CHAPTER 7

> The Reactions Between Iron & Zinc

A hot dip galvanized coating is formed
by interaction between iron and molten
zinc with the formation of a series of
iron/zinc alloys which bond the coating
metallurgically to the substrate. These
alloys are normally over coated with a
layer of relatively pure zinc which dis-
plays the silver appearance associated
with a hot dip galvanized coating.
Although in most instances, suitably
cleaned steel dipped into molten zinc
will display this silver appearance, there
are instances when reactive steels pro-
duce coatings that are thicker than nor-
mal and aesthetically less appealing.
Figure 23 shows a micrograph of the typ-
ical structure of a thick hot dip galva-
nized coating.

Factors which influence the thickness
and metallurgical structure of a hot dip
galvanized coating

The factors which determine the overall
thickness and metallurgical properties of
a hot dip galvanized coating are; the
composition and metallurgy of the steel,
zinc temperature, immersion time, alloy-
ing additions to the zinc, withdrawal rate
of article from the molten zinc, surface
condition and thickness of the steel.

7.1 COMPOSITION AND THE
METALLURGY OF THE STEEL

High reactivity during galvanizing of
carbon steels has been observed for
more than half a century. Due to
changes in steel making practice and
particularly with the introduction of con-
tinuous casting, this phenomenon now
occurs more frequently. With the contin-
uous casting process, either silicon or
aluminium is added to the steel as de-
oxidising agents. These steels are
respectively known as aluminium-killed
and silicon-killed steels. While alumini-
um additions to steel have no effect on
the structure and thickness of a galva-
nized coating, the same cannot be said
for silicon which has for many years
been well documented as a major cause
of increased alloy layer growth during
hot dip galvanizing.

Aluminium-Killed Steels

When aluminium killed steel is immersed
in molten zinc, the initial iron/zinc alloy
produced is such as to impede growth of
further alloy layers. Thinner coatings are
therefore produced (figure 26).

When the zinc in the outermost layer

Eta - (1) - layer

Zeta - () - layer

: Delta - (3) - layer
] Gamma - () - layer
Steel

Figure 23. Cross-section of the zinc layer formed by hot dip galvanizing on a relatively reactive steel.
Eta layer with 0.03% Fe; Zeta layer with 5.8 - 6.7% Fe; Delta layer with 7 - 11.5% Fe;
Gamma layer with 21 - 28% Fe.

solidifies, the surface becomes smooth
and takes on a slightly bluish metallic
lustre. In some cases, especially that of
thin sheet, the zinc can solidify in the
form of randomly pointed crystals,
which give the surface a distinct “span-
gle” finish.

The spangle finish, is just a particular
form of crystal formation, which
depends on factors such as the solidifi-
cation rate. It gives no indication of
good or bad quality hot dip galvaniz-
ing. Further, the spangle finish is of no

significance to the corrosion resistance
of the zinc coating.

In continuous hot dip galvanizing of
sheet, the size of the spangle can be
controlled (Chapter 5). This is not pos-
sible in general hot dip galvanizing.

Silicon-Killed Steels

The constituent of steel, which has the
most powerful influence on the reaction
between iron and zinc is silicon (Si). In
the making of steel, silicon is added dur-
ing the process to remove oxygen.

THE LATEST INTERPRETATION OF THE SANDELIN CURVE
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Figure 24. Relationship between silicon content of steel and thickness of zinc coating for a dipping
time of 3 minutes at 455°C. The curve is an average curve. Significant variations can occur between
steels with the same Si content, but from dlifferent charges. The high reactivity is between 0.05 and
0.125% Si. This called the Sandelin Effect.
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Figure 25. Relationship between dipping time
and thickness of zinc coating in steels with
different silicon contents. The curves are
average curves, based on experiments and
practical experience. Significant variations can
occur between steels with the same silicon
contents, but from different charges.

Silicon influences the reaction between
zinc and iron in such a way that the crys-
tals in the outermost alloy layer (the zeta
phase) are formed either as small grains
(figure 27) or as long stem-like crystals
(figure 28).

Zinc from the bath is able to penetrate
nearly all the way down to the steel sur-
face. The reaction is not retarded, but
remains rapid throughout the period dur-
ing which the object is immersed in the
zinc. The thickness of the coating there-
fore increases considerably with increased
immersion time (see Relationship
between dipping time and thickness of
zinc coating in steels with different silicon
contents — figure 25) and the coating gen-
erally becomes relatively thick.

It should be noted that the structure of the
alloy layer described above does not mean
that the coating will be “porous”, or full of
cavities. The space between the alloy crys-
tals is always filled with pure zinc. With sili-
con-killed steels, therefore, the same com-
pact metallic coating is obtained through-
out as with aluminium-killed steels.

However, the influence of silicon does
not increase linearly with increasing con-
centration, but follows the curves shown
in figure 24 (the latest interpretation of
the Sandelin Curve) which gives only
typical values.

