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Dynamics of Oxidation of Aluminum Nanoclusters using Variable Charge
Molecular-Dynamics Simulations on Parallel Computers
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Oxidation of aluminum nanoclusters is investigated with a parallel molecular-dynamics approach
based on dynamic charge transfer among atoms. Structural and dynamic correlations reveal that
significant charge transfer gives rise to large negative pressure in the oxide which dominates the
positive pressure due to steric forces. As a result, aluminum moves outward and oxygen moves
towards the interior of the cluster with the aluminum diffusivity 60% higher than that of oxygen.

A stable 40 A thick amorphous oxide is formed; this is in excellent agreement with experiments.
[S0031-9007(99)09416-8]

PACS numbers: 61.46.+w, 81.05.Bx, 81.05.Ys, 81.65.Mq

In recent times, consolidated solids composed ofeliable interaction scheme developed by Streitz and
nanometer size clusters (nanophase materials) hawdintmire [5] that can successfully describe a wide range
drawn a great deal of attention because of their uniquef physical properties of Al and AD;. This scheme is
thermomechanical, electrical, and magnetic propertiesapable of treating: (i) both metallic and ceramic systems,
[1]. In contrast to conventional polycrystalline solids, (i) bond formation and bond breakage, and (iii) changes
nanophase materials have a large fraction of atoms in the charge transfer as the atoms move and their local
interfacial regions, which has a dramatic effect on theenvironments are constantly altered. Dynamic charge
structure and physical properties of these materials [2]. Aransfer gives rise to a computationally intensive Coulomb
particularly interesting possibility in nanophase materialsnteraction which, for the number of atoms necessary in
is the synthesis of nanostructured composites consisting realistic simulation, requires highly efficient algorithms
of metallic nanoclusters coated with a passivation layerthat map well onto parallel architectures. We have
Upon compaction, the passivation layer forms a boundaryimplemented the fast multipole method of Greengard and
layer between the isolated metallic grains. The presencBokhlin [6] for the long-range Coulomb interaction [this
of the passivating network is known to have a dramatiaceduces the computational complexity from(N?) to
effect on the electrical, chemical, and mechanical behav®(N)] with extensions for stress calculations, and the
ior of the material. In a recent study by Sanchez-Lopeanultiple time-step algorithm of Tuckermagat al. [7] (this
et al.[3], Al/Al-oxide nanocomposites were found to can further reduce the execution time by an order of
have a metallic shine and an Ohmic electrical resistivitymagnitude). Both algorithms are well suited for parallel
that was dependent upon the compaction conditions. Tharchitectures.
nanocomposite consisted of 300 A aluminum particles The setup for the oxidation simulations is as follows. A
with an interconnected 40 A oxide layer that preventedcc-crystalline Al sphergdiameter= 200 A) composed
the material from falling apart when heated to temperaof 252 158 atoms and thermalized at 300 K is placed at
tures above the melting point of aluminum. Other studieghe center of a cubic box of length 800 A. A total of
point out that the properties of these nanocomposit®30 720 oxygen are distributed randomly outside the Al
materials are strongly dependent on the nature of thephere (radius 110 to 400 A) in the form of molecular
passivation layer [4]. (O,) oxygen at a temperature of 300 K. The oxygen

