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Abstract

The Fe–Zn binary system was re−modeled using exponential equation                                       to

describe the excess Gibbs energy of the solution phases and intermetallic compounds with large

homogeneities. A self–consistent set of thermodynamic parameters is obtained and the calculated

phase diagrams and thermodynamic properties using the exponential equation agree well with the

experimental data. Compared with previous assessments using the linear equation               to

describe the interaction parameters, the artificial miscibility gap at high temperatures was removed.

In addition, the calculated thermodynamic properties of the liquid phase were more reasonable than

those resulting from all the previous calculations. The present calculations yield noticeable

improvements to the previous calculations.   
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1. Introduction

The phase diagram is an essential tool for
material development and processing design
[1–3]. In the CALPHAD procedure the
interaction parameter of the excess Gibbs
energy is often described as linear functions

of temperature (                                      ).
In some cases, an inverted artificial
miscibility gap may appear at high
temperatures. The problem could be solved
by artificially adding some thermodynamic
constraints during the optimization procedure
[4]. However, a more general method is to

L h
T

i
i i

i

  








 exp ( , , ...)

(


 0 1 2

L h s T

i

i i i



  

e

( )


 

L
i
h
i
T s
i
i  

e

(

 

 0 1 2

0

, , ...)

e

    

   and 

S

   

   

   and 

2

  

DOI:10.2298/JMMB1101001T



introduce the exponential equation 

(                                        ),  which  is

suggested by Kaptay in 2004 [5], to describe
the excess Gibbs energy for the solution
phase. This exponential equation has been
applied to the assessments of several binary
systems [6–12]. These results [6–12] support
the practicability of this equation.  

Applying this equation to the complex
Fe–Zn system to further check its
practicability and obtain a self–consistent set
of thermodynamic parameters are of interest
due to the following reasons. Firstly, the
Fe–Zn binary system is very important in the
industry, especially for the galvanizing
process, which requires the accurate phase

diagram. Secondly, the previous descriptions
of the Fe–Zn system [13, 14] shows an
artificial miscibility gap above 1529 and
1616 ºC, respectively, as presented in Fig. 1.
These artefacts indicate that the
thermodynamic properties of liquid phase at
high temperatures are not reliable physically.
Thirdly, the calculated enthalpies of mixing
for the liquid phase at high temperatures
using all of the previous parameters [13–15]
change the sign in Zn–rich side, as shown in
Fig. 2. Such a behaviour is of questionable
physical meaning.    

In the present work, the Fe–Zn system
was reassessed using the exponential
equation to describe the excess Gibbs
energies of all the phases including
intermetallic compounds with large
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Fig. 1 Calculated Fe–Zn phase diagrams according to the previous assessment [13, 14]. The

artificial miscibility gap exists above 1529 ºC or 1616 ºC.



homogeneities. An attempt is made to obtain
a set of self–consistent exponential
parameters and remove the artificial
miscibility gap at high temperature without
applying any thermodynamic constraints
during optimization procedure.  

2. Thermodynamic model

The Fe−Zn system contains four solution
phases (liquid,                                            )  and four
intermetallic compounds                        . The
experimental data on the phase diagram and
thermodynamic properties of the Fe–Zn
system were critically reviewed [13–15]. All
the experimental data used in the present
assessment are the same as those utilized by

Xiong et al. [15]. These data [19–35] are
summarized in Table 1. 

2.1 pure elements 

The   Gibbs  energy   function 
for the element i (i= Fe, Zn)

in the        phase is described by the following
equation:

...(1)

where           is the molar enthalpy of the stable
element reference at 298.15 K and 1 bar, and
T is the absolute temperature. In the present
work, the Gibbs energy for Fe and Zn are
from the SGTE compilation by Dinsdale [16].
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Fig. 2 Calculated enthalpies of mixing in the liquid phase at 2500 ºC according to the present and

previous calculations [13−15].
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2.2 solution phases

The liquid,                            solution
phases are described by Redlich−Kister
polynomial [17], and the Gibbs energy of 
(    = liquid or         or       or       ) is 
expressed as follows:

...(2)

where R is the gas constant, and xi is the
mole fraction of i (i=Fe or Zn). The
parameter L in the last term is the interaction
energy between the elements. In the present
work, L is expressed by an exponential
equation [5]:             

The parameters of   and   are to be
evaluated from the experimental phase
diagram and/or thermodynamic data.

