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Abstract The phase diagram of the Fe-Zn binary system

was evaluated based on the CALPHAD method with ref-

erence to the latest experimental data. The solubility ranges

of the intermetallic compound phases, C-Fe4Zn9, C1-Fe11
Zn40, d1k-FeZn7, d1p- Fe13Zn126, and f-FeZn13 were mod-

eled considering their structures consisting of Zn12 icosa-

hedra with Fe at the center (Fe1Zn12 clusters) as well as

glue-like Fe and Zn atoms, and the miscibility gap between

the d1k and d1p phases was also taken into account in the

present calculations. The solubility of Fe in the liquid and

(gZn) phases that was confirmed as dozens of times larger

than the values reported in the earlier literature could be

calculated by introducing Fe1Zn12 associates to these

solution phases. Consequently, all phase equilibria were

adequately reproduced by the thermodynamic models and

parameters revised in the present study.

Keywords associate solution model � CALPHAD �
intermetallic compound � phase diagram � steel �
thermodynamic assessment

1 Introduction

Because of their importance for the high anticorrosive

coating formed by hot-dip galvanizing (GI) or galvan-

nealing (GA),[1] phase equilibria in the Zn-Fe binary sys-

tem have been studied repeatedly for several decades.[2–15]

A great deal of effort has also been devoted to measuring

the thermodynamic properties of the equilibrium phases in

the Fe-Zn system over the whole composition range from

low to high temperatures.[16–22] Thanks to these valuable

experimental data, the phase diagram of the Fe-Zn binary

system was assessed by Burton and Perrot,[23] which has

been accepted as the most reliable experimental phase

diagram, and much progress has also been made in

attempting phase diagram calculations. Several authors

have assessed the phase diagram thermodynamically in the

early days of CALPHAD,[24–26] however, the intermetallic

compound (IMC) phases were defined as line compounds,

and the magnetic contribution to the Gibbs energy was not

taken into account explicitly in those early studies. The

experimental phase diagram assessed by Burton and Per-

rot[23] was first adequately reproduced by thermodynamic

calculations reported by Su et al.,[27] and the revised

evaluation proposed by Nakano et al.,[28,29] in which the

thermodynamic description of the IMC phases was exam-

ined using sublattice models based on their crystallo-

graphic characteristics. The latter appears to have been

adopted in a commercial thermodynamic database of steel

materials. After that, some shortcomings in these
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evaluations were pointed out by Xiong et al.[30] For

instance, an inverse miscibility gap appears in the liquid

phase with a minimum-temperature critical point at

1529 �C, which is caused by the negatively large temper-

ature dependence of the composition dependent interaction

parameter (1LLiq:Fe;Zn) shown in Table 1. Xiong et al. intro-

duced a small negative temperature dependence in
1LLiq:Fe;Zn,

[30] and Tang et al. introduced an exponential

temperature dependence in 0LLiq:Fe;Zn and 1LLiq:Fe;Zn
[31] as listed

in Table 1, thereby resolving the problem of the inverse

miscibility gap.

In our previous study, we determined the phase equi-

libria involving the IMC phases in the Fe-Zn binary system

at temperatures from 400 to 1000 �C by the alloying

method described in Ref. [32]. In the latest phase diagram

shown in Fig. 1,[32] five IMC phases, C, C1, d1k, d1p, and f,
exist stably as equilibrium phases, in which the d1k and d1p
phases were considered as a single phase of d1 in both

experimental[23] and calculated[27–31] phase diagrams.

Since significant differences in the formation behavior[33]

and mechanical properties[34] are recognized between the

d1k and d1p phases, the phase equilibria, including the

miscibility gap1 associated with these two phases, need to

be properly evaluated by thermodynamic calculations.

