Fe Solubility in the Zn-Rich Corner of the Zn-Al-Fe System
for Use in Continuous Galvanizing and Galvannealing
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The concentration of Al and Fe in molten zinc saturated with delta (~Fe,Zn;oAl) or eta
(~Fe,AlsZn) intermetallic precipitates has been measured by melt equilibration for temperatures
in the range of 450 °C to 480 °C. This information has generated a thermodynamic model for
the phase equilibrium in the zinc-rich corner of the Zn-Al-Fe system for the range of compo-
sitions and temperatures of commercial interest in continuous galvanizing and galvannealing.
The model is constrained by the reported activities of Al in the molten zinc phase and permits
small compositional variance of the intermetallic solids. The resultant isothermal phase dia-

grams are compared with the work of others.
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I. INTRODUCTION

THE production of high-quality continuous galva-
nized (GI) and galvannealed (GA) products requires
good bath management practices and, in particular,
precise knowledge of the bath dissolved Al concentra-
tion.l™* Changes in Al concentration, for example,
from 0.10 to 0.30 wt pct, have a significant impact on the
structure and properties of the resultant coatings by
influencing the formation of the so-called “inhibition
layer,” a 50- to 250-nm-thick layer of the n-Fe,AlsZny
intermetallic at the substrate/bath interface.l'> " This
layer acts as a transient barrier to further reactions
between the liquid Zn overlay and the steel. The
effectiveness of Al in this role is complicated by the
partitioning of Al between the coating and intermetallic
compounds that form within the galvanizing bath.!'"®

At the low bath dissolved Al concentrations com-
monly employed in the production of GA coatings (i.e.,
less than 0.14 wt pct at 460 °C), the 5-Fe,AlsZny layer is
thin or discontinuous!’>” and inhibition breakdown
(the dissolution/destruction of the n-Fe,AlsZny layer)
occurs rapidly. This facilitates the transformation of the
Zn overlay to the desired sequence of Fe-Zn intermet-
allics during the subsequent galvannealing operation.!*!
Conversely, the higher bath dissolved Al concentrations
(i.e., greater than 0.15 wt pct) used in producing GI
coatings promotes the formation of a continuous,
relatively thick #n-Fe,AlsZny layer in which further
reaction of the Fe substrate with the Zn overlay is
prevented or inhibited, thereby producing a highly
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formable, essentially pure Zn metallic coating.'->®

The bath dissolved Al concentration plays a central
role in the kinetics of the nucleation and growth process
of the inhibition layer,” ' as well as in the overall Al
concentration in the coating.'? In particular, it is
believed that a high Al concentration in the coating has
a detrimental effect on the longevity of welding elec-
trodes in spot resistance welding, a commonly employed
technology in manufacturing processes involving galva-
nized or GA steel sheet.!"”!

The intermetallic particles found in continuous galva-
nizing line (CGL) baths are determined by the Al
concentration in the molten Zn: {-FeZn 3 at low concen-
trations; 0-FeZn;oAly at intermediate concentrations;
and n-Fe,AlsZny at higher concentrations,!!" 147181 a5
illustrated in Figure 1.

The origin of these intermetallics in the CGL bath is a
direct consequence of the galvanizing bath dissolving Fe
until one of the intermetallics phases forms at the bath/
substrate interface.l'” Thereafter, the intermetallic spe-
cies is continuously precipitated from the melt during
normal operation of industrial lines.”*'"'®! These parti-
cles form a significant portion of the waste product
known industrially as ““dross.” The particles themselves
are thought, often erroneously, to be associated with
coating defects.? In view of the density of the
intermetallic phases in relation to liquid Zn, {-FeZni3
and J-FeZnpAly are classified as ‘“bottom dross,”
whereas n-Fe,AlsZny is called “top dross.”

The intermetallic phases precipitated from the bath
have other operational consequences. For example, in
CGL baths devoted to the production of GA products,
the precipitate is J-FeZn;oAly phase, whereas the
precipitate formed during the production of GI products
is n-Fe,AlsZny phase.“*“’“‘*”’] The partitioning of Al
significantly affects the control methodology used to
maintain the target dissolved Al concentration in each
of the production regimes.? *2'2* Because many CGLs
produce both GA and GI coatings, the transition
between these regimes can be problematic due to the
differential partitioning of Al
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Fig. 1-—(a) Zn-Al-Fe ternary system, showing the placement of compounds

to Cartesian coordinates.

The determination of the bath dissolved Al and the
resident intermetallic species for a given combination of
bath Al and Fe requires a detailed knowledge of the Zn-
rich corner of the Zn-Al-Fe system. This has proved to
be a complex problem and has been the subject of
significant research effort,l!¢ 1825 39] and has also been
recently reviewed by Rajhavan.*®! The main difficulty
lies in the complex nature of the equilibria between the
various intermetallic phases in the Zn-rich corner and
the Zn-Al- Fe ]1%1,11(1 This continues to be a subject of
discussion 418

