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Literature information and authors’ experimental data have been used for the evaluation of
optimized polynomial coefficients serving to calculate the cobalt (Co)-zinc (Zn) phase diagram.
The programs BINGSS and THERMO-CALC have been used for the optimization. The binary
liquid phase, the solid Co-based face-centered-cubic (fcc) and hexagonal close-packed solutions,
as well as the intermediate �-, �1-, and �-compounds have been treated as disordered substi-
tutional phases. The phases with narrow homogeneity ranges (�, �1, and �2) have been modeled
as stoichiometric Co2Zn15, CoZn7, and CoZn15, respectively. The calculated phase diagram and
thermodynamic quantities are in agreement with the experimental data. For the first time, a
eutectoid decomposition (at around 658 K) of the fcc solutions has been predicted. Moreover, the
calculations have shown the possibility for a magnetically induced miscibility gap involving both
forms (paramagnetic and ferromagnetic) of the fcc solutions.

1. Introduction

Many of the experimental studies on the cobalt (Co)-zinc
(Zn) phase diagram have been summarized by Hansen and
Anderko [1958Han] and Massalski [1996Mas]. Previously,
we have also performed numerous investigations of this
phase diagram [1976Bud1, 1976Bud2, 1977Bud, 1977Vas,
1993Vas1, 1993Vas2]. Nevertheless, uncertainties concern-
ing the phase boundaries and the thermochemical properties
of this system persist.

The purpose of the present work was to achieve a ther-
modynamic optimization through a coupling phase diagram
and thermochemical data for this system. The programs
BINGSS [1995Luk] and THERMO-CALC have been used
for this purpose.

2. Experimental Information

2.1. Phase Diagram and Structure Data

The contemporary notations and data concerning the
crystal structures of the solid binary phases in the Co-Zn
system are compiled in Table 1.

2.1.1 Liquidus and Solidus. Lewkonja [1908Lew] as
well as Pierce and Palmerton [1923Pie] were the first to
study the equilibrium between the liquid and the solid
phases in the Zn-rich region; they found eutectic invariants
at 686 K and at 692 K, respectively. Detailed investigations
of the phase equilibria between the liquid solutions and the
intermediate phases have been performed by Schramm
[1938Sch1, 1941Sch]. The high-temperature liquidus and
solidus lines, in the interval 10-63 at.% Zn have been con-
structed by Budurov and Vassilev [1976Bud1].

2.1.2 The Solvus of the Co-Based Solid Solutions: fcc-
Co,Zn or �-Co,Zn Phase and Hexagonal Close-Packed-
Co,Zn or �-Co,Zn Phase. Schramm [1938Sch3, 1941Sch]
reported a diminishing Zn solubility in (�-Co) from 1223 K
to 673 K. He studied the magnetic transition in these alloys
as well [1938Sch4]. Takayama et al. [1995Tak] have re-
cently reinvestigated the solvus, emphasizing the influence
of the magnetic transition on its shape. The latter authors’
data, below the Curie temperature (TC), differ from those of
Schramm [1941Sch] deviating toward lower Zn solubility.

It is known [1987Gui, 1990Nis, 1991Ray] that, during
heating, the pure hexagonal close-packed Co (HCP-Co or
�-Co) undergoes a polymorphic transition at about 695 K
and converts to its high-temperature form [face-centered-
cubic (fcc)-Co or �-Co]. There are discrepancies in the
literature concerning the influence of Zn additions on the
transition temperature. According to Köster and Wagner
[1937Kos], the (�-Co) → (�-Co) transition temperature in-
creases with Zn content, while the transition temperature of
the reverse reaction (�-Co) → (�-Co) diminishes. On the con-
trary, Hashimoto [1937Has] has observed that both tempera-
tures increase with increasing Zn concentration. Köster and
Schmid [1955Kos] have confirmed the observation of Hashi-
moto [1937Has]. In the present work, the latter results have
been accepted, as well as the Zn solubility in (�-Co) deter-
mined by Lihl and Weisberg [1955Lih] (2.5 at.% at 573 K).

2.1.3 � and �1 Intermediate Phases. These electronic
compounds exist in the equiatomic region of the phase dia-
gram. The �1-phase is ferromagnetic below 398 K
[1938Sch3, 1941Sch, 1958Han, 1951Mey], but no details
about the concentration dependence of the TC are known.

The �- and �1-phase boundaries have been studied by
Schramm [1938Sch1, 1938Sch2, 1938Sch3] using thermo-
analytical, microscopic, and x-ray methods. They were re-
investigated later [1955Lih, 1955Kos] and diminishing Co
solubility in the �1-phase was revealed.

