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Zn-Fe based high-order phase diagrams have found a wide range of applications in continuous
galvanizing. With the development of computer software DEAL (Determine Effective ALumi-
num), the Zn-rich corner of the Zn-Fe-Al phase diagram is being used daily for scientific
interpretation of bath assays. Computer software PAL (Predict Aluminum Level), also devel-
oped by Teck Cominco Metals Ltd., assesses transient equilibria between the steel substrate and
the liquid galvanizing alloy for the estimation of Fe dissolution and Al consumption in galva-
nizing. Aluminum deportment in galvanizing baths has been scientifically described based on
the fact that bath assays corresponding to different locations and depths of a galvanizing bath
formed one tie-line in the liquid-Fe2Al5 two-phase field of the Zn-Fe-Al phase diagram. Zn-Fe
based high-order phase diagrams also afford a better understanding of the mechanisms for a
number of industrial phenomena. These practical applications of the Zn-Fe based phase dia-
grams are detailed in the article.
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1. Introduction

Phase diagrams are concise representations of the states
of equilibrium available to materials systems. They clearly
illustrate the influence of changes in composition, tempera-
ture, and pressure on the equilibrium states. However, their
complexity increases exponentially with the number of
components present in a system. If binary phase diagrams
are frequently used by researchers and engineers to under-
stand experimentation and production practices, ternary dia-
grams are a luxury for a privileged few. The mention of
ternary phase diagrams in undergraduate texts is universally
brief and limited to the simplest systems. Ternary phase
diagrams available in the open literature are frequently too
sketchy for applications in industrial process control.

The development of high-order phase diagrams is mainly
driven by practical needs and, to a lesser degree, by the
scientific curiosity of devoted researchers. In recent years, a
large number of ternary and partial quaternary phase dia-
grams evolved from the binary Zn-Fe system have been
developed.[1-10] These developments are the results of the
rapid increase in production capacity in the galvanizing in-
dustry, the increasingly stringent quality requirements from
end users, and the dedication of researchers in the Zn in-

dustry who strive to serve the galvanizing industry better.
As a result, the Zn-rich corners of these ternary phase dia-
grams mostly possess a high accuracy. The partial quater-
nary phase diagrams are presented in the form of liquid
domain, a perspective presentation of the Zn corner of the
phase diagram. Due to the complexity of the diagrams, they
are largely schematic at present, and a complete isothermal
tetrahedron of a quaternary phase diagram has yet to be
developed.

2. Zn-Fe-Al Ternary System

During the hot dip galvanizing process, Fe constantly
dissolves from the steel being coated, and intermetallic
compounds form at the interface between the steel and the
coating. The amount of Fe dissolved from the steel is always
more than the amount taken out by the coating, resulting in
Fe saturation of the coating bath and the formation of dross.
Experimental results, shown in Fig. 1, indicate that the time
period for a continuous galvanizing bath to become Fe-
saturated is only about 10 h.

Calculations indicated that the Fe dissolution rate was
initially greater than 1 g/m2 of coated steel strip. The rate
decreased with time and leveled off at about 0.4 g/m2

when Fe was saturated in the bath containing 0.04%Al at
470 °C.

Continuous galvanizing baths always contain a small
amount of Al, frequently less than 0.3%, to mitigate the
reaction between the molten Zn alloy and the coated steel.
The Al content of the bath can be as high as 55% if a super
corrosion resistance of the coating is required. Conse-
quently, the continuous galvanizing bath is essentially a
Zn-Fe-Al alloy of the ternary system. The bath Al content
for processing a certain type of product is dictated by the
law of economics: to produce a product with the highest
quality at the lowest possible cost, thereby maximizing the
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financial return for the producer. After more than a decade
of intensive research and development, the optimum Al
content of a coating bath can now be scientifically defined
based on the product and pot specifics: the invariant point
corresponding to the liquid-� (FeZn10)-� (Fe2Al5) three-
phase equilibrium in the Zn-Fe-Al system has been used as
the reference bath composition in continuous galvanizing
production.

