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The presence of silicon in steel has caused world-wide concern in the galvanizing
industry, as it enhances growth of the alloy layers leading to abnormally thick coatings
with consequential degradation of the properties of the galvanized steel.

A technique, commercially known as the Technigalva process, which incorporates the
addition, to the galvanizing metal, of-0.1 % nickel by means of a Zn-2%Ni master alloy,
has been alluded to in some literature as providing a partial solution to the problem but
with doubtful economic viability, due to excessive losses of nickel in the dross.
Additionally, this process was invented without any scientific investigation based on
constructive logic and detailed information of this process is mostly fragmentary,
scattered and confidential.

The objectives of this research project were to prepare a constructive review related to the
Technigalva process, to obtain a scientific understanding of the problems involved in the
process and to provide solutions to these problems based on the logic of existing
technology.

Literature relevant to the Technigalva process has been reviewed. In particular, a
fundamental understanding of the mechanisms involved during the galvanizing process
has been examined and the current theoretical models explaining the abnormal growth of
the alloy layers during galvanizing of silicon steels are discussed. Additionally, a review
of possible solutions through alloying addition, for eliminating the adverse effect of
silicon during galvanizing has been made. Finally, the development of the Technigalva
technology is discussed in constructive detail.

The investigation involved three separate studies.

Firstly, the mechanism by which nickel is transferred from the master alloy to the dross
which accumulates at the bottom of the vessel was investigated. It was confirmed that the
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formation of dross in the Technigalva process and the formation of dross in normal zinc
galvanizing occurs by the same mechanism and can be attributed to a simple consequence
of phase equilibria.

Initially, the master alloy, which is added to molten zinc, dissolves completely to produce
a concentration of -0.1 % of nickel in the liquid metal. As hot dipping proceeds, iron
accumulates in the liquid metal from various sources until the solubility limit of -0.03% is
reached. Further accumulation of iron results in precipitation of a ternary proeutectic
phase and the composition of the precipitated phase depends upon the composition of the
liquid phase from which it forms. The nickel which is necessarily incorporated in the
precipitated phase is thereby lost from the galvanizing metal and transferred to the dross
accumulating at the bottom of the galvanizing vessel.

In the second study, the effect of both silicon in steel, and nickel in the liquid galvanizing
metal, on the structural development of the alloy layers in the galvanized coating were
examined.

The formation of particles containing iron and silicon has been suggested in much of the
literature to be the rate determining factor which enhances growth of the alloy layers, in
particular the ~ phase layer, during the galvanizing of silicon steels. A new technique
developed in this study enables these particles to be observed using transmission electron
microscopy with superior resolution to that reported in the literature. These particles were
positively identified as iron silicide (FeSi) with primitive cubic structure and lattice
parameter of 446 pm, and were observed to occur in association with the grain
boundaries of the

~

phase. Results of this study support the suggestion made in the

literature that the FeSi particles promote nucleation of the ~ phase crystals.

Addition of-0.12% nickel to the liquid galvanizing metal evidently promoted preferential
development of the 8 phase and suppressed development of the ~ phase layers at all levels

v

of silicon in steel. The effect of nickel is attributed to the formation of particles of 12
phase which nucleate epitaxially with the s phase layer at the zinc/s interface and provide
a mechanical barrier to growth of the s phase layer. It is suggested that the presence of
nickel in the liquid metal altered the phase equilibria of the system and resulted in
modification of the characteristic behaviour of the FeSi particles.

Finally, in the third study, a possible solution to problems of high nickel losses in the
dross and of ineffectual action in the processing of high silicon steels (> 0.3%Si) during
the Technigalva process through alloying addition was examined. It was found that these
problems could be eliminated by a simple addition of 0.025% Al to the liquid galvanizing
metal. This method was found to be economically justifiable and operationally feasible.
Recommendations to improve the cost effectiveness of the Technigalva process are made
and further development of a new master alloy is suggested.
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CHAPTER 1
INTRODUCTION
Science is always wrong
It never solves a problem
without creating ten more

George Bernard Shaw
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Corrosion can be defined as the reaction between a metal and its environment leading to
gradual deterioration of metal. While its occurrence in a world which depends primarily
on metals is inevitable, corrosion is a continual problem and has attracted increasing
concern. The current cost of corrosion on a world-wide basis is about 2-3% of the annual
gross national product of an industrialized country and consequently the economic
arguments for corrosion protection are very strong.

In the pursuit of a solution to protect engineering components against corrosion, many
technological approaches have been explored to satisfy modem design and engineering
requirements. One of the traditional approaches which has always received considerable
attention involves the coating of steel with zinc metal by a hot dipping process,
commonly referred to as hot dip galvanizing.

Hot dip galvanizing is the oldest and perhaps the most important method of zinc coating
of steel. Having originated from the much older process of tin-plate production, the
method was first introduced in the early l 740's in France and England, the countries that
were then leading in the production of tin-plate.

The effectiveness of the zinc coating in protecting steel against corrosion by hot dip
galvanizing is achieved in two ways. First, the zinc coating provides a mechanical barrier
to isolate the steel from the corrosive environment. Secondly, should mechanical damage
to the coating occur and the steel be exposed to the environment, the zinc, which is
anodic with respect to steel, continues to provide galvanic protection by undergoing
sacrificial corrosion. This dual protection mechanism is unique among the methods used
to reduce the huge costs directly due to corrosion.

The essential procedures by which hot dip galvanizing is carried out have scarcely
changed since the process was first developed some 250 years ago. During hot dipping,
clean metal is suspended for a short time in molten zinc. During immersion a sequence of
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metallurgical reactions between the steel and the molten galvanizing metal results in the
formation of a series of iron-zinc (Fe-Zn) intermetallic alloy layers bonded to the steel
substrate by inter-atomic diffusional processes.

For nearly two centuries after its introduction, galvanizing was not studied scientifically.
It was not until 1936, after the binary Fe-Zn phase diagram was constructed, that a
deeper insight into the hot-dip galvanizing process was attained. Since then, rapid
development of the technology of galvanizing has taken place, opening the field for
further research and resulting in the potential use of the process to coat a wide range of
materials. Modern techniques of galvanizing are made possible by close control, resulting
in a more uniform product with improved economy.

It is known that the effectiveness of the galvanized coating depends primarily on the
physical and chemical nature of the structure of the intermetallic alloy layers, which in
turn depends on parameters such as the composition of the steel, the composition of the
galvanizing metal and the conditions prevailing in the vessel. Therefore it is not
surprising that considerable research interest has been directed to manipulation of the
physical structure of the alloy layers, through modification of these parameters, so that
the mechanical properties of the coating can be altered to satisfy modern engineering
demand.

By far the most active area of research into hot dip galvanizing during the past decade has
been directed to overcoming the adverse effect of silicon in steel. Silicon, which is used
commonly as a deoxidant in continuous casting and as a strengthening element in high
strength structural steels, enhances the growth of the intermetallic alloy layers, resulting
in severe degradation of the properties of the coated steels. The trend towards higher
silicon levels in steel through the wide adoption of continuous casting processes and the
increasing use of high strength low alloy steels and other high silicon steels have caused
world-wide concern in the galvanizing industry
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Extensive investigations into the effect of silicon on the reaction between iron and zinc
have been carried out and several mechanisms that might account for the effect have been
proposed. Although there is no single widely accepted model by which the effect is
explained, it is generally known that rapid growth of the alloy layer between the steel
substrate and the outer zinc coating occurs at two concentrations of silicon. These
concentrations are about 0.1% (known as the Sandelin range) and above about 0.3%.

A number of approaches have been explored experimentally for eliminating the adverse
effect of silicon in steel during galvanizing. The conventional method for processing
these so called "silicon steels" is to minimize the immersion time and to maintain the
liquid metal at the lowest possible temperature. However, this approach is not always
feasible. Some of the more radical approaches include high temperature galvanizing,
preheating the workpiece in molten flux to limit the immersion time, thermal
pretreatments in controlled atmosphere to internally oxidize the near-surface silicon in the
workpiece, reducing the activity of zinc in the vessel and introduction of specifications
for galvanizable grades of steels. None of these approaches has had any demonstrated
commercial impact

Altering the metal composition by alloying additions is an appealing approach to the
problems and has been the subject of considerable recent interest, simply because
alloying additions are limited to very low levels (-0.1%) and existing galvanizing plant
requires no modification. Additions of elements such as aluminium, magnesium,
manganese, chromium, vanadium, nickel, lead or tin, as well as combinations of these
elements have been explored in attempts to overcome the adverse effects of silicon.

Because of the simplicity and perceived cost effectiveness of the method, alloying
additions have also been widely used to improve properties of the galvanized coating such
as surface appearance, paintability, ductility, and abrasive and corrosion resistance.
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Furthermore, alloying additions have been found to minimize local problems such as
gradual deterioration of the galvanizing vessel, bare spot, white rusting, spangle and
dross formation.

Unfortunately, although alloying additions seem to provide a simple and convenient
method for controlling the structure of galvanized coatings, a study of the mechanism by
which alloying additions influence that structure is exceedingly complicated and demands
knowledge of the relevant multi-component phase diagrams. For this reason, much of the
study of the effect of alloying additions on the structure of galvanized coatings has been
carried out under the simplifying assumption that the system is ideal and attention has
been focussed only on the relationship between the composition of the alloying additions
and the properties of the coating. No attempts have been made to determine how the
elements participate in structure generation in the coating.

Importantly, it was discovered, in the early l 980's, that addition of approximately 0.1 %
nickel to the galvanizing metal retarded growth of the alloy layers during galvanizing of
silicon steels, particularly steels containing about 0.10% silicon. Even more importantly,
the addition was found to reduce the coating thickness for all steels and to improve the
appearance of the coating resulting in an appealing lustrous surface. Consequently, the
addition was adopted widely even in galvanizing industries which did not process silicon
steel. The process of adding nickel to the galvanizing metal become known commercially
as Technigalva.

Within a short time after introduction of the process, many plants in Europe, and later in
this country, began to experience production problems such as formation of excessive
quantities of dross with high nickel content and ineffectual action in processing steels
containing more than about 0.3% Si. These problems obviously reduced the cost
effectiveness of the process and the savings resulting from the beneficial properties were
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occasionally only marginal. In a number of cases, the doubtful economic viability of
Technigalva was the determining factor in discontinued usage.

Methods of reducing the nickel lost in the dross and improving the effectiveness of the
process for high silicon steels were sought by trial and error and hence were not based on
the logic of existing technology. Although partial success was achieved in some cases,
this method of pursuing solutions to a particular problem was inevitably time consuming,
costly and often failed to identify the fundamentally correct solution, as the original cause
of the problem was no longer readily apparent

As Technigalva is a recent development that may in the future have significant commercial
impact, much research into the process has begun to emerge in various parts of the
world. However, details of these works are mostly fragmentary and confidential. The
secrecy has led to unnecessary repetition of experimentation and scattered results.
Additionally, most of these investigations were conducted merely for practical innovation
to provide a trouble shooting approach to a problem rather than a scientific investigation
based on constructive logic. Therefore there is very little by way of technical publication
or discussion on this process available in the open literature. A basic understanding of the
mechanism by which the nickel controls the coating thickness of galvanized silicon steel
and by which nickel partitions from the solution to the dross has not been reported and
fundamentally correct solutions to the problems involved in Technigalva do not appear to
have been addressed.

Thus, the objectives of this research project are to prepare a constructive review related to
the Technigalva process, to obtain a scientific understanding of the problems involved in
the process and to provide solutions to these problems based on the logic of existing
technology.
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From Chapter 2 to Chapter 6, a concise review of literature related with the present study
will be presented. The objective of literature study is to critically establish a fundamental
understanding of the Fe-Zn reaction, the effect of silicon in steel and the effect of alloying
additions on the Fe-Zn reaction and the Technigalva process. To achieve this objective,
the literature review will be presented in five Chapters. In the first two (2 and 3) the
fundamental mechanisms of corrosion and galvanizing processes will be discussed.
Following these, a review on the current understanding of problems related to galvanizing
silicon steels (4) and of a possible solution to overcome the problems by alloying addition
(5) will be presented. Finally, the development of Technigalva technology will be
discussed in constructive detail (6).

The scope of the project will be discussed in Chapter 7, while both the experimental
procedures and results will be presented in Chapter 8. An overall discussion of the
present studies and its implications in industrial practice will be summarized in Chapter 9.
Conclusions and recommendations derived from these studies will be discussed in
Chapter 10 while suggestions for further study will be presented in Chapter 11 .

CHAPTER 2
CORROSION
It is better to wear out
then to rust out

Richard Cumberland

Metals and alloys
Chemical properties

Temperature
Pressure
Velocity
Agitation
Cavitation

Fatigue
Fretting

Fig. 2.1.

Environments in corrosion [9].
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2.1. INTRODUCTION

The word 'corrosion' is derived from the Latin 'Corrodere' [l] which means to gnaw or
to nibble at and has been known by mankind for many years. The Romans were aware of
corrosion and had found methods of preventing corrosion of bronze and iron by
protecting them with oil, tar, pitch, gypsum and white lead [2]. Although the term
'corrosion' was originally used to describe the destructive attack upon a metal by its
environment, the scope of corrosion has continually been extended to include the reaction
of other materials such as glasses, ionic solids, polymeric solids and composites with
environments that embrace liquid metals, gases, non-aqueous electrolytes and other
solutions [3].

The annual cost of metallic corrosion in any industrialized country, is currently estimated
to be between 2-4% of the gross national product [4-5]. In America alone the cost is over
$ 120 X 10 9 annually while in Australia the cost of corrosion is thought to be as high as
$ 3 X 10 9 annually [6-8]. Clearly, the economic arguments for corrosion prevention are

very strong.

The most striking feature of corrosion is the immense variety of conditions under which it
occurs in different environments and the complexity of the factors affecting corrosion of
metal is illustrated in Fig. 2.1 [9]. As various corrosion processes share common
features, they can be categorized and several classifications have been suggested [10-15].
However, some investigators [16-17] tend to avoid classification because they claimed
that the interrelationship between corrosion processes renders clear distinction impossible.
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2.2. CORROSION PROCESSES

Metals occur in nature most commonly as oxide or sulphide ores and extraction of the
metal involves reduction of the oxidized form to free metal, resulting in an increase in free
energy. Since most metals, except the noble elements, will attempt to return to the lowest
energy configuration, they try to lose their excess energy to achieve equilibrium by
oxidation through the liberation of electrons. The tendency of a metal to return to
equilibrium in the presence of a suitable electrolyte provides the driving force for the flow
of electrons from one part of a metal with higher electrochemical potential to another part
of a metal with lower electrochemical potential, leading to a corrosion process.

Due to the devastating effect of corrosion, studies of prevention against corrosion have
always been a matter of great economic interest. At present, numerous methods have been
developed to prevent corrosion; one of them which involve modification of the surface of
metals, will be discussed in the following Section.

2.3. SURFACE TREATMENT

The success of protecting the steel surface against corrosion depends upon the recognition
that corrosion is a galvanic process and therefore the basis of all protection measures is
that the electric circuit of galvanic attack must be broken. This can be achieved in four
ways (18]:

1. the anodic dissolution can be suppressed,
2. the cathode reaction can be suppressed,
3. the electrolyte can be removed, or
4. the anode and cathode circuit can be broken by insulation.
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The present studies relate to the second approach known as cathodic protection and
consequently discussion in this Section will be limited to that process.

Cathodic protection of a metal may be achieved by introducing, into the corrosion cell,
from an external source an opposite impressed current, which must be either equal to or
larger than the current already flowing in the circuit. If the impressed current is equal to
the current already flowing in the circuit, the corrosion cell will be suppressed, while if it
is in excess, it will render the protected component cathodic. Alternatively, cathodic
protection may be carried out by coating the metal with an element that has higher
electronegative potential and in so doing the corrosion attack can be diverted to the coating
elements (19-20]. If mechanical damage to the coating occurs and the steel substrate is
exposed to the environment, the element will continue to provide galvanic protection by
undergoing sacrificial corrosion. The present investigation involves the latter approach
and the remaining discussion in this Section will focus on the selection of suitable
materials for coating steel.

The choice of possible protective elements that are more anodic than steel must be
restricted to those metals that are able to form a coating by diffusion and have good
wettability with the steel surface. Other restrictions affecting the choice depend on the
reactivity of the anodic metal to the environment, the hardness of the coating and, most
importantly, the possibility of carrying out the process on an industrial scale taking into
account the costs involved [21].

Commercially, there are five elements that could provide galvanic protection and that are
abundantly available. These elements are sodium, magnesium, cadmium, aluminium and
zinc [6,21].

Sodium is too active and is, therefore, impossible to use. Magnesium must be excluded
because it is too expensive and its corrosion and oxidation rates in the natural environment
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are relatively high. Cadmium was considered at one time to be suitable for anti-rust
coating of iron and to have good resistance to atmospheric corrosion [22]. However, it is
expensive, has a high density and its electrochemical potential is so close to that of pure
iron that cathodic protection of steel cannot occur in all environments. Aluminium is
widely used as a coating material. However, it is reactive, has a relatively high working
temperature and since the corrosion products of aluminium are good electrical insulators,
there is some doubt about the effectiveness of an aluminium coating in providing galvanic
protection for steel [6]. Zinc is by far the most widely used element for cathodic
protection, simply because the coating process is inexpensive and easy to control.

There are a number of methods of coating steel with zinc. These methods include hot dip
galvanizing, spraying, electroplating, sheradizing and painting with zinc-containing
paints. However, the present study is concerned only with the process of hot dip
galvanizing in which steel components are immersed in molten zinc to produce a
continuous, relatively uniform coating at the surface.

CHAPTER 3
HOT DIP GALVANIZING
Every noble work is
at first impossible

Thomas Carlyle
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3.1. INTRODUCTION

In a suitable application, a galvanized coating provides better and more economical
corrosion protection than other coating processes due to its unique combination properties
of low cost, ease of inspection for coating quality, durability, predictable thickness and
performance, low maintenance and resistance to impact and mechanical damage.

The impressive properties of zinc as a protective coating for steel were first recognized in
the early 18th century. Although zinc was known in ancient times, it has been smelted
commercially in Europe since only about 1740. Therefore, zinc is a comparatively new
element among the important non-ferrous metals, although its value as a protective
coating had been realized before it became available in quantity. The first scientist to claim
any degree of success in coating iron sheets with zinc was the French chemist, P.J.
Moulin in 1742 [23]. However, it was not until the 1830's that another French chemist,
Sorel, applied for a patent for a process of coating·iron by dipping in molten zinc and in
so doing gave the process the name 'galvanizing' [24].

For nearly two centuries after its development, the process was subjected to little
scientific scrutiny. Applications were restricted to galvanizing steel articles with limited
dimensions such as household utensils, chains, nails and wires [25]. It was not until
1936, after the binary Fe-Zn phase diagram was first constructed by Hansen [26], that a
deeper insight into the hot-dip galvanizing process and a better understanding of the
complexity of Fe-Zn reactions were attained. Since then, rapid development of the
technology of galvanizing has taken place opening the field for further research and
resulting in the potential use of the process to coat a range of materials. Currently,
galvanizing has become widely used as the most efficient and cost effective process for
providing ferrous corrosion protection. The market for galvanized products is almost
unlimited, with major applications in marine installations, the aircraft industry,
automobile manufacture, transportation and the construction industries.

Alkaline Degreasing

I
Rinse

I
Pickling

I
Rinse

I
Fluxing

I
Drying

I
Immersion in
Zinc at 460° C

Fig. 3.1.

The sequence of steps in industrial galvanizing procedure.
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The latest survey of the world consumption of zinc in 1987 [27] showed that the western
world uses about 4.5 million tonnes of zinc each year. About 40% of the zinc was used
in hot dipping to galvanize over 40 million tonnes of steel. During the present decade, the
annual tonnage of zinc used for hot dip galvanizing has continued to grow rapidly
following the increased demand for galvanizing large components and structural steels.

3.2. THE INDUSTRIAL GALVANIZING PROCESS

The essential procedures in the galvanizing process, as shown in Fig. 3.1, consist of
surface preparation, dipping and drying.

Surface preparation involves three consecutive processes to free the steel to be galvanized
from oxidation products such as mill scale or rust and various other impurities which
may be deposited on the steel during fabrication, transportation or storage. Initially, the
article is immersed in an alkaline degreasing solution of basic sodium salts to remove
oils, greases and other saponifiable compounds. The article is then rinsed in water and
pickled in warm dilute hydrochloric or sulphuric acid to remove millscale, rust and other
inorganic surface contaminants. After being rinsed in

water~

the article is fluxed in a

chemical reagent to dissolve oxide films formed after pickling and to ensure subsequent
intimate contact between the liquid zinc and the steel. A flux composed of zinc
ammonium chloride has been widely used for this purpose and there are two methods of
fluxing available in practice. In one method, dry fluxing, the freshly cleaned, pickled and
rinsed component is immersed in warm zinc ammonium chloride and allowed to dry. The
alternative method, wet fluxing, involves maintenance of a layer of flux on the surface of
the molten galvanizing metal, so that the steel components are fluxed as they pass
through the layer to enter the molten zinc. In some modern processes, particularly in
continuous galvanizing, a reducing atmosphere may be used instead of a flux to protect
the substrate from oxidation prior to the dipping process.

Fig. 3.2.

Photomicrograph of a section of a typical hot dip galvanized
coating showing various alloy layers diffusionally bonded to the
steel substrate [18].
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The article is then immersed in molten zinc at a temperature of 450° C to 460° C for a
period of time sufficient for the article to react with the galvanizing metal, after which it is
withdrawn from the molten metal and either quenched in a dilute aqueous chromate
solution or allowed to cool in air.

Hot-dip galvanizing processes may be batch processes or continuous processes. In batch
galvanizing, the articles are dipped individually in the molten zinc. Electric transmission
towers, for example, are constructed typically using batch galvanized structural members~

In continuous galvanizing, mill products are coated with zinc by passing a coil of steel
sheet, wire or tubing through the galvanizing vessel at high speed. The short residence
time in the vessel limits the thickness of the coating. Building panels, for example, are
made from continuously galvanized sheet steel. The scope of the present study is limited
to the batch galvanizing process.

During immersion of steel in molten zinc, a sequence of metallurgical reactions between
the steel and the molten galvanizing metal results in the formation of a series of iron-zinc
(Fe-Zn) intermetallic alloy layers bonded to the steel substrate by inter-atomic diffusional
processes. The sequence of layers, formed next to the steel subtrate during the Fe-Zn
reaction, shown in Fig. 3.2, will be discussed in Section 3.3.

3.3. REACTION BETWEEN IRON AND MOLTEN ZINC

3.3.1.

Fe-Zn Phase Eguilibrium Diai:ram

The binary Fe-Zn phase equilibrium diagram which is commonly used as a basis to
describe the Fe-Zn reaction and thereby the hot dip galvanizing process was first studied
by Hansen [26] in 1936. Since then, the phase diagram has been the subject of
controversy and has undergone constant revision without being completely understood
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Properties of the Fe-Zn intermetallic compounds
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1. Chemical Formula

Fe3Zn10

ri
Fe5Zn21

01
FeZn10

FeZn13

2. Crystal Structure

BCC

FCC

HCP

3. Lattice Parameter (pm)

897

1796

a: 1280
c:5770

a: 1340 b:750
c:510

4. Density (kg/m3)

7360

------------

7240

7180

31.3-23. 7
31.5-25.0

------------

13.0-8.1

7.2-6.9

21.0-18.5

-----------

-----------

-----------------------

-----------------------

13.4-8. 7

40.2-35.9

24.6-22.1

------------

------------

7.5-6.5
9.5
12.2-12.0
7.5-6.7

Monoclinic

5. Composition Range of Fe (at.-%)
Hansen et al [26] at 450° C
Bastin et al [34] at 500° C
Ghoniem et al [33] at 450° C
Onishi et al [41] at 300° C
Short et al [43] at 501° C
Brown [49] at 500° C

----------16.9-12.5
14.4-8.5

6. Microhardness (Hv)
Allen [61]
Bastin et al [34]
Short et al [43]

250
326
265
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340

300-350
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315
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250

-----------------------------------------------------------------------------------------------------------------

0
- --+- ---------

- - - -- ··-

- - -· --· ---

c

-

c
0

·v; 120 '
'Q)

1UL4'.u.u.UUJ'.u.a.+;..:.;~:.:..:.:..:..:.:.A!J~WJ..1.W...._-+-----+-----t--~-.

E
E 240
- - - - i - -- - ·-.

0

gs40 µu.~~~::~?+w~rn~i: ~:}~·rn~):~rn~:/+<~:·:~:;:~:: ~:H~(~:~........~............_t-_ _ _~

------1

IQ
'-

:J

0

960

1500

-100

0

10Q

200

300

400

500

Movement of the boundary ~urfaco,µm

Fig. 3.5.

The displacement of phase boundaries during the Fe-Zn reaction
[45]

14

[29-36]. This is probably due to experimental difficulties in preparing homogeneous FeZn alloys [36,37], although a recent technique, the so-called liquid hot pressing method
[38], has provided some degree of success in preparing homogeneous intermetallic
compounds of the Fe-Zn system. The most recent version of the Fe-Zn phase diagram, as ·
shown in Figs. 3.3 and 3.4, was proposed by Short and Mackowiack [36] in 1976 and
supported by Geeling et al [39].

From the partial phase diagram in Fig. 3.4, it can be seen that at a galvanizing temperature
of 450° C, it is thermodynamically possible for four intermetallic phases to be present in
the system, namely;

r

(gamma),

r1

(gamma 1),

ol

(delta),

~

(zeta), with varying

homogeneity. The domain of composition of these phases is still subject to dispute; the
properties of the intermetallic phases are shown in Table 3.1 [36].

Based on various studies of solid-solid [40,41], solid-liquid [42] and solid-vapour [43]
diffusion couples, it was shown that the
[44], followed by growth of the

~

phase, which is richest in zinc, will form first

ol and finally the r

phases. Additionally, it is known

[45] that during the Fe-Zn reaction diffusion can take place in both directions through the
intermetallic phases but the main diffusion process is that of zinc moving through the
intermetallic phases towards the iron interface [46]. The migration of the interfaces
between the intermetallic phases during the Fe-Zn reaction, as shown in Fig.3.5, indicates
that the the r layer will grow towards the the iron, the ~ layer towards the zinc and the 01
layer in both directions but mainly towards the zinc [45].

The stability of the individual phases is still subject to debate. It has been proposed that
the ~ phase is unstable above 495° C while growing as a surface layer on iron in the
presence of liquid zinc but stable at 500° C and above while growing as a surface layer
under compressive stresses [42,47-49] and during solid Fe-Zn vapour reaction [43].
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The stability of the 81 phase is also subject to dispute. It has been reported [50] that the
ol phase consists, in fact, of two distinct morphologies; a fragmented morphology or 81 p
(palisade) and a compact morphology or Olk (compact). These two morphological forms
have different physical properties, such as microhardness value [33,51], diffusion
coefficients [52], etching responses (33] and electrochemical potentials [50].
Additionally, it was also reported that a concentration discontinuity existed between the
two morphologies (33,50,53]. Based on these observations a modified Fe-Zn phase
diagram was proposed (50] in which the ol morphology was replaced by the Olp and olk
morphologies, Fig. 3.6. While some investigators [33,37,54] supported this proposal,
others (35,38,39,55-57] rejected it on grounds of identical crystallographic structures of
the Olp and 8lk morphologies. Hortsmann et al (45] proposed that during the Fe-Zn
reaction, the o I morphology boundary will grow both towards the iron and the zinc and
that penetration of zinc into the iron will lead to formation of the Olp morphology whereas
penetration of iron into the zinc will result in formation of olk morphology.

The existence of a second r phase, the rl phase, has been reported and the structure and
composition have been determined (34,43,52]. However, layers of this phase are very
thin and often not present or at least undetected and the stability range of these two phases
has not been analysed precisely.

It is probable that the primary reason for inconsistencies and differences in interpretation
of the Fe-Zn phase equilibrium can be attributed to the different analytical techniques used
in various studies and to the sensitivity of the Fe-Zn system to external factors such as
stress, impurity level and method of preparation [36].

3.3.2. Structural Development of the Alloy Layers

In commercial practice, the usual galvanizing temperature is 450-460° C but reactions at
higher temperatures are also of interest to this study. In particular, silicon-containing

(c)

462°C

X 17 5

Froc;mentory

8

soo c·
0

Fig. 3.7.

..
X175

539°C

X'f40

Photomicrographs showing the structures of the alloy layers
obtained by galvanizing pure iron for 20 minutes at 462° C,
496° C, 500° C and 539° C, · X 250 [60].
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steel is sometimes galvanized at high temperatures [58] in attempts to overcome
problems discussed in Chapter 4.

The reactions between liquid zinc and solid steel during hot dip galvanizing is complex
and proceed according to some unusual kinetic relationships which have not, as yet,
been explained satisfactorily. The structural development of the alloy layers during
galvanizing is usually divided into three temperature regions: lower parabolic (430-490°
C), linear (490-530° C), and upper parabolic (above 530° C) [36,59,60].

Typical

microstructures of the alloy layers representing each temperature range, shown in Fig.
3.7, was suggested by Hershman [60]. However, the recorded temperature at which the
microstructures were produced needs further clarification, as the structure of the alloy
layers produced at 496° C (3.7b) and 500° C (3.7c) seem to be totally different.

a. Lower Parabolic: 430-490° C

As far as normal galvanizing is concerned, the 430-490° C temperature range is the most
important for study, as it embraces the usual processing temperature of 450-460° C. At
temperatures above 490° C factors, such as the high rate of the Fe-Zn reaction,
increases in zinc consumption and dross generation, vigorous attack of the galvanizing
vessel and high energy input have to be taken into consideration in assessing the
economic feasibility of the process.

In the lower parabolic range, the reaction proceeds by steady state diffusion of iron and

zinc in opposite directions through the alloy layers. The rate of increase in the total
thickness of the layers decays parabolically with time and the structure of the alloy layers
conforms to the phase equilibrium diagram, comprising a thin compact r layer adjoining
the iron, followed by a thicker Olk layer, a Olp layer, a~ layer and solidified zinc
phase. Onishi et al [41] proposed a model for the growth of the alloy layers at 460° C,
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as shown in Fig. 3.8, while the rate of growth of individual alloy layers at 457° C
shown in Fig. 3.9 has been determined by Allen [61].

b. Linear: 490-530° C

Hortsmann [62] investigated the distribution of iron in the alloy layers as a function of
temperature and showed that, with increasing temperature, the o 1 layers grew more
rapidly than the other layers and the formation of a continuous l; phase layer was
suppressed. The l; phase layer became thinner and thinner with increases in temperature,
until at about 495° C it became discontinuous. This effect is enhanced by very poor
nucleation of l; phase at these temperatures [45], leading to a fragmented l; phase layer.
The absence of a continuous

sphase layer leads to penetration of liquid zinc to the o1

phase layer creating an instability and generating in the growing layer, an increase of
stress, at a rate which ultimately cannot be accommodated, thereby causing rupture,
probably at the olk/olp interface. Consequential buckling of the Olp phase [42] is
shown in Fig. 3.10. Cracks then appear in the Olp and liquid zinc may penetrate under it
to react with the Olk and form new cSlp, which, due to an increase in stress within the
layer, tends to exfoliate into the molten galvanizing metal [36]. Eventually, only a thin
layer, which does not increase in thickness with time, remains adhering to the iron. The
shortened diffusion path leads to an intensified attack, which becomes linear with time,
as the process is no longer governed by interatomic diffusion. The structure of the layers
in this temperature range consists of a very thin r layer, which is often undetected [52],
covered with thin olk and Olp layers and a thick layer of ol which separated from the
coating and disintegrated to various extents.