In most phase diagram compilations [1958Han,
1996Mas], the �1/�-phase boundary has been considered to
be vertical, but there are contradictions concerning the �1-
phase homogeneity interval. At 298.15 K, the interval is
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53.0-53.8 at.% Zn according to the compilations of Hansen
and Anderko [1958Han] and Massalski [1996Mas], while
Lihl and Weisberg [1955Lih] have found that it is in the
interval 55.5-59.0 at.% Zn at 573 K. According to Köster
and Wagner [1937Kos], the maximal Zn solubility in the
�1-phase is 56.9 at.%. All of these authors agree that the Co
content in the �1-phase increases with increasing tempera-
ture. However, Takayama et al. [1995Tak] have suggested
that both �1-phase boundaries are vertical, comprising the
range from 47.5-57.3 at.% Zn. It seems, however, that the
shape of the �1/�-phase boundary is more complicated, re-
flecting the Gibbs energy (G) changes due to the magnetic
and allotropic transitions.

In connection with these uncertainties, we performed ex-
periments to obtain more data about the low-temperature
phase equilibria. Alloys have been studied by the annealing
of weighted mixtures, sealed under vacuum, in silica tubes.
Scanning electron microscopy has been applied to deter-
mine the compositions. In specimen 1 (overall Zn content
44.2 at.% Zn), annealed for 22 days at 807 °C and for 96
days at 387 °C, �1- and �-phase diffusion layers have been
observed around a single non-reacted Co particle. We con-
sider the finding that Co-rich precipitation has been ob-
served in the �1-phase, indicating that the �1/�-phase
boundary is not vertical, to be very interesting. The Co-rich
phase has a Zn content that is much higher (>20 at.%) than
the expected one, but the probable reason is that the full
thermodynamic equilibrium has not been achieved yet and
the observed solid solution is metastable (Fig. 1). Our gen-
eral impression from previous and present studies is that the
transformation from the high-temperature fcc structure to
the low-temperature HCP is sluggish. This could be due to
the existence of a metastable miscibility gap (i.e., a low-
temperature continuation of the magnetically induced mis-
cibility gap, with an invariant reaction at around 1015 K).

The Zn concentrations at the diffusion layer phase
boundaries (in which XZn is the Zn mole fraction) are as
follows: XZn (�/�1) � 0.720; XZn (�1/ �) � 0.600; and XZn
(�1/�) � 0.495.

In specimen 2, which was annealed for 21 days at 825 °C
and for 96 days at 299 °C (overall composition XZn �
0.649), the following phase boundary concentrations have
been observed: XZn (�/�1) � 0.716; XZn (�1/�) � 0.561;
and XZn (�1/�) � 0.472. Yet again, the concentration at the
boundary between the �1-layer and the Co-rich phase
strongly deviates from the expected equilibrium value,
while the compositions of the intermetallic layers are within
expected concentration intervals. One should be aware that
the concentrations read at the phase boundaries of diffusion
layers might be different, to some extent, from those of the
equilibrium. However, our results are in general agreement
with the higher temperature data of Takayama et al.
[1995Tak].

2.1.4 �-, �1-, �2-, �-, and (�Zn)-Phases. The �-phase
can be regarded as consisting of Co or Zn solid solutions
based on the compound Co5Zn21 [1931Ekm, 1932Par] with
variable numbers of atomic species per unit cell [1973Mel,
1996Rya], which is analogous to �-brass. Indeed, its struc-
ture is of �-brass type [1937Kos, 1955Lih, 1996Rya] (Table
1). Thus, it is a typical electronic compound, and the im-
portant role of the electron concentration for its stability has
been proven [1977Mor].

The �1- and �2-phases have narrow homogeneity ranges
and structures that are similar to that of the �-phase
[1938Sch3, 1941Got, 1962Bro]. A monoclinic cell has been
attributed later for the �2-phase (CoZn13) [1932Par,
1951Mey, 1973Mel].

The �-phase decomposes peritectically (Table 3) at 948
K [1958Han, 1996Mas], and no information about its struc-
ture could be found. Both the �1- and �-phases might

Table 1 Crystal Structures of the Solid Binary Phases in the Co-Zn System

Phase Pearson Symbol Space Group Struckturbericht Designation Prototype Reference

�, (�Co) (a) cF4 Fm3m A1 Cu 1941Sch
�, (�Co) (b) hP2 P63/mmc A3 Mg 1955Lih
� (CoZn) (c) cI2 or? cP2 Im3m A2 (disordered) W 1938Sch3

Pm3m B2 (ordered) CsCl
�1(CoZn) (a) cP20 P4132 A13 �Mn 1932Par; 1931Ekm

19381Sch3
1983Bus

� (Co5Zn21) cP52 P43m D83 Cu9Al4 1955Lih
� (Co5Zn21) cI52 I43m D81-3 Cu5Zn8 1931Ekm; 1932Par

1938Sch3
1996Rya

�1 (CoZn7) (d) Cubic (d) �-brass related 1941Got
�2 (CoZn13) mC28 C2/m (d) CoZn13 1962Bro
� (c) approx. Co2Zn15 (d) (d) (d) (d) (d)
�, (�Zn) hP2 P63/mmc A3 Mg 1923Pie; 1938Sch1

(a) Phases where magnetic transitions occur
(b) Ferromagnetic phase
(c) High-temperature phases
(d) No data available
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have some homogeneity ranges corresponding roughly to
the stoichiometry CoZn(7-9).

