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It is pointed out that non-wetting behavior of liquid Zn alloy occurs on high-tensile strength steels, which
usually contain Si and Mn. There have been a lot of investigations to improve the above wettability of
liquid Zn alloy with steels containing Si and Mn. Although those studies evaluated the wettability qualitatively
by observation of the surface of steels galvanized by Zn or exfoliation test of Zn with substrate steels
and so on, it is required to evaluate the wettability of liquid Zn with steels by measuring contact angle,
work of adhesion, spreading velocity etc. which are usually used to assessment of general wetting behavior.
In the present work, we evaluated the wettability of liquid Zn with steels containing Si and Mn by applying
a sessile drop method to measure the change in contact angle and diameter of liquid Zn droplet wetted

on steels.
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1. Introduction

Galvanizing of liquid Zn to steel has been widely used
for protection of corrosions in steels for automobiles, home
electric appliances, buildings and so on."” In particular,
alloying galvanizing is usually applied to steels for auto-
mobiles because of its highly preventing corrosion and
good pressing deformation etc.”” On the other hand, high
tensile strength steels have been developed for automobile
industries to improve fuel consumption and safety issues
etc. There are various high tensile strength steels, such
as TRIP steels (Transformation Induced Plasticity steels),
Dual Phase steels, Bake Hardening steels etc. which satisfy
some required properties on high strength and good de-
formation quality.” The high tensile strength steels usually
contain Si and Mn.

For those galvanizing procedures, it has been known
that several bad wetting behaviors occur for high-tensile
strength steels containing Si and Mn.” It has been pointed
out that one of the reasons for the bad-wettability for
high-tensile strength steels is related to the formation of
oxides of Si and Mn on steel surface. In order to cope
with this bad-wettability, it is indispensable to understand
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the wetting behavior of liquid Zn on steel sheets in detail.
Thus, many investigations have been reported so far on
the wettability of liquid Zn on steels containing Si and
Mn, 19

For the wettability of liquid Zn to steels, there have
been some qualitative evaluations after galvanizing proc-
essing, such as counting the number of defects with bad-
wetting,''? or measuring the mechanical adhesion prop-
erties of Zn layer with steel substrates etc. These methods
are useful from the technical view points, but it is difficult
to evaluate the wetting itself, in other words, the wetting
behavior of liquid Zn to steel substrates during galvanizing
processing from in-situ observations. As general observa-
tion and evaluation methods for the wetting, the sessile
drop method has been used widely.”” When the contact
angle is smaller than 90°, we call the situation to be
wetting. In addition, it is possible to evaluate quantitatively
the wettability from the work of adhesion,”” which can
be evaluated from the contact angle. However, when liquid
Zn reacts with solid steel substrate to form metallic com-
pounds because of their mutual solubility, the liquid Zn
spreads on the surface of solid steel substrates on the basis
of alloying reaction as a driving force. Since the contact
angle changes with the alloying reactions, it is impossible
to measure the equilibrium contact angle of a liquid Zn
droplet with steel substrates.
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In the present paper, our recent trials'"” are described

on the quantitative evaluation of the dynamic wetting be-
havior of liquid Zn on steel substrates from observations
of the change in droplet shape and contact angle of liquid
Zn on the steel substrate using a high speed camera to
take images just after contacting a droplet on the substrate.
In our evaluation, we defined the following two quantita-
tive properties: (1) an initial contact angle which corre-
sponds to the equilibrium contact angle of liquid Zn on
a steel substrate before alloying reactions occur by measur-
ing an average contact angle just after Zn droplet attaches
with the substrate. (2) a spreading velocity of liquid Zn
droplet on the steel substrate, which is determined from
the change in the diameter of a droplet caused by spread-
wetting as well as by alloying reactions. On the basis of
the above quantitative evaluation of the dynamic wetting,
we compared the wetting behavior of liquid Zn on Si &
Mn steels with that on low carbon steels.

