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ABSTRACT

Experimental thermodynamic properties and phase equilibrium data have been used in
deriving a thermodynamically consistent analytical description of the thermochemical proper-
ties and phase diagram of the Fe-Zn system. A set of coefficients is used to describe the
conventional Gibbs free energy of the pure components and stoichiometric intermetallic
compounds and the excess Gibbs energies of the solution phases are given. Thermodynamic
and phase boundary values calculated with these coefficients agree well with experimental
data within experimental error.

INTRODUCTION

Since galvanizing is a surface refinement of major technological impor-
tance for iron and steel products, many investigations of phase equilibria in
the Fe-Zn system have been made. Differences in the published phase
diagrams have made it clear that uncertainties still exist concerning the
phase boundaries of the solution phases as well as the number of inter-
metallic compound phases and their properties. On the other hand, thermo-
dynamic data for the Fe—Zn system are of special interest for high tempera-
ture process metallurgy, since the presence of zinc, even in small amounts,
causes problems in the blast furnace and in recycling operations, mainly due
to its low melting point and high vapour pressure even at relatively low
temperatures.

METHOD OF CALCULATION

To represent the conventional Gibbs free energy functions for the pure
substances and stoichiometric intermetallic compounds, an equation of the
form

G=a+bT+cT InT+dT*+eT*+f(1/T) (1)

Dedicated to Professor Oswald Kubaschewski in honour of his contribution to thermochem-
istry.
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has been used. With the resulting table of coefficients a, b, ¢,... and the
thermodynamic relations

S=—(3G/9T),, H=G+TS (2)
it is possible to calculate for example
H(T)=a—cT—dT*-2eT?*+2f(1/T) (3)
or

S(T)=~(b+c)—2dT—cIn T—3eT*+ f(1/T?) (4)

The analytical description of the thermodynamic properties of a binary
system’s solution phases can be realized in many cases with the equation for
the formation of substitutional solid solution series

2
Gn= Y x,G,(T)+ AG™(T, x) + AGE(T, x) (5)
i=1

where AG¥ = —TAS¥=RT(x, In x, + x, In x,). The term x,G,(T) repre-
sents the contribution of the pure component i to the molar Gibbs energy of
the solution phase, AG' indicates the ideal part of the molar Gibbs energy
of mixing. The excess part AGE of the molar Gibbs energy of mixing is
described by a Redlich—Kister equation of the form

E=xx, 2 (x; = x,) " LY(T) (6)

where L(")( T ) =AY + B{"T (i=Fe, j=1Zn). The coefficients are linear
functions of temperature ie. Ay and B{” correspond to the temperature-
independent values of the enthalpy and excess entropy of mixing. G(T)
functions for the pure components can usually be taken from literature,
while the polynomial expressions for G(T) of the stoichiometric inter-
metallic compounds and for the excess Gibbs energy AG® as a function of
temperature and composition for the solution phases must be generated.
This is done by a computer program written by Lukas et al. [1] which
calculates the optimized G(7) polynomial expressions for the stoichiometric
intermetallic compounds and the AGF coefficients of the solution phases by
means of a least-squares method, using experimental thermodynamic and
phase boundary values as input data.

The temperature dependence of the Gibbs energy for the solution phases
is also described by eqn. (1), while the Redlich—Kister equation describes the
concentration dependence of the excess Gibbs energy.

APPLICATION OF THE MODEL EQUATION TO THE IRON-ZINC SYSTEM

The Gibbs energies of the pure elements in the different stable and
metastable phase states are listed in Table 1. Because of their rather narrow
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solubility range and the lack of low-temperature experimental data, the [-,
0-, and {-phases are treated as stoichiometric intermetallic compounds. In
the same manner as for the component elements, the stoichiometric inter-
metallic compounds are each represented by one G(T) function. The
coefficients of these functions were derived by applying Neumann-Kopp’s
rule for the specific heat to the data of the pure components. The values for
standard enthalpy and entropy of these line compounds, which are described
by the coefficients @ and b of eqn. (1), are also optimized by the assessment
program in order to represent the experimental data as consistently as
possible. The resulting coefficients of the G(T') functions are also listed in
Table 1, while calculated values of AH,q and S, are given in Table 6.

The data describing the Gibbs free energies of pure Fe in its stable
structures (bce, fcc and liquid) were taken from data proposed by Dinsdale
[2]. Lattice stability values for Fe in the I' structure, which according to
Villars and Calvert [3] is bce-type, were obtained from data for non-mag-
netic Fe(bcc) given by Guillermet and Gustafson [4], while the G(T)
function for Zn(bcc) was derived by combining data for the transformation
energy Zn(hcp — bec) given by Kaufman and Bernstein [5] with the G(T)
function for Zn(hcp) from the Barin et al. tables [6]. These data for
non-magnetic Fe(bcc) and Zn(bec) were also used to calculate the C,
functions of the I';-, 8-, and {-phases. The data for Zn(fcc) neceded to
calculate the y-loop were taken from Murray [7].