We have identified layers of �-, �1-, and �2-phases in a
study of intermediate-phase growth kinetics using metallo-
graphic, microhardness, x-ray, and electron microprobe
analyses [1993Vas2]. Nevertheless, in the latter work the
homogeneity ranges were not studied.

The (�Zn) has the same structure as the HCP-Co, but the
Co solubility in this phase is not well-determined. Anyhow,
it is clear that it is rather small [1944Paw].

2.2. Thermodynamic Data

2.2.1 Liquid Phase and Terminal Solid Solutions
(�Zn,Co, �Co,Zn, and �Co,Zn). The Zn activities in the
binary liquid solutions at 1813 K (0.0083-0.0281 mole frac-
tion of Zn) have been studied by Mozeva et al. [1977Moz]
applying the isopiestic method. Due to the narrow compo-
sition interval and method restriction, those data were not
very useful. The extrapolated data of Comert and Pratt
[1982Com] at 1023 K and high Zn content are known as
well (Fig. 2).

The thermodynamic properties of the solid fcc Co-Zn
solutions, in the range 693-833 K, have been investigated by
Ali and Geiderich [1981Ali] [electro-motive force measure-
ments (EMF) with molten electrolytes]. Later, Budurov et
al. [1976Bud2] studied the Zn activities, at 1086 and 1296
K, by the dew-point method, while Comert and Pratt
[1982Com] worked on the interval 873-1173 K (EMF with
solid electrolytes) (Fig. 3).

No experimental data about the thermodynamics of the
solid HCP solutions (�-Co and �-Zn phases) are available,
as far as we know.

2.2.2 Intermediate (�, �1, �, �1, �2, and �) Phases.
Comert and Pratt [1982Com] have determined the thermo-

dynamic properties of the �1-phase (Fig. 4) and the �-phase
(Fig. 5). Ali and Geiderich [1981Ali] have measured the Zn
activities in the �1-phase (Fig. 4) and �-phase (Fig. 5).
Budurov and Vassilev [1977Bud] using the dew-point

Fig. 1 Micrograph of specimen 1 in characteristic x-rays. The
dark areas represent Co-Zn solid solutions (21.9-30.7 at.% Zn) and
the light-gray areas represent the �1-phase (51.2-53.5 at.% Zn).
The dark precipitations along the grain boundaries belong to the
Co-Zn solutions as well. The specimen was annealed first at
807 °C and thereafter at 387 °C.

Fig. 2 Experimental and calculated Zn and Co activities (referred
to as the liquid Zn and liquid Co, respectively) in the binary liquid
solutions. X represents Zn activities measured by Mozeva et al.
[1977Moz] at T � 1813 K. Comert and Pratt [1982Com] extrap-
olated Zn (�) and Co (�) activities at T � 1023 K. Lines 1-4
represent values calculated in this work as follows: lines 1 and 3,
Co activities at 1800, 1600, and 1023 K, respectively; lines 2 and
4, Zn activities at 1800 and 1023 K, respectively. The natural
logarithms of the Zn and Co activities [ln(aZn), ln(aCo)] are plotted
along the ordinate, and the mole fraction of Zn (XZn) is plotted
along the abscissa.

Fig. 3 Measured and calculated Zn activities (referred to the
liquid Zn) in the Co-Zn fcc solutions: I and *, Budurov et al.
[1976Bud] at 1086 and 1296 K, respectively; �, �, and ×, Comert
and Pratt [1982Com] at 1023. 973 and 923 K; +, �, and �, Ali and
Geiderich [1981Ali] at 700, 730 and 760 K. The lines represent the
Zn activities calculated in this work: 1, at 700 K; and 2, at 1300 K
The natural logarithms of the Zn activities [ln(aZn)] are plotted
along the ordinate and the mole fraction of Zn (XZn) along the
abscissa.
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method, obtained the Zn activities for the �1- and �-phases
for temperatures in the region 960-1100 K.

Calorimetric measurements of the enthalpies of forma-
tion for those alloys are not available, but some estimations
have been done by both Comert and Pratt [1982Com] and
Ali and Geiderich [1981Ali] using their own experimental
results (Fig. 6).