Furthermore, the solubility ranges of IMC phases in the Zn-

rich portion mostly shift toward the Fe-rich direction[32,35]

in comparison with the phase diagram in the literature as

shown in Fig. 1. It is also noteworthy that the Fe solubility

in the liquid Zn, for instance 0.5 at.% at 450 �C, was

revised to be 17 times as large as the generally assessed

value in the literature, 0.03 at.%. Therefore, there remains

the potential for improving the thermodynamic evaluation

Table 1 Comparison between thermodynamic parameters of the liquid phase[28–31]

Nakano[28,29] Xiong[30] Tang[31] Present work

0LLiq:Fe;Zn
? 58088

- 23.665�T
? 20696.5073 ? 125613.74

9 exp(- 1.38979�10-3�T)
? 20116.2

1LLiq:Fe;Zn
? 92219

- 55.584�T
? 14782.0192

- 8.9768�T
? 189615.062

9 exp(- 2.3496�10-3�T)
- 150.285

2LLiq:Fe;Zn
? 13570 - 11266.6992

? 7.3942�T
- 2137.539 - 1561.94

G_FeZn12 - 112799.9

? 141.485�T
Notes * MG at HT appears MG at HT was

corrected

MG at HT was corrected

using exponential parameters

Associate solution

model was utilized

* ‘‘MG’’ and ‘‘HT’’ in notes represent ‘‘miscibility gap’’ and ‘‘high temperature’’, respectively.

Fig. 1 Phase diagrams of the Fe-Zn binary system experimentally determined by Han et al.[32]

1 A ‘‘miscibility gap’’ is a type of two-phase equilibrium between

isostructural phases that share a single Gibbs energy curve with an

upward convexity due to positive interaction, magnetic transition,

order-disorder transition, etc., and a second order phase transforma-

tion may occur between them at higher temperatures. In the present

study, however, the Gibbs energies of the disordered d1p and the

ordered d1k phases were evaluated separately.
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of the Fe-Zn binary phase diagram. To improve the accu-

racy of the thermodynamic calculation based on the latest

experimental data, the crystal structures as well as the

solubility composition ranges of the five IMC phases need

to be considered. Recently, Inui et al. suggested that all the

IMC phases in the Fe-Zn system have a principle for

constructing their crystal structures,[36] which can be

understood by considering the packing of coordinated

polyhedra with the common structural unit being the Zn12
and/or (Zn, Fe)12 icosahedron whose central site is exclu-

sively occupied by an Fe atom. They also suggested that

with increasing Fe content in the IMC phases the geometry

linking the Fe-centered icosahedra changes from vertex-

sharing to face-sharing, Zn atoms on the face-sharing sites

are partially substituted by Fe atoms, and the fraction of

isolated Zn atoms decreases. These crystallographic char-

acteristics need to be considered for a thermodynamic

model of the IMC phases. Furthermore, the strong tendency

for the crystal structures of all IMC phases to consist of

icosahedral Fe1Zn12 clusters suggests that Fe1Zn12 clusters

may coexist with Fe and Zn solute atoms in the Zn-rich

liquid phase and gZn (hcp) phase. In view of the above

situation, the associate solution model considering Fe1Zn12
clusters was adopted for the Gibbs energy description of

the Zn-rich liquid and gZn (hcp) phases.

Therefore, we carried out a thermodynamic evaluation of

the Fe-Zn binary system in this study to solve the above

issues remaining from previous thermodynamic evalua-

tions[27–31] by applying the associate solution model for the

Gibbs energy description of the liquid andgZn (hcp) phases.

2 Thermodynamic Description

2.1 Gibbs Energy of Solution Phases

The molar Gibbs energy of the aFe (bcc) and cFe (fcc)

solution phases were described by sub-regular solution

approximation,

G/
m ¼ G/

Fe � xFe þ G/
Zn � xZn þ RTfxFeln xFeð Þ þ xZnln xZnð Þg

þ xFexZn � L/Fe;Zn;
ðEq 1Þ

where G/
Fe and G/

Zn represent the Gibbs energies of pure Fe

and pure Zn, respectively, in the corresponding structure of

/. xFe and xZn are the mole fractions of Fe and Zn,

respectively. L/Fe;Zn represents the interaction parameter,

which has a composition dependence in the form of the

Redlich-Kister (RK) polynomial[37] described by the fol-

lowing equation:

L/Fe;Zn ¼
X

n

ðxFe � xZnÞn � nL/Fe;Zn: ðEq 2Þ

In addition to the Gibbs energy described by Eq 1, the

magnetic contribution to the Gibbs energy, G/
mag, which

was originally proposed by Inden[38,39] and simplified by

Hillert and Jarl,[40] is appended for the aFe bcc (A2) and

cFe fcc (A1) phases.

