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Abstract

The containing of high amounts of alloying elements such as Si, P, Mn reduces dramatically the
wettability of High Strength Steels (HSS) and therefore, deteriorates their coating quality from con-
tinuous hot-dip-galvanizing in conventional Al alloyed Zinc baths. In this paper, the wetting behav-
ior of different Zn alloys (Ca, Mg, Cu, Ni, Ti, V, Zr, Y, Ce, La) on three special types of steel sub-
strates have been investigated. Firstly, the surface tensions of these Zinc alloys were calculated
based on thermochemical databases and modelling. Then the wetting angels of these Zn alloys on
the steel substrates are measured via the sessile drop method. By comparing the final shape of their
droplets formed on the steel substrates, a qualitative series of the influence of the alloying elements
was obtained. The wettability of the same zinc alloy with the high alloyed DP500 steel is worse
than with normal M3A13 steel and low alloy 31AXV steel. Under a reductive hydrogen atmos-
phere, their wetting behavior can be strongly increased in compare to that of under a 95% argon-5%
hydrogen atmosphere. Among the investigated Zn containing alloys, Vanadium and Zirconium as
alloying elements show the most effective improvement of the wettability on high strength steel

substrates.
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1 Introduction

The growing demands of weight reduction and passenger safety in automobile, promote the applica-
tion of high strength steels (HSS) sheets in the construction of the car bodies steadily. The ULSAB-
AVC program (Ultra Light Steel Auto Body - Advanced Vehicle Concept [1]) expects that 80% of
steels used in automobile industry should be either DP (dual phase) or TRIP (transformation in-
duced plasticity) steels. Comparing to conventional unalloyed and low alloyed steels, HSS are
nowadays usually alloyed with a high amounts of Si, Mn, Cr together with other elements, in order
to achieve both higher tensile strength and better formability [1].

In order to protect the steel sheets against corrosion, a layer of zinc or zinc alloy is always coated
on the surface of the steel sheets, mostly achieved by hot dip galvanizing (HDG) the strip prior to
pressing. However, the increased amounts of alloying elements like P, Mn or Si in the high strength
steels causes problems in the zinc galvanizing process. Prior to immersion into the HDG bath, the
Fe-oxide and Fe-hydroxide layer created during the cold rolling process is completely removed in
an annealing furnace. During this treatment the main alloying elements of HSS (e.g. Mn, Si, Al, Cr,
V and Ti), which have strong affinity towards oxygen, will migrate preferentially through easy dif-
fusion paths, such as grain and sub grain boundaries, to the substrate surface and are oxidized there
[2]. The oxidation products do not form a continuous layer on the surface but are present as dis-
persed islands, which will strongly deteriorate the wettability of the steel strip surface and result in
a poor coating quality. Elements like Si and P will also influence the kinetics and velocity of the
reactions between zinc and iron during the galvanizing process [3]. Depending on the Si and P con-
tent a strong irregular layer grows with an inhomogeneous surface construction, which again will
damage the adhesion and wetting behavior between Zn melt and steel strips.

To reduce the deterioration of the alloying elements and improve the adhesion of the zinc coating,
on one hand the steel substrate should be pre-treated to change the chemical composition and to
prevent the external oxidation of the alloying elements at the surface. This can be achieved by an-
nealing in reactive atmosphere, where reducing, nitriding or carburizing occurs [4]. On the other
hand, reactive alloying elements could be added into the zinc bath, in order to increase the reactiv-
ity between zinc and the steel surface, such improving the wettability and the adhesion of the zinc
coating.

Aluminium is one of the most effective alloying elements to reduce the influence of Si in steel dur-
ing Zinc galvanizing. Aluminium in the range of 0.1-0.3 wt% is added to the continuous zinc gal-
vanizing bath to suppress the growth of brittle Fe-Zn intermetallic phases at the steel coating inter-
face by forming of a Fe,Als inhibition layer [6]. Zn-Al baths with a reactive third alloy element
were commercially produced for strip HDG, such as Galfan (95% Zn, 5% Al, traces of “Misch-
metal” containing Cerium and Lanthanum), Lavagal (35% Al-Zn-Na-Mg) and Galvalume (55% Al,
43.3% Zn, 1.6% Si). The addition of Mischmetal improves the wettability and fluidity of the molten
zinc bath and such avoid the formation of the brittle intermetallic phase between the steel substrate
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and the coating. This finally leads to a significant increase in formability and corrosion life of the
steel strip [7].

