem for a ternary extrapolation of the
binary data sets.

The thermodynamic parameters are listed in Table 4, and
the calculated phase diagram for the Ni-Zr binary system is
shown in Fig. 2, together with the experimental data.

5.1.3 The Nb-Zr binary system

There are three phases with one monotectoid reaction in
the Nb-Zr system: the liquid phase (L), a bcc solid solution
((BNb,B Zr)), and a Zr-rich hcp solid solution ((« Zr)). A (8
#1 + B #2)) two-phase separation is formed for the (8 Nb,
Zr) phase.

Guillermet* has performed a thermodynamic analysis of
this binary system, and the calculated results reproduced the
experimental phase boundaries and enthalpy of formation
obtained from first-principles calculations. Therefore, we
adopted the thermodynamic description of Guillermet, as
listed in Table 4. The calculated Nb-Zr phase diagram is
shown in Fig. 3.

5.2 Thermodynamic analysis of the Nb-Ni-Zr ternary
system and calculation of the phase diagrams

The isothermal sections of the Nb-Ni-Zr ternary system,
have been reported by Evdokimova et al.¥ (1073 K), Bokii et
al.” (1073 K) and Moraleva et al.? (773 and 1073 K) over the
entire composition range. However, no data on the ternary
compound are available in the literature. Evdokimova et al.
have reported that the solubility of the third element in NbNij
and NioZr; reaches about 15 mol%Zr and 20-25 mol%Nb,
respectively, whereas Bokii ef al. and Moraleva et al. have
shown that the solubility of the third element in all the binary
compounds is less than 1 mol%. Because of the lack of the
experimental verification on the identification of the ob-
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Table 3 The lattice stability parameters of Nb, Ni, and Zr.

Element Phase Lattice stability parameters (J/mol)

Temperature (K) Reference

+2.03475 x 107472 — 3.5012 x 107773 4+ 933997 !
= —37669.3 4+ 271.720843T — 41.77T In T + 1.528238 x 1027~°

298 < T < 2750 28)

2750 < T < 6000
298 < T < 6000
298 < T < 6000

298 < T < 6000 29)

Nb 8 OGﬁb _ OHIﬁb = —8519.353 + 142.045475T — 26.4711TIn T
) "Gl — Gl = 413500+ 1.7T
oZr oGﬁ%r _ Ocﬁb = +10000 + 2.4T
NbNi;  ° Gﬁﬁfﬁﬁ _ o Gﬁb = 45000
b GRRY Gl — 49840

298 < T < 6000

L °G, —°Gl, = +29781.555 — 10.816418T — 3.06098 x 10377 298 < T <2750  28)
= +30169.902 — 10.964695T — 1.528238 x 1027~ 2750 < T < 6000

Ni B °Gl — °GY; = +8715.084 — 3.556T 208 < T <3000  28)
T, = 575, Bl = 0.85 298 < T < 3000
y °GY; — °HY, = —5179.159 + 117.854T — 22.096T In T — 0.0048407T> 208 < T < 1728

= —27840.655 +279.135T — 43.1T1In T + 1.12754 x 103'T~°

TY, = 633, B, = 0.52

1728 < T < 3000
298 < T < 3000

aZr G —°GY; = +1046 + 1.255T 298 < T < 3000
T = 633, B = 0.52 298 < T < 6000
NbNi;  °GRNNe —°GY, = +5000 298 < T < 6000 29)
NizZr  °GNEZ —0.75°GY; = +10000 + 1.25T 298 < T < 6000 43)
NisZr  °GNeZ —0.833°GY; = +29566 — 8.428T 298 < T < 6000
NijgZr; °GRNAT —0.575°GY, = 420051 — 5.8167T 298 < T < 6000
L °Gl; — °HY; = +11235.527 + 108.457T — 22.096T In T 208 - T = 1728 28)
—0.004840772 — 3.82318 x 107277
= —9549.775 + 268.598T — 43.1TInT 1728 < T < 3000
Zr B °Gh, — *HZ” = —525.539 + 124.9457T — 25.607406T In T — 3.40084 x 107472 298 < T <2128 28)
—9.729 x 10773 42523371 — 7.6143 x 10~ !1T*
= —30705.955 + 264.284163T — 42.144T In T + 1.276058 x 1027~ 2128 < T < 6000
% °Gl, — G = +7600 — 0.97 298 < T < 6000
aZr G — °HYH = —7827.595 + 125.64905T — 24.1618T In T 298 < T <2128
—0.0043779172 + 349717
= —26085.921 + 262.724183T — 42.144T In T — 1.342896 x 10>'7° 2128 < T < 6000
NizZr  °GhZr —°Gh =0 43)