Tang and co-workers advocate a Zn-rich liquid phase
that, in order of increasing bath Al concentration,
coexists with (-FeZn;s;, o0-FeZn,;, and e1ther n-
Fe,AlsZn**3" or I"-FesZn,, and 5-Fe,AlsZn Y or,
most recentlz?/ T (a ternary solution phase) and #-
Fe,AlsZny B4 1t is noteworthy that the (-FeZn3, o-
FeZn, I',-FegZnggAlg, and y- FezAISZnX configuration
was later advocated by Perrot e al.*® for equilibration
times of 1000 hours, where the composition of their I,
phase is very close to that of the T phase of Tang and
Su.*¥ All versions of the diagram have a similar basic
shape, but there is s1gn1ﬁcant disagreement in Fe
solubiht%/ however, in the region of lower Al concen-
trations 18:26:27:29- 31.34,37-39]

Unfortunately, only limited experimental solubility
data and related thermodynamic data have been pub-
lished. Giorgi er al.*? have published a thermodynamic
model for the Zn-rich corner of the Zn-Al-Fe system
using the solubility limits of Tang!®" and the ternary Al
activity data of Yamaguchi.l"” A similar study, recently
made by Costa e Silva er al.,”*3! was not as successful,
with difficulties being encountered with the 6 and I
phases arlsmg from the lack of curvature of the Fe
solubility®” in the region of the § and I phases.

The objectives of the present work were to perform
independent experimental studies to determine the
solubility of Fe as a function of Al concentration in
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of interest. (b) Zn-rich corner of the Zn-Al-Fe ternary system, shifted

the molten alloy phase and to use these data as a basis
for improved thermodynamic modeling of the Zn-rich
corner of the Zn-Al-Fe phase diagram for application in
continuous galvanizing and %alvannealing. The activity
measurements of Yamaguchil'¥ were incorporated into
the analysis.

II. EXPERIMENTAL PROCEDURE

Solubility experiments were carried out in the indus-
trially relevant bath temperature range of 450 °C to
480 °C with temperature increments of 5 °C between
450 °C and 470 °C. The Al concentration was varied
between 0.09 and 0.25 wt pct at increments of 0.01 wt
pct, thereby encompassing the range of commercial
interest.!"™ The Fe concentration was increased to
precipitate intermetallic phases, which were later iden-
tified by metallographic analysis. The melt composition
was subsequently varied with the addition of Al, with
occasional Fe additions being made to ensure that the
bath Fe concentration continued to exceed the solubility
limit. Additional experiments were performed to fill in
data gaps as the basic shape of the solubility curves
became evident and to obtain finer resolution on the
transition from the §-FeZn;yAly phase region to the #-
Fe,AlsZny phase region. All experiments were run in
duplicate and, in selected cases, triplic&te

Experlments were carrled out in the Noranda Galva-
nizing Simulator, a 2.5 m® atmosphere controlled glove
box in which all of the required experimental apparatus
resided, employing the resident 20-kg bath. The bath
crucible used was composed of high-purity graphite,
heated in a resistance furnace with the temperature
controlled by a type K thermocouple to +2 °C. The
crucible was cleaned prior to each experiment to prevent
cross-contamination. The temperature/time profile for
each run was recorded during the equilibration period to
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monitor possible thermal excursions. Oxidation of the
melt was prevented by using dry N,. Special high-grade
(SHG, ASTM B6[41]) Zn was used for the bulk bath and
99.99 pct purity Al and Fe were added to the melt as
chopped wire. The bath was allowed to equilibrate for
30 minutes after complete dissolution of the alloy
additions. The melt was mildly stirred during this time,
and the bath was skimmed prior to sampling.

Quartz pin tube samples (3.5-mm diameter) were
taken from the center of the crucible to prevent excessive
contamination of the samples by the increased presence
of dross particles near the top and bottom of the
crucible. These were water quenched immediately fol-
lowing sampling to prevent precipitation of intermetallic
particles during sample cooling. Multiple samples were
taken from each bath for chemical and metallographic
analysis. Chemical analysis results were averaged to
obtain a single data point at that composition. Samples
for chemical analysis were dissolved in a 10 pct HCI
solution and analyzed in triplicate with ICP using the
technique of matrix matched standards for the analysis
calibration. This method is considered to be accurate to
+5 pct of the reported concentration for both solute
elements.

Pin tube samples took two forms: nonfiltered and
filtered samples. Filtered samples were obtained by
passing the molten bath metal through a 50-um pore size
rigid-bond ZrO, filter material using a vacuum pump.
This method effectively removed the vast majority of
intermetallic particles of a size greater than 1 um to yield
a sample that could be analyzed directly to obtain the
dissolved Al and Fe concentrations. To ensure that the
filtration process was satisfactory, all filtered samples

were examined using optical metallography for the
presence of large intermetallic particles. The nonfiltered
samples were used for three purposes: (1) to link the
total Al and Fe sample analysis to a particular filtered
sample analysis; (2) to ensure that the bulk bath
coexisted with intermetallic phases; and (3) to establish
the composition of these intermetallic phases. The latter
was performed using quantitative X-ray microanalysis
(EDX) in a scanning electron microscope (SEM, accel-
eration voltage 20 kV) on metallographic cross sections
of the nonfiltered samples using the atomic weight-
absorption-fluorescence spectrum correction technique.
This technique is accurate to +£0.5 wt pct. The wt pct
Fe/wt pct Al ratio determined for each filtered and
nonfiltered sample pair was correlated to the composi-
tion of the coexisting intermetallic phase, thereby
establishing the ends of a tie-line. Only particles larger
than 5 um were selected for the EDX analysis to
minimize excessive X-ray interaction with the surround-
ing matrix.