It is also reported that the presence of Ni (0.08 - 0.1%) in Zinc HDG baths, known as Technigalva,
reduces substantially the thickness and corrosion rate of the galvanized coating by suppressing the
reactivity of steel containing up to 0.25% Si [7]. Katiforis and Papadimitriou have studied the influ-
ence of copper, cadmium and tin on the constitution and the thickness of the coatings [5]. They
have shown that copper forms a ternary Fe-Zn-Cu intermetallic compound, promotes the 61 phase
formation, hinders the { phase growth and results in a worse adherence of the coating. Cadmium
with a concentration above 1 wt.-% promotes the { phase and I" phase and hinders the growth of the
01 phase. By addition of up to 3 wt.-% tin no significant changes in morphology and thickness of
the obtained galvanized coatings occur. Reumont et. al. have reported that the Sandelin-effect can
be prevented if >0.025% Ti was contained in the zinc bath [8].

This paper presents the results of a German DFG research project, where various elements (Ca, Mg,
Cu, Ni, Ti, V, Zr, Y, Ce, La), which have a particular big affinity to oxygen, were alloyed with Zn
to investigate their influences on the wetting behavior and reaction kinetic between Zinc and special
steels. The surface tension of these zinc alloys was firstly calculated on the basis of thermochemical
data of its pure elements. Their wetting behaviors on different steel sheets (normal M3A13 steel,
low alloyed 31AXYV steel and high alloyed DP500 steel) have been studied by means of the sessile
drop method. SEM and WDX methods were used to analyze the microstructure and component
distribution of the coating layers.

2 Thermochemical evaluation of surface properties
2.1 Wetting angle and surface tension

The wettability of a liquid is quantified by the wetting angle between the interface of the liquid
phase and surface of the solid phase, when a liquid droplet is in thermal equilibrium with a horizon-
tal solid surface, as shown in Figurel. Generally, when the wetting angle 6 ranges between 0° and
90°, the surface is strongly or partially wetting. The liquid does not wet the surface significantly if
the wetting angle 6 ranges between 90° and 180°. If the wetting angle is equal to 0, the liquid is
perfect wetting and it spreads spontaneously over the solid surface, the ideal situation for a HDG
process. For wetting angle equaling to 180°, the liquid is called perfectly non-wetting.
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Figure 1: Contact angle and balance of interfacial forces

The value of wetting angle 0 is determined at the force equilibrium built up by the interfacial ten-
sions of solid-gas o, liquid-gas o), and solid-liquid o;; in relation of the Young’s equation [9]:

o,,c080=0,, -0, (2)

Girifalco and Good have derived the following expression for the interfacial tension o) between
the liquid and solid phase [10]:

0, =0,,+0,, 20 o, 0, (2)

where @ is the interaction parameter, which depends on the type of atomic/molecular bonding be-
tween the liquid and solid phases. Combining equations (1) and (2), the wetting angle 0 can be ex-
pressed by:

o
cosf =20 [—£ —1 (3)
O,

According to equation (3), it can be seen that if the surface tension of the liquid oy is kept as small
as possible, the value of cos 0 increases, which means that the wetting angle 0 decreases and so that
the wettability between the liquid droplet and solid surface increases.

2.2 Theory for thermochemical modelling of surface tension

According to Gibbs’ adsorption theory, the surface phase and the bulk phase of alloys are consid-
ered to be in thermochemical equilibrium, the chemical potential of each alloy component i in the
monolayer surface is equal to that of the corresponding component in the bulk phase. Therefore, the
surface tension o of alloy can be expressed as:

_ M -p” RT @

1 1 l

o

B

(o is the surface tension, u#°, u?® are the standard chemical potential of component i in the

surface phase and the bulk phase, @, a/ are the activity of the component i in the surface

phase and bulk phase, R is the universal gas constant, T is the absolute temperature, S, is the
partial molar surface area of component i)

Assuming that no volume effects in the surface occur by mixing, so that the partial molar surface
area of one of component iS is equal to the molar surface area S, of pure component i, it is possible

to derive the Butler’s equation relative to one of the components [11]:
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with o =4/ : _ﬂiOB)/ Si as the surface tension of the pure component i; X;' and X;' denote the mole

fractions and y; and y; are the activity coefficients of the component i in surface phase and in the

bulk phase. Such the surface tension of a binary alloy system can be expressed based on the surface
tension of their pure elements as follows:

RT. X} RT. y} RT

L Bl 2L

XS N
o=0/+—In— = =0, + ln—2+Eln7/—2

6
Si oSty S: XJ OS2 yb ©)

In assumption of a perfect surface solution model with ideal behavior of the bulk and surface
phases, the activity coefficients of the component i in surface phase equals to that of in the bulk

phase: y’ =y’ .On the basis of X + X, =1, the following equation can be obtained: [11]

Xlexp{(a—a{’)Sl/RT}+X2exp{(a—a;’)Sz/RT}:1 (7)

By using the expansion XP # = 1+9 | the surface tension of the binary alloy can be calculated rela-
tive to the surface tension of pure component 1 and 2:

o= Xlo'losl +X210'§)Sz
XS, +X,S,

(8)

For ternary alloys, the calculation of surface tension can be derived in the similar way as in the bi-
nary systems:

o= X]O']OSI +leng2 +X30'3°S3
XS+ X,8, + X585,

(9)

The surface areas S, of the pure elements at the relevant temperatures can be calculated from the

densities of corresponded elements by the Brandes’ equation [11]:
Si — kN1/3V2/3

where £k is a geometric factor with a value of 1.091 for a closed packed lattice, N is the Avogardo’s
number with a value of 6.02*%1023 and ¥7i is the molar volume of the component i determined from
its density.

It was found that the molar volume V;and surface tension g; of pure elements in alloys are linearly
depending on the temperature, based on their values V,,; and o,,; at the melting temperature, 7, ;:
[12]
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2.3 Surface tension calculation of zinc alloys

According to the described theory, the surface tension ¢ of binary zinc alloys ZnX and ternary
ZnAl0.2X was calculated at the assumption of a perfect surface solution model by combining the
equations (8) to (12). The molar volume ¥;and surface tension o; of pure alloying elements in zinc
alloys at different temperature were calculated by using standard thermochemical data, leading to
the values shown in Table 1.

Table 1: Molar volume and surface tensions of pure elements [12]

v, =V, l+a,(T-T,,) o= +3% T T )
Element (T}z’)"' _ |

Vini a; Om,i do/dT

(10°m3.mol™) (10°*K™) | (mN.m™) (MN.m™.K™?)
Zn 692.62 9.94 1.5 782 -0.17
Al 933.35 11.3 1.5 914 -0.35
Ca 1124.15 29.5 1.6 361 -0.10
Mg 923.15 15.3 1.6 559 -0.35
La 1193.15 23.3 0.4 720 -0.32
Ce 1068.15 20.9 0.34 740 -0.33
Y * 1796.15 21.42 0.51 804 -0.05
Cu 1356.15 7.94 1.0 1303 -0.23
Zr 2130.15 15.4 0.54 1480 -0.20
Ti 1998.15 11.6 0.56 1650 -0.26
Ni 1728.15 7.43 1.51 1778 -0.38
v 1973.15 9.5 0.6 1950 -0.31

Note: * reference from [13].

Figure 2 left shows the calculated surface tensions of ZnX binary alloys with a molar fraction of X
from 0 to 0.2% and Figure 2 right those of ZnAl0.2X ternary alloys which contain 0.2% of Al hav-
ing the same molar fraction of X. The temperature used for calculation is set to 500°C, which is a
typical temperature for zinc galvanizing. Comparing Figure 2, it can be seen that in both alloy sys-
tems each element X shows similar influences to the total surface tension. With the addition of Ca
and Mg, which has a low surface tension at its melting temperature o,,;, the surface tension of their
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Zn alloys decreases as well as the composition of the alloying element increases. There are no big
variations in the surface tension of Zn alloys containing Ce, La and Y. By adding Cu, Zr, Ti, Ni and
V the surface tension of the ZnX and ZnAl0.2X increased.
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Figure 2: The surface tension of binary ZnX alloys (left) and ternary ZnAl0.2X alloys (right) with
composition of X from 0 to 0.2% at a temperature of 500°C

3 Experimental

Different alloying elements Ca, Ce, Cu, La, Mg, Ni, Ti, V, Y and Zr, were chosen to form alloys
with Zinc for an experimental wettability study. These elements have relative big affinity to oxygen
in order to reduce the formation of the troublesome metal oxide (SiO,, MnO, P,0s), which disturb
the good adhesion between Zn on steel.