The complexity of the problem increases exponentially
when one tries to better understand how an alloying addition
to the steel would affect the optimum bath Al level and the
coating properties. It is well known that a small amount of
P and/or Si in the steel has a strong bearing on the galvan-
nealing temperature and the final structure and properties of
the coatings.[11,12] To fully understand the underlying
mechanisms, one must possess some knowledge of the rel-
evant quaternary systems, the Zn-Fe-Al-P and Zn-Fe-Al-Si
systems.

The situation is similar when one tries to improve the
performance of bath hardware. While pot rolls are fre-
quently made of 316L stainless steel, bearings for these rolls
are made of complex engineering alloys frequently contain-
ing Co and other transitional metals. To interpret the per-
formance of pot rolls, one needs a basic knowledge of the
Zn-Fe-Al-Cr quaternary system. Additionally, to understand
the performance of bearings made of Stellite, one needs to
know the interplay of Co with the Zn-Fe-Al ternary system.
The sections that follow provide detailed explanations on
how the Zn-Fe-Al ternary phase diagram has been devel-
oped to better equip line engineers to meet the challenges
arising from their daily work.

3. Determination of Effective Al

In the early 1990s, galvanneal coatings (GA) became the
material of choice for exposed automobile body panels. The
production of high-quality GA requires a precise control of
bath effective Al. However, the analysis and control of Al is
complicated by the fact that it exists in two forms in the
bath: in solution of the molten Zn and in intermetallic par-
ticles. It is the Al in liquid solution, commonly referred to as
“active” or “effective” Al, which performs its main function
of inhibiting the Fe-Zn reaction. Due to the dynamic and
turbulent nature of the bath metal, avoiding the entrapment
of intermetallic particles in bath samples has proven chal-
lenging if not impossible.[13] At that time, most galvanizers
relied on empirical formulas developed by major integrated
steel producers to calculate the effective Al based on bath
assays of total Al and Fe. These formulas have no scientific
basis[14] and failed to provide meaningful data in GA pro-
duction. At that time, several research groups[13-16] engaged
in the refinement of the Zn-Fe-Al phase diagram to accu-
rately describe the liquid phase boundaries, referred to as Fe
solubility curves in the galvanizing industry, for the devel-
opment of a scientific method for the determination of the
effective Al content of a bath.

Among the few sets of isothermal sections proposed by
those researchers,[13-18] only the one proposed by Tang[17,18]

has survived the rigid tests of galvanizers.[19] Tang and his
coworkers have repeatedly revised and refined the Zn-Fe-Al
phase diagram through a combination of experimentation
and thermodynamic modeling,[6,17,18] thereby ensuring that
the phase diagram possesses accuracy compatible with the

Fig. 1 Increase in Fe content (squares) of a bath during the early stage of production. The pot made of Fe was initially loaded with special
high grade (SHG) Zn only and the bath temperature was kept at 470 °C. The Fe content in the bath reached 0.02% before the commissioning
of the line. The bath was saturated with Fe after less than about 10 h into the production. Calculations indicated that the Fe dissolution rate
(triangles) decreased with time and leveled off at about 0.4 g/m2 when Fe was saturated in the bath. Also shown is the evolution of Al content
(solid circles) of the bath.
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quality-control practices in GA productions. The Zn-rich
corner of the 465 °C isothermal section of the Zn-Fe-Al
system is shown in Fig. 2. It can be seen that the system
is quite complicated. With the Al content of the liquid
phase increasing from 0 to 0.136%, the equilibrium inter-
metallic compound changes in rapid succession from the
�-FeZn13 phase to the �-FeZn10 phase and to the �-Fe2Al5
phase. With further increases in Al content, the �-FeAl3
emerges.

In principle, the determination of effective Al content of
the bath is to determine the Al activity in the system. It
involves the construction of a tie-line passing through the
point that represents the bath sample composition in the
Gibb’s composition triangle. The tie-line connects two-
phase compositions in equilibrium. Its intersection with the
liquid phase boundary corresponds to the effective bath Al
level. The lever rule is then used to determine the amount of
solid intermetallic particles entrapped in the bath sample. If
the bath composition falls into a three-phase region, as it

frequently does in GA production, then determination of the
effective Al becomes much easier. Despite the fact that bath
sample compositions can vary within the full expanse of this
triangle, Gibb’s phase rule dictates that the effective Al
level remains the same and is a function of temperature
only.