The Fe-Zn reaction does not always correlate with the phase equilibrium diagram in this
temperature range as the ~ phase seems to disappear above 500° C although according
to the phase diagram it should be stable up to 530° C, and the r phase is often missing
or at least undetected.

.

~.

Fig. 3.11. Photomicrograph showing the microstructure of an industrial
galvanizing dross. Etched in Palmerton reagent, X120 [91].

I8

c. Upper Parabolic : above 530° C

The reaction mechanism in the upper parabolic range is similar to the lower parabolic
range and proceeds according to the diffusion of iron and zinc in opposite directions
across the alloy layers. The reason for the steady state diffusion mechanism above 530°
C is not completely clear. It was proposed [63,64] that above this temperature, the~
phase may transform tool and zinc phases, generating stable equilibrium at the ollzinc
interface with consequential growth of the alloy layers by a diffusion controlled process.
It was further suggested [36] that at thci.st.temperatures, the <51 layer becomes more

flexible to accommodate stress without buckling. At temperatures above 530° C and up
to 620° C, which is the highest temperature of practical interest in hot dip galvanizing
processes, the structure of the alloy layers consists of a thin r layer, a olk layer and a
<51p layer, the outer porti01~t.vhich is disintegrated to various extents.

3.4. THE FORMATION OF DROSS IN HOT DIP GALVANIZING PROCESSES.

The ease with which steel and molten zinc react underlies the simplicity of commercial
galvanizing operations but also contributes to one of the major problems associated with
those operations. This problem is loss of zinc due to dross formation.

Dross, or hard zinc as it is known in the industry, is an iron-zinc (Fe-Zn) alloy, which
depending on the density can either float on the molten metal, hence the term floating
dross, or sink as a solid mass to the bottom of the galvanizing vessel and be known as
bottom dross. Since dross interfereig'' ttle galvanizing operation, it must be removed
periodically. However, large quantities of zinc, chemically combined with iron in the
dross or mechanically entrapped between the dross particles are lost when the dross is
removed. It was reported (65] that up to 15% of the total zinc consumed in galvanizing
plant is removed from the vessel as dross. The microstructure of dross, Fig. 3.11,
consists of the entrapped zinc as a matrix with a dispersed intermetallic phase. Iron in the
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dross is introduced in the galvanizing process from the flux, from reaction between the
steel being galvanized and the molten zinc, from erosion of the galvanizing vessel and
from impurities in the original zinc ingot [66-69].

Although a ready market for dross does exist [70], there is an inevitable direct financial
loss resulting from the difference in prices of the zinc and the dross, together with indirect
losses associated with the labour expended in removing and processing the dross [71].

Dross formation has also been found to be responsible for the gradual deterioration of the
galvanizing vessel and often causes pitting damage to the vessel wall. Lead has been
widely used to reduce dross generation [72], to aid in removing dross from the vessel
[73, 74] and in suspending the floating dross [73, 75], to protect the steel vessel walls
from local erosion due to overheating [76] and to provide a 'cushion' for the dross
settling at the bottom of the vessel, thereby preventing direct contact between the dross
particles and the vessel [67]. Several practices have been proposed for reducing zinc
losses associated with dross and for recovering of metallic zinc from dross [76-79].

Because of the adverse influence of dross, many investigations have been conducted to
study the origin of dross and to identify ways of preventing its formation.

It has been proposed [65,66,80] that dross originates from a loosely adherent layer of~
phase which forms on the steel during the galvanizing process and which, on removal of
the steel from the vessel, becomes detached, floats into the molten zinc as very fine
crystals and develops into dross. This proposal is consistent with the observation that the
intermetallic particles in dross have the same monoclinic crystal structure, as the ~
phase[81-83].

An alternative proposal [84, 85], also consistent with the common monoclinic structure,
has been based on Fe-Zn phase equilibria. The phase diagram, Fig. 3.4, shows that at
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temperatures between 419 .4° C and 530° C,

~

phase crystals will precipitate from liquid

metal containing iron in excess of the saturation concentration. It is known [66] that a
significant concentration of iron does develop in the galvanizing vessel during hot dip
processing and that the concentration is usually higher than the maximum solubility of
iron of .... 0.05% at a galvanizing temperature of 460° C [86]. Consequently, precipitation
of~

phase will occur and provide solid phase particles that could develop into dross.

Regardless of origin, once present, crystals of the

~

phase will grow into small particles

by diffusional processes as demonstrated by Yamaguchi et al [87]. If the density of the
particles

of~

phase is higher than the density of the zinc-rich liquid phase [84], the

particles will sink and accumulate at the bottom of the galvanizing vessel as bottom dross
[67], otherwise, they will float in molten zinc as floating dross.

CHAPTER 4
GALVANIZING OF SILICON
STEELS
One of the greatest pains to human nature
is the pain of a new idea

Walter Bagehot
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4.1. INTRODUCTION

The two chemical elements in steels which undoubtedly exert the greatest influence on the
reaction between iron and zinc during galvanizing processes are silicon and, to a lesser
extent, phosphorus. It is known that particular concentrations of these two elements
enhance growth of the alloy layers with consequent severe degradation of the properties
of the coating.

The trend to greater use of silicon in steels arises primarily from two sources: the
introduction of continuous casting methods for producing slab, bloom and billet, and the
increasing demand by architects for weldable high strength structural steels (88-91].

Silicon is deliberately added in steel-making to improve tensile strength and hardness but
is principally added to continuously cast steel as a powerful deoxidiser. Unlike silicon,
phosphorus is generally considered to be an impurity in ·-steels except when a beneficial
effect on machinability and resistance to atmospheric corrosion is sought (92,93]. Since
the amount of phosphorus in most steels is generally low, consequential coating
problems are not as pronounced as with silicon and, consequently, little research has
been devoted to problems associated with phosphorus.

The unusual activity of galvanizing steel containing silicon was first studied in the early
1940's by Sandelin [94,95]. He found that small (-0.1 %) additions of silicon to steel
could lead to accelerated growth of the alloy layers, providing thick, non-uniform, dull
grey and brittle coatings which were prone to mechanical damage and premature rust
staining (96,97]. It is now generally known that rapid growth of the alloy layer occurs at
two concentrations of silicon. These concentrations, shown in Fig. 4.1, are about 0.1 %
[98] (known as the Sandelin range) and above about 0.3%. Recently it has been
proposed (93] that the combined effect of silicon and phosphorus will influence the
coating thickness in the the Sandelin range provided that: %Si+ 2.5(%P) > 0.09.

Fig. 4.2.

Electron micrograph showing the morphology of a FeSi particle
(in the circle), X 8000 [105].
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4.2. MECHANISM OF ABNORMAL GROWTII OF ALLOY LAYERS DURING
GALVANIZING OF SILICON STEELS

Various proposals that might account for the influence of silicon in galvanizing processes
have appeared in the literature [88,92,98-109] but there is no single widely accepted
model by which the effect is explained. However, there seems to be agreement that rapid
growth of the alloy layers is in fact due to breakdown of continuity of the intermetallic
layers, in particular the ~ phase, leading to penetration of liquid through the ~/o 1
interface. The consequential rapid delivery of zinc to the l;/~ interface intensifies the FeZn reaction and results in linear growth of the layer.

Breakdown of continuity has been related to the presence, in the alloy layers, of particles
containing iron and silicon which have been detected only by electron probe analysis and
scanning electron microscopy [105]. Resolution of the particles in these studies was
poor, Fig. 4.2, and precise analyses of the composition of the particles have not been
reported. Consequently, the particles were not characterized sufficiently well for positive
identification. The origin of these particles, which were assumed to be FeSi, is subject to
debate [88,105,107,108,110].

It was proposed (62,100,101,109] that since iron has a greater affinity for silicon than
does zinc [110], iron silicide particles are formed as silicon is liberated during the
progressive dissolution of iron as the galvanizing action proceeds [105]. These particles
are very small, inert and migrate to the solid/liquid interface where they promote rapid,
heterogeneous nucleation of the ~ phase crystals. Consequently, growth of new ~
crystals is hindered and the many new crystals force one another apart, thereby
constantly allowing molten zinc to penetrate between the crystals, leading to the
formation of fragmented ~ phase layers.

0.5
Silicon content, wt.%

Fig. 4.3.

Diagram showing the region for formation of fragmented alloy
layers on silicon containing steels as a function of temperature

[62].

Fig. 4.4.

Photomicrograph showing the region of diffuse delta zon~,
X150 [103].

Fig. 4.5.

Photomicrograph showing the structure of alloy layers of 0.4% Si
steel after galvanizing at 460° C for 15 minutes and then
quenching in water, X150.
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At higher silicon contents, the reaction rate increases and eventually becomes equal with
the nucleation rate of the ~ phase, so that compact and coherent alloy layers are
generated. At silicon levels exceeding 0.3%, the reaction rate is so high that nucleation of
the

l; phase is no longer sufficiently fast to favour the formation of a coherent ~ layer and

a non-equilibrium situation prevails whereby abnormal growth of the alloy layers occurs

[100]. The regions characterized by the formation of fragmented alloy layers on silicon
containing steel is shown in Fig. 4.3 as a function of temperature

Guttman et al [103] reported that, as silicon has low solubility in the intermetallic
compounds, it will be rejected into the liquid zinc, which has high solubility for silicon.
During the Fe-Zn reactions, the liquid region adjacent to the intermetallic layer will
continue to dissolve silicon and expand into the so called" diffuse delta region" but will
not be consumed to form the alloy layers, Fig. 4.4. The retention of liquid zinc close to
the steel surface would lead to high rates of steel dissolution and ultimately, the growth
of~

phase layer towards the steel surface.

As the galvanizing reaction proceeds, the diffuse delta region grows and ultimately
connects to the molten zinc by intercrystalline channels in the ~ layer. Further reaction
will involve the flow of liquid zinc through these channels to the l;/o interface leading to a
thick diffuse

o layer, as shown in Fig. 4.5. The continuance of these reactions causes

discontinuity of the ~ phase layer [111] and leads to rapid dissolution of steel in molten
zinc.

It has been proposed that upon cooling, silicon will precipitate from the liquid as ironsilicon particles in grain boundaries or regions undergoing the final stages of
solidification [104]. This proposal [104] received support from observations by Lichti
and Niessen [83] that in the presence of silicon, the etching response of the diffuse S
phase was enhanced presumably due to the presence of silicides precipitates.
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Unfortunately, Guttman et al [103] investigated only the high silicon steels (0.4%) and
hence their proposal cannot apply to all levels of silicon. In further investigations, using
ion probe analysis and photoelectron spectrometry, Leroy et al [ 107] attempted to detect
elements segregated in the top layer of the steel just prior to hot dip galvanizing and to
analyse silicon enrichment after galvanizing but they too failed to correlate thickness
variations with silicon levels in the steel.

Two attempts to explain the origin of the iron-silicon particles, presumably FeSi, were
made by Pearce [88] and Habraken [105].

Pearce [88] used the Fe-Zn-Si ternary phase equilibrium diagram developed by Koster
[110] to describe the origin of FeSi particles. A 95% Zn isopleth of this diagram, Fig.
4.6, approximates to the composition of the zinc/~ interface and shows that at
temperatures between 417° C and 520° C, increasing silicon content above - 0.07%
results in formation of FeSi by the reaction :

liquid zinc+~ --->liquid zinc+~+ FeSi

which favours depletion of

~

phase to supply the necessary iron to form the FeSi

compounds.

Alternatively, Habraken [105] proposed more complex reactions for the formation of
FeSi particles. At low silicon levels, the low solubility of silicon in the intermetallic
compounds leads to the broken form of the ~ phase layer which, in tum, may lead to the
following reactions.

Ssi.satd + ZnL

---> ZnL(Fe.satd) + FeSi

ZnL(Fe.satd)

---> ~ + ZnL

or
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Ol(Si.satd) + ZnL

---> FeSi + ZnL(Fe.satd) (especially at Bis interface)

ZnL(Fe.satd)

---> S secondary + ZnL

At higher silicon levels, some silicon which is not incorporated in the composite may
surround the Qs and Qol interfaces causing the following reactions.

~i.satd

---> FeSi + ZnL and

ZnL(Fe.satd)

---> S secondary + ZnL

As the liquid zinc reaches the ol, secondary s forms at the ZnL/01 interface with local
dissolution or fragmentation of the o 1 phase resulting in the creation of a small diffuse
zone of Zn+ FeSi + S(secondary) + Ol(dispersed) between the sand Olp or between Q~
interfaces. This proposal assumes that equilibrium conditions prevail and that continued
supplies of iron and silicon are abundant during the reaction but the proposal lacks
information about the driving force which causes the reactions to proceed.

From these considerations, it is clear that most publications concerned with the
mechanism of abnormal growth of the alloy layers during galvanizing of silicon steels
dwell on complex phase reactions involving FeSi particles, and the influence of silicon in
developing intermetallic layers, in particular the s phase layer. It was suggested [112]
that this is, at best, only a partial answer to the problem of galvanizing silicon steels as
microstructures with discontinuous~ layers can be generated on essentially silicon free
steel by manipulation of the galvanizing temperature.

Krepski et al [112] related the abnormal galvanizing behaviour of steel containing silicon
to the influence of local silicon enrichment on the change in the interface energies
associated with the formation of intermetallic phases. It was assumed that liquid zinc is
the only phase capable of dissolving large amounts of silicon and hence silicon liberated
from the steel is transported to the liquid adjacent to the developing coating layer.
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Diagram showing continuous cast steel production as a % of total
steel output in the western world and in North America [114].
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Because of strong interaction between iron and silicon, the liquid adjacent to the
intermetallic phase dissolves an iron level higher than it would should silicon not be
present. This condition results in a decrease in the interfacial energies of the interfaces
between the liquid and solid intermetallic phase and leads to liquid phase penetration
between the

scrystals, although the ~ol interfaces remains intact. At higher silicon

levels, the increasing dissolution of iron in the liquid can eventually lead to penetration of
the ~ol interface. The

scrystals become detached and grow larger with time because of

the continual supply of iron from 81 through the liquid to ~· There is no thermodynamic
driving force for new nucleation of~ on the 81. This theory, however, showed that the
rate of growth of the alloy layers is linearly related to the silicon content in the steel,
which is not the case for steel with silicon content in the Sandelin range. The validity of
the proposed model is still under investigation and open for debate.

Finally, all the proposals considered in this Section are based on a major assumption that
silicon is almost insoluble in the Fe-Zn alloy layers. Amistadi et al [113] rejected this
assumption and reported that silicon is present in solid solution in Fe-Zn intermetallic
compounds. They suggested that the dissolved silicon in the intermetallic layers affected
the chemical potential and changed the activities of the iron reacting with molten zinc,
resulting in rapid transformation of

oto ~ phase, leading to excessively thick layers of ~

phase.

4.3. SOLUTIONS TO THE PROBLEM OF GALVANIZING SILICON STEELS

Continuous casting was first developed in the late 1950's [90,114] and since then rapid
development of the technology has taken place, resulting in increased use of the process
to produce steel, Fig. 4.7 [114,115]. At present, 60% of the western world steel output
is produced by continuous casting and, as a greater proportion of steel will be
continuously cast in the future, and, much of it containing silicon, the problem of
galvanizing silicon steels has become a matter of increasing concern for the galvanizing
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industries. However, as galvanized steel represents only a small proportion of the total
steel produced, it is improbable that production methods will be modified solely to
provide a solution for the problem of galvanizing silicon steel. Therefore any alteration or
adjustment must be made within the galvanizing industry itself. This situation has
prompted an aggressive effort by galvanizing communities to find a commercial solution
to problems associated with the galvanizing of silicon steels.

It is clear that any solution for overcoming problems in galvanizing silicon steels must
satisfy at least one of the following requirements.

1. The new system should continually and effectively stabilize the silicon liberated from

the steel or prevent its release from the steel during the galvanizing process.
2. The new system should reduce the rate of the Fe-Zn reaction so that an acceptably thin
coating forms under reasonable immersion times.
3. The new system should increase the solubility of silicon in the intermetallic
compounds, thereby preventing the formation of FeSi particles.

Although a full understanding of the basic mechanism of the abnormal galvanizing
behaviour of steel containing silicon is yet to be established, a number of approaches
have been explored experimentally to mininrize the reactivity of silicon during the
galvanizing reaction. The conventional way to process silicon steels is to use a short
immersion time and to maintain the liquid metal at the lowest possible temperature as the
reaction kinetics are both time and temperature dependant (116]. Lead is frequently added
to modestly depress the freezing point of zinc, so that the operating temperature might be
reduced (117]. However this approach is not always feasible. Firstly, short immersion
times may not produce coatings with acceptable uniformity and thickness on silicon free
steel and, secondly, it is difficult in practice to limit the immersion time for large and
thick steel components, as time is needed to heat such components to the galvanizing
temperature.
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An alternative approach involves the development of specifications for galvanizable
grades of steel by the steel producer, making clear the composition of the steel to be
galvanized [88]. The steel industry, however, is unwilling to meet this requirement, as
the chemical elements are formulated and added for the benefit of the ultimate user, not
the galvanizer.

Some of the more radical approaches that have been explored and reported in open
literature are summarized as follows.

4.3.1.

Reduction of Zinc Activity

If the rate of the galvanizing reaction could be reduced in some way, the sensitivity to the

silicon content of the steel would be less pronounced. It was reported [118,119] that
preheating the steel in molten lead saturated with zinc prior to immersion in molten zinc
saturated with lead offers an opportunity for the workpiece to be treated in an
environment with greatly reduced activity and the rate of Fe-Zn reaction may be reduced
by a factor of eight [119]. The kinetics of the Fe-Zn reaction are modified in such a way
that continuous intermetallic layers form, even on high silicon steels. When the sample is
subsequently immersed in molten zinc, the continuous and normal alloy layer
development commences. However, practical considerations limit the use of this process
as for example steel floats in lead, rendering immersion difficult.

4.3.2.

Preheatin1: the Workpiece

It has been reported [88] that there is an incubation time for the production of a normal
coating when galvanizing high silicon steels. The galvanizing time could be limited to this
period by preheating the workpiece to the operating temperature prior to galvanizing. A
promising method has been reported [88,120] in which the workpiece is preheated in a
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molten salt solution which replaces the fluxing step prior to the galvanizing process
thereby avoiding the objection to the present fluxing techniques.

4.3.3.

Surface Conditionin1:

As the Fe-Zn reaction occurs at the surface of the steel, various attempts have been made
to alter the surface" condition " of the steel to prevent silicon entering the reaction system
or to stabilize the silicon liberated from the steel surface. It was reported [121,122] that
heat treating the steel for 30 minutes at 940° C under a soft vacuum with the mill scale on
the surface completely removed the silicon effect and silicon-killed steel can be galvanized
in the same way as silicon free steel. In this process, which is commonly known as

Vacuum-Annealing Pretreatment, oxygen at low partial pressure is produced from the
scale which is reduced from Fe304 to FeO. The liberated oxygen diffuses to the ferritic
grain boundaries and reacts with silicon to form a non-reacting compound in the steel,
thereby preventing the action of silicon at the steel surface during galvanizing. However,
this process has limitations with respect to commercial galvanizing, as the structure and
properties of the galvanized steel may be detrimentally altered by the pretreatment[121].

4.3.4.

Hieh Temperature Galvanizine

It was reported earlier that the development of excessive Fe-Zn layers seems to be related
to the formation of the ~ phase layer. According to the phase diagram, the ~ phase
transforms to cS 1 phase and zinc above 530° C and therefore galvanizing at or above this
temperature will be associated only with the development of the cS 1 phase which is less
sensitive to the silicon content of the steel [123]. This method, however, is not economic,
as the cost of both fuel and the installation of ceramic vessels which will withstand the
high operating temperature is high [58,124]. Several investigators [88,125] suggested
that high temperature galvanizing may also result in the formation of excessive dross at
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the bottom of the galvanized vessel, which in tum will increase the zinc consumption and
cause metallurgical instability in the galvanized steel structure [124].

As most of these approaches are still on laboratory trial, it is not clear whether they are
amenable to control under industrial conditions. Additionally, they suffer two major
disadvantages. First, most of the approaches require a large capital outlay and perhaps
modification of existing plant and consequently are not economically viable. Secondly,
the approaches may be acceptable only for galvanizing of silicon killed steels and not for
silicon free steels. In practice, the galvanizing industry requires a solution which is not
only economical but also acceptable for both silicon free and silicon killed steel, since the
composition of the steel to be galvanized is generally unknown.

An alternative approach to reducing the reactivity of silicon during galvanizing has been
offered by altering the composition of the galvanizing metal. The range of alternatives
provided by this approach will be discussed in the next Section.

CHAPTER 5
ALLOYING ADDITION
A little inaccuracy sometimes
saves tons of explanations

Saki
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5. 1. INTRODUCTION

One of the important parameters that determines the properties of galvanized coatings is
the composition of the galvanizing metal. Modification of the composition of the
galvanizing metal by addition of one or more alloying elements may dramatically alter the
structure and properties of the galvanized coating. Properties which may be modified
include surface tension of the liquid zinc, surface appearance, oxidation behaviour, dross
formation, corrosion resistance and most importantly, nucleation and formation of the
intermetallic phases [126].

At present, much of the research in galvanizing has been devoted to finding an ideal
alloying element that eliminates problems associated with silicon steels without degrading
the properties of the galvanized coating. The use of alloying additions is an appealing
approach simply because the proposed additions are limited to very low levels (-0. 1%)
and existing galvanizing plant requires no modification, making this approach
economically viable [92]

The basis of the approach is to arrange for the presence, at the steel surface, of elements
which can either reduce the rate of the Fe-Zn reaction or form stable silcides, thereby
preventing the formation of FeSi particles. Unfortunately, although the process seems to
be simple and convenient, the mechanism by which these elements influence the Fe-Zn
reaction cannot be easily understood.

If a third element is introduced into the reaction system, the simple binary Fe-Zn diagram
will decompose and an isothermal section of the ternary equilibrium diagram at a
particular reaction temperature is required to study precisely the phases involved in the
reaction. The reaction may become complex, as it is thermodynamically possible not only
for a single alloy layer to form but also for duplex layers with two phases growing side
by side to form, as has been observed [127]. With quatenary systems, quaternary phase
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diagrams would be required and the problem then becomes too unwieldy to handle; for
this reason very little work of this nature has, in fact, been done.

Furthermore, since the addition of alloying elements in the galvanizing metal is usually
very small (-0.1 %), the actual concentration of the elements participating in structure
development of the alloy layers can be expected to be exceedingly low. In most cases,
these elements may not be uniformly distributed in the alloy layers, making it difficult to
positively identify their existence. Coupled with the many other important parameters and
uncertainties of the Fe-Zn reaction, it is not surprising that study of alloying additions has
mostly been carried out under the simplifying assumption of an ideal case and has
focussed only on the relationship between the concentration of the elements and the
properties of the coating, without examining in detail the means by which the elements
participate in growth of the alloy layers.

Combinations of chemical elements have also been explored to examine synergistic effects
on galvanizing of silicon steels. This method has been widely used in physical metallurgy
research of ferrous systems where small quantities of mischmetal have been added in
many applications to improve the mechanical properties of the steel [128]. Although the
ideal alloying elements which could completely eliminate the problems associated with
silicon steels have not been identified, several galvanizing alloys have shown promising
results by partly suppressing the reactivity of silicon steels. Currently three galvanizing
alloys, under the trade names of Polygalva [129-131], Supergalva [132, 133] and
Technigalva [134], are commercially available on the market, while the development of an
alloy called Galfan for batch processes is still under laboratory investigation [135, 136].

Finally, because of the simplicity and cost effectiveness of the method, alloying additions
have been used widely to improve coating properties such as surface appearance,
paintability, ductility, abrasive and corrosion resistance, and to minimize local problems
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such as gradual deterioration of the galvanizing vessel, bare spot, white rusting, spangle
and dross formation.

5.2. ALUMINIUM

The alloying element which undoubtedly exerts the greatest influence on the structure of
the galvanized coating is aluminium. Aluminium has been added in various
concentrations to galvanizing processes because it has many beneficial effects and is cost
effective. A comprehensive study on the effect of this element on the Fe-Zn reaction was
well documented by Hortsmann (44].

It was reported (137] that the addition of 0.02-0.1 % Al to the galvanizing metal could
reduce the rate of the Fe-Zn reaction due to the greater affinity of aluminium for iron than
of zinc for iron. At these low concentrations, a thin intermetallic layer containing iron and
aluminium forms very quickly on the surface of the steel and provides a barrier for
growth of the Fe-Zn alloy layers. The composition of the inhibiting layer is subject to
debate, having been classified as Fe2Al5 or FeAl3 (60,116,138,139], a Fe-Al-Zn ternary
phase (140,141] or a combination of both (142,143]. Guttman et al [144] found that
silicon modifies the inhibiting layer from a binary Fe-Al to a ternary Fe-Al-Si which
further enhances the inhibiting effect of the layer. They also reported that 0.05% Al could
induce inhibition in very high silicon steel (-0.4%) but that higher aluminium levels were
required for steel with lower silicon levels.

The inhibiting effect of aluminium, however, is only effective if the immersion time does
not exceed the incubation period (60], the duration of which will depend on the
aluminium content and the galvanizing temperature [44]. After this period, the inhibiting
effect ceases and the intermetallic layers start to grow. The period of incubation is
influenced by several variables such the composition of the galvanizing metal
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[142,145,146], galvanizing temperature [142], degree of agitation [139,142] and
conditions prevailing at the surface of the steel [60].

The addition of aluminium also decreases the adhesive force between steel and molten
zinc, thereby reducing zinc consumption [126] and improving ductility, formability and
corrosion resistance [126,141]. Most importantly, aluminium promotes bright surfaces
of the galvanized coating [147], leading to the wide adoption of this addition to process
highly visible products, such as traffic stanchions, bus shelters, bridges, fencing,
roofing and floor gratings.

The action of other alloying additions in liquid zinc containing aluminium has been
investigated repeatedly. It was reported [146-153] that the inhibition effect of aluminium
on the Fe-Zn reaction persisted when the Zn-Al galvanizing alloys contained a small
amount of cadmium, copper, lead, antimony, chromium, cobalt, lithium, magnesium,
manganese, nickel, silver, thorium, titanium, uranium, vanadium, zirconium or rare earth
elements. The effect was extended when small amounts of silicon and tin were also
present [146,149] and shortened when they contained a small amount of iron [138].

The major disadvantage relating to the use of aluminium as an alloying element in the
batch galvanizing process relates to fluxing. Aluminium reacts with conventional chloride
fluxes, resulting in aluminium chloride fume, which is toxic [116]. This effect places a
maximum limit of 0.02% aluminium when conventional flux is used [54,125]. However,
because of the various advantages associated with aluminium, further research to develop
an alternate flux which does not react with aluminium is being carried out.

Combinations ofaluminium with other elements have also been added to the galvanizing
metal. Several of these alloys such as Supergalva and Polygava, are at present
commercially available, while the development of Galfan and several other alloys for
batch processing are still under laboratory trial [135,136].
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Diagram showing the effect of addition of silicide stabilisers on
the coating weight of galvanized 0.4% Si steels as a function of
temperature [154].
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Polygalva is one of the impressive alloys [129-131] developed by European zinc
producers. The alloy contains 1% lead and less than 0.1 % aluminium, tin, magnesium
and berylium and has been reported to be effective in suppressing the reactivity of steel
with a silicon level up to 0.2%. Conventional flux can be used in this process because the
concentration of aluminium is relatively low. It was reported [131] that the formation of a
Fe-Al barrier layer does not completely suppress the Fe-Zn reaction although the normal
discontinuity of the ~ phase layer associated with the presence of silicon in the steel does
not occur. For high silicon steels, the coating was found to be too thin to be accepted by
the standard specification [116] and further improvement to make the alloy more
commercially viable is needed. A major drawback of Polygalva is the requirement of a
high standard of pretreatment and other problems, such as the presence of floating dross
and the high cost of the alloy.

5.3. SJLICIDE STABILIZING ELEMENTS

The recognition that several alloying elements can form non-ferrous silicide stabilirers to
control the reactivity of silicon in steel during galvanizing was first reported by Sebisty et
al [153] in 1964. They studied the effect of a number of less common alloy additions on
the galvanizing of a non-silicon steel and concluded that the addition to the galvanizing
metal of 0.1-0.5% of an alloying element such as vanadium, chromium, nickel,
manganese or titanium was a technically feasible method of controlling the Fe-Zn
reaction. Additionally, it was revealed by this group [154] that the presence of such
elements in the galvanizing metal modified the equilibrium state at the zinc/~ interface and
the growth characteristics of the ~ phase. Figs. 5.1 and 5.2 show the effect of these
elements on the weight of the galvanized coating of non-silicon steels.

Using electron-probe microanalysis, Palmer [155] observed that manganese, which is
mostly detected at the zinc/~ interface, modifies some of the properties of the ~ phase
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either by reducing the diffusion of zinc through the
diffusion of iron through the

~H

~

phase layer or by increasing the

phase layer. Chromium was not detected but nickel,

titanium and vanadium additions were primarily concentrated in the form of ternary
compounds at the zinc/~ interface. Of these three elements, vanadium was found to be the
most effective inhibitor. Because of the high iron concentration of the alloy layers and the
thin~

phase layer, it was suggested that the ternary compounds were formed at the zinc/~

interface, either epitaxially with the ~ phase or nucleated from the molten zinc. If they
were formed as an extension of the~ phase layer, this would account for the thin~ layer,
as they may act as a barrier for inward diffusion of (liquid) zinc to the ~ layer. It was also
proposed [155] that nickel, titanium and vanadium may have a higher affinity for iron
than for zinc and could react initially with the steel base to form binary iron-base alloys
and hence this would be analogous to the inhibiting effect of aluminium. Unfortunately,
only high silicon steels were investigated and therefore the results cannot be applied to all
levels of silicon.