The melting temperatures of all these alloying elements are considerably higher then the melting
point of the basis metal zinc (419.58°C), some of them are over 1000°C, as shown in Table 1. In
order to avoid massive evaporation of zinc, the maximum alloying temperature were set below
700°C. Among these alloying elements, only Cu and Mg are completely soluble in zinc with alloy
composition of ZnX0.05, ZnX0.2 and ZnAl0.2X0.2. Most of them are not soluble in solid zinc but
build intermetallic phases with zinc. These alloy elements were at first pre-alloyed with pure zinc
(>99.995 % Zn) to obtain relative higher alloy composition or as high as possible. Then the pre-
alloy is melted with a respectively calculated mass of pure zinc to manufacture the final alloys with
accurate alloy compositions. Both the pre-alloy and the final alloy process were conducted under
Argon atmosphere in a sealed induction furnace. The casting mould was placed near the crucible
inside the sealed furnace, which is shown in Figure 3, so that the melted alloy can be casted under
inert atmosphere as well.
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Figure 3: The work room of the induction furnace.

A self designed casting mould, as shown at the left side in Figure 4, was used for casting. The melt-
ing zinc alloys was poured through the centre column of the mould and then the liquid flows to the
bottom of the mould separately at both side. As the bottom column was filled up, the excess liquids
flow from bottom upon at the rest four parallel columns with rod length of 12 mm and diameter of
Smm at the same time. The flow direction and the obtained rod ingot are shown at the right side of
Figure 4. By using this bottom casting technology, the impurities and slag rest formed in the smelt-
ing can be excluded in the centre column and alloy with more accurate composition and more ho-
mogeneous composition distribution can be gained from the four side columns. The manufactured
zinc alloy ingot was then cut into small cylinders with a length of 3 mm for further wettability tests.

Figure 4: The opened casting mould (left) and the casted ingot (right)

The wetting angles of these zinc alloy droplets on the flat steel substrates were measured by means
of the sessile drop method. The schematic illustration of the whole setup for the measurement of
wetting angle is shown in Figure 5. The experiments were conducted in a self designed electrical
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resistance furnace with a tightly sealed quartz glass tube (Figure 6). The temperature inside the fur-
nace was controlled by a PID electrical heater. The picture of the formed droplet was taken by a
CCD camera OCA and the wetting angle between droplet of Zn alloy and the steel substrate can be
measured by the equipment SCA20 from Dataphysics Instrument GmbH. The wettabilitities of Zn
alloy to three special types of steel substrates (high strength steel DP500, low alloyed steel 31AXV
and normal steel M3A13) with chemical compositions shown in Table 2 were compared.

Table 2: Chemical composition of tested steels in wt.- %

C Si Mn | P S Cr Mo | Ni Al Ti

DP500 | 0.064|0.13 |1.46|0.013|0.003|0.34 |0.19|0.03 |0.034 | <0.001

31AXV | 0.006 | 0.004 | 0.19 | 0.012 | 0.007 | 0.017 | - 0.017 | 0.016 | 0.0007

M3A13 | 0.002 | 0.067 | 0.26 | 0.011 | 0.003 | 0.019 | - 0.018 | 0.031 | 0.018

Before each experiment, the steel substrate samples were mechanically polished by emery paper
and then degreased with alcohol and pickled in a 10% diluted HCI for about 10 seconds at 60 °C to
remove the oil and oxide film from the steel surfaces. The cleaned steel substrate were then rinsed
with distilled water and immersed into an ascorbic acid bath for around 5 seconds to minimize fur-
ther oxidation of the steel surface and then placed above a graphite table with inclined hole for
thermocouple to measure the real temperature of the steel substrate.
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Figure 5: [llustration of the whole experimental setup
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Figure 6: Detailed schematic of the set up of droplet forming system

The Zinc alloy samples were filled at the front end of a graphite tube fixed by a metal holder on the
silica tube as shown in Figure 6. A groove was designed at the front end of the graphite tube for
held thermocouple to measure the real temperature of the zinc alloy samples. As the samples were
prepared and the furnace was sealed, the sealed silica tube was firstly evacuated for 10 minutes by a
mechanical vacuum pump and then backfilled with inert gas (pure hydrogen or pure hydrogen) with
a flow rate of about 20ml/min. The electrical heater is turned on to heat up the zinc samples inside
the furnace to the experimental temperature 500°C, where it was held for 30 minutes to allow the
zinc alloy melting completely. Meanwhile, the metal holder was cooled by running water through
the cooling pipe at the end of the silica tube to protect the gummy sealing ring, as shown in Figure
6. When the zinc alloy samples were completely smelt, the molten zinc alloy inside the graphite
tube was pushed out by the stainless steel screw and an alloy droplet fell down onto the steel sub-
strate placed below.

