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Abstract: Dissolution between zinc, aluminum and Zn-Al alloys are common in soldering, hot-dipping and coating, for example,

when preparing Galvalumed steel and Galfan-coated steel products. For manufacturers, they need to ensure that Zn wet Al well in

order to endow the prepainted material with excellent corrosion resistance. This work aims at finding some key factors

which determine the degree of dissolution in different Zn/Al binary systems. The consideration of investigating kinetic factors in

dissolutive wetting process is brought into molecular dynamic (MD) simulation. Different atomic scale wetting process are
performed with LAMMPS, and simulation performances include Zn-5wt%Al, Zn-6.8wt%Al liquid models spreading on Al(100),
Al(110), Al(111) solid substrates. By changing the temperature, elevating the percentage ratio of Zn and Al, it is found that Zn-Al

binary dissolution can be pushed ahead by elevating temperature, or raising Al concentration in the liquid phase. The effects of

temperature and atom percentages on dissolved volume and diffusion coefficient are also demonstrated by analyzing dissolutive

parameters.

Key words: dissolution; molecular dynamics; contact angle; diffusion coefficient

Zinc-aluminum has long been a common alloy among
coating materials, as an example, TC4 alloy shows desirable
corrosion resistance characteristics after being coated by
Zn-Al alloys'". Some workpieces of ships or bridge cables in
use of galvanized steels are poor in sea-water corrosion
resistance; however, if they could be coated by Zn-Al alloys,
the corrosion resistance of steel sheets is better, compared
with bare galvanized surfaces. Coated Zn-Al eutectic alloy
endows the steel with both cathodic protection (by Zn) and
oxidation protection (by Al).

The steel coated by 55 wt% Al-Zn was better known as
Galvalume™, which was developed and commercialized
first?. Zn-Al lamellar structure also prevented Galvalume
coating steel from non-uniform corrosion behaviors. After that,
Galfan™ was more frequently applied, owing to its corrosion
resistance, superior mechanical and forming properties”*.
Galfan coating material was nominally Zn-5 wt%Al-mixed
mischmetal alloy, and its component was near the binary
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eutectic point of Zn-Al. Adding 0.1%~0.3% RE could refine
grains in Galfan coating structures, and thus would improve
the corrosion resistance of steel wire.

A good wettability is essential for coating, hot-dipping, and
soldering. Among all those metals, melting points of zinc,
aluminum are relatively lower, so they are ideal solder
materials. When processing Al workpieces, soldering the Al
material with Zn or Zn-Al alloys is also practical, since they are
active metals and have a good alloying ability. As indicated by
ab-initio investigations, the electrode potential of Zn is close to
that of AI®. Under such circumstance, dissolution process
inside Zn-Al alloys is of great significance.

The research on solid phase’s dissolution into liquid phase
is commonly found. For the example, in Zn-Al binary liquid/
solid metallic system, Zn and Al are both miscible metal
elements, between which there is an unlimited mutual
solubility. Wetting can be broadly classified into categories of
non-reactive wetting and reactive wetting and the behavior of
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substrate dissolution can be observed in reactive wetting
process, so it is suitable to investigate dissolution phenomenon
in some specific wetting systems'®”. Turlo™ found that
dissolution phenomenon played a central role in metals’
reactive wetting process, because dissolution could produce
heat for the reaction of liquid/solid phases. Actually, mixing
and phase transformation processes are activated together
when dissolution happens, and dissolution kinetics is firstly
controlled by diffusion, and further, by change of each phase’s
concentration. Such as in the system of Ni/Al, there is always
a nanometric metallic multilayer, and dissolution is indicated
to drive wetting system to alternate Ni, Al atoms in
microstructure so as to form intermetallic compounds. All
above point out that dissolution process can be coupled with
dissolutive wetting, so the investigation of Zn-Al dissolution
within binary Zn-Al wetting process is also reasonable.
Existing experimental methods are not accurate enough to
investigate some sophisticated dissolution behaviors, and the
solubility in micro diffusion is so hard to be analyzed"". Now
numerical simulations have already been used to investigate
some reactive processes, and molecular dynamics method
suits for atomic scale diffusion, combination and mass
transformation. Contact angle (CA) is an indicative parameter
for solid/liquid interaction or dissolution. By contrast, CA can
be observed better in MD simulation results of reactive
wetting systems, such as Pb/Cu, Ag/Ni and Ag/Cu, and those
CA values from simulations match well with those from

