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Abstract In many technical processes, high temperature
wetting of a liquid metal phase on a solid substrate occurs
via an extensive chemical reaction and the formation of a
new solid compound at the interface. For instance, good
adhesion of the zinc coating to the steel surface is one of
the most important requirements that the hot-dip galva-
nizing process has to fulfill. Good adhesion directly
depends on the formation of a defect-free Fe,Als inhibition
layer at the interface. The complex surface chemistry of
oxides on the steel surface which is a result of segregation
and selective oxidation upon recrystallization annealing
significantly influences the kinetics of the correlated reac-
tive wetting. This article presents the development of a
novel advanced technique for the investigation of high
temperature wetting process up to a temperature of 1100 K
and provides first new insights in the mechanisms of the
reactive wetting process in presence of oxides on the sur-
face. The method is based on the sessile drop method with
an additional spinning technique to get rid off the liquid
metal phase at any chosen wetting time, thusly opening the
way to access the interfacial reaction layer directly. The
presented work focuses on model alloys of interest which
are mainly relevant to the industrial steel grades. Emphasis
is put both on the wettability of liquid Zn and on the
interfacial reactions during reactive wetting process.
Insights into such reactive phenomena are fundamental
demand to improve the hot-dip galvanizability of advanced
high strength steel grades.
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Introduction

High temperature wettability and their corresponding
interfacial reactions play a crucial role in many technical
processes, from soldering in microelectronics and pro-
duction of metal/ceramic composites, to hot-dip galva-
nizing in mass production of zinc-coated steel sheet [1-5].
In all these processes, it is important that the interfacial
reactions should proceed fast enough to ensure good
wetting within the allotted time window. For instance, in
hot-dip galvanizing, the steel sheet moves at high speed
through a zinc bath (about 2-3 s immersion time) and
real-time monitoring of the interfacial reaction is abso-
lutely not feasible. Most of the currently applied hot-dip
galvanizing simulation techniques rely solely on moni-
toring the spreading of the liquid zinc phase on the sub-
strate. Information on the interfacial reaction layer at the
buried interface cannot be directly obtained. The reaction
layer has to be laid open by chemical or by electro-
chemical removal of the solidified former liquid phase.
This is not only a very tedious procedure, but also usually
not perfect, i.e., an effect on the interfacial reaction
cannot be completely avoided. Furthermore, very often
the kinetics observed during typical simulation routines
are not the same as in the actual technical process, due to
insufficient atmospheric control. Hence, a dedicated
experimental setup was developed which not only allows
to operate in a parameter window (e.g., at dew point of
less than 193 K), but also to obtain information about the
fundamental mechanisms of the wetting process during
hot-dip galvanizing [6-8].

