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Abstract

This theoretical work aims to understand the influence of nanopores at CuO-Al nanothermite
interfaces on the initial stage of thermite reaction. ReaxFF molecular dynamics simulations
were run to investigate the chemical and structural evolution of the reacting interface between
the fuel, Al, and oxidizer, CuO, between 400 and 900 K and considering interfaces with, and
without a pore. Results show that the initial alumina layer becomes enriched with Al and
grows primarily into the Al metal at higher temperatures. The modification of alumina is
driven by simultaneous Al and O migration between metallic Al and the native amorphous
Al,O3 layer. However, the presence of a pore affects significantly the growth kinetics and the
composition of this alumina layer at temperatures exceeding 600 K, which impacts the
initiation properties of the nanothermite. In the system without pore, where Al is in direct
contact with CuQ, a ternary aluminate layer, a mixture of Al, O and Cu, is formed at 800 K
which slows Al and O diffusion, thus compromising the nanothermite reactivity in fully-dense
Al/CuO composites. Conversely, the presence of a pore between Al and CuO promotes Al-
enrichment of the alumina layer above 600 K. At that temperature, any free oxygen molecules
in the pore become attached to the reactive alumina surface resulting in a rapid oxygen
pressure drop in the pore. This is expected to accelerate the reduction of the adjacent CuO as

observed in experiments with Al/CuO composites with porosity at the CuO-Al interfaces.
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1. Introduction

Nanothermites are mixtures of nanosized reactants which are stable under moderate
conditions and capable of interacting with each other with the release of large amounts of
chemical energy after activation by a triggering stimulus (thermal, mechanical, or electrical).
Much research in nanothermites have focused on Al based systems such as Al/Fe;0Os,
Al/MoOs, Al/CuO, and Al/Bi,O3 due to their high energy density *? and combustion
performance tunability **. Al-based nanothermites have found applications for joining or
welding >®, tunable generators of biocidal-agents "®, actuation in initiators/detonators *** and
in single-use miniaturized microelectromechanical systems **°. A key parameter to high
reactivity in nanothermites is intimate interfacial contact between fuel (Al) and oxidizer. That
is why various preparation methods have been employed to combine aluminum fuel and

oxidizer together in close proximity, including sputter deposition ¢

, arrested milling
methods °, electrospray %, sol-gel processing *, and self-assembly #22. Interestingly, in
Al/CuO fully-dense materials such as composites prepared by arrested reactive milling
(ARM)?® and reactive multilayers *, the exothermic redox reaction is restricted to condensed
phase reactions at the CuO-Al interface, where an amorphous product Al,O3 layer grows 22
and the ignition temperature is reduced compared to other types of thermites to ~850 K. %03
Recent studies also showed that the ignition temperature can be further decreased by adding
|.’32

micro or nano voids within the interfacial layer, which was unexpected. Mursalat et a

observed that modifying the milling process parameters, i.e., adding a premilling step for Al



powders using acetonitrile as a process control agent produces nano-voids in the thermite,

resulting in lowering the ignition temperature down to ~650 K %%

and accelerating the
reaction. Wu et al., ** also showed that incorporation of micro-sized pores into Al/CuO
reactive multilayers decreases the ignition threshold around the pores and provokes the
acceleration of their burn rate (x18% for 20% void loading). The authors concluded that voids
or pores in the CuO-Al interface may modify the low-temperature chemical reaction
sequence: instead of being driven by purely condensed phase diffusion over the CuO-Al
interface, when pores are incorporated, gaseous O, is released by CuO in contact with the
pores at very low temperatures. This oxygen can diffuse into solid Al and Al,O3, leading to
low ignition temperature (650 - 670 K). Two possible ignition pathways in Al/CuO
nanolaminates have been also observed by time-of-flight mass spectrometer in *: in
nanolaminates with 2 to 6 bilayers, gaseous O; is released prior to the ignition (spark) leading
to a low ignition temperature (670 K) and enhanced overall reactivity compared to samples
with 6 and more bilayers where initiation is controlled by condensed phase reactions (no
gaseous O, signal is seen prior to the ignition). Those experimental findings point to the
complexity of mechanisms governing the Al/CuO reactivity and raise an important question
about the role the porosity at the CuO-Al interfaces might be playing to affect both the
ignition and combustion in these composites. Creating controlled nanopores at the CuO-Al
interfaces and probing the chemical evolution of the pores' surroundings at the nanoscale over
a very short time to study the initial reaction stages experimentally is not yet possible.
Addressing this issue theoretically using molecular dynamics (MD) is the most direct way to