The shape change of the formed droplets with time can be recorded by a high speed digital camera
OCA from Dataphysics Instrument GmbH through the glass window of the furnace. The wetting
angle between and Zn alloy droplet and the steel substrates was then calculated by the graphical
analysis program SCA20also from Dataphysics Instrument GmbH. The baseline and the outline of
the droplet were defined automatically or manually when necessary. With the definition of both
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lines an iterative process is initiated to get the three phase point, the cross point of the outline and
the baseline. The contact angle of the droplet is the angle between the baseline and the tangents of
the outline. The value of the contact angle is then read by the scale around as shown in Figure 8.
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Figure 8: The principle of the contact angle measurement
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After experiments, the surface appearances of the steel substrates
samples adhered with zinc alloy droplets were recorded by normal
digital camera initially. The cross sections of some samples are em-
bedded in resin and then mechanical polished and carbon coated for
scanning electron microscope (SEM) analysis of the morphology of
the formed droplet by ZEISS DSM 962 SEM analysis machine. Ox-
ford ISIS electron - dispersive spectroscopy EDS and wavelength -
dispersive spectroscopy (WDS) were attached and used to chemically
analyze the distribution and diffusion behaviors of Zn, Fe and other
alloying elements.

4  Results and discussion

4.1 Dynamic change of the wetting angle

As the liquid droplet of zinc alloy is contacting with the steel sub-
strate, the shape of the droplet decreases dramatically. It takes nor-
mally only a few seconds till it completely solidifies and reaches
equilibrium. Figure 7 shows the shape changes of a ZnCe0.2 droplet
from a half ball (non wetting) to a flattened lens (good wetting)
within 4 seconds after contacting the steel surface. This dynamic
change of the wetting angle between the liquid Zn alloy droplet and
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the steel substrate is influenced by multiple factors. The main factors are diffusion and reaction in-
teractions between liquid zinc and its alloying elements and iron with its alloying elements. The Zn-
alloy droplet begins to be solidified after the very first contact with the substrate. At the same time,
zinc 1s evaporated from the surface of the droplet, whose effect can be also observed as a shadow in
Figure 7. Furthermore, the alloying elements existed in Zn alloy with a relative high oxygen affinity
react with the residual oxygen remained in the furnace atmosphere and affect the wetting behavior
of the droplet as well. Finally, the gravity force of the droplet itself influences the force equilibrium
and the final shape of the droplet. Therefore, it is necessary to keep the droplet in a comparable
mass and to measure the contact angle after the same contact time, in order to compare the contact
angle of the droplets of different Zn alloys.

4.2 The influence of alloying elements on wettability

First of all, the wettability was able to be qualitatively compared by the final shape of formed drop-
let after the solidification. Such, the final shape of the droplet after solidification was divided into
four types: a sphere, a flattened sphere, a cap, and a lens, which are defined according to their H/D
value, the ratio of the height of the droplet (H) and the diameter of the contacting area between the
droplet and the substrate (D), as shown in Figure 9. The wettability between the liquid droplets and
the steel substrate increases as the H/D value decreases. Typical droplet shapes and the derived wet-
tabillities from sessile droplet test of ZnX0.2 alloys with (X= Ca, Mg, Cu, Ni, Ti, Y, Ce, La, V, Zr)
on a 31AXV steel substrate under Varigon (95% argon, 5% hydrogen) are listed exemplary in Table

3.
(a) sphere (b) flattened sphere (c) cap (d) lens
(H/D>0.7) (0.7>H/D>0.4) (0.4>H/D>0.1) (0.1>H/D>0)

Figure 9: Four types of droplet shapes occurring after contacting of the steel substrate