2.3 Intermetallic compounds with large

homogeneities 

The thermodynamic models for the four
compounds                         in the Fe ­ Zn
system were well established by Nakano et al.
[14]. Thus, the sublattice models used in the
present assessment are the same as those in
Nakano et al. [14] and shown in Table 2.  The
Gibbs energy per mole−formula, taking   ,    
the  phase (                                       ) for
example, is expressed as:
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experiment data method reference 

liquidus in the Zn rich range, invarint reactions XRD, TA Schramm [19, 20] 

liquidus in the whole range,            
and Zn solubility in

XRD Budurov et al. [21]

boundary Microprobe analysis Kirchner et al. [22]

phases boundary XRD, EPMA Bastin et al. [23, 24]

invarint reactions DTA, EDX, XRD Gellings et al. [25]

Zn solubility in Microscopy, XRD Speich et al. [26]

Zn solubility in Microscopy, HTXRD Stadelmaier and
Bridgers [27] 

Activity of Zn Transportation technique Tomita et al. [28]

Activity of Zn KEVPM Cigan [29]

KEVPM Gellings et al.[30] 

Activity of Zn Isopiestic method Wriedt and Arajs [31]

Activity of Zn CA, KEVPM Mita et al. [35]
a XRD= X–ray diffraction; EPMA= Electron probe microanalysis;  TA = Thermal analysis; 

HTXRD=High–temperature X–ray diffaction; DTA=differential thermal analysis; 
EDX=Energy dispersive X–ray spectroscopy; CA=Chemical analysis;  
KEVPM=Knudesn effusion vapor pressure measurement. 
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Table 1 Summary of the experimental data used in the present assessment 

...(3)



...(4)

in which      and      are the site fractions of
Fe and vacancy in the first sublattice,
respectively, and    and     are the site
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Phase Model Optimized exponential parameters 

Liquid  1( , )Fe Zn  

0 liq 3

1 liq 3

2 liq

=125613.74 exp( 1.38979 10 ) 
=189615.062 exp( 2.3496 10 )
= 2137.539

L T
L T
L

 

( Fe)  1 1( , ) ( )Fe Zn Va  
0 fcc 4

1 fcc

13851.26 exp( 3.1662 10 )
1.672.205

L T
L

 

( Fe)  1 3( , ) ( )Fe Zn Va  

0 bcc

1 bcc 4

2 bcc

8332.86364
5949.390 exp( 4.983 10 ) 

4833.892

L
L T
L

 

(Zn)  1 0.5( , ) ( )Fe Zn Va  0 hcp 23601.6208L  

1  0.137 0.118 0.745( ) ( , ) ( )Fe Fe Zn Zn  

1

1

1

0 0 fcc 0 hcp
Fe:Fe:Zn Fe Zn

0 0 fcc 0 hcp
Fe:Zn:Zn Fe Zn

0 3
Fe:Fe,Zn:Zn

0.255 0.745 7601.816 4.7440

0.137 0.863 2908.620

18730.792 exp( 3.91966 10 )

G G G T
G G G
L T

 

 0.058 0.18 0.525 0.237( ) ( , ) ( ) ( )Fe Fe Zn Zn Zn  

0 0 fcc 0 hcp
Fe:Fe:Zn:Zn Fe Zn

0 0 fcc 0 hcp
Fe:Zn:Zn:Zn Fe Zn

0 3
Fe:Fe,Zn:Zn:Zn

0.238 0.762 2569.236

0.058 0.942 2169.039

9101.82 exp( 1.810788 10 )

G G G
G G G
L T

 