3. Thermodynamic Modeling and Optimization

3.1. Previous Thermodynamic Calculations

Previous modeling of the thermodynamic properties of
the �-phase and liquid phase has been done by Vassilev
[1993Vas1], and the equilibrium lines between both solu-
tions have been calculated.

3.2. Analytical Description of the Gibbs Energies

3.2.1 Elements. A detailed study of the Co phase sta-
bilities has been performed by Guillermet [1987Gui]. These
descriptions have been retained in the compilation of Dins-
dale [1991Din]. The temperature dependencies of the molar
G values (0Gi) for the pure elements are described in the
form:

0Gi�T� − 0Hi
SER = Ai + BiT + CiT lnT + DiT

2 + Ei�T + FiT
3

+ IiT
4 + JiT

7 + KiT
−9 + �Gmag�T� (Eq 1)

where 0Hi
SER represents the enthalpy of the pure element i,

in its stable state, at the standard temperature 298.15 K and
a pressure of one bar, T is the temperature of interest, and
�Gmag(T) is the magnetic term. The coefficients Ai through
Ki for pure Co are taken from the special group of thermo-
dynamic equilibria Europe (SGTE) data file [1991Din]
(Table 2). The paramagnetic states of the pertinent phases
are taken as references, and the magnetic contribution
(�Gmag) is treated separately [1978Hil, 1981Ind, 1995Luk].

The pertinent coefficients for the pure Zn given by Dins-
dale [1991Din] are updated following Kowalski and Spen-
cer [1993Kow] and Vassilev et al. [2000Vas] (Table 2).

Fig. 4 Measured and calculated Zn activities (referred to the
liquid Zn) in the Co-Zn �1-phase: �, Budurov and Vassilev
[1977Bud] at 1073 K; ◊, �, and �, Comert and Pratt [1982Com] at
1023, 973, and 923 K, respectively; +, Ali and Geiderich [1981Ali]
at 1073 K. The lines represent the values calculated in this work:
1, at 923 K; 2, at 1023 K; and 3, at 1123 K. The natural logarithms
of the Zn activities [ln(aZn)] are plotted along the ordinate, and the
mole fraction of Zn (XZn) is plotted along the abscissa.

Fig. 5 Measured and calculated Zn activities (referred to the
liquid Zn) in the Co-Zn �-phase: �, Budurov and Vassilev
[1977Bud] at 1073 K; �, �, and �, Comert and Pratt [1982Com]
at 1023, 973, and 923 K, respectively; + and ×, Ali and Geiderich
[1981Ali] at 825 K and 700 K, respectively. The lines represent the
data calculated in this work: 1, at 700 K; 2, at 923 K; and 3, at 1023
K. The natural logarithms of the Zn activities [ln(aZn)] are plotted
along the ordinate, and the mole fraction of Zn (XZn) is plotted
along the abscissa.

Fig. 6 Integral molar enthalpies of formation (�HF kJ 	 mol−1) of
the solid cobalt-zinc alloys, calculated in this work for 800 K (the
solid lines for �-, �1- and �-phases; the symbols � and � for �1

and �2 phases, respectively), compared with temperature-
independent assessed values of Comert and Pratt [1982Com] (�);
and of Ali and Geiderick [1981Ali] (�). The zinc mol fractions
(
Zn) are plotted along the abscissa. The dashed lines represent the
approximated phase boundaries at 800 K. The reference states are
the fcc Co and the liquid Zn.
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Table 2 Thermodynamic Database File for Calculation of the Co-Zn Phase Diagram

Element stable element reference mass H298-H0 S298
−1/−ELECTRON_GAS 0.0000EE+00 0.0000E+00 0.0000E+00
0 VA VACUUM 0.0000E+00 0.0000E+00 0.0000E+00
1 CO HCP_A3 5.8933E+01 4.7656E+03 3.0040E+01
2 ZN HCP_A3 6.5380E+01 5.6567E+03 4.1631E+01

Function GHSERCO
298.14 < T < 1768.00: +310.241 + 133.36601*T − 25.0861*T*LN(T)
−.002654739*T**2 − 1.7348E-07*T**3 + 72 527*T**(−1)
1768.00 < T < 6000.00: −17 197.666 + 253.28374*T − 40.5*T*LN(T)
+9.3488E + 30*T**(−9)

Function GCOFCC
298.14 < T < 1768.00: + 737.832 + 132.750762*T − 25.0861*T*LN(T)
−.002654739*T**2 − 1.7348E-07*T**3 + 72 527*T**(−1)
1768.00 < T < 6000.00: − 16 770.075 + 252.668487*T − 40.5*T*LN(T)
+9.3488E+30*T**(−9)