Further work by this group [156] involved a pilot-scale trial using an addition of
vanadium, nickel and manganese to the galvanizing metal in the form of master alloys.
Results, shown in Fig. 5.3, confirmed the superior performance of vanadium,which
appeared to be more intimately bonded to the ~phase layer [157] than the other two
additions. The high rate of vanadium depletion and the high cost of vanadium would
preclude the industrial use of this element to solve the problem of silicon steels.

5.4. OTHER ELEMENTS

Extensive research has also been devoted to investigating the effect of various other
alloying additions on the structure of the galvanized coating. However, the studies are still
far from establishing technological significance in which a particular element can be
eliminated from further consideration. An alloying element that performs poorly in pure
zinc might be beneficial in a zinc alloy system and there are numerous examples of
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synergistic effects of several combinations of elements. One which is very common and
which has been discussed in a previous Section is the addition of aluminium coupled with
other elements. The influence of alloy additions has been well documented by Krepski
[ 125] and therefore the following discussion will focus only on the addition of alloying
elements that could affect the rate of the Fe-Zn reaction and hence be directly relevant to
the present study.

The second most important alloying element in galvanizing is lead which is commonly
present as an impurity in zinc ores. Lead has many beneficial influences for galvanizing
and hence, for galvanizing purposes, lead has not been electrolytically refined from zinc
ores. Although lead has no direct effect on intermetallic formation up to the saturation
level of 1.4% in zinc at 450° C [116], a small addition of lead has been found to reduce
surface tension, Fig. 5.4, and, as discussed previously, the freezing point of zinc,
thereby lowering the operating temperature for galvanizing [117]. Nevertheless, lead is
commonly added to the galvanizing metal to sink the floating dross and to protect
galvanizing vessel walls from direct contact with bottom dross [158].

Sebisty et al [152] investigated the additions of common elements that have received
attention in the literature but appeared to be controversional [159,160]. They studied the
behaviour of copper, cadmium, tin and antimony and concluded that copper reduces the
rate of the Fe-Zn reaction, cadmium promotes the reaction, while tin and antimony have
only minor influence. In subsequent investigations, Sebisty et al [153] examined a range
of less common elements that had not previously been added during the galvanizing
process or that have simply been ignored in previous studies. Each of these elements was
added to the galvanizing metals, in concentrations of 0.1-0.5%, to galvanize non-silicon
steels. They concluded that:
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1. chromium, manganese, nickel, titanium and vanadium suppressed the Fe-Zn reaction-

these elements have been discussed previously in Section 5.3;
2. zirconium and silicon promoted the formation of a smooth zinc/~ interface, thereby
reducing the thickness of the outer zinc layer;
3. the stability of lithium, rare earths, silicon, thorium and uranium was generally poor
because of segregation, oxidation or dross formation and it was therefore difficult to
retain them in the reaction solution;
4. the effect of posphorous was inconclusive, as it could not be added to zinc by any
simple method; and

5. silver accelerated growth of the ~ phase layer, while magnesium and cobalt had no
apparent effect on the structure of galvanized coating.

The deliberate addition of silicon to the galvanizing metal is appealing. Although the
dissolution of silicon in zinc was reported to be very sluggish [146], a small addition of
silicon can prolong the inhibition effect of aluminium [140,144,146,161,162] by forming
a thin inhibiting layer, thereby suppressing the Fe-Zn reaction. However, in the absence
of significant aluminium [146] and iron [104] in the galvanizing metal, silicon promotes
discontinuity of the ~phase layer, leading to rapid formation of Fe-Si intermetallic dross
[125]. Contrary to this report, Sebisty et al [153] observed that, in the absence of
aluminium, the addition of 0.05% Si resulted in a smoother interface between the ~phase
and the free zinc layer, leading to a thinner zinc layer.

Memmi et al [163] reported that 0 .1-0.2% magnesium has the capacity to inhibit the
reactivity of silicon steels either directly by forming an intermetallic silicon compound
(presumably MgSi) in competition with FeSi or indirectly by lowering the melting point
of the alloy. The validity of the report, however, is very much in question, as only one
silicon steel with an intermediate silicon level of about 0.2%, was tested. It is also
difficult to maintain magnesium in solution as it promotes surface oxidation.
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Various other investigators have reported that relatively high concentrations of copper
(-0.2%) [164,165], antimony (-0.5%) [166], silver (-0.7%) [153], cadmium (-1 %)

[167] or germanium [168] in the galvanizing metal can intensify the Fe-Zn reaction,
causing discontinuity of ~ phase layer and so must be avoided.

As more research is performed in the area of alloying additions, a more precise
reevaluation of the complex relationship between composition and coating properties can
be established. Knowledge in this area will finally reach the point where coatings can be
designed for specific applications by varying the alloying additions. At present, it is
possible to verify some of the design requirements such as minimum thickness for critical
applications, optimum hardness for abrasive purposes, improved ductility and formability
for mechanical processing, improved corrosion resistance for marine installations and
bright appearance and excellent paintability for a highly visible product. The rapid
evolution in understanding the importance of the alloying additions is evident in the
amount of information available in open literature which coupled with the changing
market requirements in the past decade, makes this a very dynamic field for galvanizing
research.

The present study involve the addition of - 0.1 % nickel in the galvanizing metal to control
the reactivity of silicon steels during galvanizing process and hence the remaining
discussion of the literature review will focus on the development and on the problems
related to this technology.

CHAPTER 6
ZINC-NICKEL GALVAN/ZING
As knowledge increases,
wonder deepens

Charles Morgan
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Fig. 6.1.

Diagram showing the relationship between alloy layer thickness
and silicon content for 5 minutes immersion in zinc· and in
Zn-0.1 % Ni [227] .
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Fig. 6.2.

Photomicrographs showing the alloy layers formed on a 0.1 % Si
steel after galvanizing for 5 minutes in (a) zinc and
(b) Zn-0.1 % Ni, Xl50 [227].
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6.1. INTRODUCTION

The earliest published work on the addition of nickel to control the galvanizing reaction in
silicon steel was that of the Sebisty group [153] at the Canadian Bureau of Energy in the
1960's, supported by the International Lead and Zinc Research Organization (ILZRO). It
was concluded then that the addition of small quantities of silicide stabilizer elements, of
which nickel was one, to the zinc was a technically feasible method of controlling the FeZn reaction in silicon steels. While a number of silicide stabilizer elements were studied
in some detail, the use of zinc-nickel alloy was investigated in great depth.

Because of the earlier commercialization of continuous casting in Europe, silicon steels
were encountered sooner there, forcing the European galvanizers to seek solutions that
would eliminate the adverse affect generated by silicon steels during galvanizing process.
It is therefore not surprising that the commercialization of nickel addition to the

galvanizing metal was begun in Europe in the early 1980's by Vieille Montaigne under
the trade name of Technigalva [169]. While not a cure for all silicon steels, Technigalva
is the only alloy that, at present, has demonstrated potential commercial promise to
eliminate, at least partially, the adverse affect of silicon steels during batch galvanizing
process [170-173].

Various investigations have shown that the addition of nickel at a concentration of 0.080.17% [170,171,174-181], by means of a zinc-nickel master alloy, provides a pragmatic
solution to suppression of the growth of~ phase layer during galvanizing of steel with
silicon concentrations up to 0.25% [171], Figs. 6.1 and 6.2. More importantly, the
addition of nickel was found to improve the appearance of the coating, resulting in an
appealing lustrous surface and to reduce the coating thickness for all steels, leading to the
wide adoption of this process even in galvanizing industry which does not process
silicon steel. In terms of atmospheric corrosion resistance, it was reported [182] that
Technigalva and conventional galvanizing processes were comparable.
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Although, the overall cost for Technigalva was reported to be 10% higher than the cost of
conventional galvanizing, the saving from the reduction of coating thickness alone may
justify the cost. [183]. Technigalva has been widely used for galvanizing highly visible
steel prcxlucts such as traffic stanchions, hat-rack sections, wires, tubes, expanded metal,
floor grating and chassis components in the automobile industry [ 170, 171 ].

Within a short time after the introduction of the process, many plants in Europe, and later
in this country, began to experience production problems, in particular excessive
quantities of dross with high nickel content accumulated at the bottom of the vessel. The
precise distribution of nickel in the galvanizing process is difficult to evaluate, as it is
divided unequally amongst the coating, the dross and the walls of the vessel [174].
However, it was reported [184] that the recovery of nickel in the vessel was much below
100% and in fact as much as 60% of nickel added to the vessel was lost in the dross
[185].

The problems associated with the loss of nickel and ineffectual action of Technigalva in
processing high silicon steels obviously reduce the cost effectiveness of the process and
the saving resulting from the beneficial properties of nickel are occasionally only
marginal. In a number of cases, the doubtful economic viability of Technigalva has been
the determining factor in discontinued usage [185].

Finally, there was, at one stage, concern that nickel dust in the fume from the galvanizing
vessel may be carcinogenic and the handling of the master alloy may provoke nickel
allergy (171]. However, reports published by Norzink AS [186] suggested that no trace
of nickel occurs in the collected dust and neither the master alloy nor the galvanized
coating will provoke allergic reaction.

Fig. 6.3.

Photomicrograph showing the presence of ternary interrnetallic
compounds at the zinc/~ interface.
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6.2. THE TECHNIGALVA COATING OF SILICON STEELS

The Zn-0.1% Ni coating is characterized by a thin continuous layer of s phase, followed
by a thick layer of ophase and a very thin layer of r phase, which is often not observable
by optical microscopy, adjacent to the steel [ 174]. Additionally, there is evidence of
ternary Zn-Fe-Ni compounds at the zinc/s interface [116,153,155,171,178,184,187] as
shown in Fig. 6.3. Nevertheless, it is not clear if these compounds are formed epitaxially
with the s phase or nucleated in the liquid adjacent to the s [116, 154]. Alternatively, the
compounds may precipitate directly from the molten zinc as floating dross and be
entrained in the coating upon withdrawal of the steel from the vessel [188].

Based on analysis of the individual alloy layers, it was found that significant
concentrations of nickel diffuse only to the ~ phase, increasing the hardness of ~ phase
layer [178]. However, it was also reported that by comparison with conventional
galvanizing, Technigalva coatings adhered better on the tension side and worse on the
compression side of a bend [176]

Sebisty et al [154] proposed that the intermetallic compounds at the zinc/s interface
modified the growth characteristic of the s phase layer by reducing the velocity of the

s

phase formation. On further study by this group [155], it was reported that the ternary
compounds at the interface could function as both mechanical and diffusion barriers for
inward diffusion of zinc to the underlying layers, thereby slowing the growth of those
layers. It was also suggested that as nickel has a higher affinity for iron than for zinc it
could react initially with the steel to form binary iron-based alloys [155]. If this is true,
the effect of nickel additions would be analogous to the inhibiting effect of aluminium,
which forms an Fe-Al layer at the steel interface. Krepski [ 116] proposed that the ternary
compounds maintain the continuity of the ~ layer, either by barrier effect or by changing
the~ phase nucleation, growth and morphology. Finally, Horstmann [62] and Harper

and Browne [124] proposed that the addition of nickel leads to the formation of non-
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ferrous silicides which reduce the volume fraction of iron silicide particles available to
promote nucleation of the

~

phase, thereby reducing the reactivity of silicon steels. At

present, there is no unified model that could explain the mechanism by which nickel
affects the coating structure of silicon steels.

Nevertheless, one of the advantages associated with use of nickel additions is related to
the retention of bright coating surfaces. Silicon, when present in steel, causes galvanized
surfaces to be dull and sometimes almost white in appearance. This surface effect results
from the accelerated reaction between the steel and the molten zinc, which continues even
after the steel is removed from the galvanizing vessel. The result is that the free zinc
adhering to the surface is consumed in the continuing reaction until, ultimately, the solid
intermetallic compound grows to protrude through the surface of the coating.
Consequently, the surface becomes microscopically rough and scattering of incident light
results in the dull appearance. The presence of Zn-Fe-Ni ternary intermetallic compounds
at the

zinc/~

interface has been reported to cause the retention of the free zinc after the

reaction ceases and results in a bright surface (184].

6.3. GENERATION OF DROSS IN TECHNIGALVA PROCESSING

One of the major problems associated with the Technigalva process is loss of nickel and
zinc due to excessive dross formation. Loss of nickel in the dross varies according to
individual galvanizers but was reported to be of the order of 30-60% (181,185], although
stirring the molten galvanizing metal has been reported to improve the efficiency of nickel
addition, giving greater than 80% recovery (156].

It was reported that bottom and floating dross were present in the Technigalva process
(189] and since dross has many deleterious effects, excessive formation should be
avoided if at all possible. Bottom dross is known to cause premature vessel failure [71]

INTERMETALLICS
-

MASTER ALLOY

--ZINC MATRIX

--DROSS

Fig. 6.4.

Photomicrographs showing the microstructures of (a) master
alloy and (b) industrial dross from the Te.chnigalva process,

x 120 [192].
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and floating dross is known to cause 'pimple effect', leading to a rough galvanized
surface [173, 184, 188,189].

It was originally proposed [190-192] that dross originated from partly dissolved master
alloy. As the master alloy (Zn-2% Ni) has a melting temperature of -600° C, it was
suggested that it is slow to dissolve in molten zinc and having a higher density than
molten zinc, will tend to sink to the bottom of the vessel before dissolution is complete. It
has been proposed that, at the bottom, fragments of master alloy react with iron in
solution to become entrained in pre-existing dross. The similar microstructures of master
alloy and dross, shown in Fig. 6.4, might support this proposal.

Alternatively, it was also reported [184,189] that the presence of dross did not appear to
be connected with the type of alloy in the vessel but appeared to be strongly connected
with the concentration of iron in the liquid zinc. The solubility of iron decreases rapidly
as nickel is added to liquid zinc and dross may precipitate from the solution to relieve
supersaturation when the solubility limit of the solutes in the system is exceeded [174] .

Additionally, the origin of floating dross is not clear. It was reported [188] that, as the
galvanizing reaction proceeds, particles of accumulated dross at the bottom of the vessel
becomes smaller and begin to float to the surface of the molten metal and adhere to the
coating during removal of the steel from the vessel. Alternatively, bottom and floating
<l;rosses could originate from ternary intermetallic compounds which do not adhere to the
~phase

layer [193]. Finally, it was suggested that the intermetallic phase in the Zn-Ni

master alloy accumulates and reacts with dross at the bottom of the vessel to form fine
particles, which, having a lower density than the molten metal float, to the surface [173].

The concentration of nickel in the dross is variable and depends on factors such as the
composition of the galvanizing metal [194], degree of agitation [156], galvanizing
temperature, and length of time between dross removals [174].
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Two types of dross composition have been proposed [174] depending on the
concentration of nickel in the galvanizing metal.

1. At low levels of nickel (0.075% ), the liquid is in two phase equilibrium with a
ternary compound that is similar to the ~ phase and has composition
Zn-6.3% Fe-0.2% Ni.
2. At high levels of nickel (0.1-0.15%), the liquid is in two phase equilibrium with the
ternary compound Zn-4.6 % Ni-3.5% Fe.
3. At an intermediate level of nickel (0.07-0.08%), the liquid is in three phase
equilibrium with the two compounds leading to simultaneous precipitation of
both of them.

It was also suggested that zinc alloyed with 0.07% Ni in solution would lead to dross

containing 0.1-0.2% Ni and 6% Fe, while 0.08% Ni in solution would produce dross
with composition 3.5% Fe and 1.2% Ni [194]. Another report proposed that the bottom
dross has the same composition as the ternary intermetallic compound forming at the
zinc/~

interface [193]. The different compositions of dross reported in the literature are

listed in Table 6.1:

Table 6.1
The reported iron and nickel concentration s in the dross
Ref.

Iron(%)

Nickel(%)

[174]
[174]
[175]
[175]
[178]
[193]
[190]
[194]
[194]
[195]

3.5
6.3
1.0

0.2

2.2
3.7
4.0
6.0
3.5
6.0
4.6

4.6
1.6
2.3
3.1

2.0
0.5
1.2

0.2
1.8
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It is claimed [134] that some degree of control could be applied to reduce excessive
amounts of dross in Technigalva process. These controls include:

1 good rinsing practice after pickling,
2 control of pH and iron content of pre-flux,
3 control of fluxing time and temperature,
4 minimizing the time between fluxing and galvanizing,
5 drying after fluxing,

6 minimizing the galvanizing temperature,
7 control of the steel immersion time, and
8 removal of dross at frequent, regular intervals.

Attempts were also made to limit dross formation by the addition of two different master
alloys [173]. A hypereutectic Zn-2%Ni alloy was used for the change-over from pure
galvanizing metal to a zinc-nickel galvanizing metal and for adjustment during
galvanizing operation. On the other hand, a hypoeutectic Zn-0.24%Ni alloy was used in
the preparation of a new zinc-nickel galvanizing metal and for the addition of nickel
during normal operations. By adding nickel as a hypoeutectic alloy, the introduction of
nickel to the galvanizing metal was reported [173] to be more efficient, as no proeutectic

Ophase particles, which played an active role in inhibiting the Fe-Zn reaction, were
present in the liquid. However, the validity of this approach is in question, as the
intermetallics that prevent the Fe-Zn reaction are not the Zn-Ni

ointermetallics but, as

previously discussed, the ternary intermetallics which form at the zinc/~ interface.

Various compositions of master alloys containing 0.5 to 3.5% Ni have been tested
without establishing any significant difference between one concentration and another.
However, due to technical practicalities in production and commercial considerations,
2 to 2.5% Ni master alloys have been used widely [174].
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Diagrams showing the solubilities of (a) nickel and (b) iron in
zinc as a function of temperatures [200,66].
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Finally, as an alternative to the use of zinc-nickel alloy, several innovative pretreatment
solutions for introducing nickel at the steel surface prior to hot dip galvanizing have been
suggested. These techniques include electroplating with nickel prior to zinc coating [196]
and immersion of the pickled workpiece in a hot aqueous solution of nickel chloride or
depositing the nickel on the steel surface in a preflux solution with a complex formulation
of chlorides [197,198]. Further research on an industrial scale is required to determine
whether these approaches present a practical option for galvanizers.

6.4. 460° C SECTION IN ZINC-RICH CORNER OF THE Zn-Fe-Ni SYSTEM

Knowledge of the phase equilibria in the zinc-rich corner of the ternary Zn-Fe-Ni system
at galvanizing temperature has considerable technological importance in clarifying the role
played by nickel on the structure of the galvanized coating and on the formation of dross.

Several studies of the isothermal section of the zinc-rich comer of the diagram have been
reported in recent years, however, they are either subject to speculation or are incomplete.
The major difficulty in constructing the ternary diagram arises during preparation of the
ternary alloys. The high oxidation rate and low boiling point of zinc together with large
melting temperature differences between zinc and the other two constituents restrict the
heat treatment involved in preparing the alloys to temperatures below 650° C [199] and
hence it is difficult to obtain homogeneous alloys. The low solubilities of nickel and iron
in zinc at this temperature, shown in Figs. 6.5a and 6.5b respectively [200,66], create
further problems.

Raynor et al [201] made the first attempt to construct the isothermal section of the zincrich comer of the diagram at 370° C. The section, shown in Fig. 6.6, was determined by
metallographic and X-ray diffraction methods. Three intermetallic phases identified as ~
phase, richest in zinc in the Fe-Zn system, 8 phase, richest in zinc in the Ni-Zn system,
and a ternary phase T (ZnFeNi) were present in equilibrium with Zinc-rich solid solution;

1:·
~0
0

L

L +a

6.0

...,_______ Fe at%

Fig. 6. 7.

Diagram showing a hypothetical 450° C section of the zinc
rich comer of the Zn-Fe-Ni system [203].

Zn
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the primary T phase field was quite extensive while the

sand 8 phase fields were limited.

It was also reported that the ternary phase crystals, which had distinctive etching
characteristics, were present as equiaxed plates, often hexagonal in shape, and had
different morphologies from the primary 8 or

sphase crystals.

Powder diffraction patterns of the T phase, the

ophase and the ·sphase were found to be

distinctive, thereby confirming that the T phase was not based upon either 8 or

sby solid

solution formation. From this evidence, it was concluded that the T phase was a true
ternary compound which was not identical with any of the zinc-rich compounds in the FeZn and Ni-Zn systems [201, 202]. The composition Fe~i5Zng9 has been assigned to the
T phase on the basis of chemical analysis of primary crystals extracted from an alloy
containing 0.5% Fe, 0.5% Ni and reported to be centred in the primary T phase field of
the diagram.

Unfortunately, details of the ternary T phase were not reported and the diagram was
constructed based only on the analysis of a limited number of alloys and hence a precise
evaluation of the diagram was not provided. More importantly, the fact that the section
was constructed at 370° C is of minor importance to studies of galvanizing processes,
which are usually carried out at the higher temperatures of 450° to 460° C.

A hypothetical 450° C section of the zinc-rich comer of the system was reported in 1984
[203]. The diagram, shown in Fig. 6. 7, was constructed with very limited accuracy and
was only partially completed at the time it :was reported.

It can be seen from the diagram that three different compositions of intermetallic phases,
a,t and {3, were present in the ternary system.

In the Fe-Zn system, the a phase, which is identical with the monoclinic

sphase in the

normal galvanizing process, is present in the system and is capable of dissolving up to

(a)

1o/. NI 490° C
NI 418.5° C
r L//__ _ _ _ _ _ _ _ _ _ _ _ _:J_~=~am;~~;;;~~~~0.25%
~
20'>'. Fe
672° c

9% Fe
672° c

7% Fe
530° c

l

6%
530°

Fig. 6.8.

5.5%
419.4°

c

3•;. Fe '
672° c

.....

0.25% Fe
530° c

c

Diagram showing (a) the liquidus projection of the ternary
Zn-Fe-Ni system and (b) a partial enlargement of the zinc rich
comer of the liquidus projection diagram [204].
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about 0.2% Ni and hence, the composition of this phase could vary from Zn-6%Fe to Zn6%Fe-0.2%Ni. In the Ni-Zn system, the

~

phase is present but the solubility of iron in

this phase has not been determined.

Between these two phases, a ternary t phase is also present with the composition that can
vary from Zn-4.5%Fe-2.6%Ni to Zn-4%Fe-4%Ni. The presence of a ternary t phase in
the system is similar to that reported by Raynor et al [201]. Unfortunately, the crystal
structure oft phase was not identified and so it is not possible to compare the two sets of
results.

From the diagram, Fig. 6.7, it can be concluded that the composition and the crystal
structure of dross in Technigalva process may not be constant but may vary according to
the actual composition of the liquid phase from which it forms . This conclusion also
embodies the suggestion that dross originates from precipitation of ternary Zn-Fe-Ni
phases to relieve supersaturation and attributes the formation to a simple consequence of
the requirements of phase equilibria. Although the proposed diagram is hypothetical, it
does explain certain phenomena existing in the Zn-Fe-Ni ternary system and provides a
foundation for future discussion on the effect of nickel additions and the formation of
dross during the Technigalva process.

A liquidus projection for the ternary Zn-Fe-Ni phase equilibrium diagram, as shown in
Fig. 6.8a, was reported by Delaey [204] in 1988 but does not contain any of the ternary
compounds reported by other investigators [201-203]. A partial enlargement of the
liquidus projection, shown in Fig. 6.8b, indicates that the following reactions may occur
in the system :

*Tl

L + y ---> 8 NiZn +8 FeZn

below490° C

*T2

L + 8 FeZn ---> t;: + 8 NiZn

above 530° C

*E (eutectic)

L---> 8 NiZn +

s+Zn

slightly below 418.5° C

0

20

at

Fig. 6.9.

Diagram showing the 450° C section of the ternary Zn-Fe-Ni
system [205].

+

r

(b)

2

Liquide

+

(a)

Zn
0,0357. Fe

Fig. 6.10. Diagrams showing (a) the 450° C section of the zinc rich comer
of the Zn-Fe-Ni system and (b) a partial enlargement of the liquid
domain [206].
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It was also reported [204] that the r phase and the y phase regions overlapped and the
structures of o NiZn and o FeZn were very difficult to distinguish.

A detailed analysis of the isothermal section of of Zn-Fe-Ni ternary diagram at 460° C
was constructed by Perrot et al [205] in 1989 and is shown in Fig. 6.9. The zinc-rich
comer of the diagram and a partial enlargement of its liquid domain, shown in Figs.6. lOa
and 6.lOb respectively, were constructed after further work by this group [206-208] .
They based their studies on electron microprobe analyses of the diffusion paths after
galvanizing various iron-nickel alloys with pure zinc metal or with Zn-0.1 % Ni alloy at
the normal galvanizing temperature of 460° C. The structure of the coatings was
examined by X-ray diffraction.

The following conclusions can be drawn from the diagram in Fig. 6.lOa.

1. The o 1 and o2 phases are not isomorphous.
2. A stable ternary compound exists with a wide range of compositions. The crystal
structure of this compound was the same as the r2 ( FeZn4 ) of the binary Fe-Zn
system and diffraction pattern can be indexed according to a F.C.C unit cell with lattice
parameter of 1800 pm.
3. The rl phase of the Fe-Zn system and the yphase of the Ni-Zn system are
isomorphous.

Further it is shown, in Fig. 6. lOa, that the existence of an extended range of solid
solution with a r2 structure limits the field of the other compounds. In the Fe-Zn system,
the ol phase can dissolve up to 2% Ni, the~ phase can dissolve up to 1% Ni, while in
the Ni-Zn system, .S2 can dissolve less than 0.5% Fe. In the liquid domain of the
diagram, shown in Fig. 6.lOb, zinc can dissolve up to 0.035% Fe and 0.6% Ni at 450°
C. Liquid containing less than 0.06% Ni but more than 0.035% Fe is in equilibrium with
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the ~ phase, whereas liquid containing more than 0.6% Ni is in equilibrium with the 82
phase. Between these two compositions, the liquid is in equilibrium with r2 solid
solution.

The presence of f'2-like solid solution in the ternary system is subject to controversy, as it
is contrary to other proposals [201-203], which suggested the existence of a ternary
compound that was not identical with any of the zinc-rich compounds in either the Fe-Zn
and Ni-Zn systems.

It can therefore be concluded that with the exception of the proposal by Delaey et al [204],
all of the proposals seem to suggest that three different intermetallic phases might be
present in the zinc-rich corner of the ternary Zn-Fe-Ni system at galvanizing temperatures.
The compositions of the intermetallic phases will, of course, depend on the actual
composition of the liquid phase from which they form. The phases can be identified as:

1 ~phase-richest in zinc in the Fe-Zn system,
2 S phase-richest in zinc in the Ni-Zn system and
3 a ternary intermetallic phase, the structure of which has not been clearly identified

While the origins of the ~ and

ophases have been precisely determined, the morphologies

and the origin of a ternary phase present in the 460° C section of the zinc-rich corner of
the Zn-Fe-Ni system remain controversial and need further clarification.

CHAPTER 7
SCOPE OF THE STUDY
Learning without thought is labour lost
and
thought without learning is perilous

Confucius
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7. 1. INTRODUCTION

The present study was conducted with the collaboration of Tubemak:ers of Australia Ltd,
Steel and Pipe Division in Newcastle, Australia. This company operates the Technigalva
system to process steel pipes which contain a very low concentration of silicon
(-0.025% ), and are not regarded as reactive steels. Nevertheless, nickel is added to the
galvanizing process to improve the surface appearance and to reduce the coating thickness
but unfortunately, excessive losses in the dross have reduced the cost effectiveness and
rendered the process less economically competitive than conventional galvanizing.
Therefore, the original aims of the project were to investigate the mechanism of dross
formation and to find ways of minimizing nickel losses in the dross. The aims of the
project were later expanded to include investigations of the effect of nickel on the coating
thickness on silicon steels and of possible means for overcoming the ineffectual action of
Technigalva in processing steels containing more than about 0.3% Si. Additionally, an
assessment of the efficiency and economics of proposed solutions was made.

As this entire study had industrial implications, it is necessary that the proposed solutions
be economically viable and, most importantly, can be carried out on an industrial scale if
they are to have value for the industry.

7.2. IDENTIFICATON OF ASPECTS OF TECHNIGALVA TECHNOLOGY
WARRANTING INVESTIGATION

As the Technigalva process is a recent development, much of the relevant research is not
well documented and invariably contains contradiction, conflict and controversy. Some
theories have been based on speculation or limited study and hence the validity of these
theories is very much in question. Furthermore, there appear to be four areas in which a
better understanding of the Technigalva system is required before fundamentally correct
solutions to problems associated with the process can be identified. This Section
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addresses the research areas in Technigalva technology that require further studies so that
a logical motive for pursuing the investigations in the present study is clear.

7.2.1.

Mechanism of Dross Formation

It is known (Section 6.3) that during the Technigalva process nickel is transferred from
the master alloy to the dross and two proposals have been suggested to account for this
behaviour.

It was originally proposed (190-192] that dross originated from partly dissolved master
alloy which reacts with iron in solution and

becom~entrained

in the pre-existing dross.

The similar microstructures of the master alloy and the dross, shown in Fig. 6.4 might
support this proposal. It was further suggested [192] that a solution to the problem of
high nickel losses in Technigalva process was related to the development of a master alloy
that has lower density and melting temperature than the liquid galvanizing metal and hence
the master alloy can be dissolved easily in the liquid metal and does not sink to the bottom
of the vessel to become lost in the pre-existing dross.

Alternatively, it was also reported [184,189] that the presence of dross did not appear to
be connected with the type of alloy in the vessel but appeared to be strongly connected
with the concentration of iron in the liquid zinc. The solubility of iron decreases rapidly as
nickel is added to liquid zinc and dross may precipitate from solution when the solubility
limit of solutes in the system is exceeded (174,203]. A knowledge of the phase equilibria
in the the zinc-rich comer of ternary Zn-Fe-Ni phase equilibrium diagram is required to
determine the validity of this proposal. Indeed, several studies of the isothermal section of
the diagram have been reported in recent years but most of these studies are incomplete
and require further investigation. Recent studies by Perrot et al [205-208] of the 460° C
section in the zinc-rich comer of the system seem to substantiate this proposal.
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Unfortunately, both proposals need further investigation as detailed analyses of the
dissolution behaviour of the master alloy during galvanizing have not been well
documented. Additionally, both the master alloy and the dross have not been
characterized sufficiently well to allow positive identification and hence correlation
between the two structures in the galvanizing metal remains unclear.

In this study, several investigations were carried out to characterize the structure of the

master alloy and the dross and to examine the dissolution of the master alloy and the
formation of dross during the galvanizing process. Optical and scanning electron
microscopes, x-ray diffraction and differential scanning calorimetry were used for the
investigations. Additionally several alloys with compositions in the zinc-rich comer of the
ternary Zn-Fe-Ni phase diagram were prepared to examine the morphologies of the
intermetallic phases in the alloys and the validity of the ternary diagram as proposed by
Perrot et al [205-208].

7.2.2.