provide better understanding **"*. Only a few theoretical efforts *"~2*%°

attempted to describe
the early stage of reactions of Al with CuO using density functional theory (DFT) or ab initio
molecular dynamics. They describe the Al/CuO reactivity upon annealing but over very short

duration (20 ps) and in small systems (100s atoms), which are not representative of



experimental conditions. It was concluded that the increase in the rates of both Al oxidation
and the migration of Cu atoms in aluminum oxide occur at high temperatures (2000 K and
3000 K). The theoretical studies reported so far have not been able to investigate reactions at
low temperatures, i.e., reactions leading to ignition. Such low-temperature reactions may be of
critical importance as altering the structure of the reactive interfaces, and further affect the
reactivity and combustion in fully-dense Al/CuO composites.

This study aims to understand how the structural features of the interface may affect the
ignition characteristics. To this end, the evolution of the characteristics of the interface
between Al (and associated Al,O3 surface layer) and CuO in terms of chemical composition,
structure, and growth rate are investigated theoretically using reactive force field (ReaxFF)
MD simulations and varying two parameters: temperature from 400 — 900 K, and the interface
structure: interfaces with or without pore (1 nm spacing between Al,O; and CuO surfaces
containing free oxygen molecules). Upon heating, simulations show the growth of an Al-rich
alumina region in both porous and dense systems in place of the initial amorphous alumina
barrier layer. Major differences between the porous and dense systems emerge when the
temperature exceeds 600 K. The direct contact between the Al,O; and CuO leads to the
formation of a ternary aluminate phase made of a mixture of Al, O and Cu atoms, which
impedes the diffusion-driven reaction between Al and O, thus reducing the material reactivity.
No ternary phase forms when CuO is separated from the alumina layer by a pore. The
diffusion of Al and O species through the growing alumina is activated at 800 K in the
presence of the ternary aluminate phase as compared to 600 K, for the case with a pore at the
interface. As a direct consequence of the early enrichment of the alumina layer with Al,
molecules of oxygen trapped in the pore are adsorbed and chemically incorporated into the
alumina layer at 600 K, explaining the small exotherm at 600 K found on differential

scanning calorimetric (DSC) traces of AI/CuO dense composites containing nanopores.



Noteworthy the pore O, pressure drop may trigger the decomposition of the adjacent CuO
surface 2, thus supporting the presence of copper-rich nanodots (local reduction of CuO)
observed in the partially reacted composites with voids at the interfaces *. Not only does this
study bring consistent understanding of the Al/CuQ pre-ignition mechanisms in porous versus
fully-dense composites, but it also explains the decrease in the ignition temperature and
increased reactivity experimentally observed for layered or milled Al/CuO composites

containing nanopores.

2. Computational details

Using LAMMPS packages*®, MD simulations of atomic scale interactions at the CuO-Al
interfaces were performed using periodic boundary conditions. The Nosé-Hoover thermostat
and barostat served respectively to maintain the temperature in the canonical NVT ensemble,
and the pressure in the isothermal-isobaric NPT ensemble. The ReaxFF force field

parameters used in this study were developed by Psofogiannakis et al. **

The CuO material was built considering a cubic unit-cell with lattice parametersa=b =c =
423 A and o = B =y = 90° as described in ref **, and replicating it in the three spatial
directions (x, y and z) forming a supercell containing 640 O atoms and 640 Cu atoms. First,
the CuO atoms in the supercell were allowed to relax at 300 K in the NPT ensemble over 0.1
ns. Then, an additional 0.1 ns relaxation of both the atomic positions and volume was
performed for the supercell using a ReaxFF MD simulation at 300 K in the NVT ensemble.
As a result, two 23.46 A x 23.46 A x,y surfaces cleaved normal to the [001] z direction
formed, one O-rich surface that was chosen to be in contact with either the pore or the
alumina layer, and one Cu-rich surface, which was frozen to mimic the CuO bulk material.
This slab underwent a final relaxation step at 300 K over 0.1 ns in the NVT ensemble. Note