The phase fields and their boundaries were approx-
imately established through intermetallic species identi-
fication. Empirical equations for the solubility curves as
a function of temperature and bath composition were
established based on the chemical analysis of the filtered
samples. These equations were used to guide the
subsequent thermodynamic modeling efforts.

III. SOLUBILITY EXPERIMENT RESULTS

All the experimental solubility data are shown in
Tables I through III. The vast majority of particles

Table I. Filtered Sample Chemical Analysis at 450 °C and 455 °C and the Intermetallic(s) Present in the Corresponding
Nonfiltered (NF) Sample; All Chemical Analyses are Accurate to =5 Pct

Filtered Samples

Filtered Samples

NF Sample NF Sample

T (°C) Al (Wt Pct) Fe (Wt Pct) Intermetallic T (°C) Al (Wt Pct) Fe (Wt Pct) Intermetallic
450 0.0957 0.0238 Oss 455 0.0951 0.0281 Oss
450 0.0976 0.0242 Oss 455 0.1001 0.0239 dss
450 0.1143 0.0245 Oss 455 0.1173 0.0270 dss
450 0.1162 0.0194 Oss 455 0.1195 0.0240 dss
450 0.1234 0.0227 Oss 455 0.1233 0.0227 Oss
450 0.1295 0.0198 Oss t 1ss 455 0.1258 0.0245 dss
450 0.1315 0.0220 Oss t 7ss 455 0.1308 0.0200 Oss + Nss
450 0.1346 0.0178 Nss 455 0.1321 0.0248 Oss + Nss
450 0.1371 0.0196 nss 455 0.1326 0.0264 dss t nss
450 0.1448 0.0166 Nss 455 0.1422 0.0224 Nss
450 0.1465 0.0183 Nss 455 0.1446 0.0192 nss
450 0.1507 0.0133 Nss 455 0.1469 0.0201 Nss
450 0.1529 0.0161 nss 455 0.1507 0.0171 nss
450 0.1534 0.0146 Nss 455 0.1542 0.0157 Nss
450 0.1678 0.0125 Nss 455 0.1545 0.0162 Nss
450 0.1779 0.0108 Nss 455 0.1655 0.0155 Nss
450 0.1836 0.0102 nss 455 0.1741 0.0121 nss
450 0.2022 0.0086 Nss 455 0.1810 0.0125 Nss
450 0.2052 0.0086 nss 455 0.1963 0.0090 nss
450 0.2155 0.0068 Nss 455 0.1996 0.0102 Nss
450 0.2228 0.0072 Iss 455 0.2055 0.0086 nss
450 0.2440 0.0067 Nss 455 0.2176 0.0083 Nss

455 0.3576 0.0029 nss
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Table II. Filtered Sample Chemical Analysis at 460 °C and 465 °C and the Intermetallic(s) Present in the Corresponding Nonfil-
tered Sample (All Chemical Analyses are Accurate to +5 Pct); Compositions (1) through (3) at 460 °C are Samples for Which
Micrographs of the Nonfiltered Sample Intermetallic Particles are Shown in Figure 2

NF Sample NF Sample
T (°C) Filtered Samples Intermetallic T (°C) Filtered Samples Intermetallic
460 0.0932 0.0271 Oss 465 0.0966 0.0303 Oss
460 0.0947 0.0282 dss 465 0.1038 0.0291 dss
460 0.1155 0.0277 Oss 465 0.1155 0.0301 Oss
460 0.1161 0.0269 dss 465 0.1200 0.0296 dss
460 0.1240 0.0273 Oss 465 0.1234 0.0315 Oss
D460 0.1249 0.0316 dss 465 0.1278 0.0291 Oss
460 0.1276 0.0265 Oss 465 0.1290 0.0310 Oss
460 0.1332 0.0263 dss + iss 465 0.1353 0.0275 dss + nss
460 0.1335 0.0255 dss + Hss 465 0.1375 0.0286 dss + fiss
@460 0.1341 0.0278 dss + fss 465 0.1388 0.0241 Nss
460 0.1355 0.0220 dss + fiss 465 0.1465 0.0271 Nss
460 0.1373 0.0223 Nss 465 0.1470 0.0224 Nss
460 0.1450 0.0210 Nss 465 0.1526 0.0253 Nss
460 0.1531 0.0220 Nss 465 0.1541 0.0197 Nss
460 0.1545 0.0194 Nss 465 0.1543 0.0185 Nss
460 0.1574 0.0178 Nss 465 0.1669 0.0166 Nss
460 0.1680 0.0142 Nss 465 0.1673 0.0200 Nss
460 0.1693 0.0154 Nss 465 0.1887 0.0156 Nss
3460 0.1808 0.0125 Nss 465 0.1918 0.0137 Nss
460 0.1909 0.0116 Nss 465 0.2015 0.0103 Nss
460 0.1963 0.0089 Nss 465 0.2078 0.0119 Nss
460 0.1990 0.0092 Nss 465 0.2217 0.0111 Nss

found in the experimental samples were either o-
FeZnyAly (dss) or n-Fe,AlsZny (ns5s), as few examples
of the (-FeZn,; intermetallic were found and no such
compositions are reported here.