Before improved descriptions of the entire Fe-Zn system could be ob-
tained by optimizing data for all the phases together, optimized coefficients
representing experimental and phase boundary data were obtained for each
phase of the system in succession. Table 2 shows the coefficients of excess

TABLE 2

Excess Gibbs energy AGE coefficients for the liquid, bee, fcc, and T' phases of the Fe—Zn
system. AGE=x;x; Ti_o (x;—x))’L{(T) (J g-atom™') where L{(T)=4y + BT
(i=TFe, j=12Zn)

Phase v AL B,
Liquid 0 89265.3 —57.3528
1 —87202.6 70.3784
2 — 86630.9 42,7867
fce 0 20266.6 —10.5944
1 11609.8 —8.3663
2 —21375.4 17.8193
bee 0 14135.9 —5.4381
1 30711.7 —27.5599
2 —38550.0 34.6443
r 0 —23255.2 33.2288
1 12488.1 9.0758
2 —27457.7 27.3051
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Fig. 1. Calculated phase diagram for the Fe-Zn system using evaluated data.

Gibbs free energy of mixing as the result of the optimization procedure,
while Fig. 1 presents the calculated phase diagram.

EXPERIMENTAL PHASE DIAGRAM INFORMATION

The Fe-Zn phase diagram has been the subject of much controversy since
the earliest investigations of the system, in particular with regard to the
phases forming at high zinc concentrations, their ranges of temperature and
stoichiometry in which they are stable. The results of three separate investi-
gations published in 1936 {8-10] already show discrepancies of the order of
20-30 K in observed peritectic temperatures as well as in the number of
phases forming in Zn-rich alloys.

Schramm [10-12] carried out a series of investigations of the system and
presented a phase diagram in the final publication. In 1970 Biihler et al. [13]
reported the existence of two separate §-phases instead of the single 8-phase
found in earlier investigations. The two phases were confirmed by Ghoniem
[14] and Ghoniem and Lohberg [15] in 1972. Kirchner et al. [16] re-investi-
gated Fe-rich alloys and found a closed y-loop without a minimum, contrary
to the observation of previous authors. '

Finally the existence of a I'}-phase was proposed by Bastin et al. [17] in
1974, with a solubility range of 18.5 to 23.5 atm.% Fe and a peritectic
temperature close to 550°C. In 1977 Bastin et al. [18] negated the existence
of two separate §;, and 8, phases as well as the existence of a high-tempera-
ture 8-phase. In 1979 and 1980 Gellings and coworkers [19,20] carried out
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further research work on the phase diagram and on the 8- and {-phases in
particular. Kubaschewski’s [21] evaluated Fe-Zn phase diagram is con-
stituted mainly from the phase diagram data given by Bastin and coworkers,
combined with Gellings’ results. Since Kubaschewski took all data published
for the Fe-Zn phase diagram into consideration and her evaluation appears
to be very consistent, it has been used as the primary source of phase
diagram data for the present calculations.

EXPERIMENTAL THERMOCHEMICAL DATA

Most experimental investigations of the Fe—Zn system have been con-
cerned with phase diagram determinations and only few papers containing
thermodynamic data are available. Wriedt [22] measured zinc vapour pres-
sures of bee solutions at 757, 793, and 900° C. According to his work, both
Zn and Fe show large, positive, and moderately temperature-sensitive devia-
tions from ideality; excess enthalpies and Gibbs energies are positive in the
ranges studied.

Positive deviations from ideality were also found by Tomita et al. [23]
using a transportation method to study alloys over the entire composition
range for temperatures between 973 and 1073 K. Their activity data agree
well with Wriedt’s values, being slightly higher for the Fe-rich samples.

By e.m.f. measurement with a Zn/(KCl + LiCl) + ZnCl,/Zn Fe, _, cell,
Abu Al et al. [24]) obtained Gibbs energies for Fe-Zn alloys containing 2.2
to 80% Zn, calculated for 900 K. Gellings et al. [25] used the Knudsen
effusion method to investigate the thermodynamic properties of the system.
Vapour pressures, activities, and integral Gibbs free energies were calculated
for the different phases at 617 K.

Some enthalpy and entropy values were taken from Reutner and Engell’s
results [26], from experiments on the electrochemical deposition of zinc on
iron from a salt bath at temperatures between 370 and 570° C. However,
they had to be omitted during the optimizing calculations due to their very
large mean-square error.

Dimov et al. [27] determined activities of Zn in Fe-rich liquid alloys for a
temperature of 1585°C and mole fractions to x,, = 0.005 using a vapour
pressure method. Their activities also exhibit a positive deviation from
ideality. The experimental values had to be read from a small plot in their
publication and are therefore less certain. Pluschkell [28] recently investi-
gated Fe-rich liquid alloys containing up to 2 mass% Zn at 1600°C.