that the x,y supercell dimension that used for the CuO-Al interface with a pore is calibrated



here on the basis of CuO rather than Al due to the CuO stability that necessitates finer tuning

of cell dimensions.

To build the 2-3 nm thick native amorphous alumina coating any pure Al surface in contact
with air *, namely amAl,Os, we used non-reactive force field MD simulations adapted to
both Born-Meyer-Higgins’s potential formulation and long-range Coulomb interactions. We
used the Ewald summation with a cutoff of 12.0 A for the real part and a relative error in
forces < 10, while the short-range cutoff was set to 8.0 A **. Fitting the x,y CuO slab
dimension, a random structure of 1500 atoms (600 Al and 900 O) was first equilibrated at
4000 K for 1 ns to reach its liquid equilibrium state in the NVT ensemble. It was then
quenched to 300 K at 10 K-ps™ to reach the vitreous state in the NPT ensemble using an
integration time step of 0.1 fs. The results are illustrated in Figure 1a. More details on this

methodology are documented in refs *>*

. Two amAl,03; surfaces were generated by adding
two vacuum slabs along z in either part of the amAl,O3 slab (Figure 1b). Finally, this
amAl,O3 surface was annealed again at 300 K for 1 ns in the NVT ensemble with the same
ReaxFF potential parameters*’. Then, to build the Al-amAl,Os interface, a pure Al slab
containing 1008 atoms (in a face-centered cubic crystal structure) and cleaved normal to the

[001] direction was connected to the as prepared amAl,O3 slab. Further chemical stabilization

of this interface was realized through annealing in the NVT ensemble at 200 K over 1 ns.

Then, from these two elementary structures, Al/amAl,Oz and CuO, we derived two model
systems: the dense and the porous system. The dense system was built by placing the
Al/amAl,O3slab in direct contact to the CuO slab whereas, in the porous system, Al/amAl,Os
and CuO slabs were separated by a vacuum space, the nanopore being 23.46 A x 23.46 A x
10 A in dimension. We randomly introduced 13 O, molecules in the pore, equivalent to the
saturated vapor pressure (5080 kPa). The final size of the supercell is of 23.46 A x 23.46 A x

110 A and 23.46 A x 23.46 A x 120 A, for dense and porous systems, respectively (Figure
6



1). As a final stage both systems underwent a relaxation step at 200 K over 1 ns to chemically
stabilize all surfaces, including the amAl,O3/CuO interface. All annealing simulations were
performed in the NVT ensemble and the time step is 1 fs. The top and bottom surface layers

in the supercell were kept frozen during the entire simulation.
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Figure 1. Schematic 2D views representing (a) the different steps of the model-system

construction, and, (b) final structures of each model-system (dense and porous one).

3. Results and discussions

3.1. Effect of pore on evolution of the Al/CuO interface



The porous and fully-dense structures were heated up from 200 K to targeted temperatures,
e.g., 400, 500, 600, 700, 800 and 900 K using a heating rate of 10" K.s*, followed by a
plateau of 5 ns. This duration was chosen because in all cases, the system reached a stationary
state after ~3 ns, as shown in supporting information file Figure S1. A 10* K.s™ heating rate
is imposed as an atomic motion damping procedure calibrated so that to avoid undesirable
thermal shock at the very first stage of the simulations, leading to biased bond breaking. The
structural and chemical composition evolution of the initial amAl,O3 region upon annealing

are characterized for both systems.