The compositional values of the intermetallic species
from the literature are presented in Table IV, and the
values for the chemical analyses of the intermetallic
particles in the present work are shown in Table V. A
comparison shows good agreement. The stoichiometry of
the 6-FeZn;(Aly phase in the present study conforms to a
Fe:Zn molar ratio of approximately 1:10 and the Fe:Al
ratio of the n-Fe,AlsZny particle to approximately 2:5.

The data indicated in Table II correspond to the SEM
micrographs in Figure 2. Point 1 is an example of the -
FeZn(Aly intermetallic. Point 3 is an example of -
Fe,AlsZny. The range of compositions of these inter-
metallics is listed in Table V.

Point 2 in Table II shows both the dg5 and g5 phases.
The chemical analysis of filtered samples from this three-
phase region showed an invariant dissolved Al bath
concentration in the liquid phase (within experimental
error) consistent with the phase rule, and these samples
were used to establish the bounding tie-lines of the
three-phase field (65 + nss + L).

Very few (-FeZn;; particles were encountered in the
SEM/EDX analysis of the nonfiltered samples. Thus,
insufficient experimental data were available to deter-
mine the limits of the (-FeZn;; phase field and the
precise placement of the (-FeZn;;, 6-FeZnoAly, and
liquid-phase triple point. Determination of the limits of
the (-FeZn;; phase field was, therefore, established
through the thermodynamic data used in the modeling
stage of the study.
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IV. THERMODYNAMIC MODELING

An overview of the Zn-Al-Fe ternary system, showing
the position of the compounds of interest, was shown in
Figure 1(a) and enlarged in the area of commercial
interest in Figure 1(b). In this region, dgg and ngg are to
be found in equilibrium with the Zn-rich liquid. The {
phase may coexist with liquid up to 530 °C.

A. Liquid Zn-Rich Phase

The estimation of properties in the ternary alloy to
obtain the interaction parameters was accomplished
with the aid of the Kohler interpolation,™* as illus-
trated in Figure 3. The suitability of this interpolation
scheme and rationale for its selection are discussed
elsewhere 4446

This approach requires a model for the excess Gibbs
energies, GF ;» for each of the bounding binary subsys-
tems. With reference to Figure 3, the integral excess
Gibbs energy, G-, at any point in the ternary mixture
can be estimated with the equation:*

GE = (1 _XFC)ZGléanl + (1 _XAl)ngefzn

o [1]
+ (1 = Xz1) Gge_a

where the integral excess Gibbs energies in the binary
subsystems Zn-AL""! Fe-Zn,*® and Fe-A1*"! are given
by points a, b, and ¢, respectively, and X; is the mole
fraction of component i in the solution. The partial ex-
cess Gibbs energies, G;, can then be obtained by dif-
ferentiation with respect to the mole fraction of
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Table III. Filtered Sample Chemical Analysis at 470 and 480°C and the Intermetallic(s) Present in the Corresponding Nonfiltered
Sample; All Chemical Analyses are Accurate to +5 Pct

NF Sample NF Sample
T (°C) Filtered Samples Intermetallic T (°C) Filtered Samples Intermetallic
470 0.1048 0.0375 Oss 480 0.0953 0.0481 Oss
470 0.1125 0.0344 Oss 480 0.0959 0.0527 Oss
470 0.1153 0.0338 Oss 480 0.1111 0.0420 Oss
470 0.1162 0.0370 Oss 480 0.1147 0.0431 Oss
470 0.1216 0.0306 Oss 480 0.1209 0.0415 Oss
470 0.1237 0.0379 Oss 480 0.1248 0.0409 Oss
470 0.1261 0.0340 Oss 480 0.1284 0.0376 Oss
470 0.1308 0.0346 Oss 480 0.1301 0.0484 Oss
470 0.1312 0.0334 Oss 480 0.1321 0.0375 Oss
470 0.1330 0.0357 Oss 480 0.1324 0.0392 Oss
470 0.1366 0.0334 Oss t nss 480 0.1359 0.0393 dss T Nss
470 0.1379 0.0368 Oss 480 0.1388 0.0405 Oss + Nss
470 0.1385 0.0331 Oss t nss 480 0.1404 0.0367 Oss t nss
470 0.1392 0.0293 Oss + Nss 480 0.1422 0.0384 Nss
470 0.1397 0.0373 Oss t nss 480 0.1434 0.0371 nss
470 0.1413 0.0307 Oss + Nss 480 0.1508 0.0351 Nss
470 0.1425 0.0317 Oss t nss 480 0.1605 0.0287 nss
470 0.1471 0.0274 nss 480 0.1618 0.0281 Nss
470 0.1486 0.0300 nss 480 0.1761 0.0245 Nss
470 0.1561 0.0260 nss 480 0.1880 0.0293 Nss
470 0.1596 0.0206 Nss 480 0.1916 0.0182 nss
470 0.1664 0.0239 nss 480 0.1953 0.0217 Nss
470 0.1664 0.0208 nss 480 0.3375 0.0064 Nss
470 0.1696 0.0202 fnss 480 0.4255 0.0038 Nss
470 0.1751 0.0174 nss
470 0.1788 0.0192 Nss
470 0.1818 0.0176 Nss
470 0.1830 0.0195 Nss
470 0.1834 0.0161 nss
470 0.1849 0.0150 Nss
470 0.1867 0.0187 Nss
470 0.1974 0.0156 Nss
470 0.2020 0.0143 nss
470 0.2048 0.0132 Nss
470 0.2224 0.0118 nss
Table IV. Chemical Composition of CGL Intermetallics Taken from the Literature!'>"3!
Phase Wt Pct Al Wt Pct Fe Wt Pct Zn Fe/Al
(-FeZn3 0.7 to 1.0 5.8 to 6.1 93.2 N/A
0-FeZnpAly (bottom dross particle) 1.5 to 3.5 2.2t09.5 87 t0 93.0 1.55t0 5.3
n-Fe,AlsZny (top dross particle) 37 to 46 31 to 37 18 to 25 0.7 to 0.9
Table V. Composition of Bath Intermetallics in the Present Study
Phase Wt Pct Al Wt Pct Fe Wt Pct Zn At. Pct Al At. Pct Fe At. Pct Zn
o-FeZnpAly 2.16 = 1.79 7.62 + 0.63 90.58 + 2.02 497 + 398 8.58 + 0.63 87.29 + 3.87
n-Fe,AlsZny 43.98 + 1.30 39.08 + 0.62 16.67 + 1.80 63.18 + 1.13 26.97 + 0.25 9.85 + 1.20