. 11-1
experlments[ 3,

1 Experiment

Molecular dynamic simulations of Zn-Al dissolutive wetting
were performed with massively parallel computers, equipped
with highly efficient multiresolution algorithms. LAMMPS is a
power tool for MD simulation. Besides, the appropriate
potential function is a precondition for atomic dynamics
calculations between Zn and Al phases. Here we used 2NN
MEAM (2nd-neighbor modified embedded atoms) function to
describe the interatomic potential between Zn-Zn, Zn-Al,
AL-AIM. Parameters in 2NN MEAM are listed in Table 1, and
each simulation lasted for 300 ps with 600 000 time steps.
Nose-Hoover thermostat was used to monitor temperatures of
atom groups in NVT. When activating dissolution, temperature
should to be fixed; 380, 400 and 420 °C were set as simulation
temperatures. Al(100), Al(110) and Al(111) facets were cleaved,
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used as substrates. Also, surface energies of Al facets at 380 °C
were measured, through a cutting plane method.

During dissolutive wetting simulations, the atomic model
must be placed in a finite slab; however, periodic boundary
conditions were adopted for the solid atoms. Solid substrate is
immensely vast, so it leaves enough space for liquid droplets to
accomplish spreading and dissolving. The three liquid droplet
models are namely Zn, Zn-11.3at%Al, and Zn-15at%Al, and the
latter two are alloy models, so they need to be built with a Perl.
Al(100), Al(110) and Al(111) facets were placed under
hemispherical droplets; each consists of more than 20000 Al
atoms. We finally left a 0.3 nm vacuum between each droplet
and substrate.

Zn/A1(100), Zn/Al(111) and Zn/Al(110) atomic configura-
tions are demonstrated by the screenshots in Fig.1. These sub-
strate structures were all cleaved from Al fce supercell, and the
three facets are along [100], [110], [111] orientations, respec-
tively. The diameters of droplet above are 6 nm and a Zn droplet
is composed of 3000 Zn atoms. Droplet and substrate were
merged in z direction. Afterwards, the construction was placed
into one finite slab with 13.08 nmx12.90 nmx9.50 nm in size.

2 Results and Discussion

2.1 Temperature effects on Zn/Al dissolution
2.1.1
MD simulation results of dissolutive wetting process show

Zn/Al atomic structures after dissolutive wetting

dynamic characteristics, and reveal the morphology of atomic
structure. Some time-varied parameters like atom percentage,
droplet volume and apparent contact angle (6,) can be
measured. Besides, Al solid/vapor surface energy (ys,) compu-
tational results are different. y,, of Al(110), Al(100) and Al(111)
planes are 0.903, 0.860 and 0.753 J/m? at 380 °C, respectively,
indicating y,, of Al(110) is larger. Al planar density and the
surface energy are directly related"”. Viewing the cross-
section snapshots of droplet/substrate structures in Fig.2,
wetting characteristics of three Zn/Al systems in equilibrium
states are different. When 6, values are stable, Zn/Al(111),
Zn/A1(100) are partly mixed, while the substrate of Zn/Al(110)
becomes totally distorted. The planar density is determined by
dissolution in substrate. (110) plane’s density is 0.86 atom/nm,
which is the smallest, so Zn-Al dissolution brings the most
significant changes to Al(110) substrate structure. By contrast,
the planar densities of AI(100) and Al(111) are 1.22 and 1.41
atom/nm, respectively, which are slightly minor.

Table 1 Zn-Al MEAM potential

Phase E/eV L/nm a/nm AleV [ 1) 13 Attrac Replus Rew/nm
Zn 1.3 0.28 0.7 0.7 25 -17 51.5 0.1 0.1 0.7
Al 34 0.41 0.47 1.2 3.1 0.5 7.75 0 0.1 1
Zn-Al phase 2.8 0.29 0.46 - - - - 0.08 0.075 0.71

* E. is cohesive energy per atom when at equilibrium states; L and a are constant parameters of each lattice; in MEAM, 4 is a specialized

parameter, while 7, 12), #3) are three dimensionless standard parameters; R is the cutoff distance set artificially; in this table, additional

attraction Rose energy terms are Attrac(i, j), Replus(i, j), and their values are set between 0 and 1
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Zn /Al (110)
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Periodic boundary Periodic boundary

Fig.1 Zn droplet on Al(100) substrate (a), Al(111) substrate (b), and Al(110) substrate (c); (d) the boundary condition

Fig.2 Cross-section screenshots of Zn/Al wetting structures at
380 °C after 300 ps: (a) Zn/Al(100), (b) Zn/Al(111), and
(c) Zn/Al(110)

Table 2 lists 8, results in dissolutive wetting simulations,
with ambient temperatures 380, 400, 420 °C. By analyzing 6,
and the planar density, apparent contact angle is influenced by
planar density, 8, on Al(110) are the largest when at the same
temperature, so wettabilities of Zn/Al(100) and Zn/Al(111) are
always better than that of Zn/Al(110).