Figure 2 gives side view snapshots of the annealed dense and porous systems at 500 K (b,f),
700 K (c,g) and 900 K (d,h) in comparison with the un-annealed structures (a,e). Other

temperatures are provided in supporting information file Figure S2.
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Figure 2. Two-dimensional views of initial (un-annealed) and final (post-annealed)

structures at different selected temperatures (500, 700 and 900 K); Images a-d correspond



to the dense system and images e-h to the porous system.

First, we observe that in both porous and dense systems, the alumina layer, initially amAl,Os3,
thickens and converts into a non-stoichiometric Al,+xO3 upon annealing. Al,.+xOs3, labelled
Al Oy in the rest of the paper, grows into the Al region, accompanied by a modification of its
atomic composition, resulting from the migration of aluminum atoms from the Al region into

the alumina interface and counter migration of O from the alumina towards the Al region.

Figure 3a-b and Figure 3c-d respectively give the depth of penetration of aluminum atoms
through the alumina (AZ) and the quantity of aluminum atoms that penetrated into alumina
from the metal (as the percentage of the overall additional Al) for both systems and at all
annealing temperatures. The reference to calculate AZ is taken at the initial amAl,O3 surface
(surface in contact with the pore or the CuO top surface). Below 600 K, there is no significant
difference in the Al penetration behavior between the two systems, neither in the penetration
depth of Al atoms nor in the quantity of metallic Al which penetrated into the alumina.
However, at 600 K, the free-molecular oxygen species trapped in the pore are adsorbed at the
Al Oy surface and start dissociating, giving a total of 12 atoms (out of 26) already fully
incorporated into the AlOy subsurface. At 600 K, in the dense system, only 9 oxygen atoms
are predicted to transfer from the CuO to the AlLOy layer, pointing to the easier grabbing of

the chemisorbed oxygen atoms, rather than rearranging the stable Al,O,-CuO interface.

Above 600 K, the evolution towards a more reactive alumina layer becomes substantially
different between the two systems. First, the Al penetration is slowed down in the dense
system, whereas it is promoted in the porous one. Indeed, at 700 K, one of the migrating Al

atoms has reached the Al Oy-pore surface (violet Al atom, Figure 3f), whereas the deepest Al



atom in the dense system remains at 3 A from the Al,O,~CuO interface (Figure 3a-b). A
closer examination of the porous structure after 700 K annealing shows that the 26 oxygen
atoms coming from the pore are randomly distributed in the AlO, layer over an

approximately 3 A thickness. In contrast, in the dense system, oxygen atoms from CuO

migrate in the Al,Oy over only an approximately 1.6 A thickness.
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Figure 3. Penetration depth (AZ) into the native alumina region of Al atoms initially
belonging to the metal upon annealing, with reference being made to the surface of Al,Oy in
contact with CuO or air for dense (a) or porous (b) systems, respectively. The amount of Al
initially belonging to the metal that has reached the deepest penetration layer in the native
alumina for dense (c) or porous (d) systems. (e-f) snapshots highlighting the penetration
level of Al initially belonging to the Al region (in violet) after the 700 K annealing, for the

dense system (left) and the porous system (right).

Second, the direct contact between amAl,O3; and CuO in the dense system leads to the
amorphization of the first layers of CuO, which becomes significant at 500 K. While CuO top
layers remain in place, being well aligned in the (001) plane, roughly half of the top O layer is
stripped off to build locally a novel Cu-O-Al-O arrangement (Figure 2c and Figure 3e). It is
illustrated by the decrease of the average coordination number of Cu at increasing
temperatures: from 3.96 at 400 K to 3.57 at 900 K. At the same time, in CuO, the average
coordination number of Cu is 4 (supporting information file Figure S3). At 800 K, the
changes observed lead to the formation of a thin ternary aluminate layer (~10 - 20 % of whole
Al,Oy region) made of a mixture of Al, O and Cu atoms, denoted as Al,O,Cu, in Figure 2c-d.

