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Abstract

The Nd—Zn binary system has been optimized by CALPHAD method, using the available experimental thermodynamic and phase diagram
information. The system contains eight intermetallic compounds: NdZn, NdZn,, NdZn3, Nd3Zn,, Nd,3Znsg, Nd3Zn;;, Nd,Zn;7 and NdZn;;. They
were treated as stoichiometric compounds. The standard enthalpies of formation of these compounds were calculated in this work. Good agreement
was obtained between the calculation and experimental results. A set of self-consistent thermodynamic model parameters was derived.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

During the last few decades the investigation of intermetal-
lic compounds between rare earth and transition metals has
received additional impetus [1]. The research of special hot
dip galvanizing alloys of low cost and high capability is the
object of many scientific researchers. The minim addition of
rare earth metals into hot dip galvanizing alloys can decrease
the thickness of the zinc alloyed coatings, advance the corro-
sion resistance, and improve the performance of the coatings
[2]. The investigation of the galvanization of silicon-containing
steels indicates that the addition of RE in zinc liquid affects
jointly the prevention of the abnormal growth of the { phase
when zinc reacts with iron [3]. Therefore, the phase diagrams
and thermodynamic properties of the RE-Zn system have very
important economical and social benefits for the development
of hot dip galvanizing technique. Nevertheless, thermodynamic
studies and experimental data of these systems are lacking. Fur-
thermore, there is no effective check for the consistency between
the reported phase diagram and the thermodynamic data. For
this, the CALPHAD technique [4] provides an available method.
By modeling the Nd—Zn alloy, a self-consistent description of the
phase relations and thermodynamic data was obtained in present
work.
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2. Thermodynamic models
2.1. Pure elements

The Gibbs energy of the pure element i, referred to the
enthalpy of its stable state at 298.15 K, is described as a function
of temperature by

0G; — "HSER(298.15K)
=a+bT +cTIn(T) +dT? + ¢T3 + T~ + gT" + hT™°
(1)
where a through # are coefficients taken from the work of Dins-
dale [5].
2.2. Solution phases

The liquid and body-centered cubic (bcc) phases are treated
with the substitutional solution model for which the Gibbs
energy expression is described as

G% = X%4G%y + X2,G5. + RT(XnaIn Xna + Xzn In Xz3)
+EG? )

where OGf\’]d and OG% are, respectively, the molar Gibbs ener-
gies of pure neodymium and zinc with structure ¢ in the
non-magnetic state [5]. Xng and Xz, are the mole fractions of

Nd and Zn. EG?}1 is the excess Gibbs energy, expressed as a
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Redlich—Kister polynomial [6]:

EGY = XnaXzn Y 'Ly 70(Xna — Xz0) 3)
i

where ! Lf\}d 7o Called the binary interaction parameter repre-

sents the interaction energy between the two elements. "Lgd 7n
can be temperature dependent and two coefficients are usually
sufficient, given by

"Legzn = ai + BT (4)

where a; and b; are the parameters evaluated in this work.

2.3. Stoichiometric intermetallic compounds

The intermetallic phases NdZn, NdZn,, NdZn3, Nd3Zn;1,
Nd13Zn5g, Nd3Zn22, Nd22n17 and NdZn11 in the Nd-Zn Sys-
tem are treated as strict stoichiometric compounds. The Gibbs
energies per mole of formula unit Nd4Znpg can be expressed as

GNIaZns — AOGUP 4 BOGUP + Ao+ BoT (5)

where OG%CP and OG;? are the Gibbs energies of the respec-
tive pure elements in the dhcp and hcp phase structures. The
coefficients Ag and By are the lattice stability parameters to be
evaluated in the present work.