Basically, high-strength steels for automotive industry
undergo recrystallization annealing before hot-dip galva-
nizing. The problem here is, although the annealing is being
done in a reducing atmosphere (N,—5%H,), segregation and
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selective surface oxidation of the minor alloying elements
make the steel surface unsuitable for subsequent galva-
nizing. A number of studies reported that zinc wettability
rapidly decreases with the occurrence of external selective
oxidation of less noble elements, i.e., Al, Si, and Mn
oxides covering the surface of the steel [9, 10]. Earlier
investigations have shown that transition from external to
less harmful internal oxidation is achievable by choosing
appropriate dew point in the annealing atmosphere [7, 11].
Moreover, the quality of the Zn coating strongly depends
on the formation of an undistorted Fe,Als inhibition layer
at the interface [12-14]. The reaction occurring at the
steel/liquid zinc interface has been modeled by many
researchers in order to understand the galvanizing kinetics
[15, 16]. Webb et al. [17] reported that the progress in
molecular dynamic (MD) simulation is capable of inves-
tigating reactive wetting in realistic metal systems exhib-
iting significantly different chemistry. Avraham and
Kaplan [18] pointed out that the interface reaction at the
solid-liquid interface governs the spreading kinetics of the
liquid metal, for example, spreading of the Al drop on
TiO, is governed by the reduction of TiO, and the for-
mation of Al,Os at the interface. Protsenko et al. [19]
explained the role of intermetallic formation in wetting of
clean and oxidized Fe by liquid metals. For a surface
covered by thin oxide films, the wetting is strongly
improved by intermetallic formation reactions leading to
replacement of the oxidized surface by a clean surface of
an intermetallic compound. Here the question in hot-dip
galvanizing is how the oxide, i.e., the nature of oxide
(surface chemistry), the overall oxide coverage, the island
size, and the distribution of the oxides, affects the wetta-
bility and the interfacial reaction. For this purpose a novel
experimental setup Hot Melt Rotator (HoMeR, also
denoted as the liquid zinc spin coater) was designed at
Max-Planck-Institut fiir Eisenforschung (MPIE), which
comprises thermal treatment and galvanizing units [7, 8].
This unique feature allows spinning off the liquid Zn (with
0.23% Al and <0.005% Fe) from the substrate after
visualizing the wetting behavior (i.e., sessile drop contact
angle measurement) with high rotation speed in order to
obtain the newly formed interface without any further
physical/chemical treatments. This combination of contact
angle detection and interfacial accessibility provides an
excellent method to gain a fundamental understanding of
the reactions taking place during the galvanizing process.
The aim of the present investigation is to show how the Si,
Mn oxides and their surface coverage influence the wet-
ting kinetics. It was found in this work that oxide islands
can be overgrown by the Fe,Als reaction layer. Specifi-
cally this work identifies that the overall wetting kinetics
is completely governed by this overgrowing of the oxide
islands.

Experimental
Model alloys and specimen preparation

Binary model alloys of Fe-Si and Fe-Mn (with different
compositions of Si and Mn) were prepared and hot rolled at
MPIE. The bulk compositions of Si in the Fe—Si and of Mn
in the Fe—-Mn alloys are presented in Table 1. The speci-
mens (of size 15 mm x 15 mm) were ground with SiC
paper (up to grit 4000) and rinsed with ethanol, finally they
were polished with diamond paste (first 3 pm followed by
1 pm) to a mirror finish. After polishing the specimens
were cleaned ultrasonically in ethanol for 10 min.

Annealing and wetting

The reduction annealing and subsequent zinc wetting
experiments were carried out in an ‘in-house’ built hot melt
rotator (HoMeR, also denoted as the liquid zinc spin
coater). The details of the experimental setup are described
elsewhere [6-8]. The specimens were annealed (in the
reaction chamber of the HoMeR) at 820 °C for 1 min in
N>—5%H, gas atmospheres with dew point of —30 °C. This
is an industrially relevant short-term annealing condition.
The dew point of the annealing atmosphere is controlled by
a portable gas mixing system with oxalic acid columns for
establishing the humidity as well as with humidity and
oXygen sensors.

To simulate the galvanizing condition, the specimen
annealed at a specified dew point in the reaction chamber is
heated to 470 °C in the main chamber of the HoMeR where
the Zn-syringe is installed. In order to avoid the oxidation
of zinc, very low dew point (<—80 °C) is maintained at the
main chamber. A zinc drop is placed on the specimen and
the wetting behavior is monitored by the video system. The
contact angle is measured by a custom-made analysis
program. After a given time the spin coater starts with a
rotation speed up to 3500 rpm. Therefore, the spin coater is
able to simulate reaction layers with a very short reaction
time. During the fast spinning process nearly all residual
liquid zinc is driven off the surface and opens the way to
directly access the interface. Since the HoMeR is UHV
compatible system, direct transfer of specimen (without air
exposure) to the surface analysis tools such as scanning
electron microscopy (SEM) and X-ray photoelectron
spectroscopy (XPS) is realized. It is important to notice

Table 1 Composition of the model alloys investigated

Binary model alloys Compositions (wt%)

Fe-Si
Fe-Mn

Fe-0.25Si, Fe—1.0Si, Fe-1.5Si, Fe-3.0Si
Fe—0.5Mn, Fe—1.0Mn, Fe-3.0Mn

@ Springer
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that the specimen surface chemistry as obtained during heat
treatment in the reaction chamber is not changed signifi-
cantly upon re-heating prior to zinc coating.