The ternary layer is characterized by the presence of Cu-Al bonds with an interatomic

11



distance of about 3.10 A (Figure 4a-b). The main mechanism responsible for the formation
of this ternary aluminate region is the penetration of Al atoms originally belonging to the
amAl,Os into the first layers of CuO, thus creating, in addition to the Cu-Al discussed above,
new Alaixoy-Ocuo bonds having an average bond length of 1.83 A (Figure 4d). Its thickness
increases with increasing temperature, from 2 nm at 500 K to 2.7 nm at 900 K, and is
accompanied by an increase in the average coordination number of Cu with respect to Al
(Figure 4c). No migration of atomic Cu from CuO to the new Al,Oy region is observed,
possibly explained by the fixation of Cu in the ternary oxide, and/or due to the crystalline
zone that forms in the alumina in the immediate contact to the ternary zone. The crystalline
zone is a few atomic layers thick, as clearly visible on Figure 2d. The penetration of Al ions
into CuO and counter-diffusion of oxygen was also reported experimentally during the
physical deposition of Al on CuO when an interfacial layer made of a mixture of Cu, O and
Al was characterized.”® In experiments, the formation of Al,Cu phases was also observed
(eutectic peak at 548 °C was clearly resolved in the DSC traces). However, intermetallics are

not observed in the simulation, maybe due to insufficient simulation time.
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Figure 4. Aluminate interface characteristics: (a) Cu-Al radial distribution function (RDF)
at the CuO-AlOy interface for the dense (violet) and porous (green) system. (b-c) Cu-Al
RDF and their accumulated function corresponding to the average coordination number
(ACN) of Cu with respect to surrounding Al atoms at the CuO-AlOy interface for the dense
system at different annealing temperatures (500, 700 and 900 K). (d) Al-Ocyo and Cu-
Oaixoy RDF at the CuO-AlOy interface. (e) snapshot of the CuO-AlLOy interface after
annealing at 900 K — 5 ns. The green arrow represents the oxygens migration from the CuO
to the AlOy; the blue arrow represents the Al migration from the AlOy to the CuO; and,
the purple arrow represents the Al migration from the Al region to the Al,O,. RDF and

ACN were calculated within the last 0.5 ns.
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Overall, these first observations strongly suggest that the thin ternary aluminate layer,
involving both Al and Cu slows down diffusion-driven reaction in the alumina layer for the
fully-dense system. Lack of such ternary layer in porous composites may explain their
experimentally observed enhanced reactivity compared to fully-dense composites. Next, the
diffusion-driven reactions in the growing alumina upon annealing are quantified for both
systems to better understand the impact of the thin ternary aluminate layer on the system

reactivity.

3.2. Growth of an Al-rich Al,Oy in place of the initial amAl,Os: porous vs dense.

One important finding of this theoretical study is the interfacial region enrichment with Al
atoms from the Al region leading to the formation of an Al-rich layer in contact with either
the pore or CuO surface. The number of Al atoms migrating from the Al region into the
growing alumina layer is plotted in Figure 5a as a function of the annealing temperature for
both dense and porous configurations. We note that the Al enrichment is systematically more
pronounced in the porous system. After 5 ns at 400 K, the amount of additional Al represents
41% of the total Al species in AlLOy for the dense system while it reaches 45% for the porous
system. At 900 K, the amount of additional Al in the Al,Oy exceeds 50%: it represents 56 and
64% of the total Al species for the dense and porous system, respectively. Concomitantly to
the Al enrichment, the interfacial region increases in thickness by growing into the Al region
(Figure 5b). The atomic composition of the alumina region is quantified at different
annealing temperatures and plotted in Figure 5c¢ for the two systems: starting at 1.5 in the
native (un-annealed) amAl,Os3, the O/Al ratio drops down to ~0.9 after annealing at 400 K.
Then, the O/Al atomic ratio decreases nearly linearly with the annealing temperature. For 800
K, the ratios become 0.58 and 0.72 for the porous and dense system, respectively. The

observed trend confirms that Al enrichment is more pronounced in the porous system within
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the temperature range considered. It has to be noted that the decrease in the O/Al ratio is also