3. Experimental information

The Nd-Zn system has been investigated by many researchers [7-15].
Kuz’ma et al. [7,8] confirmed the existence of NdZn;; and Nd;Zn 7. landelli
and Palenzona [9,10] investigated compounds NdZn, Nd,Zn7 and NdZn; . For-
nasini and Merlo [11] researched NdZn; in detail. In a later study, Veleckis et
al. [12] reported the compounds NdZnj, NdZn3, Nd3Zn;;, NdZng 3, NdZng 5,
Nda2Zn;7 and NdZn;;. Bruzzone et al. [13] investigated some structural charac-
teristics of the compounds NdZn;, NdZn4 4¢ and Nd3Zny;. Chiotti and Mason
[14] determined the phase relationship of Nd—Zn system by means of metallurgy,
thermodynamics and X-ray diffraction analyses. They confirmed the existence
of eight intermetallic compounds, namely NdZn, NdZn;, NdZn3, Nd3Zn;i,
Ndj3Znsg, Nd3Znyy, NdyZn7 and NdZn;;. They also reported the existence
of NdZnj, with the same structure of SmZn;> and concluded the existence
of inter-transformation between NdZn;; and NdZni,, but did not indicate the
inter-transformation temperature. Veleckis et al. [12] reported the inexistence
of NdZn;; above 1173 K. In the present optimization, the data from Chiotti and
Mason [14] are used.

In the diagram of Chiotti and Mason [14], NdZn, NdZn, and Nd;Zn;7 melt
congruently, respectively, at the temperature 1196, 1198 and 1254 K. NdZn3
is a peritectoid compound; Nd3Zn;;, Ndj3Znsg and Nd3Zny, are peritectic
compounds. The eutectic reaction, Liq. — B-Nd(bcc) + NdZn, occurs at 903 K,
23.1at.% Zn. The eutectic reaction, Liq. — NdZn + NdZn,, occurs at 1141 K,
57.5 at.% Zn. The eutectic reaction, Liq. — NdZn, + Nd3Zn;, occurs at 1127 K,
73.7 at.% Zn. The eutectoid reaction, B-Nd(bcc) — a-Nd(dhep) + NdZn, occurs
at 895K, 8.4 at.% Zn.

All the invariant reactions are listed in Table 1.

Borzone et al. [16] measured the enthalpies of formation of compounds of
Nd-Zn system using direct calorimetry and acid solution calorimetry. Chiotti and
Mason [17] measured the zinc vapor pressure data using the dewpoint method
and developed the appropriate thermodynamic relations for the phases present
in Nd-Zn system.

Table 1
Invariant reactions in the Nd—Zn system

Reaction T (K) (X5

Present work Ref. [14]

B-Nd(bcc) — a-Nd(dhep) + NdZn 895.5 (0.086%) 895 (0.084%)

Liq. — B-Nd(bcc) + NdZn 901.5 (0.235) 903 (0.231)
Liq. — NdZn 1195 1196

Liq. — NdZn + NdZn;, 1143 (0.588) 1141 (0.575)
Liq. — NdZn; 1194 1198

Liq. — NdZn; + Nd3Zn 1134 (0.746) 1127 (0.737)
NdZn; + Nd3Zn;; — NdZn3 1122 1122
Liq.+Nd;3Znsg — Nd3Zn; 1142 (0.759) 1143 (0.759)
Liqg. + Nd3Zny» — Nd3Znsg 1174 (0.802) 1175 (0.802)

Liq.+Nd2Zn;7 — Nd3Znp, 1127 (0.851) 1223 (0.867)
Liq.—Nd»Zn7 1250 1254
Liq. +Nd2Zn;7 — NdZny; 1055 (0.990) Above 1003

% Note: The composition of Zn in B-Nd (at.%).

4. Assessment procedure

Most of the experiment information mentioned above was
available during the evaluation of the thermodynamic param-
eters. Due to the lack of experimental and thermodynamic
data, NdZn;; and NdZnjp were treated as only one com-
pound. All the compounds were strictly treated as stoichiometric
compounds.