the component. Because the partial excess Gibbs
energy of component 7 is related to the activity coeffi-
cient, y;, by

G¥ =RTIny, 2]

the activity of a particular element at a given composi-
tion can be generated from Egs. [1] and [2]. This

METALLURGICAL AND MATERIALS TRANSACTIONS B

makes it possible to express explicitly the activity coef-
ficient of Al or Fe in the form often used for dilute
metallic solutions. 4!

Iny, =In yOAl +Inyz, + eal-aXal + epe—alXre  [3]

Inyp, =Inyp, +1Inyy, + epe—reXre + eal—FeXal  [4]
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(a) -

(c)

Fig. 2—SEM micrographs of typical bath intermetallic particles at experimental points 1 through 3 in Table II. The intermetallic species were
identified by EDX, the general compositions of which can be seen in Table V.

Fe

/n a Al

Fig. 3—Ternary diagram illustrating the Kohler interpolation™! (Eq.
[1]) for determining the excess Gibbs energy at point p, from the
properties of the binary subsystems at a, b, and c.

where

1 2 2
Inyz, = — 3 [eAl-AIXA] + eFe—FeXpe + 26Fc—AIXFeXAl
[5]
p; is the Henrian activity coefficient of species 7, and
& are the interaction parameters. When the solution
is very dilute, as in the present situation, In yz, is
nearly zero and this term may be ignored. The matter

of establishing the interaction parameters &;; will now
be discussed.
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1. Zn-Al subsystem

An endeavour was made to bring the features of the
binary Al-Zn phase diagram into alignment with the
thermodynamic properties of Murray.*”) The excess
Gibbs energy was reported as

Gl = XaiXza(—11,479 4 24.127)
+ Xa1X5, (4880)  J/mol

[6]

These parameters are not sufficient to describe the
activities of the components in the ternary system as
measured by Yamaguchi'¥ In view of the scatter of
the experimental thermodynamic data™” in support of
Eq. [6], a small third term was added, as shown in
Eq. [7]:

GE

Lig = XA Xzn (—11,479+24.127)

+Xa1X7, (4880) +Xa1X;, (35,317 —52.507) J/mol
7]

The effect of this addition is shown in Figure 4. The
effect is to shift the maximum toward the Al side of the
figure, but the Al-rich region remains virtually
unchanged.

As a further point of comparison, the partial Gibbs
energy of Al in dilute Zn solution, when projected to
1000 K, based on Eq. [7], is now in good agreement with
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Comparison of GF values
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Fig. 4—Comparison of the excess Gibbs energy at 450 °C for the
liquid phase of the Al-Zn system.

the updated tredtment of the Al-Zn binary phase
diagram by an Mey.P

2. Zn-Fe subsystem

For the excess contribution to the liquid from the Zn-
Fe system, the equilibrium between the liquid and the {
phase was considered. The Gibbs energy of formation
for the { phase from the elements in their standard
states, developed from Su er al. P is consmtent with
Reumont ef al® and Burton and Perrot.*® The
resulting excess property for the liquid, rich in Zn, is
given by the equation, where Xz, is greater than 0.99:

GE

F o = XreXzn(—51,244 + 71.777)  J/mol  [§]

3. Al-Fe subsystem

Finally, for the excess contribution to the liquid phase
from the Al-Fe subsystem, a regular solution model**
was employed:

G%., = X41X(300,000)  J/mol 9]

The numerical parameter, which influences the inter-
polation in Eq. [1], was adjusted to respect the measured
activity of aluminum"™ in the zinc-rich ternary melt.
Equation [9] is used only to generate the required
thermodynamic properties of the liquid in the Zn-rich
corner of Figure 3 and cannot be used to extrapolate
thermodynamic properties outside of this region of the
diagram. Its use is confined to Eq. [1]. Table VI
summarizes all the excess Gibbs energy parameters for
the liquid-phase model.