Density profiles were here used to demonstrate change in
the atomic percentage. According to Table 2, the Zn/Al(100)
system has a lower 6,, therefore we have depicted ultimate
density profiles for Zn/Al(100) structures, as shown in Fig.3.
In those density profiles, the Zn/Al saturates at three different
percentages, so they are used for calculating atomic densities
at 380, 400 and 420 °C. For calculating Al, Zn dissolved
contents, the distortional zone around the solid-liquid interface
was divided into 20 parallel layers. The primitive solid-liquid

Table 2 Apparent contact angles and Al planar densities in Zn/
Al dissolutive wetting simulations

Temperature/ Surface Planar density of Al Zn apparent
°C substrate/atomnm™  contact angle/(°)
Al(100) 1.22 50.2
380 Al(110) 0.86 52.1
Al(111) 1.41 51.6
Al(100) 1.22 45.6
400 Al(110) 0.86 50.5
Al(111) 1.41 48.8
Al(100) 1.22 39.1
420 Al(110) 0.86 47.5
AI(111) 1.41 46.3

interface has been illustrated in Fig.3d, which locates in the
middle region, so the point is marked as z=0 nm. The slab
model was then segmented into pieces every 0.2 nm in height
till up to the bottom plane of the substrate (-2 nm). A Zn-Al
compound area is shown near the 0 nm district, as the main
district where Zn and Al atoms mix in.

Density profiles can show the distribution of two elements,
where we find the existence of an atomic layer with 50% Zn
atoms and 50% Al atoms above the primitive interface. After the
simulation, there are more Al atoms in the droplet, but less
number of Zn atoms dissolving towards Al substrate. This
difference in solubility results from thermal properties of Zn and
Al Since the melting point of Al is higher than that of Zn, there
is not enough energy to destroy connections among Al atom
groups in simulation and Zn atoms would not path into Al lattice
structures. Meanwhile, Al atoms have larger potentials to
dissolve into liquid Zn structure passing through Zn-Al interface.

According to atomic kinetic theories, elevating wetting
temperature affects atomic inter-diffusion positively, but the
promotion degree can be different. A higher temperature
promotes atoms’ mobility step further which breaks the balance
of binary interdiffusion. After elevating wetting temperature, the
diffusivity of Al is greater than that of Zn; therefore, temperature
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Fig.3 Density profile charts of Zn/Al(100) wetting at different temperatures: (a) 380 °C, (b) 400 °C, (c) 420 °C; (d) a dynamic wetting diagram

with the designation of vertical height

elevation enhances interdiffusion as well as wettability, so the
degree of dissolution in Zn/Al wetting is also temperature
related. Dissolution enlarges the depth of Zn-Al compound
layer when temperature changes from 380 °C to 420 °C. We
compared the thickness of layers at the three different
temperatures. The thickness shows a peak value of 0.35 nm
under the condition that dissolution is activated at 420 °C. At
400 °C, the region of Zn-Al compound becomes smaller, and
its thickness reduces to 0.28 nm. Similarly, it gets even thinner
if temperature is brought down to 380 °C, which has a
thickness of 0.23 nm.

2.1.2 Dissolved contents in Zn/Al wetting

Lower angle () characterizes the degree of dissolution in
wetting, which is related to the kinetic formation of dissolution pit.
In Fig.4, we symbolize the dissolution degree with the size of
spherical cap. We find 6y serves as an instruction for dissolved
content, and #z value is on an increasing trend with the
temperature rise.

Supposing the volume of an undissolved part of liquid is ¥V,
while Vg accounts for the volume of a dissolved part inside,
Eq. (1) describes a function,

Ve=[Vs-1(65)]/1(6,) (1)
using which Vg, V), can be related together through estimating
A6) (i=A, B) function values. Yost provided a formula for the
calculation of /{6;), which has the expression as Eq. (2)"").

2 0, |1—-cosb,
7(0)= +cos0), cos0, )
1+cos@, \[1+cosd,

Wetting configurations inside Fig.4b~4d can all demon-
strate equilibrium atomic structures of Zn-Al. Values of 6,, 65,
the calculated V, and Vy are all available with those
screenshots. By comparison, apparent contact angle has a
positive correlation with temperature, and g value also shows
a proportional relationship with the wetting temperature. The
dissolved content V'z demonstrates the tendency of Zn phase
dissolved in Al substrate. In the last chapter, the temperature
effects on Zn/Al wettability has been proved through the
comparison of 6,. If Zn/Al system gets a well wettability,
most kinetic energy of Zn atoms will be consumed in the
spreading process, while only the rest can be used to promote
the potential energy of Zn-Al system. However, temperature
promotion happens to supply more energy for Zn atoms in the
solid phase, which explains why 6y is forced to increase at a
higher wetting temperature. While the correlation between
temperature and Vg is not distinct, there are not distinctions
between degrees of Zn-Al dissolution at 400 and 420 °C.