Function GCOBCC
298.14 < T < 3000.00: +2937.831 − .7138*T + GHSERCO

Function GCOLIQ
298.14 < T < 1768.00: + 15 395.278 + 124.434078*T − 25.0861*T*LN(T)
−.002654739*T**2-1.7348E − 07*T**3 + 72 527*T**(−1)
1768.00 < T < 6000.00: −846.61 + 243.599944*T − 40.5*T*LN(T)

Function GCOA13
298.14 < T < 3000.00: +3155 + GHSERCO

Function GHSERZN
298.14 < T < 692.68: −7285.787 + 118.469269*T

−23.701314*T*LN(T)
−.001712034*T**2−1.264963E−06*T**3
692.68 < T < 6000.00: −11 070.597 + 172.344911*T − 31.38*T*LN(T)
+4.70657E + 26*T**(−9)

Function GZNFCC
298.14 < T < 3000.00: +2969.82 − 1.56968*T + GHSERZN

Function GZNBCC
298.14 < T < 3000.00: +2886.96 − 2.5104*T + GHSERZN

Function GZNLIQ
298.14 < T < 692.73: +7157.27 − 10.292343*T − 3.5865E

− 19*T**7 + GHSERZN
692.73 < T < 3000.00: +7450.123 − 10.736234*T − 4.7066E

+ 26*T**(−9) + GHSERZN
Phase LIQUID
Excess model is Redlich-Kister_Muggianu
Constituents: CO,ZN

G(LIQUID,CO;0)-H298(HCP_A3,CO;0) � +GCOLIQ
G(LIQUID,ZN;0)-H298(HCP_A3,ZN;0) � 298.14 < T < 3000.00:

+GZNLIQ
L(LIQUID,CO,ZN;0) � −15 017 + 12.735*T
L(LIQUID,CO,ZN;1) � +51 758 − 29.752*T

Phase BETA1
Excess model is Redlich-Kister_Muggianu
Additional contribution from magnetic ordering p � 0.400
2 Sub-lattices, Sites 1:1
Constituents: CO,ZN:VA

G(BETA1,CO:VA;0)-H298(HCP_A3,CO;0) � +GCOBCC
TC(BETA1,CO:VA;0) � 1450
BMAGN(BETA1,CO:VA;0) � 1.35
G(BETA1,ZN:VA;0)-H298(HCP_A3,ZN;0) � +GZNBCC
TC(BETA1,CO,ZN:VA;0) � −861
L(BETA1,CO,ZN:VA;0) � −60 380 + 41.475*T
L(BETA1,CO,ZN:VA;1) � +48 088 − 30.451*T

Phase BETA
Excess model is Redlich-Kister_Muggianu
2 Sub-lattices, Sites 1:1
Constituents: CO,ZN:VA

G(BETA,CO:VA;0)-H298(HCP_A3,CO;0) � +GCOBCC
G(BETA,ZN:VA;0)-H298(HCP_A3,ZN;0) � +GZNBCC
L(BETA,CO,ZN:VA;0) � −33 588 + 19.099*T
L(BETA,CO,ZN:VA;1) � +15 504 − 2.971*T

Phase DELTA
2 Sub-lattices, Sites .117647: .882353
Constituents: CO:ZN

G(DELTA,CO:ZN;0)-0.1176471 H298(HCP_A3,CO;0) − 0.8823529
H298(HCP_A3,ZN;0) � −7494 + .1176471*GHSERCO

+ .8823529*GHSERZN
Phase FCC_A1

Excess model is Redlich-Kister_Muggianu
Additional contribution from magnetic ordering p � 0.280
2 Sub-lattices, Sites 1:1
Constituents: CO,ZN:VA

G(FCC_A1,CO:VA;0)-H298(HCP_A3,CO;0) �+GCOFCC
TC(FCC_A1,CO:VA;0) � 1396
BMAGN(FCC_A1,CO:VA;0) � 1.35
G(FCC_A1,ZN:VA;0)-H298(HCP_A3,ZN;0) � +GZNFCC
L(FCC_A1,CO,ZN:VA;0) � −34 275 + 23.006*T
L(FCC_A1,CO,ZN:VA;1) � +18 019 + −9.93800*T
TC(FCC_A1,CO,ZN:VA;0) � −332

Phase GAMMA1
2 Sub-lattices, Sites .125: .875
Constituents: CO:ZN

G(GAMA1,CO:ZN;0)-0.125 H298(HCP_A3,CO;0) − 0.875
H298(HCP_A3,ZN;0) � −12 051 + 4.52*T + .125*GHSERCO

+ .875*GHSERZN
Phase GAMMA2

2 Sub-lattices, Sites .0714286: .928571
Constituents: CO:ZN

G(GAMA2,CO:ZN;0)-0.0714286 H298(HCP_A3,CO;0)
− 0.9285714 H298(HCP_A3,ZN;0) � −6710 + 1.533*T
+ .0714286*GHSERCO + .9285714*GHSERZN