From the data in Table VI and applP/mg the dilute
solution formalism discussed previously,*! the limiting
activity coefficient of Fe in molten Zn (with respect to
pure solid a-Fe) is

METALLURGICAL AND MATERIALS TRANSACTIONS B

Table VI. Excess Gibbs Energy Parameters for the Binary
Subsystems of the Liquid Phase

Coeflicients Parameters (J/mol)
XaiX7n —11,479 + 24.12 T
XAlen + 4880
XaiXy, +35317 - 52.50 T
XpeXzn 51,244 + 71.77 T
Xa1XEe + 300,000
—1628.4
In y‘;-e = TJr 3.008 [10]

where T is the absolute temperature in Kelvin. Simi-
larly, the limiting activity of Al in molten Zn (with re-
spect to pure solid Al) is

2053.8

In 94, = —— — 2.074 [11]

Finally, from Egs. [3] and [4], the interaction effects
between Al and Fe are

—10,828.8
EAl-Al — # + 13.854 [12]
5266.6
EFe—Fe — —T — 1.377 [13]
16,122

EFe—Al = EAl-Fe = —1.395 [14]

B. { solid (FeZn,3)

No significant solubility data were collected in the
present 1nvest1gat10n for the { phase. Although some
authors'®*" have indicated that there is a small variable
Al solubility (less than 2 at pct), this has not been
incorporated into the present work because it will not
significantly effect the placement of the solubility curve.
The properties of stoichiometric { were derived using the
liquid-phase treatment discussed previously to respect
the peritectic decomposition at 530 °C on the Fe-Zn
phase diagram, the measured propertles of Su et al.’?
and the recent work of Nakano er al®¥ Thus, for {,
AH3y = —45,710.0J/mol and S S0 = = 563. 84J/K/m01
The more recent measurements”™> are in accord with
the solubility data of Kubaschewski.*® Table VII com-
pares the Zn mole fraction in the { saturated liquid of Su
et alP? with the present treatment.

C. 6-Solid Solution (dgs) (approximately Fe>Zn>yAl)

The dgg was formulated taking the components to be
FeZn,y and Al. The properties were adjusted to describe
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Table VII. Zn Mole Fraction in the {-Saturated Zn-Fe
Liquid: Comparison of Su et al.”* with the Present Treatment

(M-K-T 2006)
Su et al.P? (M-K-T 2006)

Temperature Xz Xzn

420 °C 0.9999 0.99984

450 °C 0.99965 0.99965

460 °C 0.99955 0.99955

530 °C 0.997 0.99774

the measured solubilities near the g5 + 5gg + L triple
point. For stoichiometric J-FeZn,o, AH5g = —53,132.5
J/mol and S50 = 425J/K/mol. These properties, in
conjunction with those previously discussed for FeZns,
provide for a peritectic in the Fe-Zn binary system at
530 °C. For Al dissolved in the dgg phase, the activity
coefficient was adjusted to represent the solubility
measurements previously discussed.

2433.93

Iny,, = — 63.744 [15]

The product of y4;, given by Eq. [15], and the mole
fraction of Alin an FeZn(-Al d 55 phase give the activity
of Al with respect to pure solid Al

With this treatment for the J-solid solution, the
composition for this phase ranges from Fe,ZnyoAl; »; to
Fe>Zn»yAly 3». This encompasses the nominal value of
Fe,Zn,oAl cited previously and by other authorst!> ¥
but provides for a variable Fe to Al proportion, as
indicated by the chemical analyses in the present study
and the data in Reference 31.

D. y-Solid Solution (nss) (Approximately Fe,AlsZn)

Fe,Als and Zn were selected as the components for
the #n-solid solution. The properties of each were

adjusted to describe the measured solubilities near the
O0ss T nss + L triple point, its exact placement, and
the reduced Fe solubility at higher Al concentrations.
The available data for the concentration of Zn in the 5-
solid solution"> ™ and the results of the present
investigation shown in Table V further constrain the
selection of the parameters. The properties for hypo-
thetical #-Fe,Als are AH5, = —150,580.1J/mol and
S5 = 249.78 J/K /mol. These are similar to the proper-
ties suggested by Kattner for pure Fe,Als.*” To
represent the solubility of Zn dissolved in the ygg phase,
the activity coefficient was

481.09
In Yzn = T [16]

In this case, it was unnecessary to incorporate a
second (constant) term in Eq. [16].

In the present context, the composition of 7gg is
approximately Fe,AlsZn at any temperature. This
agrees with Ajersch er al.'” Toussaint er al.,!'® Chen
et al.,m] Perrot et al.,[lgl and the chemical analyses in
this investigation.

V. DISCUSSION

Computed ternary diagrams at 450 °C, 455 °C,
460 °C, 465 °C, 470 °C, and 480 °C are shown in
Figures 5 through 10, respectively, in relation to the
measured solubility data reported in Tables I through
III. The experimental data show good agreement with
the thermodynamic treatment within the 5 pct uncer-
tainty limit associated with the ICP technique. The
placement of the phase boundaries is similar to previous
treatments by the present authors, particularly the
nss + L boundary."7 3% The most significant adjust-
ments in the present treatment are as follows: the

0.04

[(0.0750wt% Al, 0.0282wt%

0.02 -+
L With respect to solid Al,

I AtPoint A: a,, = 0.01073
| AtPointB: a, = 0.01855

W, (Wt%)

Liquid

0.01 +

M-K-T (2006)
o experimental data for 5,

o experimental data for n,

a experimental data for 6., + n,

0.00 & i

T = 450°C

L+3,+n

M-K-T (2006) 1

0.00 0.05 0.10
W, (Wi%)