G- 0756,
NisZr Gy —°Gl,
"Gy~ 0835,
NijZr; °GywZr _oGh
Gy — 0.575°G,
L Ghoo

= +47425 4 5.68T
= +7600 — 0.9T

= +32493 — 8.22T
= +8750 — 2.556T
= 422075 — 5.674T

= +18147.69 — 9.0808127 + 1.6275 x 10~22T7
= +17804.661 — 8.911574T + 1.342895 x 103 7°

298 < T < 6000

298 < T < 6000

298 < T < 6000

298 < T <2128 28)
2128 < T < 6000

served phases and determination of the phase boundaries,*®

all the binary compound phases were treated as being pure
binary phases in this study. The ternary thermodynamic
parameters were evaluated based on our experimental DSC
data, together with the experimental isothermal sections of
Bokii et al.” and Moraleva et al.®) The optimized thermody-
namic parameters are listed in Table 4.

The calculated isothermal section diagrams at 773 and
1073 K were compared with the experimental results,” as
shown in Figs. 4(a) and 4(b), respectively. For the bcc phase,
(B), Bokii et al. showed that the solubility of Ni was
negligible, whereas Moraleva et al. estimated the solubility
of Ni to be 2-3mol%. However, we could not obtain the
ternary parameters for the bcc phase, (B), that fitted the
experimental results of Moraleva et al., and thus, the ternary
thermodynamic parameters for this phase were not taken into

account in this study.

Figures 5(a) and 5(b) show the calculated vertical section
diagrams at 60 mol%Ni and 20 mol%Zr, respectively, along
with the DSC results. In this analysis, the parameter,
'Ly Nize I0 €q. (5) was optimized using the DSC data.
However, the optimized parameter could not reproduce the
experimental liquidus temperatures at a composition of
31.5mol%Zr in Fig. 5(a) and 65.8 mol%N:i in Fig. 5(b).

The calculated liquidus surface projection is shown in
Fig. 6. The liquidus surface of the Nb-Ni-Zr ternary system
was composed of a primary crystallization region: (8), (y),
NbNi3, Nb6Ni7, Ni7ZI‘2, Niz]ZI‘g, Ni][ng, NiZI‘7 NiZI‘z,
NisZr, and Nij9Zry, along with 10 types of ternary invariant
reactions, as summarized in Table 5. The letters E and U in
Table 5 denote the ternary eutectic and peritectic reactions,
respectively. Except for Point E4, the ternary eutectic
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Table 4 The optimized thermodynamic parameters of the Nb-Ni-Zr system.