The Sandelin curve has been misinter-
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Figure 27. Cross-section through zinc coating on silicon-killed steel with 0.06% Si.
Hot dip galvanizing carried out at 460°C.
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Figure 28. Cross-section of a coating on a silicon-killed steel with 0.26% Si.
Hot dip galvanizing carried out at 460°C.

preted by some to indicate that high
reactivity in galvanizing results from the
presence of silicon alone with a reactive
peak between 0.05 - 0.125% Si.

More recently, the important role played
by phosphorus has been recognised
either in combination with silicon or

alone. It has been said that the influence
of phosphorus as an accelerator, is of
equal importance to silicon in the iron
zinc reaction.

It would seem that phosphorus sup-
presses delta layer formation but
encourages zeta phase growth while the
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gamma layer becomes discontinuous. This
observation is confirmed by practical stud-
ies, which have shown that an excessively
thick and brittle coating caused by a high
phosphorus content in the steel (>0.03%),
is prone to delamination in its entirety
from the steel substrate. In contrast, coat-
ings which are prone to flaking, due main-
ly to reactive silicon content of steel, are
partially detached in the vicinity of the
zeta/delta interface with the result that the
steel substrate is not exposed. The remain-
ing adherent coating can vary in thickness
from about 15pum to as much as 40pm.

Upon withdrawal of the article from the
zinc bath, a layer of zinc adheres to the
alloy layer, even on silicon-killed steels.
However, the reaction speed in these
steels can be so high that the pure zinc
layer is transformed completely to
iron/zinc alloys before the hot article has
had time to cool down. The reaction
does not cease until the temperature of
the article has dropped below 300°C.

It is for this reason that galvanizers
who are processing thick reactive
steel, can to a degree, avoid the possi-
bility of a total iron/zinc alloy coating
forming, by immediate water quench-
ing. It must, however, be borne in
mind that immediate quenching can
increase distortion in articles that have
a propensity for that condition.

The iron/zinc alloy formation can there-
fore extend to the surface of the coating,
which would then be matt, rough and
light to dark grey in colour. The colour is
determined by the proportion of
iron/zinc crystals that are mixed with
pure zinc on the outer surface of the
coating - the more pure zinc, the lighter
the surface; the higher the iron/zinc con-
tent, the darker the surface.

Welding of non-reactive steel to reactive
steel, can result in two different coating
thicknesses, when the article is hot dip
galvanized (figure 29). For coating uni-
formity, both in appearance and in coat-
ing thickness and hence corrosion resis-
tance, similar steels should be selected
for the same fabrication.

Weathered hot dip galvanized coatings
Where iron/zinc alloy crystals are
exposed, the outer surface of the coating
sometimes shows signs of rust staining
after a few years in service. This is not
necessarily an indication that the coating
has corroded away. Invariably adequate
protection of the underlying steel exists,
(see page 37, Reddish-Brown
Discoloration and figures 30 and 31).

Often a hot dip galvanized surface is not
uniformly grey, but has a blotchy appear-

CLASSIFICATION  SILICON

CONTENT

PHOSPHORUS
CONTENT

STEEL REACTIVITY

COATING APPEARANCE

(mass %) (mass %)
1 0-0.035 0-0.025 Generally normal but | Few defects. Occasional thin coatings that
(figure 36) occasionally low are below specification.
2 0-0.04 | 0.025-0.035 Generally normal. Localised defects due to outhursts of zefa
alloy. (eg ‘pimples’ or ‘tree bark’ effed,
(figures 37 and 38) particularly on tubular and curved sections)
3 0-0.04 >0.035 High, especially with high Pronounced surface defects high
(figure 39) phosphorus content tendency to flake
4a 0.04-0.135 <0.01 Moderate, increasing with |~ May appear normal with few defects
(low phosphorus) silicon content
(figure 40)
4h 0.04-0.135 [ 0.01100,03 High Generally few defects
(high phosphorus)
(figure 41)
5a 0.135-0.35 <0.03 High, but generally May appear normal with few defects
(low phosphorus) thinner coafings than
on class 5b
5b 0.135-0.35 >0.03 High Tendency to flake, especially with high
(high phosphorus) phosphorus content
6 >0.35 >0 High, and increasing with | Tendency to flake, increasing with phos-
(figure 42) silicon confent phorus content

Table 16. Reactivity classification for steels. Coating appearance can be misleading. When specifying steel
for specific applications eg. architectural features, the information under the heading “Steel Reactivity” must
be taken into consideration, ie. high reactivity may be regarded as aesthetically less acceptable.

ance with a mixture of matt grey and
shiny areas. The reasons for this can be
many - the concentration of silicon (pri-
marily), phosphorous and sulphur or other
elements in the steel surface; stresses in
the steel surface; the heat treatment and
structure of the steel - all such factors influ-
ence the sequence of reactions. Even the
cooling process of the steel after galvaniz-
ing influences its appearance.

Zeta crystals have a tendency to grow out
at right angles from the steel surface. On
flat and convex surfaces, therefore, the
crystals grow without disturbing each
other. The molten metal is able to pene-
trate between the crystals and promote
growth. On concave surfaces, dips and
depressions, however, the crystals block
each other and inhibit growth.

