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Abstract. Formation of peculiar nanofibril structures on the surface of liquid aluminum alloys as a
result of chemical reaction of aluminum with water vapors was well studied experimentally for
various alloy components starting from mercury. However, the mechanism of nanofibril formation
remains unclear to date, and the lack of an appropriate theoretical model does not allow evaluation of
the structure parameters depending on the process conditions.

We assume that the interface layer between the liquid metal phase and the atmosphere, containing the
water vapor, develops certain inhomogeneities respect to the content of hydroxyl groups. That
provides areas of suppressed and enhanced diffusion of the aluminum from the liquid phase toward
the atmosphere contact. Phase-field modeling, taking into account their elastic interaction,
demonstrates formation of the array of nano-islands, enriched with hydroxyl groups, which can be
precursors for formation and growth of nanofibrils with elements of pre-boehmite structure.

Introduction

Chemical reactions of water vapor with the surface of liquid aluminum alloys have been known
for a long time starting from with the use of mercury [1]

2 Al'Hg + 6 H,O — 2 AI(OH); + 2 Hg + 3 Hat. (1)

Aluminum hydroxide, creating in the exothermic reaction (1), forms a peculiar array of fibrils,
growing on the reaction surface. The process was reproduced from amateur laboratories to industrial
production and thoroughly studied experimentally [2-4]. It was found that various alloy components
change the reaction temperature according to the alloy melting points from the ambient conditions
for mercury up to 680 °C for pure aluminum, and the product corresponds to the stable form of the
aluminum oxyhydroxide at the given temperature. As the alloy components besides the aluminum do
not expend and can be reused, such reactions are also considered as hydrogen sources for green energy
[5]. These investigations confirmed that the liquid alloy phase is important to avoid the hydrogen
blistering and reaction freezing. From the other hand, for high relative humidity, in the utmost case
of water condensation (or the sample immersion), the reaction does take place at the whole surface
and provides flakes or gel-like clots rather than fibrils of the oxyhydroxide [6,7].
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Fig. 1 SEM images of the aluminum oxyhydroxide structures formed on amalgam at 25° C and 70%
relative humidity

Optimal relative humidity of 60-75% provides steady growth of amorphous Al>O3-nH>O
nanofibrils with n of 3.9 +4.2 on the amalgam surface (Fig. 1). Diameter of the single fibril is
5+9nm, and interestingly remains about the same for other alloys [4]. However, despite many
advances in experimental studies of the nanofibrils formation and 1D growth, a lack of theoretical
understanding of the process hinders its further research and application possibilities [4].

It seems reasonable to concentrate on the modelling of the initial stage of the fibril growth, which
is crucial for the further structure parameters. We assume that the interface layer between the liquid
metal phase and the atmosphere, containing the water vapor, develops certain inhomogeneities
respect to the content of hydroxyl groups. That leads to the appearance of areas of enhanced (enriched
with hydroxyl groups) and suppressed diffusion of the aluminum from the liquid phase toward the
atmosphere contact. The latter then become the grow sites for nanofibrils. Phase-field modeling will
be applied for the interface layer to check this assumption.

Phase-Field Model

Reaction (1), starting at the interface of the liquid aluminum amalgam and water-containing
atmosphere, can continue as the forming aluminum oxyhydroxide islands are relatively permeable
for aluminum and water. Moreover, these islands remain on the surface of liquid metal, dislike the
similar reaction with solid aluminum, when the oxyhydroxide layer grows by penetration within the
bulk, when the reaction gradually slows down and practically stops [7]. Thus, releasing mercury
during the reaction (1) constantly provides liquid layer of the amalgam beneath the reaction interface.

In the case of 60-75% relative humidity, found to be optimal for fibril growth at room temperature,
we suppose partial hydration of the surface layer. However, uniform distribution of the hydroxyl
groups would be thermodynamically unfavorable, as there are stable stoichiometric compounds of
aluminum oxide and oxyhydroxide. So, one can expect decay of the uniformly hydrated layer, and
we employ the phase-field approach to model the process, assuming the forming nano-islands as the
precursors of the further fibril growth (Fig. 2).
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Fig. 2 Supposed mechanism of the aluminum oxide layer hydration and fibril growth

Total free energy of the surface layer, to be minimized in the framework of the phase-field
approach depends on the surface concentration of the hydroxyl groups c(7) through the chemical f
and elastic e contributions, and the excess energy of interphase edges with the gradient coefficient k.