characterized by a decrease in the average coordination number of Al (Figure 5d).
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Figure 5. (a) Evolution of the amount of Al ions added in the Al,O, region in dense and
porous systems as a function of the annealing temperatures. These values are computed as
the average values over the last 0.5 ns of the simulation, where the variations of these
quantities as a function of the simulation time reach their equilibrium (supporting
information file Figure Sla-b). (b) Evolution of the thickness of the growing Al,Oy region
in dense and porous systems as a function of the annealing temperature. These values are
computed as the average values over those of 10 structures over the last 100 ps. (c) O/Al

ratio and (d) average coordination number (ACN) of Al with respect to O in the AlOy
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region for dense and porous systems, respectively. These values are computed as the
average values over the last 0.5 ns where the variations of these quantities as a function of
the simulation time reach their equilibrium (supporting information file Figure Slc-f).

Stoichiometry of growing AlOy interface is added for information.

The growth of the Al-rich Al,Oy in place of the initial amAl,O3 barrier layer is a not only
caused by the diffusion of aluminum ions towards the interface with either the pore or CuO,
but also by the counter diffusion of oxygen atoms towards the pure aluminum, and their
reactions. Indeed, the metallic Al ions, i.e., those initially belonging to the Al region, attract
oxygen atoms from the deepest layer of the native amAl,O3 given the Coulomb long-range
interaction established between both regions. The diffusion paths follows the free volume
present in the aluminum oxide glassy state®*. In the dense system, the oxygen atoms
belonging to the deepest atomic layer of the native amAl,Os, i.e., those interfacing amAl,O3
and CuO, are also influenced by the CuO presence, which inhibits their participation in the
creation of the reactive Al,O, compared to what is observed for the porous system. This is the
main reason of the difference in the growth rate and composition of the AlOy formed in
porous and dense systems. Next, the spatial arrangements of Al ions in the Al,Oy are analyzed
in order to discriminate, which of the interface between those grown in porous or in dense

system is the most reactive.

3.3. Al coordination in the growing Al Oy region: porous vs dense.

Aluminum 5-fold coordination (AlY) coexisting with 4-and 6-fold coordination (AI'Y, AIY")
structurally characterizes the amorphous alumina 2. At 300 K, our amAl,O; is
characterized by an Al-O distance of 1.78 A and contains 4% of Al", 77 % of Al"Y and 19%
of AlY (supporting information Figure S4). Figure 6 gives the spatial distribution of the Al

ions (Al', Al", AI'"", AI'Y and AIY) in the Al,O, grown at different annealing temperatures. In

16



both systems, upon annealing, we observe a decrease in the number of AlY, which disappears
completely after annealing at 800 K. This is consistent with the continuous enrichment of

AlOy with Al as discussed in the previous section.
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Figure 6. Snapshot after annealing process over 5 ns accompanied by the distribution of
different types of Al ions in the AlOy region at different temperatures where the top
represents the dense system and the bottom represents the porous system. Images a, b, c, d, e,
f correspond to dense system annealed at 400, 500, 600, 700, 800, and, 900 K, respectively.
Images g, h, i, j, k, | correspond to porous system annealed at 400, 500, 600, 700, 800, and,
900 K respectively. The dotted lines shown in the image corresponding to the fully dense
system at 800 K and 900 K indicate the initial growth of alumina crystals from the Al,Oy

region on CuO.

As a main observation, after annealing at 600 K, the spatial arrangement of the different Al
ions (Al', Al", AI""and AI'Y) in the AlO, regions evolves differently for the two systems. In

the dense system, the Al,Oy interfacial layer includes three distinct zones:

) near the AI-AlLOy interface, there is a region composed mainly of weakly-

coordinated Al' and Al", characterizing a highly reactive zone,
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i)  acentral region dominated by Al'"",

i) close to the AIlOy-CuO interface, there is a region showing an ordered
arrangement of AlI'Y ions (polyhedral), the highest coordinated Al ions,

characterizing a zone with reduced reactivity.

By contrast, in porous system, the different Al ions are more uniformly dispersed in the entire
AlOy layer with a predominance of Al' and Al" at both Al-AlOy and Al,O,—pore surfaces
(Figure 6d-e). These two weak Al coordination regions are more responsive to oxygen

compared to the central zone dominated by the Al'" jons.