The optimization was carried out by using a software
package THERMO-CALC [18]. The experimental phase dia-
gram data and thermodynamic information of compounds were
used as input to the program. All the solution phases and
stoichiometric compounds were described by available ther-
modynamic models. All the data used were critically reviewed
and selected before input. Each piece of selected information
was given a certain weight by personal judgment, and changed
by trial and error during the assessment, until most of calcu-
lated results were reappeared within the expected uncertainty
limits.

The optimization was carried out step by step. The parameters
for the liquid phase were first optimized by the experimental data
of liquidus line. Then the congruent intermetallic compounds
were investigated. The parameters for the intermetallic com-
pounds were consequently optimized using the phase diagram
data and the enthalpies of formation of compounds.

Finally, all the parameters were evaluated together to give the
best representing of the Nd—Zn system. All evaluated parameters
are listed in Table 2.

5. Results and discussions

Fig. 1 shows the calculated phase diagram with experimen-
tal values used in the optimization. Table 2 gives the optimized
parameters of the Nd—Zn system. The calculated phase diagram
is in well agreement with that reported by Chiotti and Mason
[14]. All the assessed and experimental invariant equilibriums
in the Nd—Zn system are listed in Table 1. An agreement within
7 °C between the temperatures of calculated and experimentally
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Table 2
The optimized parameters describing the thermodynamic properties of the
Nd—Zn system

Liquid Ly, = —102649.0 +27.1096T

'Ly, =70636.9 — 41.0381T
bee 0Ly, = —66703.1

LY, = 28406.5
NdZn 0GNIZn _0GUP _0GEP — _69149.4 + 12.7061T
NdzZn, OGN _0GQP —20GUP = 1071963 + 21.9361T
Ndzn;  OGNdZs —OGNP — 309G = —133825.7 + 32.0133T
NdsZng  OGRN&Zmi _ 30GUP _ 110GNP — _444171.0 4 106.7787T
Ndj3Znsg  OGNdZnss — 130GU0P — 580GAP — —2143820.7 4 524.1522T
NdsZny, — OGRN&Zm _ 0GP — 220G0P = —669762.2 + 181.8252T
NdoZng;  OGR&Zm7 _20GUP — 179G0P = —465559.7 + 117.7031T
NdZn;; OGN 0GP —119G)P = ~253011.8 + 68.5991T

The values are given in SI units per mole of formula units.

determined invariant reactions has been obtained. The calculated
temperature of invariant reaction, Liq. +Nd>Zn7 — NdZnyy,
is 1055 K. This agrees with the experimental data reported by
Chiotti and Mason [14] and Veleckis et al. [12]. Fig. 2 shows
the enlarged part of calculated liquidus line between NdZn3 and
ngZn 17-

Fig. 3 shows the assessed enthalpies of formation at 298 K in
comparison with experimental data [16,17]. The experimental
standard enthalpies of formation for Nd—Zn system are plotted
in the figure, too. The calculated standard enthalpies of forma-
tion of NdZn, Ndan, NdZn3, Nd3Zn11, Nd13Zn58, Nd3Zn22
and NdZn7 are —34.58, —35.73, —33.46, —31.73, —30.22,
—26.78 and —24.50 kJ/mol, respectively.
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Fig. 1. The Nd—Zn phase diagram calculated from the present thermodynamic
description compared with experimental measurements [14].
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Fig. 2. The enlarged part of calculated liquidus line between NdZn3 and
Nd22n17.
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Fig. 3. The calculated standard enthalpies of formation of Nd—Zn intermediate
phases compared with experimental measurements [16,17].

6. Conclusions

The phase relations and thermodynamic properties of the
Nd-Zn system were evaluated from experimental information
available in the literature. A consistent set of thermodynamic
parameters was derived. The calculated phase equilibria agree
well with most of the data reported in literatures. More exper-
iment work on this system especially for the Zinc-rich corner
may be necessary to improve the description.
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