Mechanism of Abnormal Growth of the Alloy Layers

Durin~

Galyanizin2 of Silicon Steels

Despite the abundance of research on galvanizing of silicon steels, details of the actual
mechanism by which silicon affects growth of the alloy layers during galvanizing remain
unclear. Although it is known that rapid growth of the alloy layers occurs at two
concentrations of silicon, about 0.1 % (Sandelin range) and above 0.3% [105], most
study has focussed only on high silicon steels and less attention has been devoted to
silicon steels in the Sandelin range. This is probably because most of the steel galvanized
for structural applications, particularly in Europe, contains a high level of silicon.

In the galvanizing of high silicon steels, it is generally agreed that the rapid growth of the

alloy layers is due to the presence of particles containing iron and silicon [104,105, 107].
However, details of the morphology and behaviour of these particles have not been
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reported. A major problem in the study of galvanizing of silicon steels is associated with
difficulties in identifying, with adequate resolution, the exceedingly small, and so-called,
iron-silicon particles. To date, these particles have been detected only by electron probe
analysis and scanning electron microscopy [105] and, as the resolution was poor, the
particles were not characterized sufficiently well for positive identification. Further
investigation is required to develop a method that could provide adequate resolution and
positive identification of the particles.

Additionally, it is not clear whether the particles are present in low silicon steels and,
therefore, might be responsible for the abnormal growth of the alloy layer in steels with
silicon concentration within the Sandelin range. Unless the abnormal growth of the alloy
layers of these steels is clarified, the mechanism by which nickel effects the coating
thickness in the Sandelin range must remain speculative. Therefore, part of this study
was concerned with an investigation of the presence of particles containing iron and
silicon in the galvanized coating of steels with silicon concentration within the Sandelin
range. One possible method for improving the resolution of the particles, by transmission
electron microscopy, was adopted in the present study.

7.2.3.

Mechanism by which Nickel Affects the Coatine Thickness of
Galvanized Silicon Steels

It is well established that the Technigalva process offers a pragmatic solution for
suppression of growth of the

~

phase layer during galvanizing of steel with silicon

concentration within the Sandelin range [170-178]. Two mechanisms that might account
for the effect of nickel in controlling growth of the alloy layers of galvanized silicon steels
have been proposed in literature. It was suggested [62,125,155] that nickel may react
with silicon and/or iron to form non-ferrous silicide or iron-base compounds. For both
reactants, the addition of nickel to the galvanizing metal possibly reduces the volume
fraction of iron silicide available to promote nucleation of ~ phase. This proposal,

56

however, is based on speculation as no evidence of these compounds have been reported.
Further investigation is needed to clarify the existence of these compounds.

The second proposal which has received some support suggested that the addition of
nickel to the galvanizing metal leads to the formation of Zn-Fe-Ni ternary intennetallic
compounds at the zinc/s liquid interface and function as both mechanical and diffusion
barriers for inward diffusion of zinc to the underlying layers [153-155,185]. Although
there is sufficient evidence to suggest that the presence of this intermetallic compound
may, at least, provide a mechanical barrier for the growth of the slayer, the origin of
these compounds has not been thoroughly studied. To complicate matters further, these
compounds were also observed in the coating of high silicon steels but were not effective
in suppressing the growth of the alloy layers during galvanizing. Further studies are
required to clarify the role of these intermetallic phases.

Additionally, the reasons underlying the use of 0.1% nickel in commercial galvanizing
processes needs further clarification, if not explanation, since additions of less than
0.08% or more than 0.2% nickel have not been studied. Therefore, the optimum amount
of nickel required to control the coating thickness in galvanizing of silicon steels is
unknown.

In the present study, these problems were investigated using a laboratory galvanizing trial
with similar condition to industrial practice. A range of compositions of Zn-Ni
galvanizing metals were prepared to process several different compositions of silicon
steels for various times. Detailed investigations of the morphologies and growth of the
alloy layers were carried out using optical and scanning electron microscopy.
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7 .2.4.

Effect of Nickel on the Rate of the Fe-Zn Reaction Purin1:
Galyanizini: of Silicon Steels

The effect of nickel on the rate of the Fe-Zn reaction during galvanizing of silicon steels is
another area of interest in the present study. It was proposed that the addition of nickel to
the galvanizing metal reduces the rate of the reaction through the formation of a nickelrich intermetallic phase at the

zinc/~

interface [153]. The rates of the Fe-Zn reaction in

liquid zinc and in liquid Zn-Ni alloys have not, however, been determined with adequate
precision. In the present study, the dissolution behaviour of iron in liquid zinc and in
liquid Zn-Ni alloys at galvanizing temperature were examined using optical and scanning
electron microscopy.

7.3.

PROPOSED SOLUTIONS TO PROBLEMS INVOLVED IN THE
TECHNIGALVA PROCESS

Although a fundamentally correct solution to the problem of formation of excessive dross
with high nickel content in the Technigalva process has not been reported, several
approaches have been suggested in the literature for suppression of the abnormal growth
of the alloy layer during galvanizing of silicon steels (Section 4.3). These approaches may
enhance the action of nickel in controlling the coating thickness of high silicon steels.
However, they are not ideal solutions, as they provide only partial answers to the
problems involved in the Technigalva process. Additionally, most of the approaches
required large capital outlay and alteration of the existing galvanizing plant and hence are
not economically viable.

Nevertheless, it has been reported separately in some literature that several alloying
additions are capable of reducing dross generation and the coating thickness of high
silicon steels (-0.4%) [72, 116, 129-131, 144]. Therefore, there is evidence to suggest that
alloying additions may provide an ideal solution to problems involved in the Technigalva
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process and may act in a double role to simultaneously reduce dross generation and
coating thickness for high silicon steels.

As alloying additions may be the only possible solution that is both economic and
acceptable under industrial limitations, the arguments for pursuing the remaining
investigation in this direction are very strong. It was decided that the final objective of the
study was to examine the interaction of the effect of additional alloying elements on dross
formation and on structure of the alloy layers.

7.4. OBJECTNES OF THE INVESTIGATION

In summary, the main objectives of this research project were to obtain a scientific
understanding of the problems related to the addition of nickel in the galvanizing
processes and to provide solutions based on the logic of existing technology.

The detailed objectives of the study were :

1. to prepare a constructive literature review related to the development of Technigalva

technology
2. to elucidate the mechanism and kinetics of transfer of nickel from the master alloy into
the galvanizing metal,
3. to examine the mechanism of dross formation,
4. to examine the mechanisms by which silicon in steel effects growth of the alloy
layers during galvanizing,

5. to examine the mechanism by which the addition of nickel to the galvanizing metal
effects the coating structure of steels having different silicon contents,
6. to examine the dissolution behaviour of iron in zinc and in zinc-nickel alloys, and
7. to examine the interaction of the effect of additional alloying elements on dross
formation and on the structure of the alloy layers.

CHAPTER 8
EXPERIMENTAL WORK
some men see things as they are and say why,
I dreams things that never were and say why not

Robert Kennedy

In the fields of obseNation,
chance favours only the prepared minds

Louis Pasteur
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8.1. INTRODUCTION

The current technological development of the Technigalva process and the objectives of
the present study have been discussed in Chapters 6 and 7. To facilitate such a
programme of work, materials, equipment and, in particular, techniques need to be
developed to achieve reliable results. This Chapter is devoted to the experimental phase of
the work, and will provide descriptions of the techniques, equipment and materials used
in the study together with an assessment of the difficulties that were encountered during
the investigations, the means of overcoming or minimizing the difficulties and an
estimation of the consistency of the results.

In some cases, the experimental work departed from the main stream of the investigation,

mostly due to the limited scientific information about the Technigalva process in open
literature. Additionally, given the scatter and often conflicting results from other
investigators, it was decided to repeat some of their experiments and to examine the
reproducibility of the results.

Due to the variety of experiments conducted in the investigation, the presentation of the
experimental work in this Chapter will differ from the normal presentation in research
theses. The experimental procedures and the experimental results will be presented in a
single chapter to facilitate and clarify discussion of the results. Additionally, results from
other investigators were often used to identify subsequent investigations and hence the
presentation of experimental work will reflect this dependence.

To address both the experimental procedures and results constructively, the Chapter will
be presented in three sections. The first two sections will be concerned with investigations
to establish a scientific understanding of the mechanisms by which nickel affects the dross

formation and the coating thickness. The third section will be concerned with
investigations to elucidate the effect of alloying addition on dross formation and on the
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structure of the galvanized coating during Technigalva process. In each section, a brief
justification for the techniques adopted will be provided.

8.2. MECHANISM OF DROSS FORMATION

It has been established that during the Technigalva process, most of the nickel added to
the galvanizing metal by means of Zn-2%Ni master alloy is lost in the dross which
accumulates at the bottom of the vessel. The mechanism by which nickel is transferred
from the master alloy to the dross has not been well documented and hence the
mechanism of dross formation during the Technigalva process remains unclear.
Therefore, the aim of the following investigations was to elucidate the mechanism of
dross formation during the Technigalva process.

8.2.1.

Microstructural Analysis of the Zn-2 % Ni Master Alloy and
the Technigalya Dross

A preliminary investigation was conducted by examining the structures of the master alloy
and the dross provided by the Tubemakers of Australia Ltd, Steel and Pipe Division in
Newcastle and to observe any correlation between the two structures. Samples of master
alloy and of dross were prepared metallographically, etched in Palmerton reagent [209]
and examined using optical and scanning electron microscopy (SEM). Microstructural
analysis was carried out to identify the morphology and the average size of the dispersed
particles in the structure,while Energy Dispersive X-ray (EDX) spectrometry with a
Hitachi S-450 SEM was used to measure the average composition of the particles. The
following conditions were imposed to maintain the accuracy of the SEM analyses.

(a)

(b)

Fig. 8.1.

Photomicrographs showing the microstructures of
(a) Zn-2% Ni master alloy and (b) industrial dross from
the Technigalva process. Etched in Palmerton reagent, X120.
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Diagram showing the composition gradient within five
individual grains of the intennetallic phase in (a) master alloy
and (b) industrial dross from the Technigalva process.
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Fig. 8.3.

Photomicrographs showing the shape of the intennetallic phase at
the junction of two perpendicular surfaces in industrial dross.

Etched in Palmerton reagent, X 200.
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Accelerating voltage : 20 ke V

Beam current : 5 X 10-7 A

X-Ray detector distance: 40 mm

Working distance : 25 mm

Tilt angle : 30°

Take off angle : 52°

Accuracy: 99.99

Iteration : 4

Window thickness Be : 7.6 µm

Si: 0.2µm

Detector resolution : 155 e V

Dead time : 20-30 %

Total X-ray count: 200,000

Break point: lower boundary : 3 keV

Upper boundary: 11 ke V

As shown in Fig. 8.1, the master alloy and the dross have similar microstructures
consisting of a dispersed intermetallic phase in a matrix of the zinc-rich solid solution.
The compositions of the dispersed phases are shown in Table 8.1, while the composition
gradient within four individual grains of the two intermetallics is shown in Fig. 8.2. For
the purpose of discussion, the intermetallic phases in the master alloy and in the dross will
be referred to initially as the MA phase and the D phase respectively.

Table 8.1.
Composition of intermetallic phases in dross and master alloy (%)

Zn

Ni

MA phase
Matrix

88.5
99.8

11.5

Dphase
Matrix

93.5
99.8

0.5

Fe

Av.particle size (µm)
10

6

90

Clearly, the two phases differ considerably in composition, although both are highly
homogeneous with respect to composition, Fig. 8.2. A two surface analysis of the shapes
of the D phase, Fig. 8.3, shows them to be faceted and approximately equiaxed.
Additionally, it is evident from Table 8.1 that during galvanizing process, nickel
concentrates in the intermetallic phases both in the master alloy and in the dross and hence
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nickel must be transferred from the MA phase in the master alloy to the D phase in the
dross. The transfer mechanism, however, is subject to controversy [174, 190-192]. It is
also evident that iron concentrates in the D phase from various sources within the
galvanizing process and must contribute significantly to the formation of this phase.
Nevertheless, further investigation was required to characterize these intermetallic phases
to allow positive identification, thereby clarifying any correlation between them

8.2.2. Intermetallic Phases in the Master Alloy and in the Dross

X-ray diffraction studies of the dispersed intermetallic phases were carried out to identify
the crystal structure of those phases to elucidate the mechanism by which nickel is
transferred from the master alloy to the dross.

Specimens for examination by the powder method were prepared as follows. Samples of
master alloy and of dross were heated to just above the melting temperature of zinc (420°
C), at which temperature the solid intermetallic particles, having a higher density than the
saturated (liquid) zinc, sank and accumulated at the bottom of the crucibles. After 24
hours, the crucibles were air cooled. A specimen, in the form of a thin needle, was then
sectioned from the bottom parts of each ingots, annealed at 200° C for two hours and air
cooled. The specimen was metallographically prepared, etched in Palmerton reagent and
examined using optical microscopy to ensure that the tip of the needle was within a grain
of the intermetallic phase. X-ray diffraction powder patterns of the tip of the needle
specimen was obtained, using a CuKcx radiation
The d-spacings of the MA phase and of the D phase, determined from the powder
patterns, are shown in Table 8.2., together with ct-spacings for Zn-Ni
~phases

[82].
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Table 8.2.
d-spacings (pm) determined for the MA and D phases
and for the Zn-Ni ophase and Zn-Fe ~ phase
MA

Zn-Ni o[210]

230
209
187
166
149
133
126
123
121
111
109

230
210
186
164
149
133
126.5
123.5

108

122
111
109
108

D

Zn-Fe~

250
245
226
223
216
211
208
206
198
189

251

178

178
172

170

[82]

244
225
223
216
211
208
206
198
190

The results shown in Tables 8.1 and 8.2 provide means for identification of the MA and
D phases as follows.

1.

The composition of the MA phase, Zn-11.5% Ni (Table 8.1), corresponds with the

ophase in the Ni-Zn binary phase equilibrium diagram, Fig. 8.4 [211] and the dspacings for the phase are closely similar to those reported [210] for the Zn-Ni

ophase as shown in Table 8.2. It is concluded therefore that the MA phase and the
hexagonal Zn-12% Ni ophase are identical.

2.

The composition of the D phase, Zn-6% Fe-0.5% Ni (Table 8.1), corresponds with
the~

phase in the ternary Zn-Fe-Ni phase equilibrium diagram, Fig.6.10, as

proposed by P. Perrot et al [206-208] and the d-spacings for the phase are closely
similar to those reported [82] for the Zn-Fe ~ phase as shown in Table 8.2. Thus, it
is concluded that the D phase is identical with the monoclinic Zn-6% Fe-0.5% Ni~
phase.
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These conclusions indicate that the two intermetallics are, in fact, different phases and
hence it is clear that the intermetallic phase in the dross cannot derive directly from the
intermetallic phases in the master alloy. Additionally, the high degree of homogeneity and
the equiaxed shape of the particles of the

~

phase in the dross, (Figs. 8.2 and 8.3),

indicate that they are most likely formed by precipitation from liquid zinc containing nickel
and iron.

These observations are contradictory to the proposal [ 190-192] that dross formed from
partly dissolved master alloy which had reacted with iron in solution and so become part
of, and entrained in, the pre-existing dross. Consequently, a solution to the problem of
lowering the high nickel losses in the dross does not seem to be related in any way to
modification of the density or melting temperature of the master alloy as proposed in the
literature [192].

Nevertheless, several measurements of density and melting temperature of the master
alloy were made to provide additional information relevant to the Technigalva process.
Furthermore, investigations of the effects of alloying additions on the structure of the
master alloy were conducted to attempt to reduce the density and the melting point,
thereby promoting rapid transfer of nickel to the liquid metal. The master alloy should
have (a) a slightly lower density than the galvanizing metal to avoid sinking of the master
alloy to the bottom of the galvanizing vessel and (b) a lower melting temperature than the
liquid galvanizing metal to accelerate the dissolution of the master alloy in the galvanizing
metal. These investigations will be described in Sections 8.2.3 and 8.2.4.

8.2.3.

Density Measurements

As the concentration of nickel in master alloy is variable, it was anticipated that the density
of master alloy will vary correspondingly. Obviously, the lower limit for density is the

o

density of pure zinc, while the upper limit is the density of the intermetallics phase in the
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master alloy. The theoretical density of the master alloy was calculated as set out in
Appendix 1. The densities of master alloy and of several Zn-Ni alloys were measured for
companson.

Alloys of zinc containing 2, 4, 6, 8 and 10% nickel were prepared by melting high purity
nickel sheet (99.9%) and zinc ingot (99.99%) under vacuum in sealed silica ampoules.
Each alloy was initially heated to the melting temperature of zinc for 150 hours to
minimize vaporization of zinc in subsequent melting. The temperature was increased by
50° C every 24 hours, until the approximate liquidus temperature of the alloy was
reached. After maintaining the alloy at this temperature for 24 hours, the ampoule was
quenched in water to retain homogeneity of the metal.

A 20 ml, conical, glass density measurement bottle was used to measure the density
according to methods described in the literature [212-213] . Measurements were repeated
three times and the results are shown in Fig. 8.5.

From Appendix 1, it was found that the theoretical densities of the master alloy and the
intermetallic

ophase were 7146.8 Kgm-3 and 7208 Kgm-3 respectively while the density

of zinc is known to be 7140 Kgm-3 [214]. Therefore, it is anticipated that the measured
density of the master alloy

CDMA) will be in the range of:

7140 -7200 Kgm-3

Clearly, results of the theoretical and measured densities of both the master alloy and the
Zn-Ni alloys, Fig. 8.5, are inconsistent. Examination of macrostructure indicated that all
alloys contained significant discontinuous porosity, which would contribute to
discrepancies in the results and hence, it was not possible to measure the density of the
master alloy accurately.

(a)

Fig. 8.7.

Photomicrographs showing the microstructures of
Al

Ni

(a)

4.75

0.25

(b)

4.50

0.50

(c)

4.00

1.00

(d)

4.00

1.50

(e)

4.00

2.00

Etched in Palmerton reagent, X 200.
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8.2.4.

Meltin1: Temperature ·Measurements

The melting temperature of the Zn-2% Ni master alloy was measured by heating the alloy
to above the liquidus temperature (""650° C), inserting a platinum-rhodium (R type)
thermocouple in the liquid, which was then cooled slowly. The temperature profile during
solidification, recorded using a Rikadenki chart recorder (Fig. 8.6), indicated that the
melting temperature of the master alloy was about 604 ° C.

In subsequent experiments, aluminium powder was added to produce vanous
concentrations in the liquid master alloy and the melting temperatures of these alloys were
measured by the same procedure. Aluminium was chosen in the pilot study mainly
because of its low density and its capability to form a binary eutectic structure with zinc at
low temperature (Zn-5% Al at 382° C). After melting temperature measurements, the
alloys were solidified and specimens of the alloys were prepared metallographically,
etched in Palmerton reagent and examined using optical microscopy.

The effect of aluminium addition on the microstructure of the master alloy are shown in
Fig. 8.7. The volume fractions of the eutectic and proeutectic structures were estimated
by Linear Intercept method. The structure of

Zn~4.75%Al-0.25%Ni

alloy, shown in

Fig. 8.7a, consisted of about 95% eutectic and 5% proeutectic together with a few
intermetallic particles. With increasing nickel content, Fig. 8. 7b to e, the amount of
proeutectic and intermetallic phases increased and for Zn-4%Al-2%Ni, Fig. 8.7e, the
structure contained 60% proeutectic phase.

It was found that an alloy with the composition of Zn-4.75%Al-0.25%Ni, Fig. 8.7a, had

a melting temperature of 390° C and a density in the range 6000-6500 Kgm-3. Although
this alloy has a slightly lower density and melting temperature than the galvanizing metal,
the Al/Ni ratio in this alloy is 19/1 and hence the concentration of aluminium in the
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galvanizing metal of the Technigalva process, which normally contains -0.1 % nickel,
will be in the order of 1.9%. This level of aluminium is well above the acceptable limit of
-0.02% commonly adopted in most industrial practices [54,125]. Obviously, this alloy is
not economically viable and, more importantly, is not operationally feasible, as a high
aluminium content in the galvanizing metal should be avoided due to the fluxing
problems, as described in Section 5.2.

8.2.5. 460° C Section in Zinc-rich Corner of the Zn-Fe-Ni System

Most Technigalva processes in industrial practices are conducted at 460° C.
Consequently, knowledge of the phase equilibria in the zinc-rich comer of the ternary ZnFe-Ni system at this temperature has considerable technological importance both in
clarifying the role of nickel in the generation of structure of the galvanized coating and in
the formation of dross.

Additionally, a study of the 460° C section in the zinc-rich comer of the Zn-Fe-Ni ternary
diagram is required to analyse the intermetallic phases that may be present during the
Technigalva process and to substantiate results of the study described in Section 8.2.2.
Indeed, this section of the ternary Zn-Fe-Ni diagram has attracted considerable attention in
recent years [201-208]. The recent and most detailed section has been studied by
P. Perrot et al [206]. Nevertheless, the study is incomplete, as it lacks sufficient
microstructural evidence of the intermetallic phases that may be present in the ternary
system. For this reason, a study was conducted to examine the ternary diagram
(Fig.6.10) proposed by P. Perrot et al [206] and to investigate the morphologies of the
intennetallic phases that may be present in the ternary alloys.
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Diagram showing the temperature-time relationship during
preparation of alloys for study of the Zn-Fe-Ni ternary phase
equilibrium diagram.
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Five alloys, which according to the 460° C section in the zinc-rich comer of the Zn-Fe-Ni
ternary diagram, Fig.6.10, should contain different intermetallic phases, were prepared
from Zn-2% master alloy*, Zn-1 % Fe alloy** and high purity zinc ingot

Appropriate mixtures of the alloys were placed in crucibles, melted according to the
schedule shown in Fig. 8.8, then air cooled. During melting, carbon rods were used to
agitate the liquid metals to ensure thorough mixing of the constituents. At temperatures
above 550° C, graphite powder was added to the top of the crucible to suppress surface
oxidation of the liquid metal. Specimens were sectioned from the centre of each ingot,
metallographically prepared, etched in Palmerton reagent and examined using optical and
scanning electron microscopy. The average compositions of the alloys, the phases and the
matrices are shown in Table 8.3 and on the ternary diagram, Fig. 8.9. The
microstructures of some of the alloys are shown in Fig. 8.10.

Table 8.3.
Compositions of the ternary alloys (%)
Alloy

1
2a
2b
3
4a
4b
5

Average
Fe
Ni
0.05 3.00
0.50 2.50
0.50 2.50
1.50 1.50
2.60 0.40
2.60 0.40
3.00 0.05

Intermetallics
Fe
Ni
0.40
0.80
2.50
3.60
5.80
6.50
6.80

10.6
11.2
6.10
3.60
2.80
1.00
0.20

Matrix

Fe

Ni

0.03
0.05
0.05
0.08
0.08
0.08
0.10

0.30
0.10
0.10
0.07
0.03
0.03

----------------------------------------------------------------------------------------------------------

*
**

obtained from Tubemakers of Australia Ltd, Steel and Pipe Division in Newcastle.
prepared in the laboratory of Industrial Galvanizers in Port Kembla.
The preparation of this alloy will be discussed in Section 8. 4.1.2.

(a)

(c)

Fig. 8.10. Photomicrographs showing the morphologies of the intennetallic
phases of (a) Alloy 1 (B phase), (b) Alloy 3 (r2 phase) and
(c) Alloy 5 (~phase). Etched in Palmerton reagent, X 120.
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It is evident from Fig. 8.9 that three intermetallic phases, 8, r2,

and~

might be present in

the ternary system. Additionally, it is anticipated from Fig. 8.9 and Table 8.3 that the
liquid phase of alloys 1, 3 and 5 are in equilibrium with the 8, r2 and

~

phases

respectively, the liquid phase of alloy 2 is in equilibrium with both oand r2 phases and
the liquid phase of alloy 4 is in equilibrium with both r2 and ~ phases.

In general, the compositions of the intermetallic phases of the alloys, Table 8.3, were

found to be consistent with those predicted from the ternary diagram proposed by Perrot
et al [206], Fig. 8.9. Furthermore, it is evident from Fig. 8.10 that there are distinct
morphological differences between the intermetallic phases. The 8 phase has irregular
shape, Fig. 8.lOa, the~ phase has equiaxed and faceted shape, Fig. 8.lOb, and the r2
phase has equiaxed but partially faceted shape, Fig. 8.1 Oc.

Clearly, depending on the actual composition of the liquid phase, several intermetallic
phases may be present in the system. Nevertheless, as most Technigalva processes in
industrial practices incorporate an addition of 0.06-0.2% nickel to the galvanizing metal,
it is clear from Fig. 8.9 that only two intermetallic phases can be present, the~ phase and
the r2 phase. These observations are consistent with the suggestion in the literature [174]
that two types of dross composition may be present in the Technigalva process depending
on the concentration of nickel in the galvanizing metal.

Results presented in Section 8.2.2 indicated that the intermetallic phases in the dross were
most likely formed by precipitation of ~ phase from liquid zinc which is saturated with
iron and nickel. Clearly, this study indicated that it is thermodynamically possible for l;
phase to form during the Technigalva process and hence this study supports the proposal
which suggested that dross originated from the liquid metal [174,203] and not from the
master alloy [190-192]. Several subsequent investigations were conducted to elucidate the
mechanism by which nickel is first transferred from the ()phase in the master alloy to the
liquid metal and then to the ~ or r2 phases in the dross at the bottom of the vessel.
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8.2.6.

Dissolution Behaviour of Nickel in Galyanizin2 Metal

Four investigations (2 to 5) were carried out to examine the dissolution behaviour of
nickel in the liquid galvanizing metal and to identify the mechanism whereby nickel is
transferred from the liquid phase to the dross. Specimens of the alloys prepared in these
investigations were sectioned from the central part of each ingot, metallographically
prepared, etched in Palmerton reagent and examined using optical and scanning electron
microscopy. Nevertheless, prior to these investigations, an assessment of the accuracy of
method of preparation of the alloys was made (Investigation 1) to ensure that the results
of these investigations were consistent

Investigation 1.
The alloys investigated in this study were prepared from 250 µm iron powder and Zn-2%
Ni master alloy. To assess the accuracy of method of preparation of the alloys, 250 µm
iron powder was added in four crucibles of molten zinc which were heated at 460° C for
1, 2, 3 and 4 days and then quenched in water. The same procedure was repeated but the
iron powder was replaced by Zn-2% Ni master alloy. The nominal concentration of iron
and nickel of the alloys was compared to the measured concentration, determined by
atomic absorption analysis, and shown in Table 8.4.

Table 8.4.
Composition of the galvanizing alloys (%)
Nominal

Day
Fe

Ni

Fe

Measured
Ni

------------------------------------------------------------------------------1
2

3
4

0.020
0.040
0.060
0.100

0.300
0.150
0.080
0.040

0.022
0.043
0.059
0.094

0.299
0.155
0.083
0.038

-------------------------------------------------------------------------------
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(a)

(b)

Fig. 8.11. Photomicrographs showing the microstructures of the galvanizing
metal containing (a) 0.06% and (b) 0.1 % iron.
Etched in Pairnertori reagent, X 120.

(a)

(b)

(i) 1 Hour

{ii) 1 Day

(iii) 1 Week

Fig. 8.12. Photomicrographs showing the miCrostructurcs of the bottom part
of (a) Zn-0.1%Ni alloy and (b) Zn-0.1%Ni-0.1% Fe alloy after

beat treatment at 46:0° C for 1 hour (i). 1 day (ti) and 1 week (iii)
and then air cooled. Etched in Palmerton t"Cagcnt, X 40.
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Clearly, the nominal and measured compositions of the galvanizing alloys, Table 8.4,
agree satisfactorily for all compositions. Examination of the microstructures indicated that
alloys with more than -0.04% Fe contained particles of intermetallic phase, presumably l;
phase, in the structures of the ingots, Fig. 8.11. These observations suggest that the
maximum solubility of iron in zinc at 460° C is about -0.04% and consequently addition
of iron to liquid zinc above this level will lead to precipitation of ~ phase particles. This
result is consistent with that reported in the literature [66], Fig. 6.5b.

Investigation 2.
It is evident from Table 8.1 that a significant amount of iron concentrates in the
intermetallic phases in the dross. However, the importance of iron to the formation of the
intermetallic phases in the dross during the Technigalva process has not been fully
understood. An investigation was conducted to examine the effect of iron on the structure
of Zn-0.1 % Ni liquid alloy. In this study, 0.1 % of 250 µm iron powder was added to
three of six crucibles containing Zn-0.1 % Ni, which were heated at 460° C in pairs, for
one hour, one day and one week and then air cooled.

The photomicrographs, Fig. 8.12, of specimens from the six ingots show that the
intermetallic phase in the dross did not form in the absence of iron (8.12a), but did form
in the presence of iron and coarsened with increase heating time (8.12b). The results
shown in Fig. 8.12 indicate that the intermetallic 8 phase in master alloy dissolves readily
in liquid zinc, at least up to a nickel concentration of 0.1 % and that upon solidification,
the only intermetallics present are those associated with interdendritic eutectic. This result
is substantiated by the structure shown in Figs. 8.12a (ii) and (iii), which indicate that
even after prolonged heating at a temperature of 460° C, no large intermetallic particles
were present at 460° C and hence in the solid after solidification. Alternatively,
Fig. 8.12b strongly suggest that the presence of iron in liquid Zn-0.1 % Ni is necessary
for the formation of intermetallic phases in the dross.
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Fig. 8.13. Photomicrographs showing the microstructures of the bottom part
of Z.n-0.1 % Ni alloys containing (a) 0.01 %, (b) 0.02%,
(c) 0.04%, (d) 0.08% and (e) 0.1% iron.

Etched in Palmerton reagent, X 60.

Zinc Metal

Bottom

Eutectic

Fig. 8.14. Photomicrographs showing the microstructures of
(a) the interface between the dissolving master alloy and zinc
metal, X 80, (b), (c) the enlargements of part of the interface,
X 300, X 800 and (d) the bottom part of the ingot after 0.1 % Fe

is added to the liquid metal, X40. Etched in Palmerton reagent

~---Master Alloy
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(c)

Fig. 8.15. Photomicrographs showing the microstructures of (a), (b) the
interface between the dissolving master alloy and Zn-0.1 % Fe
alloy, X 120 and (c) the bottom part of the ingot, X 40.
Etched in Palmerton reagent.
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Investigation 3.
It is clear from investigation 2 that the presence of iron is necessary for the intermetallic
phases in the dross to form. The concentration of iron required to promote formation of
the intermetallic phases was determined by adding iron powders to molten Zn-0.1% Ni
alloy in each of the five crucibles to produce concentration of: a) 0.01 % , b) 0.02%, c)
0.04%, d) 0.08% and e) 0.1 %. After 48 hours at 460° C, the microstructures of the five
alloys, Fig. 8.13, indicate that the critical concentration of iron for formation of
intermetallic phases in the dross is between 0.02% and 0.04%. These results are
consistent with proposals in the literature [202,205] and with reference to the ternary
diagram, Fig.6.10, as proposed by Perrot et al [206].