Phase GAMMA
Excess model is Redlich-Kister_Muggianu
2 Sub-lattices, Sites 1:1
Constituents: CO,ZN:VA

G(GAMMA,CO:VA;0)-H298(HCP_A3,CO;0) � +10000 + GHSERCO
G(GAMMA,ZN:VA;0)-H298(HCP_A3,ZN;0) � +10000 + GHSERZN
L(GAMMA,CO,ZN:VA;0) � −75 720 + 27.599*T
L(GAMMA,CO,ZN:VA;1) � +61 919 + 35.000*T
L(GAMMA,CO,ZN:VA;2) � −122 000 + 31.483*T

Phase HCP_A3
Excess model is Redlich-Kister_Muggianu
Additional contribution from magnetic ordering p � 0.280
2 Sub-lattices, Sites 1: .5
Constituents: CO,ZN:VA

G(HCP_A3,CO:VA;0)-H298(HCP_A3,CO;0) � +GHSERCO
TC(HCP_A3,CO:VA;0) � 1396
BMAGN(HCP_A3,CO:VA;0) � 1.35
G(HCP_A3,ZN:VA;0)-H298(HCP_A3,ZN;0) � +GHSERZN
L(HCP_A3,CO,ZN:VA;0) � −205 000 + 22.5*T
TC(HCP_A3,CO,ZN:VA;0) � −332
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The temperature and composition values for the invariant
reactions assessed by Hansen and Anderko [1958Han] and
Massalski [1996Mas] have been used. However, there are
no data concerning the low-temperature ternary equilibrium
between �-, �-, and �1-phases, that by theoretical consid-
erations, must exist in this system.

3.2.2 Solution Phases (� or fcc-Co,Zn, HCP-Co,Zn or
�Co,Zn, and �Zn,Co, Liquid). These binary phases have
been treated as disordered substitutional solutions in the
same way as that described in the optimization of the Ni-Zn
system [2000Vas].

It has been found that first-degree Redlich-Kister poly-
nomials (equivalent to a sub-regular solution model) are
sufficient to describe the optimized excess thermodynamic
properties of the �- and liquid phases. For the hexagonal
(HCP_A3) �-phase, existing across a narrow concentration
interval, a zero degree Redlich-Kister polynomial descrip-
tion (equivalent to a regular solution model) has been ap-
plied (Table 2). The �Zn,Co phase (also HCP_A3) has been
assumed to be thermodynamically identical with �Co,Zn.

The magnetic contribution to the Gibbs energy descrip-
tions of the �-, �-, and �1-phases was accomplished by the

formalism of Inden [1981Ind] as modified by Hillert and
Jarl [1978Hil]. It is based on Redlich-Kister type polyno-
mials for both, the TC, and the effective magnetic moment
[1978Hil, 1981Ind, 1995Luk, 2000Vas]. We have assessed
the pertinent coefficients (Table 2) following Takayama at
al. [1995Tak], Hansen and Anderko [1958Han], and Mas-
salski [1996Mas].

3.2.3 Nonstoichiometric Intermetallic Phases (�, �1,
and �). The crystal structure of the high-temperature
�-phase is probably of the B2 type, thus a two-sub-lattice
description [(Co,Zn)1(Zn,Co)1] could be applied. The �-Mn
structure of the �1-phase has two different Wyckoff posi-
tions, 8(c) and 12(d). Thus, the site fractions of the two
sub-lattices must represent this ratio. Consequently, the
model (Co,Zn)2(Zn,Co)3 would be adequate. However, as in
the prototype �-Mn, both positions are equally occupied, so
a Redlich-Kister description may be suitable for this phase
as well. The latter model is applied to the �1-phase, since
differences between both sites are expected to be small.