On the other hand, the Gibbs energies of the liquid (L)

and gZn (hcp) phases were described by the associate

solution model,[41,42]

Gw ¼ yFeG
w
Fe þ yZnG

w
Zn þ yFe1Zn12G

w
Fe1Zn12

þ RT yFelnðyFeÞ þ yZnlnðyZnÞ þ yFe1Zn12 lnðyFe1Zn12Þ
� �

þ yFeyZnL
w
Fe;Zn þ yFeyFe1Zn12L

w
Fe;Fe1Zn12

þ yZnyFe1Zn12L
w
Zn;Fe1Zn12

;

ðEq 3Þ

where considerable amount of Fe1Zn12 associates is

assumed to co-exist with Fe and Zn atoms in these Zn-rich

solution phases as mentioned in Introduction. Gw
i , yi, and

Lwi;j represent the Gibbs energy of each component i (i = Fe,

Zn and Fe1Zn12 associate), the site fraction of i, and the

interaction parameter between components i and j,

respectively. Lwi;j also has a composition dependence in the

form of the Redlich-Kister (RK) polynomial[37] in the same

Table 2 Nominal symbols,

stoichiometric ratios, crystal

structures, and formula of Gibbs

energy models in Zn-Fe binary

system

Phase Pearson symbol Space group Prototype Formula in the present study

Liquid … … … (Fe, Zn, FeZn12)

(aFe) cI2 Im3m W (Fe, Zn)1(Va)3

(cFe) cF4 Fm3m Cu (Fe, Zn)1(Va)1

C-Fe4Zn9 cI52 I43m Cu5Zn8 ðFeÞI0:0667ðZnÞ
II
0:6ðFe;ZnÞ

III
0:3333

C1-Fe11Zn40 cF408 F43m Fe11Zn40 ðFeÞI0:0769ðZnÞ
II
0:6923ðFe;ZnÞ

III
0:2308

d1k-FeZn7 Three times as large as that of d1p ðFeÞI0:0714ðZnÞ
II
0:7143ðFe;ZnÞ

III
0:2143

d1p-Fe13Zn126 hP555 P63mc FeZn10 ðFeÞI0:0714ðZnÞ
II
0:7143ðFe;ZnÞ

III
0:2143

f-FeZn13 mC28 C2/m CoZn13 ðFeÞI0:0667ðZnÞ
II
0:7333ðFe;ZnÞ

III
0:2

(gZn) hP2 P63/mmc Mg (Fe, Zn, FeZn12)1(Va)0.5
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way with Eq 2, however, values both LwFe;Fe1Zn12 and

LwZn;Fe1Zn12 were assumed to be zero for simplification. G

values for pure elements of Fe and Zn were taken from the

SGTE database,[43] whereas Gw
Fe1Zn12

and L values were

evaluated based on experimental data from the litera-

ture[4,16–22,32] using the PARROT module of Thermo-Calc

software.[44]

2.2 Gibbs Energy of Intermetallic Compound

Phases

As described in the Introduction, five kinds of IMC phases,

f, d1k, d1p, C1, and C appear stably in the phase diagram of

the Fe-Zn system and all IMC phases are basically com-

posed of Fe1Zn12 clusters with different linkage geometries

and glue-like elements of Fe and Zn. To describe the Gibbs

Table 3 Thermodynamic and

magnetic parameters of the Fe-

Zn system evaluated in this

study

Thermodynamic parameters, J/mol and magnetic parameters, K, lB

Liquid : (Fe, Zn, FeZn12)

0LLFe;Zn= ? 20116.2,1LLFe;Zn= - 150.285,2LLFe;Ni= - 1561.94

LLFe;Fe1Zn12 = LLZn;Fe1Zn12 = 0

GL
Fe1Zn12

= - 8676.917 ? 10.8835 T ? 0.0769 GL
Fe ? 0.9231 GL

Zn

aFe (A2) : (Fe, Zn)1 (Va)3
0LA2Fe;Zn= - 8169.109 ? 16.6657 T,1LA2Fe;Zn= ? 13656.92 - 13.9237 T,