To facilitate the practical applications of the phase dia-
gram, computer software DEAL (Determine Effective ALu-
minum) (Teck Cominco Metals Ltd., Mississauga, Ontario,
Canada) was written[14] using an event-driven programming
technique to ensure its user-friendliness. DEAL has been
accepted by galvanizers with great interest and has become
the standard tool for the daily management of bath chem-
istry. Some galvanizers have even incorporated DEAL into
their line control systems. On these galvanizing lines, bath
temperature and bath assays are fed directly into DEAL, and
a recommendation on bath chemistry adjustment is issued
directly by the line controlling system. Figure 3 illustrates
how DEAL is used to calibrate bath assays in productions of
(a) GA and (b) GI (galvanized coatings).

Scientific interpretation of bath assays is only one prac-
tical application of the Zn-Fe-Al ternary phase diagram. The
selection of an optimum effective Al level for GA produc-
tion is an even more important application of the phase
diagram.

In GA production, bath Al control is extremely critical
for the following reasons. Coating thickness for automotive
applications is limited to less than 10 �m. Hence, the reac-
tion between the molten coating alloy and the steel substrate
should be largely inhibited in the hot dip stage to prevent the
growth of Zn-Fe intermetallic compounds in the coating.
Otherwise, coating weight control would be a problem. On
the other hand, the inhibition layer in the interface should be
uniform and thin enough so that it will be broken down
easily and uniformly during the annealing stage. These two
conflicting requirements dictate that the invariant point cor-
responding to the liquid-�-� three-phase equilibrium is the
reference composition for GA production.

Fig. 2 The Zn-rich corner of the Zn-Fe-Al ternary system at
465 °C

Fig. 3 (a) Bath assay calibration using DEAL in GA production. The bath sample composition falls within the tie-triangle, and the effective
bath Al level is the invariant composition (0.135% Al at 460 °C). (b) The tie-line passing through the assay point (0.220%Al/0.045%Fe)
intersects the liquid phase boundary at the green dot that indicates an effective bath Al level of 0.184%. The volume fraction of Fe2Al5
particles entrapped in the sample is 0.13%.
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The greatest contribution of the researchers at Teck
Cominco to the prosperity of the galvanizing industry is the
precise determination of the invariant composition. An ear-
lier study reported that the Al composition of this invariant
point was 0.12% at 450 °C.[20] Tang[17,18] pinpointed the
composition to 0.134% at this temperature. He further pre-
dicted that the position of this variant is a weak function of
temperature. With an increase in temperature of 1 °C, the
corresponding Al composition of the invariant point in-
creases by 1 ppm only. Such a prediction has been proven
accurate by data collected using Al sensors in galvanizing.
When a galvanizing bath operates at the invariant point, the
Al reading of the sensor increases by 10 ppm with a 10 °C
increase in the bath temperature with no Al added to the
bath. On the other hand, if the bath operates at an effective
Al level higher than the invariant composition, the sensor
output increases by 70 ppm. In these cases, the increase in
bath Al level is afforded by the dissolution of �-Fe2Al5
particles, referred to in the industry as top dross, when the
bath temperature increases.

The accuracy of the phase diagram and the versatility of
the DEAL program have also been proven in numerous
practical applications. A few case studies are detailed here.

3.1 Case 1—Predicting Bath Temperature

Three bath samples, 3.8 cm in diameter and 4.6 cm long,
were provided by one galvanizer for chemical analyses.
Such big samples are not recommended because the cooling
rate of the samples was slow and intermetallic particles,
rejected from the solidification front, were found to segre-
gate in the center of the samples. When chips are taken from
the samples by drilling, erratic assays are frequently re-
ported.[13]

Three sets of chips were drilled from the surface layer,
the middle, and the center of each sample. Chemical analy-
ses revealed that the total Al and Fe in the samples increased
with the depth from which the chips were taken. The assay
results of samples 1 and 2 are listed in Table 1. Before using
DEAL for the determination of the effective Al of the bath,
the temperature of the bath must be estimated because the
bath temperature was not given (only a range of 450 to
460 °C was mentioned).