It has been found (Table 1) that the ideal structural
stoichiometry for the �-phase is Co5Zn21. Detailed x-ray
[1973Mel] and electron paramagnetic resonance studies

Table 3 Experimental or Estimated Data About the Invariants and the Special Points of the Co-Zn Phase
Diagram Compared With the Calculated Values

Reaction
Type T (K) XLEFT SIDE XMIDDLE XRIGHT SIDE Reference

Congruent melting Co(FCC) ↔ Co(L) 1768 0.00 1991Din, 1993Bar
Peritectic � + L ↔ � 1239 X� � 0.375 X� � 0.495 XL � 0.640 1958Han

1239 X� � 0.358 X� � 0.495 XL � 0.664 Calculated
Peritectoid � + � ↔ �1 1198 X� � 0.375 X�1

� 0.475 X� � 0.495 1958Han
1198 X� � 0.368 X�1

� 0.502 X� � 0.506 Calculated
Peritectic L + �1 ↔ � 1197 X�1

� 0.515 X� � 0.535 XL � 0.665 1958Han
1197 X�1

� 0.529 X� � 0.532 XL � 0.694 Calculated
Peritectic L + �1 ↔ � 1168 X�1

� 0.538 X� � 0.690 XL � 0.710 1958Han
1168 X�1

� 0.540 X� � 0.660 XL � 1995Tak
1177 X�1

� 0.557 X� � 0.691 XL � 0.716 Calculated
Peritectic L + � ↔ � 1019 X� � 0.845 X� � 0.875 XL � 0.931 1958Han

1168 X� � 0.798 X� � 0.882 XL � 0.921 Calculated
Peritectoid � + � ↔ �1 963 X� � 0.854 X�1 � 0.875 X� � 0.880 1958Han

961 X� � 0.806 X�1 � 0.875 X� � 0.882 Calculated
Peritectic � ↔ L + �1 948 X�1 � 0.875 X� � 0.90 XL � 0.970 1923Pie

948 X�1 � 0.875 XL � 0.882 XL � 0.961 Calculated
Peritectic �1 + L ↔ �2 839 X�1 � 0.9 X�2 � 0.917 XL � 0.991 1958Han

840 X�1 � 0.875 X�2 � 0.9285 XL � 0.991 Calculated
Eutectic L ↔ �2 + (Zn) ≈692.6 X� � 0.9285 XL > 0.997 X(Zn) ≈ 1 1923Pie

692.65 X� � 0.9285 XL ≈ 0.9998 X(Zn) ≈ 1 Calculated
Congruent melting Zn(s) ↔ Zn(L) 692.65 XZn � 1.0000 1993Bar

692.73 XZn � 1.0000 1991Din, 1993Kow
Monotectoid (a) (�Co) (b) ↔ (�Co) (c) + �1

No experimental data
1015 X(�Co)f � 0.200 X(�Co)p � 0.234 X�1

� 0.467 Calculated
Eutectoid (�Co) ↔ (�Co) + �1

No experimental data
658 X(�Co) � 0.028 X(�Co) � 0.037 X�1

� 0.525 Calculated

(a) Critical point coordinates: XZn � 0.184, T � 1089
(b) Paramagnetic
(c) Ferromagnetic
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[1996Rya] have shown that it forms solid solutions with
variable site occupancy by atoms and vacancies in the
unit cell [1980Arn, 1982Pea]. In this case, the follow-
ing distribution of the sites should be admitted:
(Co,Va)5(Zn,Co)21Co5Zn21. This is similar to what was
done for the Ni-Zn �-phase [2000Vas]. We achieved a suc-
cessful optimization using the latter model. Nevertheless,
simplified models, without accounting for vacancies, re-
cently have been preferred [2003Jia] because they facilitate
the compatibility of various works when higher order sys-
tems are optimized for the development of thermodynamic
databases. As the phase under consideration has a signifi-
cant homogeneity interval, a simple substitutional solution
model (Co,Zn) with full solubility in a single sub-lattice was
chosen finally (Table 2).

3.2.4 Stoichiometric Phases (�, �1, �2). Actually, these
phases exhibit narrow concentration intervals [1958Han,
1996Mas]. Nevertheless, we have preferred to model them
as stoichiometric phases due to the insufficient thermody-
namic and phase diagram data (especially about the high-
temperature �-phase). The �-, �1-, and �2- phases have been
modeled as (Co)2(Zn)15, (Co)1(Zn)7, and (Co)1(Zn)13, re-
spectively. Linear temperature dependence of their Gibbs
energy values of formation (��G f) has been accepted
(Table 2).

4. Results and Discussion

The set of coefficients optimized through the programs
THERMO-CALC and BINGSS [1995Luk] is shown in
Table 2. By means of these coefficients, one can calculate
the thermodynamic properties of all binary CoZn phases. A
comparison between thermodynamic quantities calculated

in this work and measured or assessed data is presented in
Fig. 2-6. It is interesting to note that the largest enthalpies of
formation in the system CoZn belong to the �-phase region,
while in the Ni-Zn system [2000Vas] they pertain to the
equiatomic (�1-phase) region.

According to the theoretical estimations of Niessen et al.
[1983Nie], the largest magnitudes of the liquid phases en-
thalpies of formation in the systems Ni-Zn and Co-Zn are
−34 and −19 kJ mol−1, respectively, when referred to liquid
metals. The pertinent values calculated with the optimized
coefficients, however, are −13 and −8 kJ mol−1 (at 1750 K),
respectively.