2LA2Fe;Zn= ? 4485.963

TC
A2 ¼ 1043xFe þ 504:3xFexZn, b

A2 ¼ 2:22xFe

cFe (A1) : (Fe, Zn)1 (Va)1
0LA1Fe;Zn= ? 12487.70,1LA1Fe;Zn= ? 1441.752

TC
A1 ¼ �201xFe, b

A1 ¼ �2:1xFe

gZn (A3) : (Fe, Zn, FeZn12)1 (Va)0.5
0LA3Fe;Zn= ? 1500 ? 5 T, LA3Fe;Fe1Zn12 = LA3Zn;Fe1Zn12 = 0

GA3
Fe1Zn12

= - 284.615 ? 0.0769 GA3
Fe ? 0.9231 GA3

Zn

C-Fe4Zn9 :ðFeÞI0:0667ðZnÞ
II
0:6ðFe;ZnÞ

III
0:3333

GC
Fe:Zn:Fe= - 4003.232 ? 0.7346 T ? 0.4 �GA2

Fe ? 0.6 �GA3
Zn

GC
Fe:Zn:Zn = ? 2515.325 - 4.3415 T ? 0.0667 �GA2

Fe ? 0.9333 �GA3
Zn

LCFe:Zn:Fe;Zn = - 18228.68 ? 19.9038 T

C1-Fe11Zn40 :ðFeÞI0:0769ðZnÞ
II
0:6923ðFe;ZnÞ

III
0:2308

GC1
Fe:Zn:Fe= - 5485.973 ? 2.5583 T ? 0.3077 �GA2

Fe ? 0.6923 �GA3
Zn

GC1
Fe:Zn:Zn = ? 4399.436 - 6.3696 T ? 0.0769 �GA2

Fe ? 0.9231 �GA3
Zn

LC1Fe:Zn:Fe;Zn = - 20229.49 ? 20.8641 T

d1k-FeZn7 :ðFeÞI0:0714ðZnÞ
II
0:7143ðFe;ZnÞ

III
0:2143

Gd1k
Fe:Zn:Fe= - 6786.998 ? 4 T ? 0.2857 �GA2

Fe ? 0.7143 �GA3
Zn

Gd1k
Fe:Zn:Zn = - 2432.079 - 0.2861 T ? 0.0714 �GA2

Fe ? 0.9286 �GA3
Zn

Ld1kFe:Zn:Fe;Zn = - 1233.705 ? 2.4548 T

d1p-Fe13Zn126 :ðFeÞI0:0714ðZnÞ
II
0:7143ðFe;ZnÞ

III
0:2143

G
d1p
Fe:Zn:Fe= - 6646.204 ? 4 T ? 0.2857 �GA2

Fe ? 0.7143 �GA3
Zn

Gd1p
Fe:Zn:Zn = - 2088.477 - 0.79 T ? 0.0714 �GA2

Fe ? 0.9286 �GA3
Zn

Ld1pFe:Zn:Fe;Zn = - 1300 ? 3 T

f-FeZn13 :ðFeÞI0:0667ðZnÞ
II
0:7333ðFe;ZnÞ

III
0:2

Gf
Fe:Zn:Fe= ? 46222.16 ? 3.9874 T ? 0.2667 �GA2

Fe ? 0.7333 �GA3
Zn

Gf
Fe:Zn:Zn = - 2699.545 ? 0.1895 T ? 0.0667 �GA2

Fe ? 0.9333 �GA3
Zn

LfFe:Zn:Fe;Zn = - 54547.42

Gibbs energy parameters of pure elements are taken from Ref. [43] and the magnetic properties of dis-

ordered solution phases, cFe (A1) and aFe (A2), are from Ref. [28].
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energy of these IMC phases, such complicated crystal