2. Expelimentalls)’lg)

In the present work, the wetting experiments were carried
out for low-carbon steel (Fe-0.13mass%Mn) and steels
containing Si and Mn (Fe-1.0mass%Si-1.0mass%Mn : Si
& Mn steel). These specimens were prepared in a vacuum
melting furnace. After the specimens were hot-rolled and
then cold-rolled, a specimen with 1 mm x 20 mm x 20
mm was prepared as a substrate. In order to remove oxides
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from the surface of the specimen, the specimen was pol-
ished using emery paper and alumina powder, and finally
dried after all the oil had been removed from the surface.
A schematic diagram of the experimental apparatus for
performing the wetting observations is shown in Fig. 1.
The specimen as a substrate is set on a graphite support
stand in the center of the furnace, and a graphite crucible
for melting Zn is set above the substrate. There is a hole
with a diameter of 1.5 mmdat the bottom of the crucible,
through which a liquid Zn droplet can be dropped from
the crucible onto the substrate beneath. In order to prevent
Zn vapor depositing on the observation windows of the
furnace, the crucible was sealed with a lid. After setting
the substrate and filling the crucible with the Zn specimen,
the atmosphere in the furnace was then replaced by H.
gas, and the specimen and substrate heated up to 600 C.
After keeping the specimen for 30 min at 600 C, a Zn
droplet was dropped on the substrate. The temperature of
the crucible and the substrate can be controlled separately
from two independent heating elements made of Ni-Cr
wires. The temperature (600 C) and the atmosphere (H,
gas) were selected to prevent the formation of oxides on
the surface of the substrate and on the liquid Zn after sev-
eral pre-experiments had been conducted. Although those
experimental conditions are different from the known in-
dustrial conditions, we have paid close attention to prevent
the formation of oxide on the surface of the small Zn drop-
lets to establish a method to quantitatively evaluate the
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Fig. 1. Schematic diagram of experimental apparatus for sessile drop method.
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wetting behavior of liquid Zn on Si & Mn steel sheets.

3. Experimental results and discussion

3.1 Evaluation of contact anglels)’w)

Fig. 2 represents one example of the spreading behavior
of a Zn droplet on a Si & Mn steels. The droplet was
dropped from the crucible which was set 6 mm above
the substrate. Fig. 3 shows the change in contact angle
of the droplet with time just after dropping the droplet.
The change in the contact angle of the droplet is also
shown in Fig. 4 from the time 0.1 sec after dropping the
droplet until the contact angle become less than 10°. These
two figures correspond to the experimental results obtained
for two kinds of specimens, that is to say, low-carbon steel
and Si & Mn steels. As shown in these figures, the contact
angle decreases with time, and finally falls below 10°.
Figs. 3 and 4 show that the droplet vibrated for a while
just after being dropped on the substrate, but gradually
the vibration subsided and the droplet started to spread
due to both spread-wetting and alloying reactions.

In Fig. 3, during the vibration of the droplet, of which
the amplitude was almost constant, the contacting area be-
tween the droplet and the substrate increased and de-
creased repeatedly. We considered that the inertia force
as a result of the dropping action affects the vibration of
a droplet for about 0.03 sec just after dropping. It is con-
firmed that the contact angle changes periodically from
0.03 to 0.1 sec just after dropping while the contact area
of the droplet with steel substrates increases and decreases
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Fig. 3. Determination of initial contact angle of liquid Zn on
low carbon steel and Si & Mn steel.
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Fig. 4. Change in contact angle of liquid Zn droplet on low
carbon steel and Si & Mn steel with time.
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Fig. 2. Change in droplet shape of liquid Zn on Si & Mn steel substrate with time.
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repeatedly. This behavior indicates that any alloying re-
action does not occur between Zn droplet and steel
substrate. Once metallic compounds form at the interface,
it is supposed that the contact angle decreases gradually
without any return to the initial value. Thus, the wettability
of a Zn droplet with steel substrate just after dropping
is not affected by alloying reactions. Consequently, the
average value of the contact angle, which vibrate periodi-
cally just after dropping, is defined as an initial contact
angle. 6,,,,., Strictly speaking, this initial contact angle
0,...a 18 different from the contact angle for a non-reaction
system, but it corresponds to the equilibrium contact angle
which is not affected by an alloying reaction.