It is important to emphasise that continu-
ous sheet and wire processes differ radi-
cally from the general galvanizing process,
particularly with respect to immersion
time. Immersion time plays a significant
role in determining the ultimate structure
and thickness of the coating.

Arising from research carried out by the
International Lead Zinc Research
Organisation (ILZRO), reactivity classifi-
cations shown in table 16 have been
established. The classes in the table
demonstrate the separate and com-
bined influences of both silicon and
phosphorus in the mechanism by which
a hot dip galvanized coating is formed.
Six classes have been identified. The

conclusions reached are based on vary-
ing immersion times at a zinc tempera-
ture of 455°C.

Class 1. This class is the recommended
steel for hot dip galvanizing when aes-
thetic appearance is important, eg.
Architectural applications and highly vis-
ible structures such as lighting masts and
street furniture. These steels are also the
most suitable for structures, which of
necessity, require long immersion peri-
ods in the zinc (figure 306).

Class 2. This class will provide coatings
with a reasonable appearance provided
the immersion periods are not extend-
ed. The class may show frequent local
outbursts of reactive coating - either
pimples, striation or tree bark effect, giv-
ing localised coating thickness up to
500pm thick. Tubular or curved sections
show these effects at lower Si and P con-
tents (figures 37 and 38).

Class 3. This class will provide thick and
rough coatings with little or no eta (pure
zinc) layer. Poor adhesion will result when
extended immersion times pertain.
Frequent surface defects; poor appear-
ance and easily damaged. At phosphorus
levels greater than 0,04%, an acceptable
coating is not possible to achieve at nor-
mal immersion times (figure 39).

Classes 4a, 4b and 5a. These classes
are suitable for heavy-duty coatings
(coating thickness greater than 105pm).
Coatings in these classes may develop a
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Figures 30 and 31. The galvanized coating is sometimes not uniformly grey but has a blotchy
appearance with a mixture of matt, grey and shiny areas. Signs of red rust staining after several
years in service is not necessarily an indication that the coating has corroded away.

tendency to be brittle and flake when
damaged, if steel contact with the
molten zinc exceeds about five minutes
(figures 40 and 41).

Classes 5b and 6. These classes are not
recommended for hot dip galvanizing
except where immersion periods can be
kept down to two or three minutes. This
is frequently not practical in a production
line (figure 42).

Some other conclusions reached from
this research which dispel previous mis-

conceptions are as follows:

® Silicon and phosphorus contents are

jointly the most important factors in
influencing high reactivity in hot dip
galvanizing.

Other elements in commercial
grade steels have a lesser influence
on the formation of a hot dip galva-
nized coating.

The bulk analysis of steel can be
used reliably to predict the type and
thickness of a hot dip galvanized
coating.

There is no evidence that high reac-
tivity is caused by segregation of
elements at the steel surface.

® Neither prolonged pickling, strip-
ping and regalvanizing or abrasive
blast cleaning will alter coating
structure but these factors may
increase coating thickness.

7.2 ZINC TEMPERATURE

The reaction between iron and molten
zinc is influenced by zinc temperature.
Iron is dissolved by diffusion and this
results in the growth of alloy layers on
the steel surface. The formation of the
alloys creates a barrier between the zinc
and iron and this has the effect of retard-
ing the diffusion rate.

With increasing temperature up to about
485°C, diffusion accelerates slowly,
causing a slow but constant increase in
coating thickness, following a parabolic
time law. Above 485°C and up to about
530°C, coating growth is more or less
linear with time (regardless of steel
composition) after which the reaction
reverts to a parabolic time law (figure
32).

At a zinc temperature in the vicinity of
510°C, the reaction between liquid zinc
and steel is so severe that a steel galva-
nizing bath manufactured from 50mm
thick plate will perforate within the
space of about sixty days. The normal
life of a bath at temperatures below
460°C is six or seven years.

Normal galvanizing is carried out at
temperatures below 460°C. Hot dip gal-
vanizing at temperatures in excess of
470°C is not recommended.

At the normal galvanizing temperature
range (440°C to 460°C), a reduction in
alloy layer growth can be achieved for a
given immersion time by galvanizing at
the lowest possible temperature when
reactive steels are encountered. Figure
33 illustrates the effect of temperature
on coating thickness in relation to the
Sandelin reactivity curve. Galvanizing at
temperatures below about 438°C is not
practical since this is too close to the
melting point of zinc (419.5°C).

7.3 IMMERSION TIME

The degree to which immersion time
influences coating growth at normal gal-
vanizing temperatures, is determined by
steel composition. At higher tempera-
tures (>485°C) all steels react more or
less in a similar manner. In the case of
aluminium killed steels with low Silicon
and Phosphorus contents, extended
periods of immersion at normal galva-
nizing temperatures result in only a
slight increase in ultimate coating thick-
ness, eg. If a coating thickness of 85pm
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