The bath temperature was estimated based on the fol-
lowing facts:

• The metal in the outside layer must have been cooled
down relatively quickly due to the direct contact with
the mold. Hence, chips taken from this layer can be
considered a true representation of the bath chemistry.

• Metallographic examination of a cross section of
sample 2 revealed that there were few dross particles
near the surface layer of the sample.

• The total Fe and Al in the outside layer of sample 2
were 0.025% and 0.132%, respectively. This composi-
tion falls on the liquid boundary at 453 °C.

Hence, it was concluded that the bath temperature when
sample 2 was taken could not have been higher than 453 °C.
Otherwise, the bath would have been unsaturated in Fe, a

situation not realistic for a line in constant operation and
plagued by excessive bottom dross formation. It was later
confirmed that the temperature of the bath was 451 °C when
the bath samples were taken.

The assays were calibrated using DEAL, and the bath
effective Al was found to be unique for each sample regard-
less of the assays used for the calibration (see data listed in
Table 1). If the empirical formula, Aleff � Altot − Fetot,
proposed by a major steel producer,[14] was used, the effec-
tive bath Al for sample 1 would vary from 0.112 to 0.096%.

3.2 Case 2—Predicting Characteristics of Intermetallics

The galvanizing industry has witnessed rapid technology
advances in almost every sector of a galvanizing line. How-
ever, quite a few lines that were built in the 1960s are still
being used. The galvanizing pots on these Sendzimir lines
are typically small in capacity, and a high strip entry tem-
perature is used to provide heat to the galvanizing pot. Fre-
quently, the bath temperature is abnormally high by modern
standards. As a result, bath chemistry management on these
lines is a challenge. A bath sample was provided by one
such galvanizer to determine the bath effective Al in rela-
tion to the nature, size, and distribution of dross particles in
the bath sample. The bath temperature was 482 °C at the
time of sampling. This should be compared with the normal
bath operating temperature of about 460 °C on modern gal-
vanizing lines.

The bottom surface of the bath sample was turned on a
lathe to obtain material for chemical analysis. The total Fe
and Al were found to be 0.078 and 0.172%, respectively.
A DEAL calibration indicated that the bath effective Al was
0.141% with soluble Fe of 0.052%, very close to the invari-
ant point of 0.138% Al at 482 °C. In view of the unavoid-
able uncertainty in the chemical analyses and temperature
measurement, and the dynamic nature of a small coating
bath, it was believed that the sample could contain two types
of intermetallic particles, that is, the � and the � phases with
the majority being the latter compound. Metallographic ex-
amination carried out later confirmed the above prediction.
As can be seen in Fig. 4, both � (gray) and � (black) par-
ticles were present in the bath sample.

3.3 Case 3—Clarifying Confusion in Bath Assays

In the early 1990s, there was no scientific method for
determining the bath effective Al level. Different galvaniz-

Table 1 Bath nominal compositions (wt.%) and
effective Al determined using DEAL

Sampling
location

Sample 1 Sample 2

Altot /Aleff Fetot /FeSol Altot /Aleff Fetot /FeSol

Outside 0.137/0.135 0.025/0.023 0.132/0.131 0.025/0.023
Middle 0.139/0.134 0.035/0.023 0.133/0.131 0.030/0.023
Center 0.143/0.134 0.047/0.023 0.135/0.131 0.035/0.023
Average 0.140/0.134 0.036/0.023 0.133/0.131 0.030/0.023
STD 0.003/0.0006 0.011/0.000 0.0015/0.000 0.005/0.000
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ers used different methods for this purpose. One European
galvanizer carried out a study to evaluate the reliability of
empirical formulas and the capability of its two analytical
laboratories. The galvanizer used two calibration methods,
one proposed by Japanese researchers and the other by
IRSID.[16] The bath was sampled every 4 h in a GA pro-
duction campaign, and the calibrated bath assays indicated
that over a 16 h period, the bath effective Al content con-
stantly changed. The bath assays were calibrated using the
empirical formulas, and rather confusing results were ob-
tained. Assay calibrations based on the analyses carried out
by laboratory A indicated that the effective Al level changed
within a range from 0.101 to 0.109% according to the Japa-
nese formula and from 0.116 to 0.121% using the IRSID
formula (Table 2). The results obtained by the two labora-
tories suggested that the effective Al sometimes varied sig-
nificantly even within a bath sample. After the data were