Results and discussion

In this study, the compositions of Si and Mn model alloys
have been chosen in accordance with the newly developing
steel grades. Surface chemistry of the oxides and their
coverage play vital role in hot-dip galvanizing process.
Basically, these factors can be controlled by the process
parameters, such as dew point of the annealing atmosphere.
Figure 1a shows the surface morphology of the Fe—0.25Si
alloy after annealing at dew point —30 °C, showing very
tiny Si oxides decorating not only the grain boundaries but
also the grains. It is important to note that this annealing
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Fig. 1 a SEM image of the oxide coverage on a Fe-0.25Si alloy
specimen annealed at a dew point of —30 °C, the inset figure shows a
magnified image of the oxide islands, b cosine of the contact angle
over time (wetting curve)

@ Springer

condition is reducing for Fe and only oxidation of Si
occurs. According to the Cassie equation [20], the zinc
wetting is predominantly determined by the relative com-
position (i.e., surface coverage) of the oxide and metal
phase,

€080 = doxide €08Ooxide + (1 — doxide )COSOmetal (1)

where a,yiqe s the surface coverage of the oxide, 0,iq. and
Ometar are the contact angle in equilibrium state of the oxide
and metal, respectively.

As the reactive wetting in the hot-dip galvanizing pro-
cess depends on the growth of stable Fe-Al interfacial
layer, the modified Avrami growth law [21] has been
applied to the above Eq. 1, which leads to the new
description of the dynamic Cassie equation as follows:

cost) = cosloxide @ exp(—kz")
+ c08Ometar [1 — a exp(—k?")] (2)

where a is the initial surface coverage of the oxide, k is the
Avrami constant (basically defines the kinetics), and n is
the Avrami exponent.

This new dynamic Cassie equation has been applied to fit
the experimental wetting curve to understand the kinetics of
reactive wetting in the hot-dip galvanizing process. The
measured contact angles of zinc on pure Fe are 5°, on SiO,
150°, and on MnO 140°. Figure 1b shows the change of
cosf) with time during wetting of the zinc drop on Fe-0.25Si
alloy annealed at dew point —30 °C. Within the first 2 s the
contact angle decreases from 100° to about 70°, i.e., chan-
ges from the non-wetting to the wetting regime. In order to
understand the wetting kinetics, the cosf versus ¢ plot has
been fitted by modified Avrami growth kinetics with
Avrami exponent n = 0.5, which basically holds for the
one-dimensional growth law. In this case, the fit provides a
value for the initial oxide coverage of about 69% (a = 0.69)
which seems to be reasonable in view of the high coverage
of the surface by tiny oxide islands. By increasing the dew
point of the annealing atmosphere, external surface oxida-
tion can be decreased. Basically, the increase of the dew
point, which in turn leads to an increase of surface oxygen
content in the annealing atmosphere, leads to a higher
inward oxygen permeability. It is quite obvious that oxygen
diffuses deeper during annealing at high dew point since the
oxygen-free surface adsorption rate is directly related to the
partial pressure of oxygen in the annealing atmosphere.
Figure 2a shows the surface morphology of Fe—0.25Si alloy
annealed at an increased dew point of 0 °C, which clearly
indicates the presence of less external oxidation. This is an
excellent agreement with the observed fast wetting kinetics,
as shown in Fig. 2b.