The predominance of Al" ions at the Al,O,—pore surface compared to predominance of Al'Y

ions at the Al,O,—CuO interface might explain the low-temperature reactivity of Al/CuO
thermite with nanopores. Indeed, the Al,Oy—pore is almost totally depleted from its oxygen

I"" AI'" and Al' ions present (Figure 6a-c). Accordingly, at 600 K, re-

atoms with only A
oxidation is observed (loss of Al" and Al"), due to chemisorption of the oxygens initially
present in the form of O, molecules in the pore. This can explain the small exotherm at 600 K
found on DSC traces of Al/CuO dense composites containing nanopores.®* Importantly, the
adsorption and reaction of the 13 O, molecules into the alumina layer at 700 K (12 O at 600 K
and the remaining 14 O at 700 K) provokes a drop in the oxygen partial pressure in the pore
which further prompts the CuO reduction into Cu,O. The temperature-pressure region of
formation of CuO, Cu,O (supporting information file Figure S6) shows that below 10 mbar,
CuO spontaneously decomposes into Cu,O in the temperature range of 600 — 1000 K. **** We
can, therefore, conclude that CuO surface around the pore decomposes into Cu,O and releases
oxygen at temperatures greater than 600 K, which again corroborates the experimental

observations of both gaseous oxygen at the interfaces >> and Cu nanodots at the particle

interfaces in porous systems recovered after heating to 650 K.

3.4. Increased surface reactivity in porous system.
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Taking into consideration this last result, to further analyze the difference of reactivity
between both systems we held them at 700 K for 5 ns, a temperature slightly lower than the
common ignition temperatures seen in dense Al/CuO thermites, and considered the Al/AlOy
structure (i.e. preceding systems without the CuO slab or pore) exposed to an O, atmosphere
(unlimited free O, molecules reservoir). Details are given in supporting information file
Figure S7. At the end, the amount of oxygen consumed by Al/AlOy of either the dense or the
porous system, referred to as Al/(Al,Oyq4 and Al/(AlOyy,, is computed as a function of the
annealing time. Figure 7a clearly shows that the Al/(AlOy), consumes the oxygen molecules
from the beginning of this simulation spontaneously when O, is in contact with the AlOy
surface. In contrast, the Al/(AlOy) shows a delay about 60 ps for the structure to start
consuming O, molecules (Figure 7b). Besides, the final number of oxygen atoms, consumed

by Al/(AlOy), after 3 ns is nearly twice as large as that consumed by Al/(AlOy)s.
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Figure 7. (a) amount of oxygen from gaseous O, consumed by the Al,Oy-Al system over 3

ns at 700 K (b) zoom on the first 140 ps.

These results suggest that for the porous system, Kinetics is limited by the oxidation reaction
(initially spontaneous and exothermic) whereas for the dense system, it is clearly limited by

diffusion.
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Finally, the diffusion coefficients of both Al and O atoms through the differently grown Al,O,
layers are calculated and compared with those of amorphous alumina (native glassy state)
serving as the reference material. For that purpose, the mean square displacements (MSD) for
Al and O in different aluminas were calculated and averaged to establish statistical
significance®. After obtaining the average MSD for Al and O, the diffusion coefficients
(DF™9Y , D7) are determined as the slopes of the respective MSD curves®®. Figure 8
gives the results as logarithm of the diffusion coefficients. As expected, the Log diffusion
coefficients of Al and O in the amorphous alumina (light blue data in Figure 8a-b) increase
linearly with temperature from -17.82 (300 K) to -17.27 (900 K) and from -17.95 (300 K) to -
17.28 (900 K), respectively. D4'29% and D493 are of the same order of magnitude and the
effect of temperature below 900 K is not significant. This observation is in good agreement
with previous experimental studies on the diffusion of O and Al atoms in an alumina
crystalline material. where Log (D) of Al (at 1540 K) and O ( at 1550 K) are -13.40 and -14

respectively. °"°

The diffusion coefficients of Al and O in the AlOy layers remain of the same order of
magnitude as their diffusion coefficients in amorphous Al,O; (see Table 1). However, the
temperature effect on diffusion coefficients in the AlLOy layers depends on the presence of

pores:

- in the dense system, both log(D/"®”) and log(D;*®”) increase suddenly above 500
K; log(D;™”) increases from -17.7 to -16.6 and lo g(D/*”) increases from -17.8
to -16.9.