Investigation 4.
Having clearly established the role of iron in dross formation during the Technigalva
process, it is also equally important to study the effect of iron on the dissolution
behaviour of nickel in the liquid metal. Dissolution behaviour of nickel in liquid zinc and
in liquid zinc saturated with iron, which corresponds to the normal condition of industrial
galvanizing practices, was elucidated by suspending - 0.5 cm dia. cylinders of master
alloy in still molten zinc and still molten zinc saturated with iron. Dissolution of the
immersed volume of master alloy produced a nickel concentration of - 0.1 % in the liquid
metal. After 24 hours at 460° C, the metals were cooled and the ingots examined in
vertical section, Figs. 8.14 and 8.15.

Clearly, it can be seen from Fig. 8.14 that the immersed portion of the cylinder of master
alloy in liquid zinc had dissolved completely. Equally clearly, interdendritic eutectic had
formed during solidification and there were no particles of intermetallic phases associated
with the region of nickel enhancement, Fig. 8. l 4a. Furthermore, it can be seen from the
interface between the dissolving master alloy and the liquid metal, Fig. 8.14b and c, that
the intermetallic

ophases in the master alloy had dissolved readily and then generated

interdendritic eutectic during solidification.

(b)

Fig. 8.16. Photomicrographs showing the microstructures of the bottom part
of Zn-0.1 % Ni-0.1 % Fe alloys after heat treatment at (a) 460° C,
(b) 500° C, (c) 550° C and (d) 600° C following quenching in

water. Etched in Palmerton reagent, X60.
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The undissolved portion of the master alloy was removed from the top of the cut ingot
and discarded, then the two parts of the ingot were remelted and 0.1% of 250 µm iron
powder added to the liquid metal which was homogenized by gentle stirring. After 48
hours at 460° C, the alloy was cooled in air and examined. As shown in Fig. 8.14d,
intermetallic particles were present at the bottom of the ingot.

Additionally, it can be seen from Fig. 8.15 that the immersed portion of the cylinder of
master alloy in liquid zinc saturated with iron had also dissolved completely. However,
intermetallic phases had formed at the interface between the dissolving master alloy and
the liquid metal, Fig. 8.15 (a,b) and at the bottom of the ingot, Fig. 8.15c. These results
indicate that dissolution of nickel from the master alloy into the galvanizing metal and
formation of intermetallic phases (in the dross) from the galvanizing metal may occur
simultaneously at high rate.

Investigation 5
It has been established from investigation 3 that the intermetallic phases in the dross will
precipitate from solution when the solubility limit of the solutes in the liquid metal are
exceeded. Since the solubility limit of the solutes is temperature and time dependent, it
should be possible to delay the formation of dross by raising the galvanizing temperature.

An investigation was conducted in which 0.1 % of iron powder was added to four
crucibles containing Zn-0.1% Ni, each of which was heated to 460° C. After 24 hours at
this temperature, one of the crucibles was removed and quenched in water. The others
were heated to each of 500°, 550° and 600° C for a further 24 hours, then quenched in
water. The microstructures of the alloys, Fig. 8.16, show that the amount of intermetallic
phases decreases with increasing temperature and that at 550° C no intermetallic phases
was present in the structure of the alloys. It is apparent that the intermetallic phases in the
alloys dissolved completely in the liquid metal on heating to above 550° C.
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This study indicates that the formation of the intermetallic phase in the dross can be
delayed by raising the galvanizing temperature to above 550° C. Although this alternative
may be possible in theory, it is not economically viable in practice, as raising the
galvanizing temperature to above 550° C would involve major modification to galvanizing
plant.

From these investigations, it can be speculated that the intermetallic phase in the dross will
form by precipitation from liquid metal, as this process may be the only
thermodynamically favourable mechanism by which the internal energy of the liquid metal
can be reduced. If this is the case, precipitation of the intermetallic phase from the liquid
metal must involve some form of energy release to the environment through exothermic
reaction. The following investigation was carried out to observe any exothermic reaction
that might occur during the Technigalva process.

8.2.7.

Differential Scannin2 Calorimetry

Two alloys with compositions Zn-0.1 % Ni and Zn-0.1 % Ni-0.1 % Fe, which correspond
to the approximate composition of galvanizing metal in industrial practice, were heated,
isothermally, to 460° C for two hours and examined using a Mettler TA 3000 Series
Differential Scanning Calorimetry (DSC) 30 instrument.

The alloys were prepared by induction heating a mixture of Zn-1 % Fe, Zn-2% Ni master
alloys and zinc ingot, in a sealed silica capsule, under reduced argon atmosphere, to well
above the liquidus temperature ( -600° C). The silica tubes were gently agitated for 1
hour, then quenched in cold water to minimize segregation during solidification. A 30 mg
sample of each alloy was used for DSC analyses.
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Fig. 8.17. Schematic diagrams showing the DSC traces for isothermal
treatment of (a) Zn-0.1 % Ni-0.1 % Fe and (b) Zn-0.1 % Ni alloys
at 460° C for 2 hours following furnace cooled.
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The change in energy profile during isothermal treatment of the two alloys, Fig. 8.17,
indicated that an exothermic reaction, identified in the form of a 'peak', Fig. 8. l 7a,
occurred during isothermal treatment of Zn-0.1 % Ni-0.1 % Fe but not during isothermal
treatment of Zn-0.1 % Ni, Fig. 8.17b. These results indicates that addition of 0.1 % iron
to Zn-0.1 %Ni liquid at 460° C resulted in an exothermic reaction in the liquid alloy.

From these investigations (Sections 8.2.1- 8.2.7), it is clear that the formation of dross in
the Technigalva process can be attributed to a simple consequence of the requirements of
phase equilibria. Immediately after the master alloy is added to the galvanizing metal,
complete dissolution of the 8 phase will occur, thereby increasing the nickel concentration
to -0.1 %. As hot dipping proceeds, concomitant erosion of the galvanizing vessel,
interaction with steel being galvanized and other processes will rapidly raise the iron

a·s

concentration in the liquid metal l~b tho.tsolubility
limit of -0.03% is exceeded. Further
,.
accumulation of iron in the liquid metal will result in the (proeutectic) precipitation of
intermetallic phases to relieve supersaturation and consequential instability of the liquid
metal. These intermetallic phases will accumulate at the bottom of the vessel and generate
dross.

The composition of the intermetallic phases in the dross depends upon the actual
composition of the liquid phase from which they are formed. It was proposed (174,206]
that liquid metal is in equilibrium with the ~phase if the nickel concentration in the liquid
is below 0.06% and is in equilibrium with the r2 phase if the nickel concentration is
between 0.1 % and 0.15%. Since the concentration of nickel of the liquid metal in these
investigations was maintained at -0.1 %, it is clear that the rz phase will be present in the
liquid metal.
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8.2.8.

The Ori2in of Dross in Zinc Galyanizin2 Process

The proposed mechanism of dross formation in the Technigalva process is similar to one
of the two proposed mechanisms of dross formation in normal galvanizing processes
(Section 3.4), which suggested that the intermetallic phases in the dross may precipitate
from liquid metal containing iron in excess of the saturation concentration [84,85].
Therefore, it is of interest to this study to investigate the mechanism of dross formation in
normal galvanizing and to examine any correlation existing between the mechanisms of
dross formation in normal (zinc) galvanizing and in Zn-Ni galvanizing processes. The
dross formation in normal galvanizing processes has been extensively studied and several
means for minimizing the zinc losses associated with formation of dross have been
reported [76-79]. Any correlation derived from the studies of the two mechanisms of
dross formation ·may provide scientific information helpful in the minimization of the
nickel losses associated with formation of dross in the Technigalva process.

The aim of this investigation was, therefore, to examine critically the mechanism which
suggested that the intermetallic phase in the dross from the normal galvanizing process is
formed by precipitation processes [84,85].

Pure zinc metal (99. 90 % ) was heated in three crucibles to a temperature of 460° C and
Zn-1 % Fe master alloy was added to produce concentrations of 0.02%, 0.2% and 2% Fe
in the liquid. Initially, the metal in the crucible was agitated to promote homogeneity and
to assist dissolution of the iron. Fine graphite powder was then added to the top of the
crucible to suppress oxidation. After two weeks at temperature, the crucibles were cooled
in air and samples were sectioned from the central part of each ingot, metallographically
prepared and examined using optical and scanning electron microscopy . EDX
spectrometry was used to measure the average composition of dispersed particles in the
alloys.
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X-ray diffraction powder patterns of needle specimens from the 2% Fe alloy, prepared as
described in Section 8.2.2, were obtained using CuKa radiation and the results were
compared with results obtained from a specimen of industrial dross and with the dspacings for the ~ phase [82], Table 8.5.

Chemical analyses using energy dispersive x-ray spectrometry in a Hitachi S-450 SEM
indicated that the iron concentration in the dispersed phase in both the 0.2% Fe and 2% Fe
alloys was -6%. This composition is consistent with phase identification as ~ which,
according to the Fe-Zn phase diagram, Fig.3.4 contains 6 to 7% Fe. Further confirmation
that the dispersed phase in these alloys and industrial dross is the same is provided by the
x-ray diffraction data, Table 8.5. This Table lists the d-spacings calculated from powder
patterns obtained from specimens cut from the 2% Fe alloy and from an industrial dross,
together with the d-spacings for the monoclinic~ phase provided by Gellings et al [82]
following Brown [81]. Clearly, the three sets of d-values are consistent, thereby
confirming that the dispersed phase in 0.2% Fe and 2% Fe alloys is ~ phase and
establishes that the dispersed phase in the dross is also ~ phase.

Table 8.5.
cl-spacings for the dispersed phase in Zn-2% Fe
and in an industrial dross
Zn-2% Fe alloy Industrial dross ~phase [82]
(pm)
(pm)
(pm)

---------------------------------------------------------------------245

249
245

226

226

250
223
216
211

208
206
198
189

223
217
211
208

205
197
189
178

251
244

225
223
216
211
208
206

198
190
178

178
170
172
170
----------------------------------------------------------------------
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Fig. 8.18. Photomicrographs showing the microstructures of

(a) Zn-0.02% Fe, (b) Zn-0.2% Fe and (c) Zn-2% Fe alloys.
Etched in Palmerton reagent, X120.
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The microstructures of the three zinc-iron alloys are shown in Fig. 8.18. For Zn0.02%Fe, the structure consisted of grains of zinc-rich (Zn) solid solution with
intergranular (Zn)-1 eutectic, Fig. 8.18a, while for alloys Zn-0.2% Fe and Zn-2% Fe the
structure consisted of crystals of a faceted intermetallic phase in a matrix of _Zn phase,
Fig. 8. l 8b,c respectively.

From the modified Fe-Zn phase equilibrium diagram, Fig. 8.19, it can be shown that at a
galvanizing temperature of 460° C, the solubility of iron in zinc is about 0.05% so that
for the 0.02% Fe alloy, all of the iron would dissolve producing liquid zinc containing
0.02% Fe in solution. For the 0.2% Fe and 2% Fe alloys the amount of iron added
exceeded the solubility limit. In these cases, -0.05% of iron dissolved to produce liquid
zinc saturated with iron and the remaining iron combined with some of the zinc to form
crystals of the intermetallic

~

phase. Under conditions of thermodynamic equilibrium,

solidification of the alloys would occur by proeutectic precipitation on cooling to the
eutectic temperature followed by eutectic transformation of the remaining liquid at a
temperature just below the eutectic temperature. However, for dilute alloys, particularly in
systems such as zinc-iron in which the eutectic composition is close to one of the
components, solidification usually occurs under conditions which are far removed from
equilibrium.

In the present case, solidification of the 0.02% Fe alloy clearly occurred in the so-called
"coupled-zone" at temperatures below the eutectic temperature to produce a structure of
grains of the zinc-rich (Zn) phase containing a very small volume fraction of intergranular
(Zn)-~

eutectic, Fig. 8. l 8a. For the other two alloys, precipitation of the ~ phase occurred

during cooling from 460° C to the eutectic temperature and the eutectic liquid then
transformed under degenerate conditions by which the eutectic ~ phase was deposited
onto existing proeutectic ~ phase to produce faceted crystals in a matrix of (Zn) phase.
The weight fractions of~ phase, calculated from the lever rule were 0.014 and 0.35 for
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the 0.2% Fe and 2% Fe alloys respectivel~ and the ~phase present in the microstructures
shown in Fig. 8.18b,c is closely consistent with these calculations.

Analysis of the microstructures of the Zn-Fe alloys strongly suggests that
ambient temperature originated from
composition, together with additional

~

~

·~

phase at

phase present at 460° C consequent upon

phase formed during solidification. Thus, the

microstructure of the zinc alloys containing different concentrations of iron provides a
guide to the expected structure of liquid galvanizing metal in which the iron content
progressively increases with continued usage. Initially, the iron content will be low and
all iron will be in solution to produce a completely liquid phase at 460° C. As the iron
concentration increases to more than 0.05% the zinc becomes saturated and crystals of the
~

phase will begin to form. As the iron content of the metal increases, the volume fraction

of

s phase crystals will progressively increase by formation of new crystals and by

deposition onto existing crystals to generate a faceted morphology (Fig. 8.18b,c) Smaller
particles

of~

phase will dissolve with concomitant growth of the larger particles to

coarsen the structure and so reduce total interfacial energy [87].

Thus, the requirements of phase equilibria for zinc containing iron in excess of 0.05 %
dictate that at 460° C solid particles will be present within the liquid galvanizing metal. As
the density of these particles of

sphase (-7200 kgm-3) is higher than the density of the

zinc-rich liquid phase (-7100 kgm-3), the particles will sink and accumulate at the bottom
of the galvanizing vessel.

These observations indicate that the

sphase in the industrial galvanizing dross originates

directly from the liquid galvanizing metal, which is supersaturated with iron. This
proposal is consistent with the proposed mechanism for dross formation in the
Technigalva process and both proposals can be attributed to a simple consequence of the
requirements of phase equilibrium.
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8.3.

STRUCTURAL DEVELOPMENT OF THE ALLOY LAYERS DURING ZN-NI
GALV ANIZ1NG OF SILICON STEELS

It can be concluded from the literature (Section 4.2), that the mechanism by which silicon
in steel affects the coating thickness has not been fully understood and hence the
mechanism whereby nickel in the liquid metal affects the coating structure of galvanized
silicon steels necessarily remains unclear.

The aims of this investigation were to establish scientific understanding of the mechanism
by which silicon in steels influences the structure of the galvanized coating and to develop
the mechanism whereby nickel in the liquid metal affects the coating structure of
galvanized silicon steels.

In this study, laboratory galvanizing trials, with similar conditions to industrial practices,

were conducted. A range of compositions of Zn-Ni galvanizing alloys were prepared to
process four different compositions of silicon steels for various times. Microstructural
investigations of the alloy layers and analyses of the thickness variation of the coatings
were carried out using optical and electron microscopy.

8.3.1. Galyanizin2 Process
8.3. 1.1. Materials
Four commercial steels containing different concentrations of silicon were used in this
investigation (Table 8.6).

Steel 1 was a hot rolled plain carbon steel, supplied by Tubemakers of Australia Ltd.,
Steel and Pipe Division. Steel 2 was a commercial grade H.S.L.A. steel, while steels 3
and 4 were AS1204-350 and AS 1204-400 C-Mn steels. Steels 2,3 and 4 were supplied

Furnace Temp. Controller

Specimen
:rhermocoup.le

Liquid Temp. Controller

Fig. 8.20. Photograph of the galvanizing apparatus.

Thermocouple to temperature
controller

Themocouple
to temperature
controller

h·200mm.
E

E

0
N

Specimen
30 mm

E
E
0

v

d60 mm

Fig. 8.21. Schematic drawing of the galvanizing furnace.
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by BHP International, Slab and Plate Division. Specimens, approximately 40mm x 30mm
x 4mm, for the galvanizing trials were cut from the ingot slabs.

The pickling, fluxing and other galvanizing materials were supplied by Port Kembla
Industrial Galvanizers and by Pasminco Metals.

Table 8.6.
Chemical analysis of the four steels used in the galvanizing tests, (wt%)
Steel
1
2
3
4

Si
0.025
0.060
0.230
0.380

c

Mn

p

s

0.10
0.07
0.16
0.16

0.36
0.85
1.16
1.47

0.017
0.016
0.025
0.027

0.005
0.004
0.010
0.005

8.3.1.2. Galvanizing Procedure

The apparatus used for hot dip galvanizing is shown in Fig. 8.20 and a schematic
drawing of the furnace and galvanizing vessel is shown in Fig. 8.21. Galvanizing was
carried out in a plumbago crucible, which was heated electrically using a thermostatically
controlled resistance heated furnace. Two type-K (Chromel-Alumel) thermocouples were
used for temperature control; one thermocouple was connected to the temperature
controller to monitor the furnace temperature and the other, enclosed in a stainless steel
sheath, was immersed in the crucible to measure the temperature of the liquid metal.

Surface preparation of the test specimens entailed pickling in aqueous 30% hydrochloric
acid for 30 minutes, then thorough rinsing in water, followed by fluxing in a 30 %
aqueous solution of zinc ammonium chloride at 60-80° C for 30 minutes and drying in

air.
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The steels were galvanized in crucibles containing 3kg of liquid metal and the temperature
of the liquid metal was maintained at 460° C. One galvanizing crucible containing
commercially pure zinc and seven others containing a range of compositions of Zn-Ni
galvanizing alloys, Table 8.7, were prepared.

Table 8.7.
Composition of the Zn-Ni galvanizing alloys

1.
2.
3.
4.
5.
6.
7.

Zn - 0.02% Ni
Zn - 0.04% Ni
Zn - 0.06% Ni
Zn - 0.12% Ni
Zn - 0.30% Ni
Zn - 0.50% Ni
Zn- 2.20% Ni

To maintain reasonable consistency with industrial practice, additions of 0.03% Fe and
1% Pb were made to all of the galvanizing vessels. Prior to immersion of the specimens,
the galvanizing metal was heated at 460° C for a day and dross which formed on the
surface of the liquid was periodically removed. A carbon rod was used to stir the liquid
metal during this treatment to ensure thorough mixing. The prepared specimens were
galvanized for times from 0.5 to 15 minutes, after which they were quenched in water to
retain the structural features of the coating at the galvanizing temperature. No attempt was
made to remove any excess of zinc on the coating as this facilitated subsequent
metallographic study. Samples of the galvanizing metal were taken after conclusion of the
experiment and the compositions determined by atomic absorption analysis.
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8.3.2.

Methods of Microstructural lnyesth:ations

8.3.2.1. Optical and Scannin~ Electron Microscopy

Transverse sections of the galvanized specimens were prepared metallographically, etched
in Palmerton reagent [209], washed in water, ultrasonically cleaned in alcohol and dried.

Low magnification structural investigations were conducted using a Leitz MM6 optical
microscope, while high magnification examinations were carried out on a Hitachi S-450
scanning electron microscope (SEM). The composition of the alloy layers was determined
by energy dispersive X-ray (EDX) spectrometry in the SEM, which operated according to
conditions described in Section 8.2.1.

8.3.2.2. Transmission Electron Microscopy (TEM)

The aim of this investigation was to study the morphologies of particles containing iron
and silicon in the galvanized coating of silicon steels. Unfortunately, there is no
documentation on methods for preparation of samples for analysis of galvanized coatings
using TEM. Two trials were conducted in this study to find a suitable method of
preparing samples of galvanized steels containing 0.06% silicon for TEM investigations.

(1). Thin Foil Preparation
In this method, the surface of a 5 mm thick galvanized steel was machined by a Spark
Erosion device into a disk of 3 mm diameter. The disk was then polished on one side with
600 grade SiC paper until only the alloy layers and a very thin steel substrate remained
(total thickness -1.5 mm). Further thinning to perforate the disk and to produce electron
transparent regions was conducted in a Struers Tenupol twin-jet electro polisher.
Extensive trials were undertaken to determine suitable electrolytes and polishing
conditions but no satisfactory results were achieved. It is speculated that the difficulty in
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polishing the samples is caused by the presence of composition gradients in the alloy
layers of the galvanized coatings, which is probably the reason for the absence of
literature discussing the galvanized coatings through thin foil electron microscopy.

(2). Carbon Extraction Replication.
In this method, which has been utilized effectively in recent years to examine precipitate
particles, transverse sections of the galvanized specimens were prepared
metallographically, etched in Palmerton reagent and a single stage replication technique
(215] used to extract particles from the specimens. This technique involved simultaneous
evaporation of chromium and carbon onto the surface of the specimen, followed by
immersion in 5% nital solution for 24 hours. The replica was then stripped from the
specimen, washed in methanol solution and placed in the grid holders.

The replicas were examined in a JEOL 2000 FX transmission electron microscope
operating at 200KV. Electron diffraction patterns were obtained from particles having
different crystallographic orientations in the replicas. The d-spacings for the structure of
the particles were obtained from single crystal diffraction patterns and compared with dspacings for various iron-silicon compounds available in the ASTM card index [216].
Diffraction angles of the single crystal patterns were measured and compared with the
diffraction angles for some common crystallographic structures.

8.3.2.3. Measurements of Coating Thickness

It is known that silicon in steel affects growth of the alloy layers of the galvanized

coating. Hence, these investigations were concerned only with the thickness of the alloy
layers and not with the overall thickness of the coating. The thickness of the alloy layers
was measured directly from the projection screen of a Leitz MM6 Metallograph with
magnification of the lens being calibrated using a 1 mm stage micrometer. Fifty
measurements of the alloy layer thickness were made for each sample and, by taking
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(a)

(c)

(b)

(d)

Fig. 8.24. Photomicrographs showing the alloy layers formed on steels
having silicon content of (a) 0.02%, (b) 0.06%, (c) 0.23% and
(d) 0.38% after galvanizing in zinc for 5 minutes.
Etched in Palmerton reagent, X 150.
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account of the minimum and maximum thicknesses, the mean thickness values of the
alloy layer were calculated by a regression technique.

8.3.3.

Analysis of Alloy Layers Durin2 Galyanizim: of Silicon Steels in
Pure Zinc Metal

The objective of this investigation was to establish a scientific understanding of the
mechanism by which silicon in steels influenced the structure of the alloy layers in the
galvanized coating.

8.3.3.1. Optical Microscopy

The influence of immersion time and of silicon content on the thickness of the alloy layer
for the four steels galvanized in zinc are shown in Figs.8. 22 and 8. 23 respectively.
Typical microstructures of the alloy layers after 5 minutes galvanizing, which corresponds
with the immersion times of 5 to 7 minutes usually used in industrial processing, are
shown in Fig. 8.24.

In general, the rate of growth of the alloy layer was much higher for 0.06% Si and 0.38%

Si steels than for 0.025% Si and 0.230% Si steels, Fig. 8.23. However, the rapid growth
of the alloy layers becomes distinguishable only after 2 minutes immersion. For less than
2 minutes immersion, the coating thicknesses of the four galvanized steels were below
100 µm, and hence are acceptable by industrial practices, Fig. 8.22. It is evident from
Fig. 8.24 that the sequence of single phase layers, which according to the Fe-Zn phase
equilibrium diagram, should be composed of the
coating, although the

r

r,o, and~ phases, are present in the

phase occasionally appears absent or is so thin that it is often

undetectable. Additionally, the galvanized coating of 0.06% Si steel comprises a

o

predominantly thick layer of ~ phase with a very thin layer of phase, while the coating
of 0.38%Si steel comprises of both thick layer of~ and

ophases.

1000X

Zn

~--- Solido
'----Steel

Fig. 8.25. Scanning ele.ctronmicrograph showing the alloy layers formed on
steel containing 0.06% Si after galvanizing in zinc for 5 minutes.
Etched in Palmerton reagent, X 250.

1000X
~---Diffuse

o

Zn

!.---Solid

8

---Steel

Fig. 8.26. Scanning electronmicrograph showing the alloy layers formed on
steel containing 0.38% Si after galvanizing in zinc for 5 minutes.

Etched in Palmerton reagent, X 300.
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Clearly, the mechanism of rapid alloy growth on the 0.06% Si steel is governed by the
nucleation and growth of the ~ phase layer, while the mechanism of rapid alloy growth on
the 0.38% Si steel is detennined by the nucleation and growth of the sand

8.3.3.2.

Scannin~

ophase layers.

Electron Microscopy

The structures of the alloy layers on both 0.06% Si and 0.38% Si steels were further
investigated using scanning electron microscopy.

The zinc coating on 0.06% Si steel, shown in Fig. 8.25, was characteriz·ed by a thick
palisade layer of s phase and a thin solid layer of ophase close to the steel surface. A
zinc-rich phase was detected above the s layer and in regions between the ~ phase
crystals.

The zinc coating on 0.38% Si steel, shown in Fig. 8.26, was characterized by thick~ and

ophase layers. The s phase layers were composed of fragmented s phase crystals while

o phase layers were composed of a thin solid o layer at the steel interface and
agglomerated ophase crystals, commonly referred to in literature as diffuse ophase layer
the

[103]. The zinc-rich phase was detected above the s phase layer, in regions between the
growing s phase crystals and in the diffuse ophase layer.

8.3.3.3. Transmission Electron Microscopy

It was reported in the literature (Section 4.2) that enhanced growth of the alloy layers
during the galvanizing of silicon steels was caused by the breakdown of continuity of the
~

phase layer due to the presence of particles containing iron and silicon. These particles,

however, have not been positively identified.

(a)

---zinc

FeSi particles

B

r
steel

(b)

Fig. 8.27. (a) Schematic diagram showing the location of the particles in the
alloy layer and (b) Electroiunicrograph showing the morphology
of an extracted particle, X 20,000.
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In this study, a carbon replication technique was used to extract the particles from the

alloy layers on the 0.06% Si steels and the crystal structure of these particles were
determined using transmission electron microscopy. The iron-silicon particles were
observed to occur in association with grain boundaries of the~ phase, as reported in the
literature [88], and shown schematically in Fig. 8.27a. The particles had an average linear
dimension of 1.2 µm and the morphology of the particles is shown in Fig. 8.27b.

The d-spacings and associated indices determined from single crystal electron diffraction
patterns of twenty particles in different orientations are tabulated in Table 8.8, together
with d-spacings and indices for the compound FeSi reported in ASTM index [216].

Table 8.8.
d-spacings (pm) determined for the iron-silicon particles
and for the FeSi compound [217]
Iron-Silicon
317
260
200
145
126
111
105
101

(hkl)

FeSi

(hkl)

(110)
(111)
(210)
(310)
(320)
(400)
(330,411)
(331)

316
259
200
141
124
112
105
102

(110)
(111)
(210)
(310)
(320)
(400)
(330,411)
(331)

Clearly, the d-spacings and indices for the particles studied in this investigation are
closely similar to the d-spacings and indices for FeSi. The diffraction angles in the single
crystal patterns of the particles together with the d-spacings indicate that the particles have
a primitive cubic structure with lattice parameter of 446 pm. It is concluded therefore that
these particles and the primitive cubic compound (FeSi) are identical.
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(a)

(c)

(b)

(d)

Fig. 8.30. Photomicrographs showing the alloy layers formed on steels
having silicon content of (a) 0.02%, (b) 0.06%, (c) 0.23% and
(d) 0.38% after galvanizing in Zn-0.12% Ni alloy for 5 minutes.
Etched in Palmerton reagent, X 150.
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This result indicates that the technique of carbon extraction replication used in this
investigation provides a good resolution and therefore accurate identification of the ironsilicon particles. Consequently the technique can be used for additional investigations of
the particles.

8.3.4.

Analysis of Alloy Layer Purine Galyanizine of SUicon Steels
in Zinc-Nickel Alloys

The objective of this investigation was to develop a mechanism to explain the effect of
nickel in the liquid metal on growth of the alloy layers on galvanized silicon steels.

From discussion in the earlier Section (8.3.3), it is known that the rapid growth of the
alloy layers on galvanized silicon steels becomes distinguishable only after 2 minutes
immersion. Therefore, in this study, the immersion time was limited to 2, 5, 10 and 15
minutes. The influence of silicon content in the steel and of nickel content in the liquid
metal on the thickness variation of the alloy layers for the four galvanized steels are
shown in Appendix 2 and Appendix 3 respectively

Results of this part of the investigation will be presented by discussing initially the
structure of the alloy layers on silicon steels galvanized in Zn-0.12% Ni alloy,
corresponding to the normal composition of the Technigalva process, and then discussing
the structure of the alloy layers found for other Zn-Ni galvanizing alloys for comparison.

8.3.4.1. Optical Microscopy

The influence of immersion time and of silicon content on the thickness of the alloy layers
for the four steels galvanized in Zn-0.12% Ni are shown in Figs. 8.28 and 8.29
respectively. Typical microstructures of the alloy layers after 5 minutes galvanizing in
Zn-0.12% Ni alloys, are shown in Fig. 8.30.
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Fig. 8.31. Diagram showing the relationship between silicon content and
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Fig. 8.32. Photomicrographs showing the alloy layers formed on steels

containing 0.06% Si after galvanizing for 5 minutes in
(a) Zn-0.02% Ni and (b) Zn-0.04% Ni alloys.
Etched in Palmerton reagent, X 150.
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It is evident from Figs. 8.28 and 8.29 that the rate of growth of the alloy layers on
0.025% Si, 0.06% Si and 0.23% Si steels were approximately the same but were
considerably lower than on 0.38% Si steel. The microstructures of the alloy layers on
0.025% Si. 0.06% Si and 0.23% Si steels, Figs. 8.30 a to c, were characterized by a
thin continuous layer of ·~ phase and a thick layer of ophase. The alloy layers of 0.38%
Si steel, Fig. 8.30.d, were characterized by
phase crystals in the diffuse

· a thick diffuse

olayer. In both cases, r

olayer and fragmented s

phase appeared to be undetectable

by optical microscopy. Clearly, the addition of 0.12% nickel in the liquid metal resulted in
suppression of growth of the s phase layer and promotion of growth of the 8 phase layer,
Fig. 8.30. The reason for this behaviour will be discussed in Section 9.3.

Finally, it is also evident from Fig. 8.30 that a thin, dark etching layer occurred at the
zinc/s interface on 0.025% Si, 0.06% Si. and 0.23% Si steels. It is speculated that this
dark etching layer should be present at the

zinc/~

interface on 0.38% Si steel but was not

observable by optical microscopy due to the dark appearance of the alloy layers. The
origin of this layer will be examined in Section 8.3.4.2.

The influence of silicon content on the thickness of the alloy layer for the four steels
galvanized for 5 minutes in other Zn-Ni alloys is shown in Fig. 8.31.