Similarly, investigations on various Fe-Si and Fe-Mn
model alloys were carried out and their wetting kinetics
have been compared by applying the modified Avrami
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Fig. 2 a Surface morphology of a Fe-0.25Si alloy specimen
annealed at high dew point (0 °C), b cosine of the contact angle
over time (wetting curve)

growth kinetics. Figure 3 correlates the kinetics of the
reactive wetting with the initial oxide coverage of the
different samples. Here as a measure for the wetting
kinetics the Avrami factor ‘k’ is taken, which is determined
by the interfacial wetting kinetics as well as by geometric
factors. This becomes directly obvious when comparing the
‘k> values obtained with the Fe-Si alloys with the ones
obtained with the Fe-Mn alloys. For Fe-Mn alloys, at
similar oxide coverage ‘a’, the ‘k’ values are smaller than
the ones for the Fe-Si alloys. In fact, in spite of a much
higher surface coverage with oxides (69%) for the case of
the Fe—0.25Si alloy, the kinetic factor is higher than that of
the Fe—1Mn alloy with an initial oxide coverage of about
47% (according to the fitting). This means that although the
Fe—0.25Si alloy shows higher contact angle (0 > 90°, i.e.,
non-wetting regime) in the beginning, the wetting kinetics
is faster than on the Fe—1Mn alloy, in other words the
surface coverage with the interfacial reaction layer Fe,Als
grows much faster in the former case than in the latter one.
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Fig. 3 The reactive wetting kinetics of various Fe-Si and Fe—-Mn
model alloys (annealed at DP —30 °C according to the procedure
described in the experimental section, if not stated otherwise)
described by plotting the kinetic constant ‘k’ versus the oxide
coverage ‘a’, as obtained by introducing a modified Avrami growth
law into the Cassie equation
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Fig. 4 SEM image of the oxide coverage on a Fe—1Mn alloy
specimen annealed at dew point —30 °C, the inset figure shows a
magnified image of the oxide islands

The reason becomes directly obvious on the basis of the
surface morphology of both the alloys (Figs. la, 4),
moreover, the thickness of the oxide islands formed on the
Fe—0.25Si alloy is ~ 10 nm, which is much lower than the
thickness of the Mn-oxide islands (~40 nm) formed on
the Fe—1Mn alloy. On the surface of Fe—1Mn alloy
annealed at dew point —30°C, the formed oxide islands are
relatively larger in size (Fig. 4) in comparison to the ones
observed on the Fe—0.25Si alloy; hence, the smaller size of
the latter ones seems to lead to faster kinetics. The reason
for that most likely is due to the fact that the growing
Fe,Als crystals can overgrow small oxide islands more

@ Springer
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Table 2 Oxide coverage of various Fe-Mn and Fe-Si binary model
alloys

Model Surface coverage by oxides
alloys - -
Estimated from the fit Estimated from
(Avrami exponent, n = 0.5) the XPS analysis
Fe-Mn
Fe—0.5Mn 0.38 0.34
Fe—1.0Mn 0.47 0.63
Fe-3.0Mn 0.85 0.78
Fe-Si
Fe—0.25Si1 0.69 0.56
Fe—1.0Si 0.83 0.51
Fe—1.5Si 0.86 0.57
Fe-3.0Si 0.87 0.87

easily than larger ones. This also means that on surfaces
with small oxide islands more homogenous interfacial
reaction layers should form. In the case of large oxide
islands, the diffusion of Fe from the alloy substrate to the
reaction front has to go all the way over the large oxide
islands; hence, it is very difficult to form a closed inhibition
layer. Obviously this might be the reason for the observa-
tion of the lower wetting kinetics on the Fe-Mn alloys, in
spite of its relatively lower oxide coverage in comparison
to the Fe-Si alloy. In order to compare the surface oxide
coverage ‘a’ as obtained from the fits of the measured
contact angle curves with the Avrami-modified Cassie
equation with measured values for ‘a’, we estimated the
oxide coverage of the samples prior to the wetting exper-
iments, i.e., after the according annealing, by XPS analysis.
The according oxide coverage values are listed in Table 2.
The results listed in this table clearly show that the com-
puted values (obtained for the Avrami exponent n = 0.5)
agree well with the XPS analysis, i.e., the deviations are
small. Just for the Fe—1Si and Fe-1.5Si alloys the values
obtained from the fits deviate somewhat from the ones
obtained by XPS. This is thought to be due to the complex
oxide structure (oxide islands and iron spangled with tiny
oxide islands). In order to check which Avrami exponent
gives the best result, the wetting curves (cosine of the
contact angle over time) obtained from a great number of
experiments on different alloys were fitted with n = 0.5
and n = 1. An example for a Fe—0.5Mn alloy specimen is
shown in Fig. 5, which has been fitted with the exponent
values of n =0.5 and n = 1, respectively. It can be
remarkably visualized and concluded that the Avrami
exponent, n = 0.5 (green curve) yields the best fit of the
measured contact angle curve. Similar results were
obtained for all other cases.