reported at the Inaugural Meeting of the Galvanizing Bath
Management Task Force, organized by the International
Lead Zinc Research Organization (ILZRO) in 1994, Teck
Cominco volunteered to process the data using DEAL. The
results indicated that its control over bath Al content was
excellent. Over the 16 h period, the bath effective Al re-
mained unchanged at 0.135%. Although the total Al and
total Fe reported by the two laboratories varied significantly
for sample 1 because the analyzed material was taken from
different locations of the sample, hence the amount of in-
termetallic particles entrapped in the material was signifi-
cantly different, the bath effective Al was found to be
unique. A thorough analysis of the data suggests that the
analyses carried out by laboratory B were less reliable than
those carried out by laboratory A. Bath effective Al contents
determined by DEAL are also listed in Table 2.

4. Managing Dross Generation

Precise determination of the invariant composition has
brought practical solutions to a number of industrial prob-
lems. At the beginning of the last decade, all then newly
built lines produced mainly GA products and were plagued
with excessive bottom dross accumulation in the production
that negatively affected not only line operating efficiency
but also product quality. One line had to be stopped for
bottom dross removal every week or so. By maintaining the
effective Al content of the bath at a level marginally higher
than the invariant composition, intermetallic particles pro-
duced in the bath are all iron aluminide, lighter than the
molten metal. As a result, bottom dross accumulation is no
longer a problem. The beneficial effect of using DEAL was
realized immediately by these GA producers. For example,
one galvanizer generated 7 to 9 tons of bottom dross every
2 weeks before a Teck Cominco service engineer recom-
mended DEAL to the line engineers. After abandoning the
empirical formula they had relied on for bath assay calibra-
tion and using the DEAL program and its built-in recom-
mendation on the Al range for GA production, the bottom
dross produced in the pot was reduced to 5 to 6 tons every
3 weeks after just a couple of months. With further tuning
up of the bath addition practice, the line never requires
stoppage for the sole purpose of bottom dross removal.

Because of its importance to galvanizing production, the
liquid-�-� invariant has been dubbed the knee point by gal-
vanizers.

5. Characterization of Galvanizing Bath

A clear understanding of the characteristics of galvaniz-
ing baths would not be possible without the Zn-Fe-Al phase
diagram. Working with former Inland Steel, engineers and
researchers from Teck Cominco sampled the bath at 21
locations at three depths and experimentally determined the
distribution of bath composition and temperature. The re-
sults were published in the proceedings of the 1996 Galva-
nizers Association meeting.[22] It was shown that effective
Al is more or less uniformly distributed in the pot. However

Table 2 Effective bath Al level (wt.%) determined
using DEAL, Japanese, and IRSID formulas

Laboratory Samples

Total Effective aluminum

Al Fe DEAL Japan IRSID

A 1 0.198 0.099 0.135 0.101 0.116
2 0.151 0.055 0.135 0.106 0.119
3 0.144 0.050 0.135 0.106 0.119
4 0.152 0.058 0.135 0.104 0.118
5 0.143 0.046 0.135 0.109 0.121
Average 0.135 0.105 0.119
STD 0.000 0.003 0.0018

B 1 0.149 0.049 0.135 0.112 0.123
2 0.135 0.043 0.130 0.105 0.120
3 0.141 0.040 0.135 0.115 0.118
4 0.157 0.049 0.135 0.114 0.124
5 0.126 0.040 0.123 0.100 0.115
Average 0.132 0.109 0.120
STD 0.0048 0.0065 0.0037

Fig. 4 Two types of intermetallic particles, � (gray) and �
(black), coexisted in the bath. Source: Ref 18
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a scientific description of the bath characteristics emerged
only after the present author reanalyzed the results and plot-
ted all assay data onto the Zn-Fe-Al phase diagram. As
shown in Fig. 5, points representing bath assays formed a
tie-line in the phase diagram, indicating clearly that the bath
metal is well mixed due to the rapid movement of the strip,
and that the distribution of bath effective Al in a pot is a
function of bath temperature distribution only.[23]

The above conclusion serves as the foundation for com-
puter modeling of Al deportment in galvanizing baths.