2.2 Effect of Al concentration on Zn-Al/Al dissolution
2.2.1

In the MD wetting process, the variation of solder’s Al

concentration affects the equilibrium atomic structure, as well

Dissolutive parameters in Zn-Al/Al wetting
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Fig.4 An instruction for 65, 0 measurements (a); dissolutive wetting configurations of Zn/Al(100) (b), Zn/ Al(111) (c), and Zn/Al(110) (d)

as the melting temperature of liquid phase. Those effects can Table 3 Dissolutive parameters of all wetting simulations for

be definitely embodied in Zn/Al dissolution process, during Zn-xat% Al (x=0, 11.3, 15)

the simulation of dissolutive wetting. Parameters were Temperature/°C  Surface x=0 x=11.3 x=15

measured with three simulation series, and apparent contact 100 0,=502°  0,=48.1° 0,=45.5°
e}

angles, lower angles at 380, 400, and 420 °C were recorded as 05=162°  05=153°  04=14.2°

shown in Table 3. 0+=52.9°  0,=52.1°  0,=51.0°

By comparison, the apparent contact angle decreases when 380 (110) e oo o so 0o
| ) ) o P ndeed 05=8.8 65=9.6 05=10.4
A atomic concentratlc.)l? 1s. increased. Temperature indee 0,=51.6° 0,=51.1°  0,=50.0°

improves Zn/Al wettability in Zn-Al/Al systems; at the same (111)

Os=17.6° 0=17.3°  0G=16.7°
0a=45.6°  0,=46.5°  0,=43.7°
05=26.3°  05=25.9°  0p=23.1°
0a=50.5°  0,=49.5°  0,=49.0°

time, a higher Al concentration also enhances the Zn/Al
system’s wettability to some extent. By surface thermody- (100)
namic theories, the Young’s equation (3) includes liquid-vapor,

solid-vapor, and solid-liquid surface energies marked as yy,, 75, 400 (110) . . R
and 4. So adding more Al definitely narrows the gap between Os=14.7 Os=13.8 6=162
7y (Zn) and y,,. When wetting process reaches equilibrium, the (111) Ox=48.8 0x=49.3 04=39.9

05=33.0°  0g=31.2°  6=23.7°
0a=39.1°  6,=38.2°  0,=37.4°

7y decreasement by elevating Al’s concentration in Zn-Al will

cut down the value of 6,, and thus the wettability is improved. (100)
I CosOn = Pt 3) 05=282°  Gp=242°  6p=21.9°
Dissolution degrees are demonstrated with twenty-seven 420 (110) 0a=47.5°  0,=43.2°  0,=39.5°
values. Roughly speaking, if more Al distributes in liquid phase, 05=16.7°  0p=17.5°  6p=18.2°
the limitation of Zn-Al dissolution becomes weaker so a1 0x=46.3°  0r=42.9°  0p=419°
Zn-Al/Al spreading tendency gets enhanced. In the same Zn-Al 0g=36.5°  0p=29.8°  03=26.3°
binary system, spreading and dissolution parallel activates; the
more heavily 8, reduces, the larger extent 3 decreases in. And and Zn-11.3at%Al/Al, the trend of 05 values is upwards.

according to Table 3, among groups of Zn/Al, Zn-15at%AIl/Al Relationships between Zn-Al dissolution and Al concen-
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tration can be verified after the calculations of dissolved
volumes. Fig.5 illustrates how the dissolved volume Vs varies
within different dissolutive wetting groups, including Zn
(liquid)/Al (solid) and Zn-Al (liquid droplets)/Al (solid
substrates). The ratio Vp/V, demonstrates that how much of
droplet’s volume has dissolved into Al(100), Al(110) and
Al(111) substrates after finishing dissolutive wetting.