0.15 0.20 0.25

Fig. 5—Comparison of the Zn-Al-Fe ternary in the Zn-rich corner at 450 °C with the solubility measurements from Table I.
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= experimental data for 5., + 1, !
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0.00 0.05 0.10 0.15 0.20 0.25
Wy, (Wt%)

Fig. 6—Comparison of the Zn-Al-Fe ternary in the Zn-rich corner at 455 °C with the solubility measurements from Table 1.
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L At Point B: a, = 0.01769

W, (Wt%)
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Fig. 7—Comparison of the Zn-Al-Fe ternary in the Zn-rich corner at 460 °C with the solubility measurements from Table II.

solubility of the dss phase, the provision for variable Al
and Zn concentration in the dgg and ngg phases, and the
incorporation of the activity data of Yamaguchi.l'¥

As shown in Table VIII, the computed activity of Al
(with respect to solid Al) at the dgg5 + nss + L triple
point is in good agreement with the electrochemical
measurements of Yamaguchi."* Increasing the fidelity
of the aluminum activity representation was a goal of
this treatment.

Details of the activity of Fe (referred to a-Fe) and Al
(referred to solid Al) as they vary with composition in
the liquid phase are shown in Figures 11 through 14,
respectively, at 450 °C, 460 °C, 470 °C, and 480 °C.
Details of the calculated triple points (4 and B) over the
interval 420 °C to 480 °C are provided in Table IX.

METALLURGICAL AND MATERIALS TRANSACTIONS B

Figure 15 shows the 460 °C phase diagram from the
present treatment in relation to the most recent version
of Tang.P! The two sets of solubility curves are
generally in agreement for the placement of point B
and the solubility curve in the ygg + L region, differing
mainly in the placement of point 4 and the curvature of
the solubility of dgg and (.

The solubility of #, represented as a solubility product
by Tang,*" is

In [Fe]’[Al] = 28.1 — 33,066

[17]

which can be compared to the present treatment
approximately represented in the same form:
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Fig. 8—Comparison of the Zn-Al-Fe ternary in the Zn-rich corner at 465 °C with the solubility measurements from Table II.
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© I With respect to solid Al
w 003 +
= [ AtPoint A: a, = 0.00741
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Fig. 9—Comparison of the Zn-Al-Fe ternary in the Zn-rich corner at 470 °C with the solubility measurements from Table III.

29,993 £ 5593

In [Fe]*[Al]® ~ 23.711 + 7.596 — -

(P = 0.82)

(18]

In these equations, [X] represents the concentration of
the element in the liquid (wt pct), and 7T is the
temperature in Kelvin. The * value associated with
Eq. [18] shows that the equation adequately represents
the experimental data. Within the 95 pct confidence limit
for the coefficients in Eq. [18], there is agreement with
Eq. [17).BY

The differences in the dgg solubility arise principally
from the variable composition used for dgg in the
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present analysis (Table IX). The approximate dgg solu-
bility product derived from the experimental data in the
present work is given by

24760 £ 4380

In [Fe]*[Al] ~ 24.449 + 5.932 — -

[19]
(r* = 0.89)

The * value of Eq. [19] adequately represents the
experimental data and thermodynamic treatment of the
dss + L solubility curve.

The variation of the Al concentration in the dgg is
consistent with the experimental observations in the

METALLURGICAL AND MATERIALS TRANSACTIONS B
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| AtPointB: a, =0.01614

0.02 + | —— M-K-T (2006)

o experimental data for

a experimental data for 5, + 1,

o experimental data for n,

0.00 : f ‘ f : f f
0.00 0.05 0.10 0.15 0.20 0.25

W, (Wt%)

M-K-T (2006) 1

Fig. 10—Comparison of the Zn-Al-Fe ternary in the Zn-rich corner at 480 °C with the solubility measurements from Table III.

Table VIII. Comparison of Al Activity (with Respect to Fec Al) at the dgs + nss + L Triple Point B

Calculated Composition (B)

(M-K-T 2006) Yamaguchit'¥

Temperature (°C) Wt Pct Al Wt Pct Fe aal aag

420 0.1154 0.0108 0.0215 0.0218
430 0.1205 0.0136 0.0205 0.0206
440 0.1256 0.0171 0.0195 0.0196
450 0.1307 0.0214 0.0185 0.0186
455 0.1332 0.0238 0.0181 0.0181
460 0.1358 0.0265 0.0177 0.0177
465 0.1383 0.0295 0.0173 0.0173
470 0.1407 0.0328 0.0169 0.0169
480 0.1457 0.0403 0.0161 0.0161

0.04

T 450°C

i : : : 1 M-K-T (2008)]
000 F—— e 4 o e
0.00 0.05 0.10 0.15 0.20 0.25

W, (Wt%)

Fig. 11—Activity of Al and Fe at 450 °C. Compositional details at the other temperatures appear in Table IX .
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Fig. 13—Activity of Al and Fe at 470 °C.
present study (Table V) and is also consistent with those dross. Temperature chan%es in the CGL bath can

of Ajersch et al!" and Perrot er al"® The range of Al
concentratlon in the dg5 phase is wider than that of
Tang,P" and this phase exists over a wider variation in
dissolved aluminum concentration. The curvature of the
Jss solubility is a consequence of the variation in Al
concentration in this phase.

A. Application to Bath Management

One of the most persistent commercial concerns is the
continuous formation of intermetallic particles in the
galvanizing bath, which in part leads to the formation of
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exacerbate this problem.!