Clearly, addition of as little as 0.02% Ni in the liquid metal reduced the coating thickness
on the four silicon steels, particularly the coating thickness on the 0.06% Si steel.
However, unlike coating with Zn-0.12% Ni, it is shown, in Fig. 8.32a, that part of the~
phase layer grew faster than the remainder. There is also evidence that the thicknesses of

8 and ~ phase layers are inversely related, provided the galvanizing alloy contained less
than 0.04% Ni, Fig. 8.32. The reason for non-uniformity of the alloy layer thickness will
be discussed in Section 9.3.
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Layer

Fig. 8.34. Photomicrographs showing a layer of intermetallic particles at the
zinc/~ interface of 0.06% Si steel after galvanizing in Zn-2% Ni
alloy for 15 minutes. Etched in Palmerton reagent, X 150.
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The optimum concentration of nickel for obtaining a minimum coating thickness increases
with increasing silicon concentrations in the steel, as shown in Fig. 8.33 and Table 8.9.

Table 8.9.
The opt:ffiium concentration of nickel in liquid metal
to obtain minimum thickness after 5 minutes immersion
Steel

Silicon%

Nickel%

1
2
3
4

0.02
0.06
0.23
0.40

0.06
0.10
0.30
0.30

The effect of nickel additions was less pronounced at higher silicon levels, although the
coating thickness on 0.38% Si steel may be reduced 25% by galvanizing in alloys
containing -0.3% Ni, Fig. 8.31. At high nickel concentrations in the galvanizing metal,
an additional intermetallic layer was observed at the zinc/s interface, Fig. 8.34, and the
presence of this layer seemed to promote uniformity and growth of the ophase layer but
impeded growth of the s phase layer.

8.3.4.2.

Scannin~

Electron Microscopy

The presence of a thin, dark etching layer at the zinc/~ interface, mentioned in Section
8.3.4.1, was further investigated, using scanning electron microscopy. Investigations
were carried out on 0.06% Si and 0.38% Si steels after being galvanized for 5 minutes in
Zn-0.12% Ni alloy, to study the morphologies of this layer and to elucidate the effect of
this layer on the structure of the remaining alloy layers.

The Zn-Ni coating on 0.06% Si steel, as shown in Fig. 8.35a, was composed of a thick
and compact ophase layer and a thin ~ phase layer. Large equiaxed shape particles located
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Fig. 8.35. Scanning electronmicrographs showing the alloy layers formed on
steels containing (a) 0.06% Si and (b) 0.38% Si after galvanizing
in Zn-0.12% Ni alloy for 5 minutes.

Etched in Palmerton reagent, X 300.
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Fig. 8. 36. Scanning electronmicrographs showing the intermetallic particles
formed at the alloy layers of steels containing (a) 0.06% Si and
(b) 0.38% Si after galvanizing in Zn-0.5% Ni alloy for 5 minutes.

Etched in Palmerton reagent, X 300.

91

in the zinc-rich phase above the alloy layers and a thin dark etching layer at the zinc/t;
interface were observed in the coating. At higher magnification, it was revealed that this
layer was composed of small non-uniform shape particles which were present not only at
the zinc/~ interface but also in regions between the ~ phase boundaries.

EDX spectroscopic analyses detected a high concentration of nickel and iron both in the
large equiaxed shape and in the small non-uniform shape particles. The composition of
both particles, shown in Table 8.10, occurred within the r2 phase region of the 460° C
section of the ternary Zn-Fe-Ni phase diagram as proposed by Perrot et al, Fig.6.10
[206], and hence these particles will hereafter be referred as " the large " and " the small "

:r2 particles and the thin, dark etching layer will hereafter be referred as" the :r2 layer'' .

Table 8.10.
The nickel and iron concentrations of the two types of particles
observed in the alloy layers of 0.06% Si steel
Shapes
Large-equia:x:ed
Small-non uniform

Nickel%

Iron%

3.23
2.67

4.24
5.42

The Zn-Ni coating of 0.38% Si steel, as shown in Fig. 8.35b, was composed of a thin,

ophase layer at the steel interface, followed by a thick, diffuse Ophase layer and
fragmented ~ phase crystals in the diffuse ophase layer. Large r2 particles located in the
solid

zinc-rich phase were also observed in the coating. Due to the dark etching characteristic of
the coating, the r2 layer was not observed in this coating but EDX spectroscopy detected

s

the presence of small :r2 particles in the vicinity of the phase boundaries.

Increasing the nickel concentration of the galvanizing metal from 0.1 % to 0.5% did not
significantly alter the morphology of the alloy layers of either steel but increased the
number of the large r2 particles, Fig. 8.36.

Zinc

(a)

12 Layer
Modified FeSi particles

~

B

r
steel

(b)

- - Modified FeSi

Fig. 8.37. (a) Schematic diagram showing the location of the particles in the
alloy layer and (b) Electronrnicrograph showing the morphology
of an extracted particle, X 20,000.
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Since the large r2 particles were distributed non-uniformly in the zinc-rich phase and the
amount increased with increasing nickel concentration in the liquid metal, it is speculated
that these particles originated from the liquid metal and became entrained in the coating
during withdrawal of the galvanized specimen from the vessel.

On the other hand, the small r2 particles were observed only in the vicinity of the

sphase

boundaries and not at other parts of the coating. It is, therefore, speculated that these
particles were nucleated epitaxially with the

~phase

crystals. Once nucleated at the

phase boundaries, these particles impeded further growth of the
explaining the existence of a thin

~

~

~

phase crystals, thereby

phase layer in Zn-Ni coatings. The suppression of

growth of the ~ phase layer can therefore be attributed to the presence of these particles in
the r2 layer.

8.3.4.3. Transmission Electron Microscopy

Investigation on the effect of nickel on the morphology of the iron-silicon particles was
conducted using the 0.06% Si steel, after being galvanized for 5 minutes in Zn-0.12% Ni.
The carbon extraction replication technique was used to remove the iron-silicon particles
from the alloy layers, which were then examined using transmission electron microscopy.

The particles were also observed to occur in association of the

sphase boundaries and a

schematic drawing of the location of the particles in the alloy layers is shown in Fig.
8.37a. It is clear that the morphology of the particle, shown in Fig. 8.37b, is similar to
the FeSi particle, shown in Fig. 8.27b (in Section 8.3.3.3) but there is evidence that the
triangular particle is covered with a non-uniform coating. Initially, it was speculated that
the coating was an artefact introduced during sample preparation. The experiment was
repeated and particles were extracted from different steels containing 0.06% Si after
galvanizing in Zn-0.12% Ni. After repeated experiments, the same results were obtained

(a)

(b)

T--~
l~~~~---------..:..::1-~

i---o

Fig. 8.38. Photomicrographs showing the alloy layers of iron rods after
galvanizing in (a) Zinc and (b) Zn-0.12% Ni alloy for 5 minutes.
Etched in Palmerton reagent, X 150.

r2 Particles
(a)

(b)

./"" r2 Particles

Fig. 8.39. Scanning electronmicrograph showing the r2 particles formed
(a) in region between the~ phase boundaries and (b) at the zinc/~

interface of an iron rod after galvanizing in Zn-0.12% Ni alloy for

5 minutes. Etched in Palmerton reagent, X 700.
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and thus it must be speculated that the coating is associated with the nickel addition. The
presence of this coating provides an obvious difficulty in obtaining electron diffraction
patterns from the particles and hence the crystal structure of these particles remains
unknown.

8.3.5.

Alloy Layer found Durin1: Galyanizin1: of Iron in Pure Zinc and
in Zn-0.12% Ni.

It was established in Section 8.3.4 that the addition of nickel to the galvanizing metal
affected growth of the s and

ophase layers and resulted in an overall reduction of the

coating thickness on silicon steels. However, it remains unknown whether similar effects
will be observed for steel substantially free from silicon. In this study, two iron rods,
3.13 mm in diameter, were galvanized under the same conditions as described in Section
8.3.1.2, in zinc and in Zn-0.12% Ni for 15 minutes and then quenched in water.

The microstructures of the alloy layers, shown in Fig. 8.38, indicate that, in general, the
sequence of single phase layers, which according to the Fe-Zn phase equilibrium diagram
should comprise of the r,o, and ~ phases, are present in both coatings.

The zinc coating on the iron rod, Fig. 8.38a, was composed of a very thin r phase layer

o

at the rod interface, followed by a thin phase layer and a thick s phase layer. This result
is consistent with the suggestion [61] that for short immersion times(< 30 minutes), the
rate of growth of s phase layer was much higher than the rate of growth of the other alloy
layers (Fig. 3.9).

The microstructure of the Zn-0.12% Ni coating on the iron rod is similar to those for the
silicon steels and is composed of a thin s phase and a thick but compact

ophase layers,

Fig. 8.38b. The presence of small r2 particles in the region of the s phase boundaries,
Fig. 8.39a, and at the zinc/s interface, Fig. 8.39b, were also observed in the coating.
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Therefore, it can be concluded that the effect of nickel on the structure of the alloy layers
did not depend on the silicon content of the steel.

8.3.6.

Analysis of the Dissolution of Silicon Steels in Zn-Nj alloys.

It was evident that the addition of -0.1 % nickel to the galvanizing metal resulted in
reduction of the coating thickness on steels containing less than 0.2% silicon. The
mechanism which might account for this behaviour, however, remains speculative. One
of the proposed mechanisms which has received some support suggested [153-155] that
addition of nickel to the galvanizing metal lead to the formation at the zinc/s interface of
ternary compounds which function as both mechanical and diffusion barriers for inward
diffusion of zinc to the underlying layers. Consequently, the presence of these
compounds reduced the rate of the Fe-Zn reaction, thereby slowing the growth of the
alloy layers.

The proposal has not, however, been supported by sufficient experimental evidence to
indicate that the addition of nickel affects the rate of the Fe-Zn reaction and hence the
growth of the alloy layers. In practice, the rate of the Fe-Zn diffusion reaction is affected
by factors such as the degree of agitation of the liquid metal, the rate of withdrawal of the
specimen from the vessel, the rate of cooling after withdrawal and temperature gradients
within the furnace. Therefore, it is speculative to conclude that a reduction of the rate of
the reaction is solely attributable to the addition of nickel without considering other factors
which may prevail during the galvanizing process.

In this study, the effect of nickel on the rate of the Fe-Zn reaction was examined by
measuring the rates of dissolution of silicon steels in liquid zinc and in liquid Zn-Ni
alloys. The aim of this work was to evaluate and to extend knowledge concerning the
behaviour of nickel during the galvanizing of silicon steels under conditions close to
equilibrium.
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Four steels containing of 0.015, 0.06, 0.20 and 0.38 % Si were used in this investigation
(Table 8.11). The steels were machined to rods, 3.13 mm in diameter, pickled in aqueous
30% hydrochloric acid, then washed and fluxed in a 30 % aqueous solution of zinc
ammonium chloride. To maintain equilibrium during the dissolution experiment, the rods
were suspended perpendicularly in small crucibles of zinc and of zinc-nickel alloys at
460° C for times between 1and10000 minutes and then furnace cooled. Care was taken
not to agitate the rods during the experiment so that dissolution in the liquid metal
occurred under static conditions. A schematic drawing of the furnace, specially
constructed for this experiment, is shown in Fig. 8.40 .

Table 8.11.
Chemical analysis of the four steels used in the galvanizing tests, (wt.%)
STEEL
1
2

3
4

Si

c

Mn

p

s

0.015
0.060
0.200
0.380

0.08
0.07
0.14
0.16

0.70
0.85
0.96
1.47

0.013
0.016
0.025
0.027

0.005
0.004
0.001
0.005

A transverse section through each ingot was prepared metallographically, etched in
Palmerton reagent and examined using optical and scanning electron microscopy. Several
measurements of the rod diameter and the thickness of the alloy layers in each steel were
made and the mean values were calculated by a regression technique. The experiment was
repeated twice to assess reproducibility of the results.

Hardness measurements of the individual intermetallic layers formed during heat treatment
were made using a Leitz "low load" hardness testing machine with a square pyramidal
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diamond indentor and a 50g load. The hardness values reported were the average of 5
measurements at different locations within the individual layers.

The influence of the silicon content on the alloy layer thickness after 10 minutes

immersion is shown in Fig. 8.41. Clearly the presence of nickel resulted in a considerable
reduction to the thickness of the layers on the 0.06% Si steel. Additionally, it is shown in
Fig. 8.42 that the thickness of the l; phase layer decreased (Fig. 8.42a), while the
thickness of the ophase layer increased (Fig. 8.42b) with increasing nickel concentration
in the galvanizing metal. These results are consistent with results of a previous
investigation (Section 8.3.4.1) which indicated that the addition of nickel resulted in
suppression of growth of the l; phase layer and promotion of growth of the () phase layer.

The influence of silicon content in steel on the rod diameter after 10 minutes immersion in
zinc and in Zn-Ni alloys is shown in Fig. 8.43. Clearly, the rates of dissolution on 0.06%
Si and 0.38% Si steels were higher than on 0.015% Si and 0.20% Si steels. Addition of
nickel to the liquid metal only marginally reduced the rate of the dissolution of the steels,
even after prolonged heating, Fig. 8.44.

These results (Figs. 8.41-8.44) show that the addition of nickel to the liquid metal had a
significant effect on the growth of the alloy layers but only a marginal effect on the rate of
Fe-Zn reaction. These observations suggest that the diffusion of iron and zinc during the
Fe-Zn reaction will not be significantly affected by the addition of nickel to the
galvanizing metal. Nevertheless, as the presence of :r2 layer at the zinc/~ interface of ZnNi coating is known to cause suppression of growth of the ~ phase layer (Section
8.3.4.2), it is stipulated that most ·of the iron and zinc, supplied at a constant rate to the

o

reaction front, will be consumed to form the phase layer and hence explain the existence
of a thick ophase layer in Zn-Ni coatings.

I

0.06%Si

0. 19% Si

Fig. 8.45. Photomicrographs showing the alloy layers formed on steel rods
having silicon content of (a) 0.02%, (b) 0.06%, (c) 0.20% and
(d) 0.38% after immersion in Zinc and in Zn-Ni alloys for
10 minutes. Etched in Palmerton reagent, X 40.
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Fig. 8.47. (a) Schematic drawings showing the location of the x-ray traces
in the alloy layers and (b) Table showing the composition of the
alloy layers detected by the x-ray traces.
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Zinc (at %) ---.....

Fig. 8.48. Diagram showing the diffusion path of the elements detected by
the x-ray traces in the zinc rich comer of the ternary Zn-Fe-Ni
system.
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Typical microstructures of the alloy layers after 10 minutes immersion are shown in
Fig. 8.45. Even though care was taken during sectioning of the ingots, many cracks
appeared in the intermetallic layers, especially at the interface with the steel substrate,
indicating that these layers are either brittle or under considerable residual stress.
Nevertheless, the sequence of single phase r,8, and s layers present in the coating were
consistent with the Fe-Zn phase equilibrium diagram, although for some specimens, the r
it'

phase was absent or so thin that"was undetectable.

Clearly, the addition of nickel in the galvanizing metal had a marked influence on the
morphologies and the thicknesses of the 8 ands phase layers, Fig 8.45. The presence of
nickel promoted growth of the B phase layer, suppressed growth of the palisade

~

phase

layer and enhanced etching responses of the s phase layer.

At the zinc/s interface of the alloy layers on the steel rod, galvanized in the Zn-Ni alloys,
an additional intermetallic layer was clearly observed, the thickness of which increased
with increasing nickel concentration in the liquid metal, Fig. 8.45. This intermetallic layer
is analogous to the r2 layer observed in earlier studies (Section 8.3.4.2).

It was reported that nickel, in the galvanizing metal, diffused to the alloy layers and
increased the hardness of the alloy layers [178]. Hardness measurements were made on
the~

and B phase layers of the Zn-0.12% Ni and of the Zn-2.2% Ni alloys, Fig. 8.46, to

observe any changes due to the diffusion of nickel to these layers. The average hardness
was 200 Hv for sand 320 Hv for 8, suggesting that these phases would be quite brittle.
It is clear from Fig.8.46 that the hardness of the two phases changed only slightly with
increasing nickel concentration in the liquid metal. In subsequent investigations, the
composition of the sand 8 phase layers of 0.015% Si steel was determined by energy
dispersive X-ray spectrometry in a Hitachi S-450 scanning electron microscope. The
composition profile across the alloy layers is shown in Fig. 8.47 while the diffusion path
for the elements in the alloy layers is shown in Fig. 8.48. Clearly, the rate of diffusion of

(a)

(b)

(c)

Layer

Fig. 8.49. PhotDmicrographs showing the fragmented alloy layClS formed
on steels having silicon content of 038% Si steels after immasion

in (a) Zn, (b) Zn-0.12% Ni and (c) Zn-2% Ni alloys for
100 minutes. Etched in Palmerton reagent, X S.

Fig. 8.50 Photomicrographs showing a channel f01med on the fragmented
alloy layer of 0.38% Si steel rod after immersion in Zn-0.12% Ni
for 100 minutes. Etched in Palmerton reagent, X 80.
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nickel in these layers was very low and it is concluded that diffusion of nickel to the

sand

ophase layers, if any, was very sluggish.
With increasing immersion time, the alloy layers grew outward radially from the
circumference of the steel rod and were subjected to increasing hoop stress. When the
brittle alloy layers could no longer accommodate the stress, they fragmented to release the
residual stress, Fig. 8.49, and the cracking of the alloy layers provided direct channels for
the flow of liquid metal to the rod interface, Fig. 8.50, resulting in rapid dissolution of the
steel rod. Any conclusion derived from the dissolution of silicon steels in Zn-Ni alloys,
after prolonged immersion time must, therefore, take this behaviour into consideration.

8.4. ALLOYING ADDITIONS

There is evidence in the literature (Chapter 5) to suggest that the structures of dross and
galvanized coating are sensitive to the composition of the galvanizing metal. Addition of
alloying elements at a low concentration has been found to dramatically change the
composition of dross and the properties of galvanized coatings.

The aim of this part of the investigation was to evaluate the effects of several alloying
additions on the composition of dross and on the properties of galvanized coatings
without examining in detail the means by which the alloying elements participate in the
structural development of the dross or the coating.

Since problems involved in the Technigalva process are concerned mainly with the
excessive loss of nickel in the dross, the ·e ffect of alloying addition on dross composition
will be investigated prior to the effect of alloying addition on coating morphology.
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8.4.1.

Effect of Alloying Addition on Dross Formation

From earlier studies (Section 8.2), it can be concluded that iron is the source of dross
formed during the Technigalva process. As there will always be a continuous supply of iron
to the liquid metal, it is impossible to avoid dross formation completely during this process.
Nevertheless, there are at least two possible methods for reducing either the amount of
dross formed or the high nickel concentration in the dross. First, the phase equilibria of the
liquid metal could be altered by alloying additions that increase the solubility limit for
nickel, thereby changing the composition of the ~ phase that precipitates when excess iron
is present. Secondly, an alloying element which has a greater affinity for iron than does zinc
and nickel could be added to complex the excess iron, thereby retaining the nickel in the
liquid metal. These possibilities were explored in this study.

Since information regarding the effect of alloying additions on formation of dross is
limited, the choice of particular experimental methods adopted in this part of investigation
was based on the best available information and constructive logic rather than a
comprehensive literature review. For this reason, this part of the investigation may be
more appropriately regarded as experimental trials rather than scientific investigations.

8.4.1. 1. Selection of the AllQYing Elements

A preliminary study was conducted to analyse the effect of alloying additions on the dross
composition. Due to the limited information regarding this effect, all elements which have
been reported in the literature to have some effect on the structure of dross and coating
and are available in the form of powders were added, individually, at a concentration of
0.1 %, to a crucible containing Zn-0.15% Ni which was heated at 450° C for 100 hours.
Nineteen elements listed in Table 8.12 were used in this study. Next, 0.1%of250 µm
iron powder was added to the liquid metal which was homogenized by gentle agitation.
Fine graphite powder was added to compact the top part of the crucible and suppress
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surface oxidation during the experiment. After a further 150 hours at 460° C, the alloy
was cooled and examined metallographically. The dross composition for each alloy was
determined by EDX spectrometry and is tabulated in Table 8.12.

It is shown from Table 8.12 that without alloying additions, the dross contained -2.8%Ni
and -4.4%Fe and that, clearly, the presence of certain alloying elements resulted in the
reduction of nickel in the dross. Addition of aluminium, cobalt and rhodium significantly
reduced the nickel concentration, while addition of silver, selenium, copper, tungsten, tin
and cadmium appeared to suppress dross formation completely. The experiment was
repeated twice to examine the reproducibility of the results. It was found that tin and
cadmium showed inconsistent results and they were, therefore, excluded from further
consideration.

Table 8.12.
The composition of dross after 0.1 % of each alloying element
had been added to the liquid metal
No.

1.

2.
3.

4.
5.
6.
7.
8.
9.
10.
11.
12.
13
14.
15.
16.
17.
18.
19.

Element

Dross Composition
Ni
Fe

No addition
Aluminium
Cobalt
Rhodium
Silicon
Arsenic
Boron
Vanadium
Chromium
Lead
Sulphur
Bismuth
Manganese
Titanium
Silver
Selenium
Copper
Tungsten
Tin
Cadmium

2.77
4.40
0.76
6.21
1.10
1.00
1.60
1.50
2.30
4.79
2.50
3.10
2.60
3.75
2.70
3.50
2.95
3.70
3.00
3.80
3.10
3.60
3.20
3.50
3.20
3.60
4.64
1.10
No evidence of dross was found
"
"
"
"
II

II

II

II

"

"

----------------------------------------------------------------------------------------------------------
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In subsequent study, the requirements for candidate elements were determined as follows:

(a) high purity,
(b) low toxicity,

(c) ready availability,
(d) low oxidation rate,
(e) negligible corrosion effect, and
(f) high solid solubility in zinc.

Obviously, aluminium is the only element that satisfies all these requirements. A small
addition of aluminium is relatively inexpensive and acceptable under industrial practices.
Most importantly, information regarding the effect of various concentrations of aluminium
in the galvanizing process is extensive and has been well documented in the literature.

The remaining part of this study will concentrate on investigating the effect of various
concentrations of aluminium in the galvanizing metal on the composition of dross and on
the morphology of the galvanized coating.

8.4.1.2. Eutectic Allczy

It was concluded from prior investigations (Section 8.2) that dross originates from a
proeutectic phase formed in the ternary Zn-Fe-Ni system as a consequence of
requirements for phase equilibria. The continuous accumulation of iron in the system
shifts the composition of the liquid metal from eutectic to the hypereutectic in the ternary
system, thereby increasing the volume fraction of the proeutectic phases and increasing
the amount of dross. If a system can be identified in which the composition of the liquid
metal shifts from the eutectic to the hypoeutectic, the formation of proeutectic phases, and
therefore dross, can be suppressed. Such a system, whereby small quantities of alloying
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elements are added to alter the eutectic composition, has been adopted in many
applications in the physical metallurgy research of ferrous metals.

From earlier studies (Section 8.2.4), it was found that the addition of - 4% of aluminium
to a liquid Zn-2% Ni master alloy altered the morphology of the intermetallic ophase in
the master alloy. Evidently, from Fig.8.7, addition of aluminium to the liquid alloy
promoted the formation of eutectic structure and shifted the liquid composition of the
master alloy from hypereutectic to near eutectic.

The aim of this study was to examine the possibility of shifting the composition of the
liquid galvanizing metal from eutectic to hypoeutectic through the addition of a small
quantity of aluminium.

Obviously, a ternary Zn-Fe-Ni eutectic alloy was required for this investigation. The
preparation of this alloy is reported to be extremely difficult (219] and the precise
composition of the Zn-Fe-Ni ternary eutectic has not been reported. However, some
speculation about the composition of the eutectic can be made through information
deduced from the binary Fe-Zn and Ni-Zn phase equilibrium diagrams.

It is known that the binary Fe-Zn eutectic alloy contains -0.02% Fe at 419.5° C (28]

while the binary Ni-Zn eutectic alloy contains -0.25% Ni at 418.5° C [211]. Based on
this information and from Fig.6.10, it is estimated that the Zn-Fe-Ni ternary eutectic alloy
should contain< 0.04% Fe and< 0.06% Ni with composition very close to the binary
Fe-Zn eutectic. Therefore, it is speculated that the structure of a Zn-Fe-Ni ternary eutectic
alloy would be similar to the structure of a Fe-Zn binary eutectic alloy.

As it is easier to prepare a binary eutectic alloy than a ternary eutectic alloy [219], a Fe-Zn
binary eutectic alloy was prepared in this study instead of the Zn-Fe-Ni ternary eutectic
alloy. It is speculated that alloying additions that are capable of shifting the liquid
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composition of the Fe-Zn binary eutectic alloy may provide similar action to the Zn-Fe-Ni
ternary eutectic alloy.

Several attempts were made to prepare a Zn-0.02% Fe binary eutectic alloy.

(i) Iron powder was added to a crucible containing liquid zinc, which was then heat
treated to just above the eutectic temperature of 420° C for 250 hours, followed by air
cooling. After repeated experiments, this trial was abandoned as it was unsuccessful in
producing the eutectic structure.

(ii) An iron rod was dissolved in molten zinc to produce a concentration of 0.02% in the

liquid metal; this trial was also unsuccessful in producing the eutectic structure.

(iii) A Zn-1 % Fe master alloy was sequentially diluted in liquid zinc. The master alloy
was prepared from a mixture of high purity zinc ingot (99.99%) and iron rod by melting
the zinc in a gas fired rotary furnace at 425° C for 1 hour then raising the temperature to
650° C, after which iron rods were added to the molten zinc. The liquid metal in the
furnace was continually agitated for 30 minutes, after which samples were taken for
analysis by atomic absorption spectrometry. The procedure was repeated until the
concentration of iron in the liquid metal was -1 %, then the furnace was tapped and the
metal was cast into the moulds. In subsequent experiments, the Zn-1.0%Fe master alloy
was diluted with liquid zinc in the ratio of 1:10 by heating under vacuum in sealed silica
ampoules to just above the eutectic temperature of 420° C for 250 hours, then cooled.
This process also failed to produce homogeneous eutectic structure.

Due to difficulties in preparing the Fe-Zn eutectic alloy, it was decided to examine the
original work which suggested the presence of a eutectic structure in the binary Fe-Zn
system. The original investigation of the zinc-rich portion of the Fe-Zn system was
conducted by Truesdale et al [28] in 1935. They proposed that a eutectic transformation
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occurred in the Fe-Zn system at a temperature of 419.4° C and a eutectic composition of
about 0.018% Fe. However, the photomicrographs of the eutectic structure in the
literature did not seem to represent either a rod or lamellar morphology and hence the
microstructural evidence to support the proposal is very much in question. Other reports
[220,221] suggested that the eutectic composition is about 0.009-0.012% Fe but no
microstructural evidence was presented. Although the differences in eutectic composition
in these reports are relatively small, they are significant because the amount of iron
required to form the eutectic structure is exceedingly low. Additionally, these reports were
not prepared with sufficient accuracy and hence the presence of a eutectic structure in FeZn system remains debatable.

It is anticipated, however, that should a eutectic structure exist in the Fe-Zn system, it is
likely to be degenerate due to the large difference in volume fraction of zinc and iron.
Coupled with many other experimental difficulties, such as dissolving an exceedingly
small amount of iron in liquid zinc, accurately maintaining the furnace at a temperature
just above eutectic temperature and avoiding problems due to wetting and surface tension,
it was concluded that it is not possible to prepare a homogeneous Fe-Zn eutectic alloy and
the trial was abandoned.

8.4.1.3. Iron-Base Alloy

From earlier studies (Section 8.2), it was found that iron dramatically reduced the
solubility of nickel in the ternary Zn-Fe-Ni system. The solubility limit of nickel in zinc at
460° C, Fig.6.5a, is about 0.6% but addition of as little as 0.03% iron to the system
reduces the limit to 0.06%. Therefore, an alternative method of increasing the solubility
limit of nickel, thereby reducing the nickel in the dross, is to add an alloying element that
has a higher affinity for iron than does nickel or zinc. In solution, this element would be
rejected to complex the excess iron and, in so doing, retain the nickel in the liquid phase.
A study was conducted to explore this possibility. Alloying elements that were thought to

(a)

(b)

Fig. 8.51. Photomicrographs showing the microstructure of the bottom part of
(a) Zn-0.1% Fe-0.1% Ni-0.1% Si alloy and
(b) Zn-0.1 % Fe-0.1 % Ni-0.1 % Al alloy.

Etched in Palmerton reagent, X 60.
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be capable of forming a stable compound with iron were added to the
Zn-0.1% Ni-0.1 % Fe liquid metal and the composition of the dross was analysed.

To identify possible additions, information regarding the heat of formation (-MI) of ironbase alloys is required. The heat of formation determines the stability of a compound; the
greater the value, the more stable the compound. The limited information of the values of
-.1.H for iron-base alloys in the literature created a major difficulty in identifying possible

alloying elements that could be used in the pilot study. From the literature [222-223], it
was found that both Fe-Al and Fe-Si compounds have higher -.1.H values than Fe-Ni and
Fe-Zn compounds and hence the addition of these two elements was investigated.

Commercial Zn-4.12% Al master alloy

***

and silicon powder were used in this

investigation. Both elements were added, at 0.1% concentration, to two separate crucibles
containing Zn-0.1% Ni and heated to 450° C for 100 hours. Next, 0.1 % Fe was added to
the liquid alloys, by means of Zn-1 % Fe master alloy, so that the average compositions of
the two liquids were Zn-0.1 % Ni-0.1 % Fe-0.1 % Al and Zn-0.1% Ni-0.1 % Fe-0.1% Si.
A carbon rod was used to stir the liquid alloys during this treatment to ensure thorough
mixing. After a further 100 hours at 450° C, the alloys were cooled and examined
metallographically.
The microstructures of both alloys, shown in Fig.8.51, are similar and consist of
interdendritic eutectic in a zinc-rich matrix together with equiaxed particles at the bottom
of the ingots.

***

obtained from Pasminco Metals, Melbourne.
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Traces of silicon powder were observed in the structure of the Zn-0.1 % Ni-0.1 % Fe0.1 % Si alloy, indicating that dissolution of silicon in the liquid metals had been very
sluggish. This observation is consistent with a report in the literature [146] which
suggested that dissolution of silicon in liquid zinc was very slow. Due to the difficulty in
dissolving silicon in the liquid metal, silicon was excluded from further study. No traces
of elemental aluminium were found in the structure of the Zn-0.1 % Ni-0.1 % Fe-0.1 % Al.

The Ni/Fe ratio of the equiaxed particles in the dross of both ingots was determined,
using EDX spectrometry and shown in Table 8.13. It is evident from this Table that
addition of 0.1 % Si did not alter the Ni/Fe ratio of the equiaxed particles in the dross,
while addition of 0.1 % Al resulted in a significant reduction of the Ni/Fe ratio, suggesting
that the equiaxed particles in the dross contained less nickel in the presence of aluminium.