structures ideally need to be incorporated into their ther-

modynamic models. For the practical reasons, however, a

three sublattice model, ðFeÞIpðZnÞ
II
q ðFe;ZnÞ

III
r , for the five

IMC phases was applied to describe their Gibbs energy,

Gh
m ¼ Gh

Fe:Zn:Fe � yIIIFe þ Gh
Fe:Zn:Zn � yIIIZn

þ rRT yIIIFeln yIIIFe
� �

þ yIIIZnln yIIIZn
� �� �

þ yIIIFey
III
Zn

� LhFe:Zn:Fe;Zn: ðEq 4Þ

Values of p, q, and r (p ? q ? r = 1), where the ratio p/q

and the value of r are not exactly but roughly assumed as the

Fe/Zn substitution in the Fe1Zn12 icosahedra cluster and the

fraction of the glue-like site, respectively, were fixed to

reproduce the solubility composition range of each IMC

phase h (h = f, d1k, d1p, C1, or C) as listed in Table 2 which

also includes the crystal structure information of the

stable phases in the Fe-Zn system. Gh
Fe:Zn:Fe and Gh

Fe:Zn:Zn

represent the Gibbs energy of the FepZnqFer and FepZnqZnr
compound phases, respectively. yIIIFe and y

III
Zn represent the site

fractions of Fe and Zn, respectively, and LhFe:Zn:Fe;Zn is the

interaction parameter between Fe and Zn in the third sub-

lattice (III). Temperature dependent functions of Gh
Fe:Zn:Fe,

Gh
Fe:Zn:Zn, and LhFe:Zn:Fe;Zn with the Eq 2-type composition

dependence were evaluated to reproduce experimental data

from the literature.[4,16–22,32] It should be noted that the d1k
and d1p phases were reported to have an order-disorder (O-

DO) relationship with both first- and second-order transfor-

mations.[9,10] In the present study, however, the Gibbs

energies of the d1k and d1p phaseswere definedwith the same

formula of ðFeÞI0:0714ðZnÞ
II
0:7143ðFe;ZnÞ

III
0:2143, but treated as

different phases without considering the O-DO relationship

for simplicity. Evaluated thermodynamic parameters were

summarized in Table 3.

3 Results

3.1 Thermodynamic Properties

The calculated activities of Zn over the entire composition

range at 700, 750 and 800 �C, and in the aFe (bcc) phase at
900 �C, where the liquid Zn was chosen as a reference

state, are shown in Fig. 2 together with the experimental

results reported by Wriedt[18,19] and Tomita et al.[22]

Fig. 2 Activity of Zn in

equilibrated Fe-Zn alloys

calculated at temperatures from

700 to 900 �C compared with

experimental data[19,22].
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Overall, there is satisfactory agreement between the present

calculations and the experimental results. Other examples

of comparisons between calculated thermodynamic prop-

erties and corresponding experimental data are shown in

Fig. 3. Figure 3(a) shows good agreement between the

calculated activity of Zn in liquid alloys at 1585 �C and its

experimental data reported by Stell.[16] The Gibbs energies

of formation of the solid phases at 344 �C reported by

Cigan[17] were used rather than those of Gellings et al.[21]

due to the large measurement error of ± 2 kJ mol-1 of

Gellings et al. as shown in Fig. 3(b).

3.2 Phase Diagrams

The calculated phase diagram of the Fe-Zn system over the

entire composition range is shown in Fig. 4(a), compared

with the latest experimental data reported by Han et al.[32]

and the calculated phase diagram using the TCFE12 ther-

modynamic database.[45] On the solubility of Zn in the

aFe(bcc) phase, both of calculated phase boundaries and

experimental data are in close agreement, whereas the

calculated liquidus curves in the Fe-rich composition side

exhibit considerable discrepancy, which cannot be resolved

due to lack of experimental data. The focus is on the c-
loop, i.e. the phase equilibrium between the cFe (fcc) and

aFe (bcc) phases in Fig. 4(b). The agreement between the

present calculations and the experimental data[4] appears to

be better at temperatures in the lower half of the c-loop
than with TCFE12 and worse in the upper half. The phase

diagram associated with the five IMC phases of f, d1k, d1p,
C1, and C on the Zn-rich composition side at lower tem-

peratures is shown in Fig. 4(c). As discussed in the Intro-

duction, there were considerable discrepancies between the

latest experimental data and the calculations of the phase

boundaries using TCFE12, which has been dramatically

improved by the present calculations, as shown in Fig. 4(c).