A series of diagrams, enlarged about point B, are
presented in Figure 16. Points 1 through 3 represent the
total Al and Fe concentration of the alloy, held constant
for all temperatures. At 470 °C, each point represents a
saturated, but intermetallic precipitate-free bath. The
effect of cooling from 470 °C to 450 °C (typical of CGL
thermal fluctuation about the operating temperature of
460 °C) on the relative proportions of each of the phases
is indicated. As the composition of the bath at point 1
cools, only dgg precipitates. For point 2, only 7gg
precipitates. Between these two points, representing the

METALLURGICAL AND MATERIALS TRANSACTIONS B
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Fig. 14—Activity of Al and Fe at 480 °C.

Table IX. Liquid Compositions at the Triple Points A and B and Related Information

Stoichiometry Stoichiometry
T (°C) Point Al (Wt Pct) Fe (Wt Pct) Delta solid Point Al (Wt Pct) Fe (Wt Pct) Eta Solid
420 A 0.0900 0.0125 FezzH20A10_34
420 B 0.1154 0.0108 FeZanoAle] B 0.1154 0.0108 F62A152n0‘991
430 A 0.0858 0.0165 FezzH20A10_74
430 B 0.1205 0.0136 Fe,ZnyAl, 2 B 0.1205 0.0136 Fe,AlsZng 975
440 A 0.0808 0.0216 FexZnypAlg 64
440 B 0.1256 0.0171 Fezzl’lzoAll‘zl B 0.1256 0.0171 F62A15Zn0‘959
450 A 0.0750 0.0282 FesZnxAlyss B 0.1307 0.0214 FeyAlsZng 04
450 1 0.1050 0.0244 Fezzn20A10‘87 2 0.1602 0.0127 Fe2A15Zn0‘943
450 B 0.1307 0.0214 FezznzoAll_zo 3 0.2031 0.0068 F62A152H0_941
455 A 0.0718 0.0321 FezznzoAlo‘sl
455 B 0.1332 0.0238 FezznzoAll_zo B 0.1332 0.0238 F62A152H0_937
460 A 0.0684 0.0365 FexZn,pAlg 47
460 B 0.1358 0.0265 FezznzoAll_zo B 0.1358 0.0265 F62A152H0_930
465 A 0.0648 0.0415 FeZZn20A10<43
465 B 0.1383 0.0295 FezznzoAll_zo B 0.1383 0.0295 F62A152H0_923
470 A 0.0610 0.0471 FexZn,pAlp 39 B 0.1407 0.0328 Fe,AlsZng 016
470 1 0.1046 0.0390 FezzH20A10_78 2 0.1695 0.0205 F62A152n0_915
470 B 0.1407 0.0328 Fe,ZnyAl, 5 3 0.2091 0.0118 Fe,AlsZng o14
480 A 0.0528 0.0603 Fe,ZnjoAlg 32
480 B 0.1457 0.0403 FeyZnypAl, 19 B 0.1457 0.0403 Fe,AlsZng o03

extremes of Al concentrations for GA and GI produc-
tion, point 3 represents a transitional composition.
Initially, d5g precipitates, but at lower temperatures, #gg
coprecipitates as well.

Considering the total mass of a typical galvanizing
bath, the mass percentages of intermetallics evident in
Figure 16 represent a significant mass of dross, and, in
the cases where 7gg is involved, also represent a
significant loss of Al via partitioning to the top dross.
This results in the ineffective use of Al bath additions
and complicates the control of the bath composition.
It is, therefore, evident that a numerical treatment of

METALLURGICAL AND MATERIALS TRANSACTIONS B

the phase equilibria is of value, particularly during
excursions in temperature combined with shifts in
production mode from GA to GI when Al is
added.>

VI. CONCLUSIONS

Solubility experiments and thermodynamic modeling
were performed in order to delineate the Zn-rich corner
of the Zn-Al-Fe phase diagram for use in continuous
galvanizing and galvannealing. A thermodynamic model,
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Fig. 15—Comparison of the present model (M-K-T (2006)) to that of Tang®!! at 460 °C.
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Fig. 16—Detail of precipitation in the vicinity of point B.
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based on the Kohler interpolation of the binary systems,
was developed to generate solubility curves and triple
points consistent not only with the experimental data but
also the reported Al activity.!'¥ Variable concentration
of Al and Zn in the §-FeZnoAly (d5s) and n-Fe,AlsZny
(nss) intermetallics was incorporated into the model. The
resultant phase diagram is similar to that of Tang?®! in
the high Al (nss + L region), but differs in the position-
ing of the phase boundaries in the lower Al (655 + L and
{ + L phase regions). The discussion draws attention to
the need for a numerical treatment of the phase equilib-
rium in assisting bath control of continuous galvanizing
lines.
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TABLE OF SYMBOLS

G* integral excess Gibbs energy
GE integral excess Gibbs energy of phase i
C_;E]- integral excess Gibbs energy in binary system i-j
GE partial excess Gibbs energy of component i
AH3, standard enthalpy of formation at 298 K
S508 standard entropy at 298 K
liquid
R universal gas constant
X; mole fraction of component i
Oss delta solid solution
£4-B interaction coefficient of component B on A
Nss eta solid solution
Vi activity coefficient of component i
7 Henrian activity coefficient of component i (i.e.,
infinite dilution)
{ FeZn,; phase
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