As shown in Fig. 3, the values of initial contact angles
0,,..a. Of liquid Zn on for low-carbon steel is smaller than
that for Si & Mn steel sheet which means that the wett-
ability for low carbon steel is better than that for Si &
Mn steels. From the contact angle measurements, it is pos-
sible to evaluate the work of adhesion W, from Young
's equation in Eq.(1) and the definition of the work of
adhesion in Eq.(2).

o, =0;+0;-cosb (1)

W,=0,+0,—0; =0;-(1+cosb) 2)

Here, os: surface tension of solid, o;: surface tension of
liquid, o;: interfacial tension between solid and liquid, ¢:
contact angle. When we insert the values for the surface
tension of liquid Zn™ and the experimental results of
0,... Into 07 and 6 respectively, the work of adhesion 7,
can be obtained. As indicated in Eq.(2), the smaller value
of the contact angles means the larger value of the work
of adhesion when 0; is common, and the larger value of
the work of adhesion W, corresponds to the liquid Zn has

a better wettability on steel sheets.

3.2 Evaluation of spreading Velocityls)’”)

The change in radius of a Zn droplet after contacting
the substrate with time was also measured in the present
work. Since the radius of the droplet depends on the
amount of liquid, we defined a relative spreading radius
R=r/rys Here, r is the radius of the droplet for each
experiment, of which the mass of a droplet was measured
after the experiments. 7y is the radius of a hypothetical
sphere, of which the volume is determined from the mass
of a droplet and the density of liquid Zn at 600°C.*> The
change in R=r/ry, with time is shown in Fig. 5. As
can be seen in this figure, the relative spreading radius
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for low carbon steel increases more rapidly than that for
Si & Mn steels. This means that liquid Zn wets better
with low carbon steel sheets compared for Si & Mn steels.

The differential rate of the relative spreading radius
dR/dt is defined to be a relative spreading velocity V. The
change in the relative spreading velocity V with time is
shown in Fig. 6. Fig. 7 shows the change in V' with time
(100 sec) for Si & Mn steel sheets because it is difficult
to see the change of J with time for Si & Mn Steels in
Fig. 6. The relative spreading velocity indicates a large
value just after dropping the droplet on the steel substrate.
Then, the value of V' decreased gradually and finally be-
came almost constant (for about 20 sec), especially for
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Fig. 5. Change in relative spreading radius R of liquid Zn droplet
on low carbon steel and Si & Mn steel with time.
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Fig. 7. Change in relative velocity ¥ of liquid Zn droplet on
Si & Mn steel with time.

Si & Mn steel sheets, and then the droplet spread at a
constant rate. As shown in Fig. 6, the value of the relative
spreading velocity for low-carbon steel is larger than that
for Si & Mn steel sheets. For low-carbon steel, the relative
spreading velocity does not become constant because it
spreads very fast and the forefront of the droplet reaches
the end of the substrate in only a few seconds. Thus, from
the observation of the relative spreading radius and the
relative spreading velocity, we can evaluate the dynamic
wetting behavior, and it is found clearly that liquid Zn
wets better on low carbon steel than on Si & Mn steels.
The above procedure can be applied to investigate the
wettability of liquid Zn with steel sheets containing various
amounts of Si and Mn.

4. Conclusions

It is possible to evaluate the wettability of liquid Zn
on low-carbon steel and Si & Mn steel sheets from the
observations of dynamic wetting behavior by the sessile
drop method. The results obtained are as follows:

1) The wettability can be evaluated by measuring the
contact angle of the liquid Zn droplet just after the droplet
contacted the substrate surface. The initial contact angle
was defined as the average value of the contact angle
which vibrated for a while just after being dropped. From
the initial contact angle obtained from the present work,
the wettability of liquid Zn for Si & Mn steel sheets is
evaluated to be worse than that for low-carbon steel.

2) The relative spreading radius and the relative spread-
ing velocity were obtained from the change in the apparent
radius of the droplet with time when the droplet spread

CORROSION SCIENCE AND TECHNOLOGY Vol.9, No.2, 2010

on the substrate. From the above information, the spread-
ing wettability of liquid Zn for Si & Mn steel sheets was
evaluated to be worse than that for low-carbon steel.
3) The above procedures can be applied to the evalua-
tion of wettability of liquid Zn with high tensile strength
steels containing various concentrations of Si and Mn.
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