System Phase Thermodynamic parameters (J/mol) Reference
Nb-Ni B Ly ni = —33500 + 107 29)
y Lyni = —70007.4 — 7.39665T + (96115 — 23.07497T) - (xnp — Xni)
T&Nb_m) = —1200 + 760 - (xxp — Xni)
NbNi; "GN — 0.25°GL, — 0.75°GY; = —35300.6 + 4.83322T
CGNINE — 0.25°GY; — 0.75°GY, = +45300.575 — 4.83322T
NE?\I?:Nb = NE?\EM = —3079.625
NEFII\;E,Ni = N}):II\\IIIQ,Ni = +13505.625
NbsNiy *GRPNT _ 0.4615°GP, — 0.5385°GY, = —22770 + 0.305T
Lo = H6830 + 26460 - (3%, — 7%1)
Ly i = —80037.3 — 6.31498T + (97884.9 — 19.010697) - (xp, — xni) + 10000 - (e — xni)°
Ni-Zr B Ly 7 = —147500 + 2.3T + (—43500 — 11.67) - (xni — 3z2) 43)
y L7 = —130000 4 2T 4 (—25000 + 2.5T) - (xni — Xzr)
oZr L%y = —68350 + 3.5T + (10000 — 6.67) - (xni — X7:)
NiZr °GNZ — 0.5°GY; — 0.5°Gh, = —52275 4 0.6T
NiZr, *GN4: _ 0.333°GY; — 0.667°Gh, = —40650 + 0.15T
Ni3Zr CGNRE — 0.75°GY; — 0.25°Gl, = —43410 + 0.88T Present work
NG 7 = —25000 + 4.5T
LN hve = +75500 43)
N, = 47555
NisZr Gt — 0.833°GY; — 0.167°Gh, = —33205 + 0.95T
NG g = —19475 + 1.25T
Ny = 476500
LNF, = 47850
NisZr, CGRNIZR _(.78°GY; — 0.22°Gh, = —40775 4 0.3T
NijoZr CGRNIET — 0.575°GY; — 0.425°Gh, = —53000 + 1.75T Present work
N = —19250 43)
LR75, = 456000
LN, = +8500
Niy Zry CGZY — 0.55°GY; — 0.45°Gh, = —52000 + 0.74T Present work
Nig| Zrg SGRIZ _(.725°GY; — 0.275°Gh, = —44625 + 0.5T 43)
L LY 7 = —200450 + 10.357 + (—42925 + 3.58T) - (xni — Xz;) + (—34000 + 32.377T) - (xn; — x7,)>
Nb-Zr B LRy 7 = +15911 + 3.35T + (3919 — 1.091T) - (xp — Xz) 45)
oZr = 424411
L Ly = +10311 + 6709 - (xnp — x70)
Nb-Ni-Zr L Lipnize = 240000 - xy; Present work
3000 2400 ‘ ‘
Ref. 32) Ref. 34)
O Liquidus + (P+L
2500 - L L 21004 |+ Fueewa © Nz -
Y * Ref.33) : gtgﬂ”\“vz'z &
S g ‘ L o |-
< 2000 - =
E é Jul
% 1500 A é 70
= S -
1000 - R
(0Zr)
500 ‘
Nb 80 Zr

Ni content (mol%) Zr content (mol%)

Fig. 1 The calculated binary phase diagram of the Nb-Ni system. Fig. 2 The calculated binary phase diagram of the Ni-Zr system.
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Temperature
_ =
W o)
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1200 =
B#1 + BH#2
900

600 / o

Nb 20 40 60 80 Zr
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Fig. 3 The calculated binary phase diagram of the Nb-Zr system.

reactions in the Ni-rich region occurred at relatively low
temperatures. In Fig. 6, the experimental compositional
range for glassy alloy formation (shaded area) and exper-
imental boundary of the Ni-rich and Nb-Zr sides for

(a) 773 K

Nb 0 401 60 780 Ni
NbeNi,  NbNi; )

Ni content (mol%)

(b) 1073 K

i f 60 750
NbyNi, NbNi,
Ni content (mol%)
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amorphous formation (dash-dotted lines)" are also shown.
The compositional range where the liquidus temperatures
were relatively low, including the ternary eutectic points, E;
and E,, are consistent with the observed compositional range
for glassy alloy formation.

5.3 Evaluation of the amorphous-forming ability of Nb-
Ni-Zr ternary alloys

The alloy composition and glass transition temperatures
used in our calculation are shown in Table 2.

The calculated TTT curves for crystallization from the
liquid phase of NbygNigygZryo (No. 11 in Table 2), are shown
in Fig. 7. According to our calculation, NbNi3 controls the
amorphous formation in this alloy, since the nose of the TTT
curve for that compound is located at shorter times than those
of the other compounds. Using eq. (19), the critical cooling
rate for amorphous formation was calculated to be
5.8 x 102K/s. The calculated critical cooling rates and the
crystalline phases controlling amorphous formation in Nb-
Ni-Zr ternary alloys are listed in Table 2. In Fig. 8, the
calculated critical cooling rates are plotted along the
calculated liquidus surface projection, together with the
experimental results." By considering the cooling rate of the

of 60 7%
NbgNi, NbNi,
Ni content (mol%)

0 4d0f 60 /80

NbeNi, NbNi, ¥

Ni content (mol%)

Fig. 4 The experimental and calculated isothermal section diagrams of the Nb-Ni-Zr system at: (a) 773K and (b) 1073 K.
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(b) 20 mol%Zr
2600 e
24004 0
L
22004 I
L+ .
v 20004 L +Ni,Zr, |
T; 1800 L + NbNi, L
% 1600 L+ +NiZr \L+NbNi, ~
g L + NiZr, P‘
1400 1T
g }\ =
& 1200 B
1000+ (B) + Nb,Ni; _ r
+Ni zr, ||NoNi;
800 +NbgNi, L
+NiZr,
600 T

0 10 20 30 40 50 60 70 80
Ni content (mol%)

Fig. 5 Calculated vertical section diagrams of the Nb-Ni-Zr system at a constant: (a) 60 mol%Ni and (b) 20 mol%Zr.