In this Letter we report the first successful molecular-density is 40 times that of the normal state (1 atm and
dynamics (MD) simulation of the oxidation of an Al 300 K). A spherical reflecting wall of radius 400 A
nanocluster (diameter 200 A). We have investigated theonfines the entire system. The equations of motion
structural and dynamic correlations in the oxide regionare integrated with time stepsr = 1 fs for short-range
and the evolution of various quantities including chargeforces andAr = 20 fs for long-range forces. New atomic
surface oxide thickness, diffusivities of atoms, and localcharges are determined every 100 time steps such that the
stresses. The MD simulations are based on a highlglectrostatic energy is minimized subject to the constraint
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that the total system remains neutral. Canonical MDthe diffusivity of aluminum is 30% to 60% larger than
simulation, in which the temperature of the whole systenthat of oxygen. (This is due to the smaller steric size
is fixed at 400 K using the Nose-Hoover thermostat chairof aluminum.) We calculate diffusivities from mean-
[8], is performed. square displacements computed over a 1 ps interval.
Figure 1 shows the oxide thickness as a function of theé\t 50 ps the diffusivities of aluminum and oxygen are
simulation time for the first 260 ps. The oxide thickness1.4 X 10™* and 1.1 X 10~* cn?/s, respectively. By
increases linearly with time during the first 50 ps and100 ps the diffusivity of oxygen has dropped 1ot X
subsequently the rate becomes smaller and the thickne$8 > cn?/s, while that of aluminum decreases to only
saturates at 33 A. The inset of Fig. 1 is a plot of thel.2 X 10~* cn?/s. The radial and tangential diffusivities
inner and outer radial extents of the oxide. The growthremain about equal, indicating that while the oxide grows
of the oxide scale is both inward and outward: inwardradially, high tangential diffusion causes uniformity in the
because of the movement of oxygen towards the interiooxide thickness with respect to polar angles.
of the cluster and outward because of the movement of Saturation of the oxide growth during the first 260 ps is
aluminum towards the oxide surface. The inward andaccompanied by a depletion of oxygen outside the nano-
outward growth of the oxide saturate at 77 and 110 Acluster. In order to bring the oxide as close as possible
respectively, with the inward growth saturating later thanto complete saturation, we continue the simulation in
the outward. the canonical ensemble to 466 ps while maintaining the
Analysis of local stresses reveal large stress gradiexygen densitys,, outside the nanocluster in the range
ents throughout the nanocluster with the oxide largely.001-0.002 A=3. An oxide scale of 40 A thickness
under negative pressure and the metal core under poss subsequently formed, as seen in Fig. 3, which is a
tive pressure. Local pressures range betwednand snapshot of a small slicél15 A X 115 A x 8 A) of
1 GPa. (The local stresses were calculated by averagirte system at 466 ps. The outer radial extent of the
the atomic virial in 6 A voxels over a 1 ps interval.) The oxide remains at 110 A; however, the inner radial extent
local stress regions are further examined by separating theoves to 70 A. The average mass density of the oxide
contributions from the electrostatic and nonelectrostatiés 2.9 g/cm® (na; = 0.042 A=3 and ny = 0.038 A7),
forces. Figure 2 depicts the electrostatic and nonelectrowxhich is about 75% of the crystalline-Al,O; density.
static force contributions to the local pressure after 100 pCharge transfer in the oxide is significant and decreases in
It can be seen from Fig. 2(a) that the attractive Coulombmagnitude near the interfaces; see Fig. 3.
force between aluminum and oxygen contributes a large Aluminum nanoclusters of diameters 100—-700 A are
negative pressure localized in the oxide. The electrostatiknown to form an oxide scale with thickness between
pressure contribution increases in magnitude toward th20 and 50 A in oxygen gases at room temperature [3,4].
middle of the oxide where charge transfer is the highestThe thickness of oxide scales as a function of cluster
The large attractive forces are partially offset by steric resize for small metallic clusters have been measured [9].
pulsion which gives rise to a positive nonelectrostatic conFor Al clusters of diameter 200 A the thickness is 30—
tribution to the local pressure in the oxide; see Fig. 2(b). 40 A. Remarkable similarity in the oxide thickness is
The large stress gradients give rise to diffusion offound between the present simulation results and the
atoms in the oxide region. Analysis of the atomicexperimental observations.
diffusivities in the oxide show that during the first 100 ps In all of the known literature there is no detailed
structural analysis of the oxide scale on Al nanoclusters.
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FIG. 1. Thickness of the oxide layer as a function of simula-FIG. 2(color). (a) Electrostatic and (b) nonelectrostatic contri-
tion time. The inner and outer radial extents of the oxide layemutions to the local pressure in the nanocluster after 100 ps of
as a function of simulation time are shown in the inset. simulation time.