Furthermore, the d1k and d1p phases, which in previous

calculations were regarded as a single phase of d1, were
reasonably distinguished in the present assessment. An

enlarged phase diagram of the vicinity of the liq-

uid ? (gZn) ? f-FeZn13 eutectic reaction is shown in

Fig. 4(d), where considerable discrepancy is observed

between the Fe solubility in the liquid and gZn (hcp)

phases from the latest experimental data and the phase

boundaries from previous experiments and calculations. In

the present evaluation, the introduction of Fe1Zn12 asso-

ciates in the Gibbs energy model of the liquid and (gZn)
solution phases adequately reproduced the Fe solubility of

about 0.3 at.% in the (gZn) phase and more than 0.4 at.%

in the liquid Zn phase, which are almost twenty times as

large as the values reported in the literature, as shown in

Fig. 4(d).

4 Discussion

4.1 Effect of Associates on the Gibbs Energy

of Solution Phases

As discussed above, the crystal structures of all the IMC

phases appearing in the phase diagram of the Fe-Zn system

are composed of Fe1Zn12 clusters with different linkage

geometries and glue-like elements of Fe and Zn, which

indicates that a significant amount of Fe1Zn12 clusters

coexists with Fe and Zn solute atoms in the Zn-rich liquid

Fig. 3 (a) Comparison of the activity of Zn in Fe-rich liquid alloys

calculated at 1585 �C with experimental data[16,20]. (b) Comparison of

the formation Gibbs energy of Fe-Zn alloys calculated at 344 �C with

experimental data[17,21].
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and (gZn) phases, affecting the thermodynamic stability of

these Zn-rich phases. In the present calculation, it was quite

difficult to reproduce the large Fe solubility in the Zn-rich

liquid and (gZn) phases without introducing the Fe1Zn12
associate into the Gibb energy models of those solution

phases. In order to confirm the effect of the Fe1Zn12
associate on the Gibbs energy of the liquid phase, the site

fraction of Fe1Zn12 associates (yFe1Zn12 ) in the liquid phase

under the equilibrium condition was calculated at temper-

atures from 450 to 800 �C over the entire composition

range. Calculated results are shown in Fig. 5. All the

yFe1Zn12–xZn curves exhibit a maximum peak and a shoul-

der, the latter of which corresponds to the chemical com-

position of the Fe1Zn12 associate at xZn = 0.923. The

yFe1Zn12 value of the maximum peak decreases with

increasing temperature mainly due to the temperature

dependence of the Gibbs energy parameter, GL
Fe1Zn12

, shown

in Table 3. The xZn value at the maximum peak also

decreases with increasing temperature, which may be due

to the effect of increasing entropy at high temperatures.

Figure 6 compares the Gibbs energies of Fe-Zn liquid

alloys calculated using the associate solution model at

temperatures from 450 to 800 �C with those calculated

excluding the Fe1Zn12 associate. The reference states of Fe

and Zn are bcc (A2) and liquid, respectively. The Gibbs

energy at low temperatures, for instance at 450 �C shown

in Fig. 6(d), decreases significantly over the entire com-

position range, with a sharp decrease near the stoichio-

metric composition of Fe1Zn12 (xZn = 0.923), which

apparently makes it possible to reproduce the large solu-

bility of Fe in the liquid Zn phase as well as in the hcp gZn
phase reported in the latest experimental phase diagram[32]

as shown in Fig. 7(c). On the other hand, the difference

between the Gibbs energies including and excluding the

Fe1Zn12 associate decreases with increasing temperature,

which just corresponds to the change with temperature in

the site-fraction of the Fe1Zn12 associates shown in Fig. 5.

Fig. 4 Comparison of the phase

diagrams of the Fe-Zn binary

system calculated in this study

with the phase diagrams

calculated using the TCFE12

thermodynamic database and

experimental data[4,32].