Ref. 1)
[ Glass-forming range

————— Amorphous-forming range

Nier7
Niz]ng
NisZr,

10 NisZr

2673 K gl o gy
R / 4

) r ) ’. ~ 7 .

Nb 20 40 NN, 00 Noiy 80 Ni

Ni content (mol%)
Fig. 6 The calculated liquidus surface projection of the Nb-Ni-Zr system,

together with the observed glass-forming compositional range (shaded
area) and boundaries for amorphous-forming (dash-dotted lines)."

Table 5 The invariant reaction points of the calculated liquidus projection.

Composition of liquid

Type Reaction Templf;rature phase (mol%)
* Ni Zr
E, L < NbgNiy + NijoZr7 + Nij Zrg 1332 52.8 31.1
E; L & NbNiz + NbgNiy + NijoZry 1347 58.9 25.6
E; L 4 NbNi3 + NijoZr; + Niy Zrg 1323 63.8 32.1
E4 L 4 (y)+ NbNi3 + NisZr 1509 85.4 7.5
Es L < (B) + NiZr + NiZn, 1303 37.6 58.7
U; L+ (B) & NbgNi; + NijZrg 1332 52.6 31.2
U, L+ NiyZr, ¢ NbNij + Nij; Zrg 1421 67.4 29.1
Us; L+ NiyZr, < NbNi3 + NisZr 1517 84.8 8.5
U; L+ NiZr & (B) + Nij1 Zrg 1336 52.5 31.9
Us L+ p#l + p#2 & NiZrn, 1272 24.1 71.5

single-roller melt-spinning method employed by Kimura et
al.V to be ~10%K/s,*” there was good agreement between
the calculated amorphous-forming ability and the boundary

il ol

Nb,,Niy,Zr,, alloy
1 150 i 20 60120 L

Lol Lo

1200

1100

NbNi,

1050

1000

950

Temperature, 7/K

900

850 -

0 —
10" 10°

T
10
Time, t/s

T T

10° 10°

Fig. 7 The calculated TTT curves for the crystallization of NbNi3, NbgNi7,
and Ni]oZl‘7 from hquld szoNisozrzo.

for amorphous formation on the Ni-rich side. In addition, the
calculated critical cooling rates in the experimental compo-
sition range for glassy alloy formation were found to be
slower than those in the composition range for amorphous
formation, with the critical cooling rates for Alloys 11, 12,
15, and 16 being around 10°-10° K/s.

6. Conclusions

A thermodynamic analysis of the Nb-Ni-Zr ternary system
has been carried out based on the DSC results obtained in this
study and available experimental data on the phase equilibria.
Furthermore, the amorphous-forming ability of this ternary
alloy was evaluated by introducing the thermodynamic
quantities from the phase diagram calculations into the
Davies-Uhlmann kinetic approach. The results obtained are
summarized as follows:

(1) The thermodynamic parameters of the constituent
binary systems present in the Nb-Ni-Zr ternary phase
diagram were taken from previous studies. However,
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o R, <10 K/s
A 10 <R <10°

® R.>10°K/s
60

w7
80

Ni content (mol%)

R
70

Fig. 8 A comparison of the calculated and the experimental amorphous-
forming abilities of Nb-Ni-Zr ternary alloys plotted on the calculated
liquidus surface projection. The numerals refer to the alloy numbers listed
in Table 2. The shaded area and dash-dotted line represent the observed
glass-forming compositional range and the boundaries for amorphous-
forming, respectively.

@)

3

some modification of the parameters for NisZr, Ni¢Zr7,
and Ni;;Zrg in the Ni-Zr binary system was attempted
in this study.

The ternary parameters assessed using the DSC data
reproduced the experimental phase equilibria in the Nb-
Ni-Zr ternary system. Our calculations reveal that 10
types of ternary invariant reactions exist in the liquidus
surface of this ternary system.

The calculated amorphous-forming ability agreed with
the experimental results. In particular, the calculated
critical cooling rates for amorphous formation were
found to decrease in the order of 10°—103K/s, in the
experimental composition range for glassy alloy for-
mation.
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