DISCUSSION

Using the set of coefficients obtained from the optimization process
(Table 2), the phase diagram shown in Fig. 1 has been calculated. There is
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Fig. 2. Fe-Zn phase diagram according to Kubaschewski [21].

excellent agreement with the diagram presented by Kubaschewski (Fig. 2),
as is evidenced by the comparison of 2- and 3-phase equilibrium information
for the system presented in Table 3. The only tendency to discrepancy with
the experimental diagram is at low temperatures in Fe-rich alloys, where the
higher Zn solubility given by the calculations may be due to the fact that the
ferromagnetism of Fe—Zn alloys in this composition range has not been
explicitly described in the present calculation.

Although the I',-, 8-, and {-phases have been treated here as “line
compounds”, this simplification does not result in significant differences
between the calculated and experimental peritectic temperatures of forma-
tion of the compounds.
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TABLE 3
Experimental and calculated 2- and 3-phase-equilibria of the Fe-Zn system
Equilibrium Experimental results Calculated results
Peritectic T=1055K, xz,, =0.42 T =1051.68K, x;;‘ =0.389
bee+lig » T x5, =072 xL, =0712
xia =092 x59=0928
Peritectic T= 938K, xz,, =0.825 T= 931.83K, x5 =0.806
T +liq— 8 x5 =0.865 X7, = 0875
x84 <0975 X33 =0.980
Peritectic T= 823K, xJ =0.765 T= 82261K, x5, =0.767
T+8-T, x5 =081 x5 =080
x5 =0.865 x5, = 0875
Peritectic T= 803K, xgn =0.92 T= 800.95K, xg,, =0.875
8+lig—>¢ x5, =0927 x5, =0929
x84 =0.995 x53=0.999
bee +lig T=1573 K, x5 =0.173 T=1573K, x5*=0.162
x5 =0.520 x5 =0.512
T=1373 K, x3* =0.237 T=1373K, x5=0.249
x19.=0.765 X3 =0.747
T=1173 K, x5* =0.321 T=1173K, x5°=0323
x31=0.891 x5 =0.877
bee+ T T= 973K, xz,, 0.254 T= 973K, xz,, =0.236
xL =0.704 x5, =0.693
T= 773K, x3* =0.056 T= 773K, xz,, 0.085
xL =0.675 L. =0.683

The present thermodynamic evaluation of the Fe-Zn system reveals
clearly the rather large discrepancies between the experimental results of
different authors. This is in part because the vapour pressure of zinc reaches

TABLE 4

Two-phase-equilibria of 1-atm isobar

T =1807.65 K, x4 =6.64x10"7
x2*e=587x107"°

T=165325 K, xz,, =1.15x10"?
xf =1.09%1072

T=1386.70 K, x5 =526x10"?
xZn—623><10 2

T=121262 K, x3% =3.08x107"
xia=856x10""
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1 atm below 950 ° C over a very wide composition range in the system. Phase
boundary determinations and thermodynamic measurements are thereby
made more difficult to carry out accurately. Calculated Zn isobars for 1, 5,
and 10 atm are included in Fig. 1 to demonstrate the metastable nature of

TABLE 5

A comparison of experimental Gibbs energy data at 617 K from Gellings et al. [25] with
calculated values

Phase XZn Gr;eas Gc‘alc.
(kJ g-atom ™) (kJ g-atom ™)

bce 0.082 —-0.9 —-0.6
T 0.687 -5.0 —-3.6
r, 0.8 —-5.5 -39
) 0.868 —54

0.875 —4.2

0.900 —-51
¢ 0.928 - —4.1

0.929 -28
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the illustrated high-temperature phase equilibria at 1 atm total pressure and
to present information of practical importance, e.g. for steel-making and
galvanizing processes. The calculated 2-phase equilibria associated with the
1-atm isobar are given in Table 4. Figure 3 shows the extent of the
agreement between experimental [22,23] and calculated partial Gibbs en-
ergies of Zn in the bcc phase of the system, and Fig. 4 presents calculated
and experimental [27,28] activity values in Fe-rich liquid alloys. Note that

TABLE 6

Assessed A H,q and S,94 values of the stoichiometric intermetallic compounds
Phase AH,os (J g-atom ™) 8,08 ( g-atom ' K1)
I (FeZn,) —-3534.90 39.4712

8 (FeZn,) —5245.05 38.1975

¢ (FeZn,,) —2866.74 40.4517
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for this diagram the composition range is very limited (0-1 atm.% Zn). In
Table 5, calculated Gibbs energies of formation for the solid phases of the
system are compared with the data determined experimentally by Gellings et

al.

[25] at 617 K. Table 6 lists the values of AH, and Syeq for the T'j-, 8-,

and {-phases as obtained from the present evaluation.
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