F = [(f +e+xr(Vc)?)dF 2

Assuming the steady-state balance of the water adsorption, the concentration can be considered as a
conservative order parameter, and the Cahn-Hilliard equation should be solved to find the
concentration field evolution:

z _ 2 6(f+e) _ 4
2 = M (V222 gxevtc) 3)
Fourier transform can be employed for coordinate dependence that gives
S ArT a . 9 .
c(r,t) » c(k, t) Ve ik, , Frein ik, 4)

and reduces the partial differential (Eq. 3) to ordinary differential equation for é(E, t), which can be
solved using a finite difference scheme. However, the non-linear term in the (Eq. 3) should be
recalculated for each time step [8].

Elastic energy: Elastic contribution e(7) to the free energy density should be found from the elastic
problem for a given transformation strain €, which assuming the Vegard’s law [9], depending on

ij»
the hydroxyl concentration ¢ (7):

- ™o

a dc
The elastic strain is the difference between total strain u;; and the transformation strain
Ej = Ugj — & » (6)
where the total strain is determined by the displacement vector U
ul,=§(g—z]+%) (7)
Hooke’s law connects the elastic strain with the stress tensor
0ij = Cijii€n )

Where the 4-rank stiffness tensor Cjjy,; for an isotropic media reduces to two independent constants,
e.g. Young’s modulus E and Poisson ratio v. Under plane stress conditions the Hooke’s law reads
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E
Oxx = 12 (gxx + ngy) > )]
E
Oyy = 1.2 (Ve +&yy) s (10)
E
Oxy = ﬁgxy : (11)

Substituting (Eq. 5, 6) and (Eq. 9-11) to the mechanical equilibrium conditions

99 _ (12)

0x;
]
in two-dimensional isotropic case one obtains

Ouyy ouyy _ Ouxy _ 1daodc

- TV, +(1-v) 3y —(1+v)aacax, (13)
_ Ouyy Ouyy |, Ouyy 10dadc

1-v) 5. TV 3y + 3y _(1+V)aacay’ (14)

that with account of the (Eq. 7) provides a closed system of second-order partial differential equations
for the displacement vector components u, and u,. In the Fourier space it becomes a system of
algebraic equations:

(k; + ) e+ S kky By, = —iky 614+ V) 252 (15)
1+ A~ 1- A~ . A 10
Tvkxkyux + (ka, + Tvk,zc) i, = —ik,¢é(1+ v);a—ccl. (16)

The point k,, = k,, = 0 corresponds to the average
Finally, the elastic energy contribution to the free energy [10]

_1 — E 2 v 2) 1
e =3 Cijugijéa = 35 (Sij + 15 €l (17)

can be found, using (Eq. 6,7) and substituted into the Cahn-Hilliard (Eq. 3).
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Fig. 3 Time evolution of the total number of islands and their average area for the given average
hydroxyl group surface concentration (c(#)) = 0.25
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Results and Conclusions

Cluster analysis of the concentration field ¢(#) demonstrates formation and evolution of the ensemble
of nano-islands, enriched with the hydroxyl group (Fig. 3) [8].

Note, that initially arisen islands undergo the Ostwald ripening, which rapidly decreases their number.
However, the further redistribution of the hydroxyl group within the interface layer slows down due
to elastic interaction of the growing islands [11, 12]. The later effect should also push up the
oxyhydroxide Island, forming a new fibril layer according to the (Fig. 2), and allowing the interface
to absorb new hydroxyl groups, but this process is beyond the present consideration.

Thus, we propose a new model of the nanofibril structure formation, which is basically concordant
with all known experimental findings. Phase-field approach was applied to support the model and
develop a basis for further quantitative investigation and prediction of structures’ parameters.
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