 0.154 0.154 0.231 0.461( , ) ( , ) ( , ) ( )Fe Zn Fe Zn Fe Zn Zn  

0 0 fcc 0 hcp
Fe:Fe:Fe:Zn Fe Zn

0 0 fcc 0 hcp
Zn:Fe:Fe:Zn Fe Zn

0 0 fcc 0 hcp
Fe:Zn:Fe:Zn Fe Zn

0 0 fcc 0 hcp
Zn:Zn:Fe:Zn Fe Zn

0
Fe:F

0.539 0.461

0.385 0.615

0.385 0.615 6151.60+3.9918

0.231 0.769 +6316.923

G G G
G G G
G G G T
G G G
G 0 fcc 0 hcp

e:Zn:Zn Fe Zn
0 0 fcc 0 hcp

Zn:Fe:Zn:Zn Fe Zn
0 0 fcc 0 hcp

Fe:Zn:Zn:Zn Fe Zn
0 0 hcp

Zn:Zn:Zn:Zn Zn
0

Fe:Zn:Fe,Zn:Zn

0.308 0.692

0.154 0.846

0.154 0.846 2646.02639

 +4830.0 6.91322

23177.2116

G G
G G G
G G G
G G T
L 3exp( 2.90583 10 )T

 

 0.072 0.856 0.072( , ) ( ) ( , )Fe Va Zn Zn Va  

0 0 fcc 0 hcp
Fe:Zn:Va Fe Zn

0 0 hcp
Va:Zn:Va Zn

0 0 fcc 0 hcp
Fe:Zn:Zn Fe Zn

0 0 hcp
Va:Zn:Zn Zn

0.072 0.856 983.46

0.856  81.00

0.072 0.928 2720.00

0.928 764.75

G G G
G G
G G G
G G

 

 

Table 2  Summary of the evaluated thermodynamic parameters in the Fe−Zn system*.

* In J/(mol­atoms); Temperature(T) in Kelvin.



fractions of Zn and vacancy in the third
sublattice, respectively. In the present work,
the term         reads:

...(5)

in which the L parameters represent the
interaction energies within each sublattice.
They are also expressed by an exponential
equation Eq.(3). The Gibbs energies of     

phases are represented with the
analogous equation.  

3. results and discussion 

The optimization was carried out by using
the PARROT module in the Themo−Calc
software [18], which works by minimizing
the square sum of the differences between
the measured and calculated values. In the
assessment procedure, each selected piece of
experimental information was given a certain
weight. The weights were changed
systematically during the assessment until
most of the selected experimental
information was reproduced within the
expected uncertainty limits.

In the first step of the present assessment,
only the thermodynamic data including the
activity of Zn and Gibbs energy of formation
were considered to determine the parameters
hv in Eq.(3) for solution phases and the
intermetallic compounds. Secondly, parameter
v can be adjusted by using all the invariant

reactions to describe the general feature of
the phase diagram. Thirdly, the experimental
data on liquidus and solubility of Zn in   
were utilized to refine the above preliminary
optimization. Finally, all of the selected
experimental data were used simultaneously
in order to get a self–consistent set of
thermodynamic parameters. The finally
obtained parameters are listed in Table 2. 

Using the presently obtained parameters,
the calculated Fe–Zn phase diagram along
with the experimental data [19–25, 28] is
shown in Fig. 3. The calculated phase
boundaries agree well with the experimental
data. The calculated compositions and
temperatures for the invariant reactions
along with the experimental data [25] are
listed in Table 3. It shows that the deviations
between the calculation and experiment are
very small. Besides, the miscibility gap at
high temperatures, as shown in Fig. 1, was
removed in the present work. This is an
addition confirmation on the reliability of the
exponential equation. 