Table 8.13.
The Ni/Fe ratio in the dross
No.
1.

2.
3.

Alloy
Zn-0.1 % Fe-0.1 % Ni
Zn-0.1 % Fe-0.1 % Ni-0.1 % Si
Zn-0.1 % Fe-0.1 % Ni-0.1 % Al

Ni/Fe ratio
0.618
0.617
0.202

From these studies (Sections 8.4.1.1-8.4.1.3), it can be concluded that aluminium is
probably the only appropriate alloying element that can be used to reduce the nickel
concentration in dross. Since the addition of small quantities of aluminium is also known
to reduce the coating thickness on high silicon steels [144], a study was conducted to
examine the optimum amount of aluminium that can be adopted in the Technigalva
process.

Fig. 8.52. Diagram showing the relationship between the amount of nickel
added to the liquid metal and the actual concentration of iron in the
liquid metal.
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In this study, Zn-2.2% Ni master alloy was added to molten zinc and to molten

Zn-0.1 % Al , in each of the four crucibles, to produce nickel concentrations of 0.03%,
0.05%, 0.12% and 0.25%. The crucibles were heated to 460° C for 24 hours, after
which 0.1% iron powder was added and the crucibles were maintained at temperature for
a further 100 hours to allow dissolution of the iron in the liquid metals. The crucibles
were then air cooled. Dross from the surface of the liquid metals was removed and
samples from the top part of the liquid metals were taken and analysed by atomic
absorption spectrometry. Results of the experiment are shown in Figs. 8.52. and 8.53.

It is evident from Fig.8.52 that with increasing nickel addition to the liquid metal the
concentration of iron in solution decreased in the absence of aluminium but increased in
the presence of aluminium. Additionally, it is evident that the concentration of nickel in
solution increased with the presence of aluminium, Fig. 8.53. Clearly, these results
indicate that the addition of 0.1 % Al to the liquid metals increases the solubility of iron
and nickel in the ternary Zn-Fe-Ni system.

However, it was reported [54,116,125] that the addition of more than 0.02% Al to the
galvanizing metal resulted in a severe fluxing problem, as aluminium reacted with zinc
ammonium chloride flux, producing AlCl3, which formed a toxic white fume. Therefore,
in subsequent studies, the addition of aluminium was limited to below 0.05%.

Zn-4.12% Al master alloy was added to molten Zn-0.12% Ni alloy in each of the three
crucibles to produce aluminium concentrations of 0.010%, 0.025% and 0.050%. After 24
hours at 460° C, 0.1% iron powder was then added to each crucible which, after a
further 100 hours at 460° C, were cooled and the alloys examined. The Ni/Fe ratio of
intermetallic phase in the dross at the bottom of the ingots was measured by EDX
spectrometry and is shown in Table 8.14.
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Table 8.14.
The Ni/Fe ratio and the composition of the intermetallic phase in the dross
Aluminium (%)

Nil
0.010
0.025
0.050

Ni/Fe Ratio

0.618
0.344
0.222
0.204

Composition
Ni
Fe
Zn

2.77
1.53
0.94
0.76

4.40
5.19
6.88
6.31

Bal
Bal.
Bal.
Bal.

Clearly, the addition of as little as 0.01 % Al has a significant effect in reducing the nickel
content of the intermetallic phase in the dross. Additionally, it is evident that an optimum
addition of aluminium to the galvanizing metal, which is still acceptable under industrial
limitation, is about 0.025%.

8.4.2.

Effect of Aluminium Addition on Coatin2 Thickness

To investigate the effect of aluminium on the coating thickness, laboratory galvanizing
experiments were conducted and four compositions of Zn-Ni-Al alloys were prepared to
galvanize the four silicon steels used in investigations reported in Section 8.3. The
galvanizing procedure was similar to that described in Section 8.3.1.2.

Aluminium was added to molten Zn-0.12% Ni alloy, by means of a Zn-4.12% Al master
alloy, to produce concentrations of 0.01 %, 0.025%, 0.04% and 0.1 % in the liquid. Prior
to the galvanizing process, these alloys were heated at 460° C for 50 hours and dross
which formed on the surface was periodically removed. Samples of the liquid metal were
taken after heating and the composition determined by atomic absorption analysis.

The influence of silicon content on the thickness of the alloy layer for the four steels
galvanized for 5,10 and 15 minutes is shown in Fig.8.54.

(b)

(a)

--

r
Steel--:--

(c)

(d)

Fig. 8.55. Photomicrographs showing the alloy layers formed on steels
having silicon content of (a) 0.02%, (b) 0.06%, (c) 0.23% and
(d) 0.38% after galvanizing in Zn-0.12% Ni-0.025% Al alloy for

5 minutes. Etched in Palmerton reagent, X 150.

(a)

(b)

•
•

•
•

(c)

0.06% Si

0.38% Si

Fig. 8.56. Photomicrographs showing the alloy layers formed on 0.06% Si
and 0.38% Si steels after galvanizing for 5 minutes in
Zn-0.12% Ni alloys containing (a) 0.01%, (b) 0.04% and
(c) 0.1 % aluminium. Etched in Palmerton reagent, X 150.

Fig. 8.57. Photomicrograph showing the alloy layers formed on 0.38% Si
steel after galvanizing for 5 minutes in Zn-0.12% Ni-0.01 % Al
alloy. Etched in Palmerton reagent, X 400.
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Clearly, for a galvanizing time of 5 minutes, Fig.8.54a, addition of as little as 0.01 % Al
to the liquid had the effect of reducing the coating thickness on each of the four silicon
steels, particularly the 0.06%Si steel. However, the coating thickness on the 0.38% Si
steel was greater than the acceptable limit of 100 µm, commonly adopted by industrial
practices. Contrary to this result, addition of more than 0.04% Al seemed to oversuppress the coating thickness on the 0.38% Si steel. The thickness of the coating was in
the order of 25-50 µm, too thin to be accepted by industrial practices. Finally, the addition
of 0.025% Al seemed to reduce the coating thickness on 0.38% Si steel to slightly below
the requirement of 100 µm but, as shown in Fig. 8.54b-c, this requirement can be
achieved by increasing the immersion time to 10 or 15 minutes.

Typical microstructures of the alloy layers formed on the four steels after 5 minutes in
Zn-0.12% Ni containing 0.025% Al are shown in Fig.8.55. In general, the sequence of
single phase layers, which according to the Fe-Zn phase equilibrium diagram comprise
the

r ,8, and ~ phases, is present in the coating, although the r

phase is occasionally

absent or so thin that it is often undetectable. No traces of aluminium were detected in any
of the coatings and the microstructures of the alloy layers were similar to the
microstructures of Zn-0.12% Ni coating, Fig. 8.30.

The microstructures of the alloy layers on 0.06% Si and 0.4% Si steels after 5 minutes
galvanizing in Zn-0.12% Ni alloys containing 0.01 %, 0.04% and 0.1 % Al are shown in
Fig. 8.56. Addition of 0.01 % Al in the liquid metal did not have any significant effect on
the morphology of the coating, although it partially suppressed growth of the alloy layers
on 0.38% Si steel, Fig. 8.57. The presence of thick 8 layers on the coating of 0.06% Si
steel was observed when more than 0.02% Al was added to the galvanizing metal,
Fig. 8.56.

CHAPTER 9
GENERAL DISCUSSION
To everything there is a season
and a time to every purpose under heaven;
..... a time to rend and a time to sew
a time to keep silence and a time to speak....... .

Ecclesiastes iii. 1-7
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9.1. INTRODUCTION

In Chapters 2 to 6, relevant information about the technological development of the

Technigalva process was presented. The scope and the detailed objectives of the present
study were discussed in Chapter 7, while the experimental designs, procedures and
results of this study were discussed in Chapter 8.

This Chapter (9) is devoted to presentation of an overall discussion and interpretation of
the experimental work. Results of the experimental work will be compared with results
reported in the literature and attempts will be made to clarify some of the confusion in the
literature. As this study involved three separate investigations, the discussion in this
Chapter will be divided into three sections.

The mechanism of dross formation during the Technigalva process will be discussed in
the first section. Two proposed mechanisms of dross formation will be examined.
Initially, analyses of the structures of the master alloy and the dross will be conducted to
establish the correlation between the two structures. An assessment of the 460° C section
of the ternary Zn-Fe-Ni diagram as proposed by Perrot et al (206] will then be made to
investigate the phase equilibria of the Technigalva system and to study the intermetallic
phases which may be present in this system at galvanizing temperature. Finally, the
detailed mechanism whereby nickel is transferred from the master alloy to the dross at the
bottom of the vessel will be discussed.

Microstructural investigation of the alloy layers of the zinc and Zn-Ni coatings on silicon
steels will be discussed in the second section. Attempts will be made to clarify some of
the confusion in the literature regarding the effect of silicon in steel on the structure of the
galvanized coating. Furthermore, an elaborate mechanism by which nickel controls the
growth of the alloy layers of galvanized silicon steels will be presented. Finally, the effect
of nickel on the rate of the Fe-Zn reaction will be analysed.
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The final part of this Chapter will cover discussion on possible solutions, using alloying
additions, for overcoming problems of high nickel loss in the dross and of ineffectual
action in the processing of high silicon steels during the Technigalva process.
Suggestions for improving the efficiency and economics of the Technigalva process will
be made.

9.2. DROSSFORMATION

The main interest in this study was to examine the means whereby nickel is transferred
from the master alloy to the dross which accumulates at the bottom of the vessel. Two ·
proposals have been reported in the literature. The first proposal argued that dross forms
from the partly dissolved master alloy (190-192]; the second proposed that dross
originates from precipitation from the liquid galvanizing metal to relieve supersaturation in
the liquid system [174,203].

The structures of the Zn-2%Ni master alloy and the dross can be defined as hypereutectic
alloys. Under conditions of thermodynamic equilibrium, solidification of this alloy from
the liquid phase will occur by precipitation of intermetallic proeutectic phases on cooling
to the eutectic temperature, followed by eutectic transformation of the remaining liquid at a
temperature just below the eutectic temperature. Based on the very similar microstructures
of the master alloy and the dross, Fig. 8.1, and the fact that nickel concentrates in both
proeutectic phases, Table 8.1, it is not suprising that some investigators tended to
conclude, without further examination, that the dispersed phase in the dross originated
directly from partly dissolved proeutectic phase in the master alloy.

As the master alloy (Zn-2% Ni) has a melting temperature of -600° C, it was originally
proposed that, at galvanizing temperatures of 450-460° C, the intermetallic phase in the
master alloy, which according to the Zn-Ni phase equilibrium diagram can be defined as
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the 8 phase, will be slow to dissolve in liquid galvanizing metal. Additionally, having a
higher density than the liquid galvanizing metal, the 8 phase will tend to sink to the
bottom of the vessel before dissolution is complete. At the bottom, the 8 phase will react
with iron in the liquid galvanizing metal, grow into larger particles by diffusional
processes and become entrained in pre-existing dross [190-192].

If this is the case, two consequences can be deduced from the proposal. First, a

composition gradient should exist within the individual proeutectic phase particles. The
centre of the particles should be rich in nickel, while the outer parts of the particle should
be rich in iron. Secondly, as the proeutectic phase in the dross originated from the 8 phase
in the master alloy, it should have the same 8 phase structure as in the master alloy. To
examine these consequences, X-ray and SEM investigations were conducted to analyse
the structures of the intermetallic phases in the master alloy and in the dross.

Results of this investigation indicated that,although. the microstructure of master alloy and
dross are similar, Fig. 8.1, the compositions of the dispersed phases are quite different,
Table 8.1. This information, together with X-ray diffraction analyses shown in Table 8.2,
identify the intermetallic phases in the master alloy as the hexagonal Zn-Ni 8 phase and
the intermetallic phase in the dross as the monoclinic Zn-Ni-Fe~ phase [85,224]. As the
two intermetallic phases have quite different crystal structures and the equiaxed particles
in the dross, Fig. 8.3, are homogeneous with respect to composition, Fig. 8.2, it is clear
that those particles cannot derive directly from the intermetallic particles in the master
alloy. Thus the proposal [190-192] that dross originates from the partly dissolved master
alloy by reaction with iron and accumulation of the product at the bottom of the galvanized
vessel is invalid.

Furthermore, it was indicated that the intermetallic particles in the dross were, in fact, the
~

phase and since this phase did not originate from the master alloy, it could only

originate from the liquid metal. To observe the existence of the ~ phases in the liquid
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metal during the Technigalva process at 460° C, a study of the phase equilibria of the
liquid metal was conducted by analysing the zinc-rich corner of the ternary Zn-Fe-Ni
system at460° C.

Indeed, the isothermal section of this ternary phase equilibria has attracted considerable
attention in recent years [201-208]. The recent and most detailed section, reported by
Perrot et al [206] in 1989, Fig. 8.9, showed that three intermetallic phases may be present
at 460° C depending on the composition of the liquid phase. With increasing nickel
concentration, these were identified as the

sphase, the r2 phase and the 8 phase.

Results of this study indicate that the three phases do exist at 460° C and they do have
distinct compositional and- morphological differences, Table 8.3 and Fig. 8. 9
respectively. Additionally, results of this study are consistent with the ternary diagram as
proposed by Perrot et al [206]. Since it is thermodynamically possible for the

sphase

particles to exist in the liquid metal at 460° C, it is concluded that the intermetallic particles
in the dross may form directly from the liquid metal as a consequence of phase equilibria.

Analyses of the dissolution behaviour of the master alloy in the liquid metal and of the
formation behaviour of the intermetallic particles in the dross provide means for
identification of the mechanism of dross formation during the Technigalva process as
follows

1.

The intermetallic 8 phase in the master alloy dissolves readily in liquid zinc at least up
to a nickel concentration of 0.12% and, that upon solidification, the only intermetallics

present are those associated with interdendritic eutectic, Fig. 8.14. Therefore, results
of this study refute the suggestion [ 192] that the dissolution of the 8 phase in molten
zinc is slow.
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2.

Additionally, it is shown in Fig. 8.12 a that the intermetallic 8 phase dissolves
completely in liquid zinc even after prolonged heating at a galvanizing
temperature of 460° C and that no large intermetallic particles were present after
solidification and hence were in the liquid at 460° C.

3.

The necessary requirement that iron be present in liquid zinc-0.12% Ni for the
intermetallic particles in the qross to form is demonstrated in Fig. 8.15 and the
coarsening of those particles with increased heating time, is shown in Figs.8.12 b.
It is estimated that between 0.02% and 0.04% iron is necessary for the
intermetallic particles in the dross to be generated, Fig. 8.13.

4.

Results of the DSC analyses show that the presence of iron in Zn-0.2%Ni alloys at
460° C resulted in an exothermic reaction, Fig. 8.17 and further substantiate the
suggestion that the intermetallic phase in the dross is formed by precipitation from
the liquid as a consequence of the presence of iron in excess of its solubility limit

[174, 207].

5.

Finally, it was found that the volume fraction of the intermetallic phase in dross
decreases with increasing temperature and that the phase in dross dissolved readily
at 550° C, Fig. 8.16. This result suggests that the intermetallic phases in the dross
are formed by proeutectic precipitation on cooling below 550° C.

From these investigations, it is clear that the formation of dross during the Technigalva
process may be attributed to a simple consequence of the requirements of phase equilibria
[225]. Initially, the master alloy, which is added to molten zinc, dissolves completely to
produce a concentration of -0.1 % of nickel in the liquid metal. As hot dipping proceeds,
iron accumulates from various sources and the concentration will raise rapidly until the
solubility limit of -0.03% is reached. Further accumulation of iron in the liquid
galvanizing metal will result in precipitation of a (proeutectic) phase, the composition of
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Diagram showing the composition of intermetallic phases in the
dross obtained from investigations in section 8.2.6 superimpose
the 460° C section of the zinc rich comer of the Zn-Fe-Ni system
proposed by Perrot et al [206].
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which will depend upon the actual composition of the liquid phase from which it forms.
As the proeutectic phase has higher density than the liquid metal, it will sink to the bottom
of the vessel and generate dross. Nickel present in the galvanizing metal is therefore lost
and transferred to the proeutectic phase in the dross at the bottom of the galvanizing
vessel.

The isothermal section in the zinc-rich comer of the ternary Zn-Fe-Ni phase equilibrium
diagram, Fig.6.10, proposed by Perrot et al [206] can be used to explain the phase
equilibria of the Technigalva system at 460° C. It is anticipated that the addition of iron to
the liquid system will raise the liquidus temperature and shift the liquid composition from
eutectic to hypereutectic.

It was suggested in the literature that the solubility of iron decreased rapidly as nickel is
added in liquid metal [174]. Results of this study refute the suggestion. It is estimated
from Fig.6.10 that when -0.03%Fe is present in the liquid metal, the solubility of nickel
decreases from - 0.6%, Fig.6.5b, to -0.06 %, Fig.6.10. The addition of - 0.1 % nickel
to the galvanizing metal only slightly reduced the solubility of iron in the liquid metal from
- 0.04%, Fig.6.5a to - 0.03%, Fig.6.10. Therefore it is suggested that the addition of
iron to the liquid metal drastically reduces the solubility limit of nickel.

The compositions of the intermetallic phases in the dross obtained from the study of
dissolution of nickel in the galvanizing metal (Section 8.2.6) were plotted on the
isothermal diagram proposed by Perrot et al as shown in Fig. 9.1. It was found that the
compositions of the intermetallic phases in the dross were located within the r2 phase
region of the ternary diagram and were in close agreement with those reported in the
literature [174,175,178,193-195]. Obviously, these phases were different from
phases in the dross obtained from the industrial galvanizer.

the~
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As previously discussed in Section 8.2, depending on the actual composition of the liquid
metal, both sand r2 particles may be present at 460° C, either individually or together.
Further analysis of the liquid composition in the galvanizing vessel operated by the
industrial galvanizer indicated that the concentration of nickel is -0.05%. Clearly, it can
be seen from the isothermal diagram, Fig. 9.1, that, at this concentration, the liquid metal
is in equilibrium with the s phase. On the other hand, the concentration of nickel in the
liquid metal during these investigations (Section 8.2.6) was maintained at -0.1 % and
hence was in equilibrium with the r2 phase. These observations are consistent with the
suggestion that two types of dross composition may be present in the Technigalva process
[174]. Depending on the nickel concentration in the liquid metal, the intermetallic phases
in the dross should be:

(i) s phase or
(ii) r2 phase or
(iii) sand r2 phase

It is also important to note that additional reasons for adding nickel in the galvanizing
process are to improve the coating appearance and to (marginally) reduce the coating
thickness . For these purposes, it may not be necessary to maintain the nickel
concentration in the liquid metal at - 0.1 %. This observation will be discussed in Section

9.4.

Finally, it is also of interest in this study to determine whether the addition of nickel to
the liquid metal affects the mechanism of dross formation. For this reason, the origin of
dross in the 'pure' zinc galvanizing process was investigated. It was concluded from
metallographic and x-ray observations that dross from the industrial zinc galvanizing
process is composed of dispersed crystals of s phase with entrapped zinc and that the ~
phase originated directly from the liquid galvanizing metal which is supersaturated with
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iron [84,85]. These conclusions are consistent with the work of Gellings et al [82] and
of Lichti and Nies sen [83].

It can therefore be concluded that, although the addition of nickel to liquid zinc may
modify the phase equilibria of the liquid metal, it does not alter the mechanism of dross
formation which, for both processes, can be attributed to a simple consequence of the
requirements of phase equilibria.

From the binary Fe-Zn phase diagram, Fig.3.4, it is clear that the weight fraction of the

~

phase, and therefore the amount of entrapped zinc, will become higher as the iron
concentration rises. The phase diagram also indicates that a linear rate of increase in iron
concentration (as might occur industrially) will result in a non-linear rate of increase in the
amount of intermetallic particles in the dross. This result is derived simply from
application of the lever rule to the two phase

(Zn+~)

field at the appropriate galvanizing

temperature. For example, for 100 tonne of galvanizing metal in which -1000 tonnes of
steel is galvanized each month, iron will accumulate in the vessel at about 0.5 tonnes per
month [86]. The cumulative weight fraction of·~ phase formed at 460° C was calculated
as set out in Appendix 4. It can be seen from Fig. 9.2 that the weight fraction

of~

phase

increases from 0.078 in the first month to 0.130 in the sixth month. Clearly, the most
efficient operation of plant necessitates removal of dross at regular and frequent intervals
[84,85].

9.3. ANALYSIS OF TIIE ALLOY LAYERS

As the galvanizing metal contains -0.03% Fe in solution, the iron concentration in the
coating will vary from -0.03% in the zinc rich outer layer to -100% in the substrate. The
resulting iron profile will be associated with a sequence of single phase layers which,
according to the Fe-Zn phase equilibrium diagram, Fig.3.4, will comprise the b.c.c.
phase (28 - 21 %Fe), the hexagonal () phase (l 1-7%Fe) and the monoclinic

~

r

phase
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(- 6%Fe). Of course, two-phase mixtures, which may not be well defined, will separate
the single phase layers in the microstructure of the coating. In general, this sequence of
alloy phases was found in most of the galvanized coatings obtained from these studies,
although the r phase is so thin that it was often undetectable, or appeared to be absent, as
reported by Guttmann and Niessen [103]. These results indicate that the galvanizing
reaction proceeds according to equilibrium conditions.

The effect on the coating thickness of silicon in the steel was evident only after two
minutes immersion, suggesting that the mechanism which triggers the rapid growth of the
alloy layers required some incubation time. The mechanism which accounts for the rapid
growth of the alloy layers on low silicon steels (0.06% Si) was different from that on
high silicon steels (0.38% Si).

The alloy layers on low silicon steels were characterized by a thick ·~ phase which grew
epitaxially with the remaining layers and a thin 8 phase layer adjacent to the steel surface,
Fig. 8.25. It was proposed [101,105] that rapid growth of the~ phase layer was due to
the presence of iron-silicon particles and also that, as iron has a greater affinity for silicon
than does zinc, these particles form as silicon is liberated during the progressive
dissolution of iron in liquid zinc and migrate to the solid/liquid interface, where they
promote nucleation of the ~ phase crystals.

Unfortunately, the presence of these particles has been detected only by electron probe
analysis and scanning electron microscopy [ 105]. Resolution of the particles in these
studies was poor, Fig.4.2, and precise analyses of the composition of the particles and of
the exact location of the particles remains unclear.

In this study, the particles were extracted from the alloy layers using a single stage
replication technique and were observed under TEM [226]. This method of observation
was found to provide better resolution of the particles than that reported in the literature
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[105]. The particles, Fig. 8.27, were idiomorphic with an average size of about 1.2 µm.
This observation agrees with Habraken et al [105] who identified triangular shaped
particles using scanning electron microscopy. From the d-spacings and associated indices
determined from the single crystal electron diffraction patterns, it was found that the
particles were FeSi, with primitive cubic structure and lattice parameter of 446 pm
consistent with the ASTM data [217].

It was observed that the particles occurred in association with the grain boundaries of the
~phase

as proposed by Pearce [88], who reasoned that as silicon is not soluble in liquid

zinc-iron, it is likely to be concentrated at structural imperfections such as grain or
interphase boundaries. Since it has been demonstrated that the particles are in fact FeSi
and not some other compound of iron and silicon, it is suggested that they may form as a
consequence of supersaturation of liquid zinc-iron with respect to silicon as proposed by
Pearce.

The alloy layers on high silicon steels were characterized by thick oand

sphase layers,

the latter observed to have grown epitaxially with the former. A dark etching diffuse

o

olayer close to the
steel surface, Fig. 8.26. It is suggested that the dark etching response of the ophase layer
was due to the presence of precipitates, possibly silicides, in the olayer [83].
layer was observed to comprise agglomerated b crystals and a solid

The rapid growth of the alloy layers on high silicon steels has been discussed in much of
the literature [98-109] and although there is no single widely accepted mechanism which
accounts for this behaviour, it is generally agreed that the rapid growth is due to the
breakdown of continuity of the~ phase layer, which leads to the penetration of liquid
metal to the diffuse oregion through intercrystalline channels in the~ phase layer [103].
Results of the microstructural investigations of the alloy layers using SEM support this
proposal. A zinc-rich phase was detected above the

sphase layer, in regions between the

growing ~ phase crystals and in the diffuse Ophase layer, Fig. 8.26. It is speculated that
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the zinc-rich phase originated from the liquid metal in the galvanizing vessel which had
penetrated to the alloy phase layers during galvanizing reactions.

Additions of nickel to the galvanizing metal resulted in a significant reduction in the
thickness of the alloy layer on the low silicon steels but only a marginal reduction of
thickness in the case of high silicon steels [227-228], Fig. 8.29. Additionally, regardless
of the levels of silicon in steel, the additions of nickel to the galvanizing metal evidently
promoted preferential development of the

ophase and suppressed development of the ~

phase, Fig. 8.30. This behaviour persisted even when galvanizing iron rods which
contain very little silicon (< 0.02% ), Fig. 8.38 [229]. Studies of the dissolution of silicon
steels in Zn-Ni alloys [230] also support this observation and clearly indicated that the
thickness of the ~ layer decreased while the thickness of the

o layer increased with

increasing additions of nickel, Fig. 8.42.

Additionally, it was found that in the presence of nickel, the growth characteristics of the
~

and ophase layers were inversely dependant on each other, Fig. 8.32.

To account adequately for the influence of nickel in reducing the thickness of the alloy
layer on silicon steels, information was needed about zinc-iron-silicon-nickel phase
equilibria. No data is available about this quaternary system but some speculation can be
made on the basis of analyses of the diffusion path of elements detected by SEM in the
alloy layers on an iron rod after being galvanized in Zn-0.12% Ni alloy at 460° C, Fig.
8.48. It was found that the sequence of single phase layers in the coating was the same
as in a normal zinc coating, except for an additional layer which is present at the zinc/~
interface. This additional layer will be discussed later. As previously discussed, this
sequence of alloy layers was not affected by the presence of silicon in steels and,
excepting for the additional layer, it is suggested that the presence of nickel in the liquid
metal and silicon in steel does not alter the phase sequence in the alloy layers.
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Microstructural studies of the alloy layers in Zn-Ni coatings, Fig. 8.35, indicated the
presence of a very thin and dark etching layer, referred in the previous study (Section
8.3.4.2) as the r2 layer, at the zinc/s interface. This layer was composed of small nonuniform r2 particles which occurred only at the zinc/s interface and in the region
between the

sphase boundaries. Since these particles were not observed in other parts

of the alloy layer, it is suggested that they were nucleated from the liquid metal
epitaxially with the~ phase layer. This suggestion clarifies confusion in the literature
[116,154,188] regarding the origin of the particles .

The presence of the r2 phase layer can be attributed to a simple consequence of the
requirements of phase equilibria. Clearly, it can be seen from Fig. 6.10 that if more than
-0.07%Ni is added to the galvanizing system, the liquid metal is in equilibrium with the

r2 phase particles and hence, the r2 phase layer will form, preferably by epitaxial
growth with the

~

phase layer. Alternatively, if the liquid metal contains less than

-0.07% Ni, the r2 layer will be absent, as the liquid metal is in equilibrium with

the~

phase layer. These observations also clarify the controversy in the literature regarding
the existence of this phase at the zinc/~ interface.

The r2 layer is exceedingly thin and can only be observed under SEM. This behaviour
indicates that the rate of growth of the r2 is very low, presumably due to the slow
diffusion of nickel in the alloy layers as demonstrated in Fig. 8.47. It is also indicated, in
Fig. 8.46, that the hardnesses of the ~ and

o phase layers were only slightly changed

with increasing nickel concentration in the galvanizing metal [230]. This result refutes the
suggestion that the presence of nickel in the galvanizing metal increases the hardness of
the ~ phase layers [ 178].

Sebisty et al [154] suggested that the r2 layer at the zinc/~ interface modified the growth
characteristic of the s phase layer by reducing the velocity of the

sphase interface. This

suggestion is consistent with the observation made in this study that the presence of r2
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layer altered the growth characteristics and morphologies of ~ and 8 phase layers, at least,
in low silicon steels. It was observed that, with the addition of nickel to the liquid metal,
the ~ layer was no longer composed of fragmented ~ crystals but rather was present as a
thin palisade layer firmly adhering to the remaining alloy layers. The diffuse olayer was
absent in the coating and the ophase layer was present as a solid layer. The presence of
cracks in this layer indicated that it was brittle.

Some difficulties were experienced in observing the coating on high silicon steels due to
the dark etching characteristic of the alloy layers. The r2 layer was not observed by
scanning electron microscopy although EDX spectrometry detected, at high
magnification, the presence of r2 particles in the vicinity of the

~

phase crystals.

Nevertheless, it is evident in Fig. 8.35b that the addition of nickel evidently suppressed
growth of ~ phase crystals, further enhanced the penetration of liquid metal the 8 phase
layer and intensified the rate of Fe-Zn reaction, resulting in the formation of a very thick
diffuse 8 region in the coating.

It was proposed [153-155] that the formation of the r2 layer at the zinc/s interface
provided both mechanical and diffusion barriers for inward migration of zinc to the
underlying layers which, consequently, reduced the rate of the Fe-Zn diffusion reaction,
thereby slowing the growth of the alloy layers. This proposal, however, is speculative,
as it has not been supported by adequate experimental evidence and the results of these
studies (Section 8.3.6) refuted part of the proposal. Although there is ample
microstructural evidence to suggest that the presence of r2 layer may provide a
mechanical barrier to growth of the s layer, it was found that the addition of nickel
marginally reduced the rate of Fe-Zn diffusion reaction, even after prolonged immersion
time, Fig. 8.44 [230]. Therefore, the suggestion that the r2 layer acted as a barrier
preventing the migration of zinc to the underlying layers needs further clarification.
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In discussing the nucleation of the ~phase by particles of FeSi, Horstmann [62] noted

that the nucleating influence was inhibited by the presence of nickel, manganese or
vanadium. Harper and Browne [124] concluded that elements such as nickel, aluminium,
vanadium and chromium form silicides in preference to iron. The formation of nonferrous silicides will have the effect of reducing the volume fraction of iron silicide
particles available to promote nucleation of the

~

phase, thereby decreasing the rate of

formation of the alloy layer and so reducing the thickness of the layer.

Several unsuccessful attempts were made in these studies to detect and identify the
presence of non-ferrous silicide particles using TEM. The particles extracted from the
alloy layers on 0.06%Si steel after immersion in Zn-0.12%Ni alloys, Fig. 8.37b, have a
similar morphology to the FeSi particles but were covered with a non-uniform coating.
Initially, it was speculated that the coating was an artefact introduced during sample
preparation. The experiment was repeated and particles were extracted from different
samples of 0.06%Si steels which had been galvanized in a Zn-0.1 % Ni alloy. After
repeated experiments, the same consistent results were obtained and it is therefore
speculated that the coating is associated with the nickel addition.