Calculated miscibility gap

between d1k and d1p phases is
colored yellow in (c). The

legend shown in (b) is common

to (a) through (d).
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4.2 Effect of Associates on Phase Diagram

Figure 7 compares phase diagram of the Fe-Zn system

calculated using the associate solution model with that

calculated excluding the Fe1Zn12 associate. As shown in

Fig. 7(a), differences with and without Fe1Zn12 associates

are not recognized at temperatures above 800 �C or in the

Fe-rich composition range because the Fe1Zn12 associate

only affects the Gibbs energy of the liquid and (gZn)
phases, and disappears above 800 �C. At temperatures

below 800 �C, the stability of the liquid phase is decreased

by excluding Fe1Zn12 associates, resulting in the decrease

of Fe solubility in the liquid phase and in the slight increase

of the peritectic temperatures as shown in Fig. 7(b). The

effects of the Fe1Zn12 associate are observed prominently

at the phase boundaries of the Fe solubility in the liquid and

(gZn) phases as shown in Fig. 7(c), which were evaluated

using the associate solution model to reproduce the latest

experimental data reported by Han et al.[32]. The exclusion

of Fe1Zn12 associates from their Gibb energy descriptions

reduces the stability of liquid and (gZn) phases, resulting
in a significant decrease in the Fe solubility in these two

phases. Interestingly, the associate solution model has

made it possible to reproduce the latest experimental data

on the solubilities of Fe in the liquid and (gZn) hcp phases,

both of which are about twenty times larger than those

reported in the literature. As shown in Table 1, the inter-

action parameters of the liquid phase (nL
Liq:
Fe;Zn) were revised

in the present study without using strong or specific tem-

perature dependences, which indicates that the introduction

of Fe1Zn12 associates into the liquid and (gZn) hcp phases

appears to be the essence of the atomic state of these phases

in the Zn-rich composition range.

Using the consistent set of thermodynamic parameters

evaluated in the present study, one can calculate not only

the state-of-the-art phase diagram of the Fe-Zn binary

system with high accuracy, but also the Gibbs energies of

all stable phases in the appropriate solubility range, which

can be applicable, for instance, to predict the early stage of

the interfacial reaction between an iron sheet and molten

Zn.[33] For the practical application to the hot-dip galva-

nizing (GI) or galvannealing (GA) processes, it is also

expected that the present evaluation could play a

Fig. 5 Site fraction of Fe1Zn12 associates in liquid Fe-Zn alloys

calculated at temperatures from 450 to 800 �C.

Fig. 6 Gibbs energies of liquid Fe-Zn alloys calculated using the

associate solution model at temperatures from 450 to 800 �C
compared with those calculated excluding Fe1Zn12 associates.

Reference states of Fe and Zn are bcc (A2) and liquid, respectively.
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fundamental role for constructing a multi-component

thermodynamic database consisting of the elements in

steels and molten galvanizing baths.

5 Conclusions

A thermodynamic evaluation of the Fe-Zn binary system

was performed using the CALPHAD method over the

entire composition range with reference to the latest

experimental data. Compared with previous thermody-

namic evaluations, the thermodynamic parameters were

revised to reproduce the latest and previous experimental

data with the following improvements.

(1) The associate solution model considering Fe1Zn12
icosahedron clusters was applied to the Gibbs energy

description of the liquid and (gZn) hcp phases.

Consequently, the solubility of Fe in these phases in

the latest phase diagram was adequately calculated,

and the artificial inverse miscibility gap in the liquid

phase at high temperatures was avoided without

using strong or specific temperature dependences in

the interaction parameters of the liquid phase.

(2) The three sublattice model of ðFeÞIpðZnÞ
II
q ðFe;ZnÞ

III
r ,

considering the crystal structures consisting of Zn12
icosahedra with Fe at the center (Fe1Zn12 clusters) as

well as glue-like Fe and Zn atoms, was applied for

the Gibbs energy description of the C-Fe4Zn9, C1-

Fe11Zn40, d1k-FeZn7, d1p- Fe13Zn126, and f-FeZn13
IMC phases. Consequently, the composition ranges

of these IMC phases in the latest phase diagram were

reproduced well, and the d1k ? d1p miscibility gap

was approximately reproduced.

(3) The phase diagrams and thermodynamic properties

calculated using the present thermodynamic param-

eters are in good agreement with the latest phase

equilibria and experimental data in the literature,

respectively.
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