The activities of Zn at 700, 750, 800 and
1585 ºC are shown in Fig. 4(a−d). Within the
claimed experimental uncertainties, the
calculation reproduces the experimental data
[28, 31−33] reasonably. Although the
experimental data on the activity of Zn at
1585 ºC [32, 33] were not used in this
optimization, the computed values are in
consistent with the experimental results of
Dimov et al. [33]. Such a good agreement
further verifies the soundness of the present
modeling. The calculated activity in solid
phase at 400 ºC together with experimental
results [34, 35] is shown in Fig. 5. The
calculated and experimental values show a
good agreement with each other. 
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In order to check the thermodynamic
properties of liquid at high temperatures, the
calculated enthalpies of mixing in liquid
phase at 2500 ºC from various sources are
presented in Fig. 2. All the previous
calculations [13−15] indicate negative
values in the Zn−rich side and positive
values in the other composition region. Such

a behaviour associated with the previous
calculations [13­15] was unusual in view of
the general belief that one particular system
usually shows either positive or negative
enthalpy of mixing for the liquid over the
whole composition range. The present
calculation yields positive values over the
whole composition range, indicating a
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Reaction Composition at.%Zn  T( ) Type   Reference 

( Fe)+L
 

43.20   92.49  73.16   782.0 calculation, exponential equation  This work 
42.30   92.00  72.60 782.0 calculation, linear equation [15] 
42.00   92.00  72.00  782.0 experiment [25] 

L+  
80.22   96.97  86.36 672.0 calculation, exponential equation This work  
82.70   97.30  85.60 668.0 calculation, linear equation [15] 
82.50   96.50  86.50  672.0 experiment [25] 

1+  
75.97   86.54  80.20 550.7 calculation, exponential equation This work 
76.80   85.60  81.00   550.0 calculation, linear equation [15] 
76.50   86.50  81.00  550.0 experiment [25] 

+L  
91.30   99.74  92.94 530.7 calculation, exponential equation This work  
91.40   99.85  93.00   526.0 calculation, linear equation [15] 
92.00   99.50  92.70 530.0 experiment [25] 

L+ (Zn)  
99.988  93.88  99.9886 419.5 calculation, exponential equation This work 
99.998  93.90  99.9886   419.5 calculation, linear equation [15] 
99.989  94.00  100.00 419.4  experiment [25] 

Table 3 Comparison of the invariant reactions from different sources. 

(a) (b)

Fig. 3 The presently calculated phase diagram along with the experimental data [19–25, 28]. (a)

from Fe to Zn, (b) magnified region in Fig.3 (a).



physically sound modeling for the
thermodynamic properties at high
temperatures. Using the presently optimized
parameters, the calculated enthalpies of
mixing at different temperatures 1600, 2500
and 3500 ºC are presented in Fig. 6. It shows
that the enthalpies of mixing become smaller
when the temperature increases. Such a
behavior is consistent with the general belief
that the liquid approaches to the ideal

solution at very high temperature. However,
when using the linear function to describe
the excess Gibbs energy, the calculated
enthalpies of mixing in the liquid phase are
constant at different temperatures [9]. The
linear function failed to realize the ideal
solution feature for the liquid at very high
temperatures.

The present work shows that the
exponential equation for the excess Gibbs

Y. Tang / JMM 47 (1) B (2011) 1 ­ 108

(c) (d)

Fig. 4 Calculated activity of Zn with the experimental data [28, 31−33] (a) 700 ºC, (b) 750 ºC,

(c) 800 ºC and (d) 1585 ºC. The reference states are liquid Fe and Zn. 

(a) (b)



energy is very efficient to remove the
artificial miscibility gap at high temperature.
Besides, the calculated thermodynamic
properties using exponential equation is
more reasonable than those due to the linear
equation. It is recommended that the binary
systems, which show artificial miscibility

gap in the literature, should be checked and
reassessed using the exponential equation. 

4. conclusion

· The exponential equation was
successfully used to describe the excess
Gibbs energy of both liquid and solid phases
in the Fe–Zn system. A set of self–consistent
thermodynamic parameters of the Fe–Zn
system was obtained. The calculated phase
diagrams and thermodynamic properties
using the obtained exponential parameters
are in a good agreement with the
experiments. Noticeable improvements have
been made, in comparison with previous
assessments. 

· The artificial miscibility gap in the
liquid phase at high temperatures was
removed automatically using the exponential
equation without applying any
thermodynamic constraints. Such a
miscibility gap may appear when the R–K
linear polynomial was used without adding
the constraints during the thermodynamic
optimization. 
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