Obviously the wettability of these ZnX0.2 alloys did not reach the targeted value of a continuous
layer and the tendency of the influences of the alloying element is different from that of the finding
resulted from the calculation in chapter 2.3. This difference is due to the facts that the wettability of
the tested steels is strongly affected by the interaction of the ignoble alloying elements in the Zn
alloy as well as in the steel with the atmosphere. Unfortunately the testing device could not fully
exclude oxygen access. Since Ca or Mg are well known oxygen affinity elements, they can be eas-
ily oxidized and form an oxide film over the droplet surface and then deteriorate the wettability of
their Zn alloy, even in atmosphere with very low oxygen partial pressure.
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Table 3: Droplet shapes and qualitative wettabillities of ZnX0.2 (X= Ca, Mg, Cu, Ni, Ti, Y, Ce, La
V, Zr) on 31AXV steel substrate under Varigon (95% argon, 5% hydrogen) atmosphere

Droplet shape sphere flattened cap lens
sphere

ZnX alloy ( X=) | Ca,Mg,Cu,Ni,Y | Cu,La,Ni,Y |Ce,La, Ti,V,Zr | Ce, La, V, Zr

“wettability” very bad bad improving moderate
alloying ele- Ca, Mg Cu, N, Y La, Ti Ce, V,Zr
ment
calculated effect Ti, V Cu, Ni, Zr, La,Ce,Y Mg, Ca

By using reductive hydrogen as protecting atmosphere, the adhesion and wettability of the Zn-
alloys could be improved a lot compared to Varigon atmosphere, as shown in Figure 10 (c) and (d)
exemplary for ZnCe0.2. It can be seen that under Varigon atmosphere, the wettability of a DP500
steel substrate is very bad. When hydrogen is used as protecting atmosphere, the droplet rapidly

spreads out flatly when it contacts all three types of steel substrates, as shown in Figure 10 (a) (b)
(c). The radius of the coated area reaches about 15 mm at the M3A13 and 31AXV steel substrate,
while for the DP500 steel substrate it is smaller. This is certainly caused by surface oxidation of the
contained alloying elements (e.g. Mn, Si, Al, Cr, V and Ti) in the DP500 steel, which limit the wet-
tability of the steel surface.

(a) M3A13, H; (b) 31AXV, H; (c) DP500, H; (d) DP500, Varigon

Figure 10: Final form of ZnCe0.2 droplets after contacting different steel substrates under Varigon
(95% argon, 5% hydrogen) and pure H,

From Figure 10 (a), (b), (c), several diffusion layers can be seen at the final coating, after the liquid
ZnCe0.2 alloy droplet spread out over the steel substrate. This may be caused by the interaction
diffusion and reaction between Zn and Fe. Direct above the steel substrate, might be a compact
layer of intermetallic gamma (I") with a composition of FesZn;y or FesZn,; .The middle layer might
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contain the delta (6) phase layer and zeta ({) phase layer. The upper droplet layer solidifying before
diffusing away, should be the zinc rich eta (1) phase layer.

The dynamic change of the shapes of the Zn alloy droplets were recorded by the high speed camera
and their wetting angles on steel substrates were measured by the graphical analysis program
SCA20. Due to the quick dynamic variation of the droplet shape during the measurements, the pic-
tures of the Zn alloy droplets at the first moment of contacting the steel substrate were taken for
comparison. However, as the visibility inside the furnace was low due to the closed installation of
the furnace, the comparable low radiation due to moderate temperatures and also due to Zn-
evaporation, the sharpness and the contrast of obtained pictures of the droplets were relative low.
The analysis program was not able to define the outline and base line of the droplets very exact and
it was hardly to obtain an exact value of wetting angles between the droplets and the steel sub-
strates. Therefore, the measured wetting angel values of pure Zn respectively the basis alloy
ZnAl0.2 were used as reference values (100%) to compare the measured wetting angles of different
ZnX0.05, ZnXO0.2, and ZnAl0.2X0.2 alloys, which were obtained at the same conditions as the ref-
erences. A relative wetting angle value ® of these alloys can be obtained by the following calcula-
tion:

@:Hﬁ*mo (13)

r

where O is the relative value of wetting angle; 6 is the measured value of wetting angle; 6, is the
measured value of the wetting angle of reference metals or alloy.

The obtained wetting angles of the investigated alloys obtained at different conditions are summa-
rized in Figure 11. Figure 11 (a) shows the relative values of the wetting angles of the ZnX0.2 al-
loys on 31AXV low alloyed steel substrates under Varigon (95% argon, 5% hydrogen) atmosphere,
using the wetting angle of pure zinc as reference. The corresponding values for DP500 with
ZnAl0.2 alloy as reference value are shown in Figure 11 (b), (c), (d), where (b) presents the results
of ZnX0.2 alloy, (c¢) those of ZnX0.05 and (d) those ZnA10.2X0.2 alloys.