A compilation of experimental data, and those assessed
in this work concerning the invariants and the special points
of the Co-Zn phase diagram, is given in Table 3. It is
worth noting that the hypothetical three-phase equilibrium
�(Co) ↔ (�Co) + �1 has been considered and calculated for
the first time in this work. The same is valid for the enthal-
pies of the invariant reactions shown in Table 4.

The calculated phase diagram (valid for temperatures
above 298.15 K) is presented in Fig. 7. The calculations
have revealed (Table 3) that another formerly unknown in-
variant might exist at around 1015 K due to the three-phase
equilibrium among �-ferromagnetic, �-paramagnetic, and
�1-phases. The estimated critical point of the related mis-
cibility gap is situated at 1089 K and XZn � 0.184 (Fig. 7).
The shape of this magnetically induced immiscibility region
differs from the usual one. Such distorted miscibility gaps
have relevance to the microstructural design of hard mag-
nets [1995Nis].

The calculations show (Fig. 7) that the magnetic transi-
tion in the �1-phase occurs at temperatures between 454 K
(53.9 at.% Zn) and 410 K (57.1 at.% Zn). This result is in

Table 4 Experimental and/or Estimated Enthalpy Changes and Temperatures for the Invariants of the Co-Zn
Phase Diagram Compared With Values Calculated in the Present Work

Equilibrium Reaction (a) Estimated T (K)
Experimental

Enthalpy (J � mol−1)
Calculated

T (K)

Calculated
enthalpy

(J � mol−1)

Zn(s) ↔ Zn(L) C.M. 692.73 7 320 692.73 7 320
(�Co) ↔ (�Co) + �1 E.D. (b) (b) 658.48 −690
(�Co) (c) ↔ (�Co) (d) + �1 M. (b) (b) 1014.7 −1 180
L ↔ �2 + (Zn) E.C. ≈692.6 (b) 692.66 −7 330
L + �1 ↔ �2 P.C. 839 (b) 840.25 −3 440
� ↔ L + �1 P.C. 948 (b) 948.07 −3 070
� + � ↔ �1 P.R. 963 (b) 961.13 −3 850
L + � ↔ � P.C. 1019 (b) 1016.49 −5 330
L + �1 ↔ � P.C. 1168 (b) 1176.82 −14 660
� ↔ �1 + � E.D. 1197 (b) 1197.00 −6 870
� + � ↔ �1 P.R. 1198 (b) 1198.00 −6 720
� + L ↔ � P.C. 1239 (b) 1238.95 −4 000
(�Co) ↔ Co(L) C.M. 1768 16 200 1768 16 200

(a) C.M., congruent melting; E.D., eutectoid decomposition; E.C., eutectic crystallizaiton; P.C., peritectic crystallization; P.R., peritectoid recrystallization;
M, monotectic
(b) No data available
(c) Paramagnetic state
(d) Ferromagnetic state
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Fig. 7 (a) The calculated Co-Zn phase diagram. The small dots represent the TC of the Co-based fcc solutions; and the line of dashes and
dots represent the �1-phase TC. (b) The calculated Co-Zn equilibrium phase diagram with selected topological experimental data: data of
Takayama et al. [1995Tak]: +, � and �M; �, �1; �, �. Data of Koster et al. [1937Kos]: *, �; �, � and �M. Data of Budurov and Vassilev
[1976aBud]: �, liquid; I, �. Data of Lihl [1955Lih]: �, �. Authors’ data: ×, �1; and B, �.

Section I: Basic and Applied Research

266 Journal of Phase Equilibria and Diffusion Vol. 25 No. 3 2004



agreement with the measurements of Schramm [1941Sch]
and Meyer and Taglang [1951Mey].

The assessed thermodynamic properties of the �1-, �2-,
and �-phases, are shown in Table 5, 6, and 7, respectively.

5. Conclusion

Thermodynamically consistent sets of coefficients have
been derived enabling the calculation of the Co-Zn equilib-
rium diagram and the thermochemical properties of the bi-
nary phases. Generally, good agreement with the available
experimental information has been achieved.

We would like to emphasize that most of the phase dia-
gram data are rather ancient and that some of them might be
uncertain (e.g., details concerning the high-temperature
phases � and �). The positions of the peritectic liquidus
points are, in general, difficult to measure as well.

No direct thermochemical measurements concerning, for
example, the enthalpies of formation, the enthalpies of the
invariant reactions, and temperatures are known. The shape
of the solvus at low temperatures and the homogeneity in-
tervals of the solid phases also need further experimental
studies. Thus, if new data become available, they could be
used for verification and amendment to the present thermo-
dynamic description.
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