4867



VOLUME 82, NUMBER 24 PHYSICAL REVIEW LETTERS 14 Jne 1999

Atomiec Valence (e) oxide interface (70-83.3 A) to the oxide interior (83.3—
0.0 96.7 A) and on to the oxide-environment interface (96.7—
110 A). In Fig. 4(a) we observe that the position of the
first peak ingai0(r) gives the Al-O bond length to be
around 1.81 A inthe metal-oxide interface. The Al-O peak
shifts slightly toward larger in the interior and oxide-
environmental regions. Pair-distribution functions for Al-
Al and O-O also show shifts in the peak positions related to
the change in the relative Al and O densities in each region.
The corresponding coordination numbers for Al in each
region [obtained by integratingaio(r) up to 2.5 A] are
3.1 for the metal-oxide interface, 3.9 in the interior of the
oxide region, and 4.3 for the oxide-environment interface.
Figure 4(b) shows the O-AI-O bond-angle distribution
for each region in the oxide scale. We see that throughout
the oxide there are two distinct peaks in the bond-angle
distribution. In the interior of the oxide the distribution
RerE: : shows peaks at 90and 109. These peaks shift toward
h_,; T0A smaller angles in the oxide-environment interface, reflect-
ing the decrease in aluminum density. In the metal-oxide
FIG. 3(color). Snapshot of a small sli¢e15 A X 115 A X jnterface where the oxygen density is lower, we observe

8 A) of the Al nanocluster after 466 ps of simulation time. g ot the peaks in the bond-angle distribution shift toward
The larger spheres correspond to oxygen and smaller spheres

to aluminum; color represents the sign and magnitude of th rger angles. The two peaks in the oxide region indicate
charge on an atom. mixed octahedral, AD,/s)s, and tetrahedral, AD;/4)s,

configurations.
It is interesting to compare the present results with those
Recent studies have pointed out that the local structure dbr liquid alumina, which is made up of tetrahedrally coor-
the amorphous oxide scale for Al nanoclusters is differentlinated aluminum [10], and amorphous alumina formed by
from the amorphous scale that forms on the bulk Alanodization, which consists of a mixture of tetrahedrally
surface [4]. However, details of the differences betweerand octahedrally coordinated aluminum [11,12]. Addi-
the two amorphous oxides are not known. tionally, aluminum ions in porous alumina films are known
We analyze structural correlations in the oxide scaleo be predominately tetrahedrally (or even lower) coordi-
through partial pair-distribution functions, coordination nated [12]. Reported Al-O bond lengths in amorphous
numbers, and bond-angle distributions. Figure 4(a) showal,0; films range from 1.8 to 1.9 A, depending on the
the AI-O pair-distribution function for three spherical porosity and method of preparation [12].
shells in the oxide scale. These results show a variation Recent experiments have demonstrated that small alu-
of structures as we pass through the oxide from the metaminum particles are highly explosive under high oxygen
pressure and closed conditions [13]. Motivated by this
experimental observation, we simulated the oxidation be-

ol @ T e ] havior in closed conditions without heat dissipation, i.e.,

——83.3-96.74 the simulations were performed in the microcanonical en-

< - 96.7-1104 semble. Figure 5 shows the evolution of oxidation in a
= T y small slice(130 A x 130 A x 8 A) of the microcanoni-

cal simulation. Energy released from Al-O bond forma-
tion is rapidly transported into the nanocluster resulting in
disordering of the Al nanocrystal and outward expansion

.g ® 08334 of the oxide region. The thickness of the oxide region in-
£ —83.3.96.74 creases linearly with time and does not saturate. By 50 ps
z2 TooeTos the thickness and temperature of the oxide region are 35 A
°% and 2500 K, respectively. Subsequently, numerous small
z o Al O, fragments are ejected from the nanocluster surface,
26 T TR indicating that the nanocluster is exploding. This behav-

6(deg) ior under closed conditions has also been observed experi-

FIG. 4. Structural correlations in three spherical shells of thementally [13]: . .
oxide scale: (a) Al-O pair-distribution functions; (b) O-Al-O In conclusion, we report the first molecular-dynamics
bond-angle distributions. simulation study of the oxidation of aluminum
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the behavior of nanostructured composites, consisting
of passivated aluminum nanoclusters (these simulations
involve 100 nanoclusters obtained from the canonical
simulation, each consisting of 400 000 atoms).
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FIG. 5(color). Snapshots showing the evolution of oxidation
in a small slice(130 A x 130 A x 8 A) of the Al nanocluster
in the microcanonical ensemble. The larger spheres correspond

to oxygen and smaller spheres to aluminum; color represent . ) .
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