According to their relative value of the wetting angles, the influences of the alloying elements to the
wettability of the steel substrate can be classified into three levels: positive, natural and negative
influence. Comparing the results of the 0,2% alloyed Zn-/ZnAl-matrix it can bee seen, that the un-
noble elements Ti, Ce, V, La, Mg, Y and especially Zirconium show a positive effect. This is most
probably due to interphase reactions like oxide destruction, which have cleaning effect for the high
alloyed steel surface. Despite the careful preconditioning of the steel substrates the remaining oxy-
gen and nitrogen molecules in the flushing gas will be absorbed by the steel alloying elements like
Mn and Si forming thin ceramic layers. The presence of very ignoble elements in the Zinc-droplet
will lead to cracking of these layers which has a positive influence on the wetting behaviors. In case
of the 0.05% alloyed Zn-/ZnAl-matrix this effect is not that significant, most probably due to the
fact that the ignoble elements are oxidized and lost by the remaining reactive gas components lead-
ing to decreased reduction activities of the Zinc-droplet.
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Figure 11: Relative wetting angles of different ZnX0.05, ZnXO0.2, and ZnAl0.2X0.2 alloys: (a)
31AXYV steel substrates under Varigon (95% argon, 5% hydrogen) atmosphere; (b) (c) (d) on
DP500 steel substrates under pure hydrogen atmosphere

4.2 Microscopic analysis of the interface

The ZnV alloy representing a positive influence as well as the ZnCu alloy representing a negative
influence on the wettability of Zn, are both here further discussed. The cross sections of the coated
DP500 steel substrates were microscopic analyzed under SEM, as shown exemplary in Figure 12.
The distribution profiles of the weight percent concentrations of the responding elements over the
interface are presented in Figure 13.
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Figure 12: Metallographic cross sections of the coated DP500 steel substrates (a) ZnV alloy (b)
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Figure 13: Element concentration profile at the cross section of the ZnV and ZnCu coated DP500
steel substrate

The resulted ZnCu layer (245um) happens to be much thicker than the ZnV alloy layer (85um). In
both cases the interaction reaction zone between Zn and Fe ranges of about 10um. The diffusive
impregnation depth of Fe into the Zinc-layer is about 85 um and very large for both alloys. For the
ZnV alloy, a high content of the V element is detected close the surface of the droplet, while diffu-
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sion of Cr and Mn containing in DP500 steel substrate into the Zn droplet seems to be suppressed.
This could be caused by a stronger oxygen affinity of V, which drives this element to diffuse, such
inhibiting the oxidation of Cr and Mn. This may be the reason for an improved wettability of the
steel substrate. On the other hand for the ZnCu alloy it can be seen that Cu diffuses towards the
steel substrate, and due to missing oxygen affine elements a high content of Cr and Mn diffuses
towards the surface of the droplet forming an oxide film by gettering the remaining oxygen mole-
cules in the furnace. The next investigations will be focused on the nano-sized interface for further
explanation the mechanisms which lead to a better interaction between the solid and the liquid
phase.

5 Conclusions

The influence of alloying elements, such as Ca, Mg, Cu, Ni, Ti, V, Zr, Y, Ce, La in a Zn bath on the
wetting behavior of different types of steel substrates has been investigated. Based on the assump-
tion of ideal solutions, thermochemical modeling has been performed and the surface tensions of
many Zinc alloys were calculated. It shows that especially the addition of Ca and Mg decreases the
surface tension of the alloy, while V, Ni, Ti, Zr and Cu may increase the surface tension. Neverthe-
less this view does not include inter phase reactions like oxide destruction, which can have a much
stronger influence on wetting.

By using the sessile drop method, the wetting angle between the Zn alloy droplet and the steel sub-
strates were measured. The wetting angles vary dynamically in a very short time after the droplet
contacts the steel substrate and a suitable assessment method has been developed. The high alloyed
DP500 steel shows a much worse wetting behavior than that of the standard M3A13 and the low
alloyed 31AXV steel. Under a reductive hydrogen atmosphere, their wetting behavior can be
strongly increased in comparison with that of under a 95% argon/5% hydrogen atmosphere. Among
the investigated Zn alloys, V, Zr as an alloying element show the most effective improvement on
the wetting behavior with HSS steel sheets.
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