- in the porous system, both log (DY) and log (D£*®”) increase suddenly above

500 K; log (D;™°”) increases from -17.5 to -17.0 and log (D*®”) increases from -

17.8 to -17.0.
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This confirms that the presence of pores activates the diffusion of O through the Al,O, layer
at a lower temperature (~600 K against 800 K w/o pore). It has to be noted that Al and O
diffuse at comparable rates in the porous systems, whereas Al diffuses faster than O in the

dense system.

Table 1. Diffusion of oxygen and aluminum in amorphous material of pristine alumina and
interfacial alumina in porous and dense systems.

Diffusion coefficient -Log (D) (cm®.s™)

Temperature (K) Amorphous Al,O3

porous system dense system

Oxygen  Aluminum  Oxygen Aluminum  Oxygen Aluminum

300 17.58 17.80 17.58 17.8 17.82 17.95
500 17.57 17.80 17.50 17.79 17.57 17.7
700 17.74 17.79 16.97 16.98 17.42 17.44
900 16.57 16.91 16.87 16.84 17.27 17.28
Al diffusion O diffusion
18 18.2
Dense ——
(a) (b) Porous —e—
1781 "1 18 ¢ _ Alumina —e—
17.6 | 78| ][ fit alumina —
217411 = 17.6|
£ 17.2 £
s 70 ¢ =
3 1681 2 172
16.6 ] 1771 ‘*‘
16.4 | 16.8 ||
16.2 ' : : ' 16.6 : - : '
1 15 2 25 3 35 1 15 2 25 3 35
1000/T [K™ 1] 1000/T [K™1]
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Figure 8. Log diffusion coefficients as a function of reciprocal temperature for Al (a) and O
(b) in amAl,O3, and the different Al,Oy regions grown upon annealing in the porous and
dense system. The average MSD is computed in the last nanosecond of our trajectory at each

temperature (supporting information file Figure S5).

4. Conclusions

This theoretical work investigated the influence of pores at the CuO-Al interfaces on the pre-
ignition reaction processes using ReaxFF molecular dynamics simulations. The chemical and
structural evolution of the reacting interface between the Al and CuO layers upon annealing
up to 900 K were studied at the atomic scale, considering two interfacial structures: with and
without a pore (1 nm spacing between Al and CuO surfaces, containing 13 O, molecules).
One major finding of this theoretical study is that in both, porous and dense systems there is a
growing Al,Oz.y interface layer continuously enriched with Al ions from the Al fuel reservoir,
replacing the initial amorphous alumina barrier layer. However, this evolution towards a more
reactive interfacial layer occurs differently for the dense and porous composites at
temperatures above 600 K. First, the direct contact between amAl,O3; and CuO leads to the
formation of a thin ternary copper aluminate phase (comprising ~10 - 20 % of the whole
AlOy layer at 800 K) made of a mixture of Al, O and Cu atoms. This ternary phase impedes
further growth of the AlOy layer and thus reduces the nanothermite reactivity, evaluated in
this study in terms of the diffusion coefficients for both O and Al. Instead, the presence of a
pore between the amAl,O3 and CuO activates the dissociative adsorption of the gaseous O,
molecules from the pore onto the alumina surface at temperatures of 600 K and above. This
leads to massive depletion of oxygen available near the alumina surface (recognizable as a

\%
I

predominance of Al'" ions at the pore surface compared to predominance of Al' ions at the

Al-CuO interface in dense system) rendering the interfacial AlOy layer highly reactive at 600
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K and above. In addition, the O, pressure drop in the pore is expected to accelerate reduction
of adjacent CuO surface. These findings can thus explain the presence of copper nanodots and
decrease in the ignition temperature observed experimentally for layered or milled Al/CuO

composites containing nanopores.
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