The presence of the coating provided an obvious difficulty in obtaining the electron
diffraction patterns from the particles and hence the crystal structure of these particles
remains unknown. Nevertheless, it is speculated that the addition of nickel in galvanizing
should not alter the crystal structure of the particles but may modify the characteristic
behaviour of the FeSi particles in such a way that these particles no longer provide
heterogeneous nucleation for the~ phase crystals.

It was also found that the addition of less than 0.04% of nickel partially suppressed the ~

phase growth, Fig. 8.32. The reason for this behaviour is not clear but it is speculated
that it may be due to the local precipitation of r2 particles at the zinc/~ interface, due to
non-homogeneous distribution of nickel in the liquid metal.
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The optimum amount of nickel required to control the coating thickness was found to vary
with the silicon content, Table 8.9. Since it is clear that suppression of the~ phase layer
in the coating on silicon steels is due to the presence of r2 particles at the zinc/~ interface,
the addition of nickel to the galvanizing metal should be maintained at a level in which the
liquid metal is just in equilibrium with the r2 phase. From the isothermal diagram, Fig.
6.10, and considering that excess iron is always present in the liquid metal, it is estimated
that addition of 0.07-0.1 % nickel is adequate to form r2 particles at the zinc/~ interface. It
is anticipated that increasing the concentration of nickel in excess of this level will
adversely affect the coating thickness. As discussed previously (Ch.9.2), the presence of
nickel in excess of the solubility limit will enhance the formation of intermetallic dross.

Finally, it was mentioned in the literature (Section 6.2) that one of the advantages
associated with use of nickel additions is the retention of bright surfaces. The presence of
r2 phase particles at the zinc/~ interface was reported to suppress the growth of the alloy

layers and to retain the zinc phase layer after the reaction ceased, resulting in a bright
surface effect [184].

The result of this investigation seems to indicate that the formation of a ffee zinc layer in
the Zn-Ni coatings was not related to the presence of r2 particles at the zinc/~ interface
but to the presence of nickel in the liquid system. As shown in Fig. 8.32, the free zinc
layer was maintained although the r2 particles were not uniformly distributed in the
coating.

In summary, the mechanism by which nickel influences the structural development of the

alloy layers of galvanized silicon steel can be described as follows.

According to the requirements of the ternary Zn-Fe-Ni phase equilibria, a ternary layer
will be formed at the zinc/~ interface should 0.1 % Ni be added in the galvanizing metal at
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460° C. The presence of this layer, identified as r2, evidently suppresses nucleation and
growth of the ~ phase layer by two mechanisms. Firstly, the particles in the

rz layer,

which nucleates epitaxially with the ~ phase crystals, modify the characteristic behaviour
of FeSi particles which concentrate in

the~

phase boundaries. Secondly, the presence of

the r2 particles at the zinc/~ interface and in the region between the ~ phase boundaries
impedes further growth of the ~ phase crystals, thereby explaining the presence of a thin ~
phase layer in the Zn-Ni coating.

Additionally, it was found that the presence of the r2 layer did not significantly affect the
rate of diffusion of iron and zinc during the Fe-Zn reaction and consequently iron and zinc
elements diffused to the alloy layers at a constant rate. As the growth of the

~

phase layer

during the Technigalva process is suppressed, it is expected that most of the iron and zinc
supplied to the reaction front will be consumed to form the

o phase layer,

thereby

explaining the existence of a thick ophase layer in Zn-Ni coatings.

The higher the concentration of nickel in the galvanizing metal, the more difficult it is for
~

phase crystals to grow and consequently, the thicker the

ophase layer. Finally, it is

evident that the presence of nickel in the liquid metal results in the retention of the free
zinc layer after the reaction ceases, leading to a bright surface coating.

The mechanisms which account for rapid growth of the alloy layer in low and high silicon
steels are different and hence the mechanisms by which nickel affects the growth of the
alloy layers on these steels are also different.

In low silicon steels (Sandelin range), the alloy layer in the coating is composed

predominantly of a thick

~

phase layer and hence the mechanism of growth of the alloy

layer on this steel is mainly governed by nucleation and growth of the ~ phase crystals.
Addition of -0.1 % nickel to the galvanizing metal suppresses the nucleation and growth
of the ~phase crystals and promotes growth of the

o phase crystals, as

mentioned
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previously, leading to the formation of a thin~ phase layer and a thick 8 phase layer in the
coating, Fig. 8.35a.

For high silicon steels (0.38%), the alloy layer is composed of thick~ and 8 phase layers
and hence the mechanism of growth of the alloy layer on this steel is governed by
nucleation and growth of the ~ and the b phases. Addition of -0.1 % nickel to the
galvanizing metal suppresses nucleation and growth of the

~

crystals and promotes

growth of the Bphase crystals, leading to rapid penetration of the liquid metal to the b
phase layer, enhancing the formation of liquid pockets at the bl~ interface and resulting in
the formation of fragmented and isolated ~ phase crystals in a thick diffuse 8 phase layer
in the coating, Fig. 8.35b.

9.4. ALLOYING ADDffiONS

The rapidly changing market requirements for hot dip galvanized products in recent years
has often demanded improved performance of the products. For some applications,
significant improvement in corrosion resistance, surface appearance, formability,
paintability or hardness of the galvanized coating is required, while for others, emphasis
is placed on minimum dross formation and cost efficiency. The vast amount of literature
on galvanizing published recently has indicated that manipulation of these properties is
possible through simple modification of the composition of the galvanizing metal by
alloying additions [231,232].

The addition of alloying elements is an appealing approach which has been the subject of
considerable research interest and has been widely used to provide a pragmatic solution to
many of the local problems involved in galvanizing industries. This method is attractive
because of its simplicity and economics; the additions are limited to very low levels
(-0.1%) and neither major modification of the galvanizing plant is required nor is there
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adverse effect on the properties of the galvanized steel. The literature on alloying additions
is extensive and the subject has been well documented by Krepski [126].

Unfortunately, although alloying additions seem to provide a convenient method for
controlling the structures of galvanized products, a study of the mechanisms by which
alloying additions influence these structures is exceedingly complicated. The study
demands knowledge of the relevant multi-component phase diagrams which have received
little attention in recent years. Consequently the detailed mechanisms by which the
alloying addition affects the structures of the dross and of the galvanized coating remain
largely unknown.

To complicate the matters further, the structures of the galvanized products are not
controlled by alloying addition alone but depend on many other variables such as the
galvanizing temperature, the withdrawal and cooling rates of the galvanized products, the
frequency of dross removal and so on. It is therefore not surprising that much of the
literature on alloying additions is empirical in nature, simply correlating the composition
of the galvanizing metal to the properties of galvanized products.

The main interest in this study was evaluation of the possibility of overcoming the
problems of high nickel loss and of the ineffectual action in processing high silicon steels
during the Technigalva process by alloying additions. However, due to the inadequacy of
information regarding multi-component phase diagrams, this study was also empirical in
nature. The objective of the study was restricted to examining the relationship between the
composition of the galvanizing metal and the composition of the dross and the properties
of galvanized coatings, without examination of the details by which the alloying elements
participate in the structural development of the dross and the galvanized coating.

From previous discussion in Section 9 .1, it is clear that the dross obtained from an
industrial galvanizer contained less nickel than the dross obtained during this study. The
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reason for the difference in nickel content between the two types of dross can be
explained by reference to the isothermal diagram, Fig. 6.10, as pfoposed by Perrot [206].
As the nickel concentration in the liquid metal was maintained at -0.05% instead of the
normal 0.12%, it is anticipated that the liquid metal operated by the industrial galvanizer
will be in equilibrium with the ~ ·phase rather than the r2 phase. Obviously, the liquid
metals in both cases are saturated with iron.

It is important to note that the industrial galvanizer operates the Technigalva system to
process steel pipes containing a very low concentration of silicon (-0.025 %), which are
not regarded as reactive steels. Nickel is added to the galvanizing process to improve the
surface appearance and to reduce the coating thickness marginally; hence the presence of a

r2 layer at the zinc/~ interface, to suppress growth of the ~ phase layer, is not required.

It is anticipated that the concentration of nickel in the liquid metal will not be critical and
can be adjusted to the level which is just adequate to reduce the coating thickness but still
retain the bright surface of the coating. As discussed previously, the mechanism which
accounts for the bright surface appearance of Zn-Ni coatings is not clear. Nevertheless, it
is evident that the addition of 0.02-0.04% nickel reduced the coating thickness on very
low silicon steels (< 0.06%) and still retained the free zinc layer on the coating, Fig.
8.32. The resultant coating was found to be smoother and brighter than the normal zinc
coating. A similar effect on the surface appearance was also reported when the liquid
galvanizing metal contained a small concentration of Al, Cd, Sb [147], Pb [151] and Sn
[167]. The mechanism which accounts for this behaviour is also unknown.

The remaining discussion in this section will focus on the reduction of nickel lost in the
normal Technigalva process in which 0.12% nickel is added to the liquid metal.
Obviously, addition of nickel up to this level is necessary to generate r2 particles at the
zinc/~

interface. In practice, the concentration of nickel in the r2 phase has been reported

to vary from 1.2 [194] to 4.6% [174], depending on the actual composition of the liquid
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metal. As the weight fraction of dross in the Technigalva process is known to be high
[174,175,185], the nickel lost in the dross can be substantial.

Clearly, to avoid the formation of nickel-rich dross and hence the loss of nickel in the
dross, the concentration of nickel in the vessel must not exceed 0.06% Ni, so that the
liquid phase will be in equilibrium with the intermetallic

~

phase of the binary Fe-Zn

system for which the solubility of nickel is low (-0.5 %). However, reducing the nickel
concentration in the galvanizing metal below 0.06% may cause an inconvenient loss of
the advantage provided by the presence r2 layer in the coating, which is known to
suppress the growth of the

~

phase layer.

Therefore, it is suggested that the level of nickel in the liquid metal be adjusted to 0.070.1 % to generate sufficient r2 particles at the

zinc/~

interface to suppress growth of the

alloy layer. Addition of more than 0.1 % Ni would be detrimental as the presence of nickel
in excess of the solubility limit may accelerate the formation of intermetallic phase in the
dross.

Alternatively, there are two other possibilities for reducing the loss of nickel in the dross
without diminishing the beneficial properties offered by the addition of nickel in the
galvanizing process. First, the phase equilibria of the liquid galvanizing metal could be
altered by alloying additions that increase the solubility limit for nickel, thereby changing
the composition of the intermetallic phases that precipitate when excess iron is present.
Secondly, an alloying element which has a greater affinity for iron than do zinc and nickel
could be added to complex the excess iron and so retain the nickel in the liquid
galvanizing metal. In both cases, it is expected that the intermetallic phases precipitated
from the liquid metal will contain less nickel than the r2 phase but may or may not have
the same structure as the r2 phase. The mechanism by which this intermetallic phase
affects growth of the alloy layers should be the subject of further study.

Fumes

\

Fig. 9.3.

Photomicrograph showing the white fumes formed after
galvanizing silicon steel in Zn-0.12% Ni-0.04% Al alloy
at460° C.
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Results of galvanizing trials (Section 8.4.2) showed that the nickel loss in the dross could
be minimized by the addition of aluminium, without diminishing the beneficial properties
of nickel in suppressing the growth of the alloy layer. The addition of aluminium in
galvanizing processes has received considerable interest in recent years because of its
beneficial properties which are, however, not clearly understood. Addition of a small
amount of aluminium is economically justifiable and operationally feasible, as it is
inexpensive and dissolve easily in liquid zinc. Additionally, as little as 0.025% aluminium
in the Zn-0.1 % Ni is sufficient to reduce the nickel content in the dross, Table 8.15, and
to suppress the growth of the alloy layers in high silicon steels (0.4%Si), Fig. 8.54.

The level of aluminium addition suggested in this study, however, is slightly higher than
the recommended limit of 0.02%, reported in the literature [54,125]. It is known that the
addition of aluminium in excess of this limit may lead to the formation of toxic aluminium
chloride fumes (116] when conventional zinc ammonium chloride flux is used. Indeed,
studies of alternative fluxes which do not react with aluminium have attracted
considerable research interest in recent years (233]. It is evident from the galvanizing
trials (Section 8.4.2) that addition of aluminium in excess of 0.04% in the galvanizing
metal led to the formation of white fume, presumably A1Cl3, Fig. 9.3 and hence addition
of aluminium in excess of - 0.02% should be avoided.

Due to the fluxing problem, significant concentrations of aluminium in galvanizing metal
are therefore undesirable and extensive studies to devise practices to limit the level of
aluminium in the galvanizing metal by other alloying additions have been a matter of
economic interest for some time. It is anticipated that several other alloying elements .
could be added to substitute for the aluminium, thereby reducing the level of aluminium in
the liquid metal to below the recommended limit of 0.02%. Magnesium, lead and tin are
some of the elements which have potential for use. Information regarding these elements
has been discussed in the literature and is summarized in Chapter 5.
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Finally, it is suggested that the liquid composition of the Technigalva process be modified
to improve the cost effectiveness of the process. It is recommended that the
concentrations of 0.07-0.1% Ni and 0.015-0.025% Al in the liquid metal be maintained
to achieve an optimum result. Since the Ni/Al ratio in the liquid metal is approximately
4/1, the same ratio must be maintained in the master alloy. Clearly, for a commercial Zn2%Ni master alloy, addition of 0.5% Al to the master alloy would be adequate.

.CHAPTER 10
CONCLUSIONS
Conclusions are usually consolidated guesses

Henry Haskins
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10.1. INTRODUCTION

The presence of silicon .in steel has caused world-wide concern in the galvanizing
industry as it enhances growth of the alloy layers leading to abnormally thick coatings
with consequential degradation of properties of the galvanized steel. Addition of -0. 1%
nickel to the galvanizing metal is known to provide a partial solution to the problem but
with doubtful economic viability, due to excessive losses of nickel in the dross.

Investigations in this study have achieved the following results.

1.

The literature relevant to the Technigalva technology has been constructively
surveyed.

2.

The mechanism of dross formation has been elucidated.

3.

The origin of enhanced coating growth in the presence of silicon has been
determined.

4.

The effect of nickel in inhibiting the enhanced growth has been described.

5.

A commercially viable solution to the problem has been developed, by which nickel
losses are minimized and coating thickness can be controlled.

In the following Sections, the detailed conclusions derived from the work of the present

study are summarized

10.2.

DEVELOPMENT OF A LOW DENSITY. LOW MELTING POINT MASTER

ALLOY

1.

The addition of aluminium was found to reduce the density and melting
temperature of the Zn-2% Ni master alloy.
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2.

A modified master alloy containing Zn-4.75%Al-0.25%Ni has a melting
temperature of 390° C and a density in the range 6000-6500 Kgm-3.

3.

It is expected that the modified master alloy would be uneconomical and
inapplicable in practice due to the' high aluminium content

4.

Further investigations indicated that the high losses of nickel in the Technigalva
process did not relate to the density or the melting temperature of the master
alloy.

10.3.

MECHANISM OF DROSS FORMATION IN ZINC GALVANIZING
PROCESSES

5.

The formation of dross in zinc galvanizing can be explained by reference to the
Zn-Fe phase equilibrium diagram.

6.

For zinc at 460° C, the addition of iron in concentrations exceeding the solubility
limit of -0.05% will result in the formation of the monoclinic l; phase crystals,
which having higher density than the liquid metal, will sink, entrap zinc and
form dross.

7.

The amount of the l; phase formed in zinc containing iron in concentrations
exceeding the solubility limit can be calculated using the lever rule.

8.

A linear time rate of increase of iron content leads to a non-linear rate of dross
formation and strongly identifies the advantage to industrial processing of
frequent dross removal.
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10.4.

MECHANISM OF DROSS FORMATION IN TIIE TECHNIGALVA
PROCESS

9.

The intermetallic phase in the master alloy was identified as the hexagonal Zn11 % Ni ophase, while the intermetallic phase in the galvanizing dross was
identified as the monoclinic Zn-0.5% Ni-6% Fe ~ phase.

10.

As the two phases have different crystal structures, the intermetallic phase in the
dross cannot originate directly from the intermetallic phase in the master alloy .

11.

In the absence of iron, the ophase from the master alloy dissolves in zinc and

generates interdendritic eutectic upon solidification.

12.

In the presence of iron, the
~phase

13.

ophase from the master alloy dissolves in zinc but the

precipitates from the liquid metal to generate dross.

The presence of between 0.02%-0.04% Fe is necessary for~ phase precipitates to
form and produce dross.

10.5.

ASSESSMENT OF THE 460° C SECTION OF TIIB ZINC RICH CORNER OF
THE TERNARY Zn- Fe-Ni PHASE EQUILIBRIUM DIAGRAM

14.

The assessment of the isothermal diagram proposed by Perrot et al [206] indicated
that the diagram is accurate and consistent with results of the present study.

15.

Three different intermetallic phases may be present in the ternary system at 460° C.
With increasing nickel concentrations these phases are the

s, the r2 and the o

phases. These phases have distinct compositional and morphological differences.
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16.

During the Technigalva process, depending on the actual composition of the
liquid metal, only two of the three intermetallic phases; the ~ and the r2
phases, may be present in the system to generate dross.

17.

It was found that the formation of dross in the Technigalva process may be
attributed to a simple requirement of the phase equilibria and can be explained by
refe11ence to the isothermal diagram as proposed by Perrot et al [206]

10.6.

ORIGIN OF ENHANCED COATING GROWTH DURING THE
GALVANIZING OF SILICON STEELS

18.

The rate of development of the alloy layers during the hot dip galvanizing of steel
increased with silicon concentration except for an anomalously high rate at
- 0.06%Si.

19.

It was found that the mechanism of rapid alloy growth on 0.06% Si steel

(Sandelin range) is governed by the nucleation and growth of the~ phase layer
alone, while the mechanism of rapid alloy growth in 0.38% Si steel is related to

o

the nucleation and growth of both the~ and the phase layers.

20.

The general effect of silicon may be attributed to the presence of iron-silicon
particles which nucleate at the solid/liquid interlace and promote discontinuity of
the ~ phase layer.
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10.7.

IDENTIFICATION OF IRON-SILICON PARTICLES FORMED DURING
THE GALVANIZING OF SILICON STEELS

21.

From TEM analyses, the particles were identified as FeSi with a primitive cubic
structure and a lattice parameter of 446 pm.

22.

The FeSi particles were formed in association with grain boundaries of~ phase,
probably as a consequence of the supersaturation of the liquid zinc-iron alloys
with respect to silicon.

23.

The technique of carbon extraction replication developed in this study provided
positive identification and better resolution of FeSi particles than that reported in
the literature and consequently it could be used for future investigations of these
and similar particles.

10.8.

EFFECT OF NICKEL lN INHIBITlNG THE ENHANCED COATING
GROWTH DURING THE GALVANIZING OF SILICON STEELS

24.

The addition of 0.12%Ni to the galvanizing metal significantly reduced the
growth of the alloy layer on low silicon steels but only marginally reduced the
growth of the alloy layer on high silicon steels.

25 .

The presence of nickel in the galvanizing metal evidently promoted preferential
development of the

ophase and suppressed development of the ~ phase layers at

all silicon levels in the steels.
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26.

The effect of nickel on the morphology of the coating was attributed to the
formation of IL. phase particles which nucleate epitaxially with the ~ phase layer
at the zinc/~ interlace.

2 7.

It is expected that as the r2 particles grow, they will impede the growth of the ~
phase crystals, thereby explaining the existence of a thin ~ phase layer in Zn-Ni
coatings.

28.

The mechanism which accounts for the retention of a free zinc layer that provided
the bright surface effect of the coating remained unclear. It is speculated that the
presence of nickel alters the phase equilibria of the liquid metal, which in turn
leads to the retention of the free zinc layer on the coating.

10.9.

DISSOLUTION OF SILICON STEELS IN Zn-Ni ALLOYS

29.

The rates of dissolution of the 0.06% Si and 0.38% Si steels in zinc were higher
than 0.015% Si and 0.20% Si steels in zinc at 460° C.

30.

The addition of nickel to the galvanizing metal had a significant influence on the
growth of the alloy layers; it suppressed growth of the ~ layer, promoted growth of
the olayer and enhanced etching responses of the ~ phase layer.

sand 8 layers is very low.

31.

The rate of diffusion of nickel to the

32.

The diffusion of iron and zinc during the Fe-Zn reaction is not significantly
affected by the addition of nickel to the galvanizing metal.
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3 3.

As growth of the ~phase layer during the Technigalva process is suppressed,
it is stipulated that most of the iron and zinc supplied to the reaction front will be
consumed to form the

ophase layer, thereby explaining the existence of a thick o

phase layer in Zn-Ni coatings.

10. 10. RECOMNlENDATION ID IMPROVE THE COST EFFECTNENESS 0

OF THE TECHN1GALVA PROCESS

34.

To improve the surface appearance and to reduce marginally the thickness of the
coating on low silicon steels (< 0.06% ), it is recommended that the level of
nickel in the galvanizing metal be maintained at 0.02-0.04%.

35.

To suppress growth of the~ phase layer of the alloy layers on silicon steels
(> 0.06% ), it is recommended that the level of nickel in the galvanizing metal

be maintained at 0.07-0.1 %.

36.

To improve the cost effectiveness of the Technigalva process in galvanizing any
level of silicon in steel, it is recommended that concentrations of 0.07-0.1 %
Ni and 0.015-0.025% Al be maintained in the liquid metal.

CHAPTER 11
SUGGESTIONS FOR FUTURE
STUDY
The process of scientific discovery
is in effect
a continual flight from wonder

Albert Einstein
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From various investigations in this study, a fundamental understanding of the
mechanism of dross formation and of the structural development of the alloy layers
found during the Technigalva process has been established. Research on the
Technigalva technology, however, is far from complete and various aspects of this
technology need further investigation. In this Chapter, several suggestions will be made
to address the possible future research directions.

Studies of the mechanism of dross formation during the Technigalva process have been
completed and have reached the stage where there appears to be little room left for
further studies in this area. Much of the research in Technigalva technology in the future
will focus on the understanding of the structural development of the alloy layers and on
the search for a commercially viable solution to reduce the nickel loss in the dross and to
control completely the coating thickness on galvanized silicon steels.

An important contribution to the galvanizing research of silicon steels has been made
during this study with the development of an improved technique of observing the FeSi
particles through TEM. Using the carbon extraction replication technique, the particles
can be positively identified and clearly observed at much higher magnification than that
reported in the literature [105]. As it has been suggested that these particles are the rate
determining factor which enhances growth of the alloy layers during the galvanizing of
silicon steels [98-109], a clear understanding of the morphology and the character of
these particles is essential. Nevertheless, the technique requires further development,
particularly in etching treatment, where proper care needs to be maintained to avoid
staining of replicas. Alternative etchants could be developed to simplify the technique
and to lead to more consistent results.

The structure of the Fe-Si particles has been investigated and their presence at

the~

phase boundaries has also been qualitatively examined. However, further investigations
are required to quantitatively examine these particles as a function of silicon content in
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steels so that a fundamental understanding on the abnormal growth of alloy layers
during the galvanizing of silicon steels can be revealed.

Subsequently, the means by which nickel affects the formation of these particles should
be investigated further. At present, it is not clear whether nickel promotes the formation
of non-ferrous silicide particles, as suggested in the literature (62,124], or whether
nickel modifies the morphology and character of the FeSi particles, as suggested in this
study.

A commercially viable solution to reduce the nickel loss in the dross and to control
completely the coating thickness of silicon steels has been provided through a small
addition of aluminium. However, the concentration of aluminium in the galvanizing
metal is critical and needs proper attention. As well as problems related to fluxing,
addition of more than 0.02% aluminium in the vessel may be detrimental to the
galvanized coating, as it evidently over-suppresses the coating thickness to below the
standard specification. On the contrary, addition of less than 0.01 % Al would not have
any effect in reducing the coating thickness on high silicon steels. The inflexibility in
maintaining the level of aluminium in the liquid galvanizing metal has mitigated against
utilization of aluminium in industrial practices.

Therefore additional research should be conducted to find ways of ensuring that the level
of aluminium in the vessel is below 0.02% while still maintaining its beneficial
properties. Addition of other elements such as magnesium, lead and tin may provide an
ideal solution. A research study to examine the optimum combination of these elements
would certainly have significant commercial impact on the Technigalva process in the
future. Obviously, alternate fluxes which do not react with aluminium would be an
appealing subject and could attract considerable research interest in the future.

APPENDICES
The greatest test of courage on earth
is to bear defeat without losing heart

Anonymous

14 1

APPENDIX 1.

Calculation of the theoretical density of the MA phase in the master alloy

The structure of the Zn-2% Ni master alloy consisted of intennetallic phase and zinc-rich
phase. From microstructural investigation of the master alloy and analyses of the Ni-Zn
phase equilibrium diagram (Fig. 8.4), it is estimated that the weight fractions of the
intennetallic and the zinc phases in the master alloy are about 0.1 and 0. 9 respectively.

The density of the master alloy (°DMA) can be calculated as follows.

(eq. 1)

~ =density of master alloy

Dzn =density of zinc ( 7140 Kgm-3)
wfzn= weight fraction of zinc ( 0.9)
Dim = density of the intennetallic phase
wfim= weight fraction of the intermetallic phase ( 0.1)

The density of the intennetallic phase in the master alloy can be calculated as follows .

(eq. 2)

Dim = mass of atom in the unit cell
volume of the unit cell

From the Ni-Zn phase equilibrium diagram (Fig. 8.4), it is known that the intermetallic
phase in the master alloy is the hexagonal Zn-12% Ni

ophase. The lattice parameter (a) of

the 8 phase is 885.5 pm while the c/a ratio is equal to 1.649 [211].
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The mass of the unit cell of a hexagonal structure can be calculated as follows.

mass of atom in unit cell= ( nl x awl + n2 x aw2 ) x l0-3

nl

= atom of Zinc

aw = atomic weight

n2

(eq. 3)

= atom of Nickel

(Zn= 65.4, Ni= 58.7)

The volume of the unit cell can be defined as follows.

volume of the unit cell= a212 x V-S-c x 6.023 x 1023 x 10-36

(eq. 4)

a= 885.5 pm
c = 1460.1895 pm

The composition of the intermetallic phase in the master alloy is : 88% Zn and 12% Ni so
that nl/n2 ratio is equal to 88/12

ie: 0.12 nl = 0.88n2 ----> nl

=

7.33 n2

(eq. 5)

combining equations 2,3,4 and 5,
Dim = ( nl x awl + n2 x aw2 ) x l0-3
a212 xv-Jc x 6.023 x 1023 x l0-36
awl= 65.4; aw2 = 58.7 ; a= 885.5 pm; c

Dim= 901 n2

= 1460.1895 pm; nl = 7.33 n2
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The chemical formula for the intermetallic phase in the master alloy is Ni4Zn31[210]
with 8 atoms of nickel (n2) surrounded by 62 atoms of zinc (nl).

if n2 = 8 --------->Dim= 901 x 8 = 7208 Kgm-3

Therefore the density of the master alloy CDMA) can be calculated as follow
(see equation 1).

DMA = 7140 x 0.9 + 7208

x 0.1

= 7146.8 Kgm-3
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APPENDIX 4.
Calculation of the weight fraction of ~ phase dross formed during galvanizing process
in 6 months at 460° C

According to the literature [67], the average amount of iron in the vessel converted to the~
phase in the dross is approximately 500g/ton steel per month and for a medium size
galvanizing plant, a minimum of 1000 tonnes of steels are galvanized each month [199].
Therefore, the minimum amount of iron which is converted to dross per month is
approximately 500g/t X 1000 t = 0.5 ton/month. The galvanizing vessel contained about
100 tonnes of liquid zinc [199].

Prior to commencement of the galvanizing process (Month 0), the vessel will contain 100%
Zn and 0% Fe. At 460° C the tie line of the zinc-rich comer of the Fe-Zn phase equilibrium
diagram (Fig.3.6) can be schematically drawn as follows.

L+s

L

0
MonthO

5.8

0.05

7.2

Fe -------- >

L : Liquid zinc

In the first month (Month 1), 0.5 ton of iron is added to the 100 tonnes of liquid zinc

(Liq.Zn), so that the total weight of the liquid metal (Liq.Met) is 100.5 tonnes. The % of Fe
in the liquid metal is 0.5/100.5 X 100= 0.5 and hence the position of the tie line in the FeZn phase equilibrium diagram will be shifted to 0.5% Fe as follows.
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L+s

L

0

0.05

0.5
Month 1

5.8

7.2

Fe --------- >

It is known that the supply of iron above its solubility limit in zinc of 0.05% at 460° C will
result in the formation of~ phase dross. The weight fraction of~ ( WtFr. ~ ) phase formed
after 0.5 ton of iron is added to the galvanizing process in Month 1 can be calculated
according to the lever rule as follows.

(0.5 - 0.05) I (5.8 - 0.05) = 0.078.

Since the total amount of liquid metal is 100.5 tonnes, the weight of ~ phase formed during
the reaction is: 0.078 X 100.5 = 7.84 tonnes. Obviously, some liquid metal will participate
in forming t; phase and hence the final amount of the liquid metal (Liq. Met *) in Month 1 is

100.5 - 7.84 = 92.66 tonnes.

In the second month (Month 2), 0.5 ton of iron is added to the 92.66 tonnes of liquid metal

so that;
the weight of the liquid metal (Liq.Met) : 93.16 tonnes.
%Fe in liquid metal: 0.5/93.16 X 100 = 0.53
Wt. Fr ~ in Month 2 : (0.53-0.05) I (5.8-0.05) = 0.085
Wt.~

in Month 2: 0.085 X 93.16

= 7.91 tonnes

The final weight ofliquid metal in Month 2 (Liq. Met*): 93.16- 7.91 = 85.25 tonnes

Based on the same method of calculations, the following table can be constructed.
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Month Iron
ton

0
1
2
3
4
5
6
7

0
0.5
0.5
0.5
0.5
0.5
0.5
0.5

Liq.Zn Liq.Met
ton
ton

100
100
92.66
85.25
77.76
70.24
62.66
55.04

100
100.5
93.16
85.75
78.26
70.74
63.16
55.54

Fe
%

Wt. Fr.

0
0.5
0.53
0.58
0.64
0.71
0.79
0.90

0
0.078
0.085
0.093
0.103
0.115
0.130
0.149

s s

ton

Liq.Met*
ton

0
7.84
7.91
7.95
8.02
8.08
8.15
8.21

100
92.66
85.25
77.76
70.24
62.66
55.04
47.32

--------------------------------------------------------------------------------------------------

s

The diagram illustrated in Fig. 9.2 is a plot of cumulative weight fraction of phase dross
VS number of months.
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