Compared with the dissolved volume of Zn/Al system,
Zn-Al dissolution gets promotion in wetting systems which
include Zn-11.3at%Al and Zn-15at%Al alloy droplets. The
rule can be applied to Zn-Al solders. In the process of
dissolving into several substrate models, Al(100), Al(110) and
Al(111) have been used during the whole series of MD
simulation. Dissolution enhancement is even more significant
with a high wetting temperature. In Fig.5a~5c, the increasing
trend of solubility is rendered quite slow. In 380 °C dissolutive
wetting, a smooth curve appears (lines in black), demon-
strating the steady Vp/V, ratio, but the curve’s slope at 400
and 420 °C are larger than that at 380 °C. By comparison, we
find change of solubility becomes more significant at high
temperatures. With the premise that spreading can progress
fast by raising the system’s temperature but longer time must
be needed, we achieve to explain why Vjdecreases at higher
temperatures. At higher temperatures, the effects of Al
concentration on Zn-Al/Al dissolution are more significant.
2.2.2 Diffusion coefficient of Zn-Al/Al

Coefficient D is a key parameter of mass transportation,
revealing the diffusivity of atoms in liquid-solid phases. If a
wetting system has high capacity of transporting atoms, a
larger D should appear in its dissolution process. With the
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cumulative degree of atomic displacement, the diffusion
coefficient value is related to atoms’ mean square displace-
ment (MSD). The mean variance can be estimated by
instantaneous atomic coordinates as Eq.(4) has shown.

MSD(r) = %ler (0)-r, (0)|2>

where, 7,(f) and ,,(0) are namely displacement vectors at time

4)

¢t and initial moment /=0, respectively, with » atoms in a
group. The calculation of diffusion coefficient D obeys Ein-
stein diffusion equation. In Eq. (5), the relationship between
D-t is established. The interactive effect of temperature and
the Al content on Zn-Al dissolution also relies on phase
transformation behavior at different temperatures. Among the
selected temperature range 380~420 °C, the Zn-Al liquidus
temperature line corresponds to Zn atom percentage of
80%~88.7%.

D = 1/6lim<d|r(1)-r,(0)[*/dr> (5)

In Fig.6, twenty-seven measured D values are divided into
three groups on the basis of substrate structures. In
Zn-Al/A1(100), Zn-Al/Al(110) and Zn-Al/Al(111) groups, the
change of diffusion coefficient value depends on the
concentration of Al within droplet phases.

Fig.7 is the Zn-Al phase diagram, and formation tempera-
ture of Zn-11.3at%Al is nearly 380 °C, while Zn-15at%Al
alloy’s forming temperature is 400 °C. Fig.7 also indicates that
Zn-Al is a typical binary eutectic alloy, while Zn-11.3at%Al,
Zn-15at%Al belongs to Zn-Al eutectic alloy and Zn-Al
hypereutectic alloy, respectively.

It is indicated that when solid Al is diffused by Zn-
11.3at%Al, the speed of dissolution is slower, rather than

4.0F al| 4.0F b
E 380 °C E
35 = = " 35 380°C
3.0F 3.0F = -
SO .
2.5E SE
;mz of L 2.0f
P S —— R e
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) T | S
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_30F
N E
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Fig.5 Vg/Va ratios of Zn/Al(100) (a), Zn/Al(110) (b), Zn/Al(111) (c); (d) schematic diagram for calculating Va, Vg
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Fig.7 Zn-Al phase diagram

being diffused by pure Zn. From the Zn-Al phase diagram,
88.7/11.3 is the exact eutectic point for their alloying, so
combining and alloying happen to slow down the progress of
Zn-Al dissolution. Meanwhile, when diffused by Zn-15at%Al,
the diffusion coefficient rises, which means that the dissolution
is getting faster. We conclude that hypereutectic Zn-Al alloy has
larger solubility than eutectic Zn-Al alloy on the basis of the
Zn-Al simulation and their phase diagram. The MEAM
potential we used for Zn-Al is appropriate to describe the pair
function between Zn-Zn, Al-Al and Zn-Al atom groups, so it
predicts the melting point and solubility well for Zn-Al alloy"'®.

3 Conclusions

1) We investigated the contact angle, lower contact angle
and dissolved content in Zn-Al/Al(100) wetting systems at
380, 400, 420 °C. At 420 °C, the wetting dynamic process
shows the smallest apparent contact angle, being 37.4°. Lower
angle is affected by the interaction of temperature and Al
content. Dissolved volume of droplet increases when Al
content in the two-component Zn-Al alloy droplet increases.

2) Zn/Al wetting parameters are deeply related to the solu-

bility of Zn-Al dissolution. Both temperature’s elevation and
the droplet’s Al addition have positive effects on Zn-Al
dissolution.

3) Diffusion coefficient indicates that the diffusivity of atoms
is elevated when Al concentration in liquid phase increases. The
largest level of Zn-Al interdiffusion appears when Zn-15 at% Al
dissolves into an Al(100) substrate at 420 °C.
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