6. Predicting Al Consumption

Knowledge of transient Fe solubility is critical for pre-
dicting Al consumption in galvanizing, and the estimation
of transient Fe solubility in the vicinity of steel strip when
it is first exposed to the molten Zn-Al alloy also relies on the
information contained in the phase diagram. Iron solubility
at the coating/substrate interface is dictated by the equilib-
rium between the liquid and the outermost intermetallic
compound in the alloy layer covering the steel surface. This
compound is the � phase in general galvanizing and the �
phase in continuous galvanizing. However, when the strip is
initially exposed to the melt, there is no intermetallic com-
pound covering the steel surface, and the bare steel momen-
tarily coexists with the liquid. The transient Fe solubility in
the immediate vicinity of the strip surface is, at this time,
determined by the metastable equilibrium between the steel
and the molten coating alloy. This transient Fe solubility is
much higher than the equilibrium value. It is more than two
orders of magnitude higher than the equilibrium value if the
liquid consists of pure Zn, as shown in Fig. 6, and it is about
one order of magnitude higher than the equilibrium Fe solu-
bility when the molten Zn contains a small amount of Al.
The amount of Al consumed in galvanizing the steel strip is
mainly determined by the amount of Fe dissolved from the

strip during this transient. In galvanizing production, the
dissolved Fe will all convert into the � phase, either as the
interfacial inhibition layer or as top dross particles. In gal-
vannealing, the dissolved Fe could either be transformed
into the � phase and/or the � phase, depending on the bath
effective Al level. Teck Cominco has developed computer
program PAL (Predict Aluminum Level) (Teck Cominco
Metals Ltd., Mississauga, Ontario, Canada) to accurately
calculate the amount of Fe dissolved from the strip and the
bath feed requirement in the production.

7. Conclusions

In the early 1990s, GA coatings became the material of
choice for exposed automobile panels. The production of
high-quality GA coatings requires accurate control of the Al

Fig. 5 Bath samples were taken from 21 locations at three depths
of a pot. When plotted onto the Zn-Fe-Al phase diagram, these
assays formed a tie-line in the liquid-� two-phase region. This
finding indicates that the bath is a two- or three-phase mixture, and
the distribution of bath effective Al is a function of bath tempera-
ture distribution only (Ref 23)

Fig. 6 (a) The free energies of the relevant phases in general
galvanizing. The liquid is momentarily in equilibrium with the bcc
phase when the steel is just exposed to the molten Zn. The data
plotted here are generated using ThermoCalc and the database
created in the assessment of the Zn-Fe system by Su et al. (Ref 21).
(b) The transient Fe solubility in the immediate vicinity of the strip
submerged in pure molten Zn as a function of temperature. The
data plotted here are generated using ThermoCalc and based on the
work of Su et al. (Ref 21)
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content in the bath. As a result, empirical formulas, devel-
oped by large integrated steel companies for calculation of
bath effective Al level, became inadequate and even mis-
leading. There was an urgent need for scientific tools for
bath assay interpretation and for process improvement.
With the concerted efforts of scientists and engineers from
the industries and academia, the Zn-Fe-Al ternary phase
diagram with a great accuracy was developed and numerous
applications of the phase diagram have since been devised.
It should be emphasized here that the development of these
applications would be impossible without the availability of
low-cost yet powerful computers due to the complexity of
the technical tasks involved in these applications. With the
development of computer software DEAL, the Zn-rich cor-
ner of the Zn-Fe-Al phase diagram has been used daily for
scientific interpretation of bath assays. Computer software
PAL assesses transient equilibria between the steel substrate
and the liquid galvanizing alloy for the estimation of Fe
dissolution and Al consumption in galvanizing, thereby
making automation of bath chemistry control possible. Alu-
minum deportment in galvanizing baths has been scientifi-
cally described based on the fact that bath assays corre-
sponding to different locations and depths of a galvanizing
bath formed one tie-line in the liquid-Fe2Al5 two-phase
field of the Zn-Fe-Al phase diagram. The successful appli-
cations of the Zn-Fe-Al ternary phase diagram in continuous
galvanizing have demonstrated clearly that multicomponent
phase diagrams are useful tools in industrial process design
and control.
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