Figure 6 visualize the Fe—Al interfacial layer forma-
tion as well as the process of overgrowing the oxides.
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Fig. 5 The wetting curve (cosine of the contact angle over time) of a
Fe—0.5Mn alloy specimen fitted by applying modified Avrami growth
kinetics with Avrami exponent n = 0.5 and n = 1, respectively

The surface morphology of Fe-1.5Si alloy annealed at
dew point —30°C is shown in Fig. 6a. It shows the
presence of large oxide islands (pale gray) on the surface
and also sites where free iron is present together with a
coverage by tiny oxide islands (darker gray), i.e., the
overall coverage by oxide is much higher than the area
covered by the light gray color would suggest. It is quite
obvious that this alloy shows a high oxide coverage due
to its high Si content. On this surface a zinc drop was
placed and after 1-s reaction time the liquid Zn was
removed by fast spinning, and then the alloy/Zn interface
(i.e., Fe—Al interfacial layer) has been characterized by
SEM (Fig. 6b). This clearly demonstrates the initial
stages of Fe—Al interfacial layer formation at the metal/
oxide boundary. In a second experiment, on an equiva-
lently prepared Fe—1.5Si surface the drop was allowed
for 3 s (reaction time) to stay on the surface of Fe—1.5Si
alloy. Then again the residual liquid Zn was removed by
fast spinning. The resulting morphology of the formed
Fe—Al interfacial layer is shown in Fig. 6¢c. This is
clearly showing the overgrowth of the oxide islands by
the interfacial layer within 3 s of reaction time. The
kinetic factor ‘k’ (from the fit) and the experimental
observation strongly correlate, pin-pointing that the sur-
face coverage of oxide, their distribution, size, and sur-
face chemistry play an important role in the reactive
wetting.

The obtained results are evidencing that the spinning-
off method is an excellent way to access the interface.
Here, the reaction layer is revealed in its original state
without any alteration by chemical etching as it is the
case in the standard procedure where the zinc layer is
removed by acidic attack. Moreover, as the results pre-
sented here clearly show, the experimental setup is well
suited for revealing growth processes with high temporal
resolution.
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Fig. 6 a SEM image of the oxide coverage on a Fe-1.5Si alloy
specimen annealed at dew point —30 °C, b, ¢ are snapshots of the Fe—
Al interfacial layer formation obtained by spinning-off the liquid zinc
after 1 and 3 s, respectively

Conclusions

1.  Hot Melt Rotator (HoMeR)—the novel setup, allows to
study successively high temperature reactive wetting

process. This setup basically combines the advantages
of high temperature treatment under controlled atmo-
sphere, contact angle recording, and easy surface ana-
Iytical access to the reaction zone without further
chemical treatment or even exposition to air.

2. The systematic investigation on the Fe-Si and Fe-Mn
model alloys shed light on the understanding of
reaction kinetics during hot-dip galvanizing process.
The main result is that the Cassie equation combined
with Avrami growth law is a good approximation for
the wetting kinetics and also for the growth mechanism
of the reaction layer. We also show that reactive
wetting dynamics depend not only on the overall oxide
coverage of the surface but also on the size of the
oxide islands.
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