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ABSTRACT

To cover the wide range of applications of reactive multilayers, it is necessary to have the ability to vary and control their front propagation
velocities as well as their maximum reaction temperatures. In this paper, Molecular Dynamics simulations are used to study the influence of
Al alloying, Ni alloying, and Co alloying on AI-Ni multilayers. In the case of alloying with Al and Ni, the iso-stoichiometric case where
both the Al and the Ni layers are alloyed is first studied. In the second step, the stoichiometry is varied by alloying only one of the two
layers with the other element. This allows for achieving very small front propagation velocities. Furthermore, the Ni layer is alloyed with
Co and the whole range from a binary Al-Ni to the binary Al-Co system is studied. The front propagation velocity does not change line-
arly with the alloying fraction and reaches a minimum where the Ni/Co alloy changes from a face centered cubic to a hexagonal close

packed lattice.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098254

I. INTRODUCTION

Binary reactive multilayer nanofoils (RMNFs) have the
property that they can locally release large amounts of energy in a
short time. This energy is released when the individual layers, each
consisting of a single metal, thermite, or Si,' start to inter-diffuse
and eventually intermix. The process is started by locally heating
the system and, thus, igniting the self-sustaining reaction. For this
process to work, two materials with a big enthalpy of mixing are
chosen. Examples include many aluminides, such as Al-Pt,”> Al-
Ni,> or Al-Ti," but also many other binary systems, such as Ni-Ti’
or Nb-Si° Potential applications include thermal batteries,
reaction-assisted diffusion bonding,8 the self-healing of metals,’
MEMS waver level packaging,'’ and reactive wafer bonding."'

To tailor the reactive multilayer to a specific application, the
ability to control the front propagation velocity, vy, as well as the
combustion temperature, T,, is vital. As a consequence, the field of
reactive multilayers is constantly investigating new ways to control
the front propagation while also trying to better understand the
underlying mechanisms of the reaction front propagation. A number
of approaches are sketched in Fig. 1. In many systems, such as the

Al-Ni system, the front propagation can be controlled by varying the
bilayer height &t = ha -+ hy'” [height of one Al layer plus the height
of one Ni layer, see Fig. 1(a)] or the stoichiometry’ [Fig. 1(b)],
i.e., the ratio of the number of Al atoms to the number of Ni
atoms. The front propagation can also be controlled by changing
the system’s architecture, for example, by depositing low-density
compacts of multilayer reactive particles'” or by depositing the
multilayers onto a 3D printed architecture.'* Finally, it is also
possible to influence the front propagation velocity by varying the
heat loss through the substrate'” or by varying the substrate archi-
tecture,'® as illustrated in Fig. 1(i).

Molecular Dynamics (MD) simulations have become a widely
used tool to study reactive multilayers.””> While they only allow to
study comparably small systems, one has atomistic control over the
system, its geometry and its properties. This means that not only
the front propagation, but also the underlying diffusion and crystal-
lization mechanisms can be studied. The vast majority of MD
simulations of reactive multilayers focus on the Al-Ni model
system.”” "> Structurally, the influence of grain boundaries on the
inter-diffusion at the Al-Ni interface,”® the influence of the grain
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size on the front propagation,” and the influence of the micro-
structure on the front propagation velocity”' have been studied
recently [see Fig. 1(h)]. Geometrically, beyond multilayers, the
front propagation in nanocrystals has been studied.”® Furthermore,
one can also study defects, such as the influence of the vacancy
concentration on the front propagation reaction.”” Moreover, most
recently, the influence of premixed interlayers and how they can be
used to control the reaction front propagation has been studied'”
[see Fig. 1(c)]. In this study, it was shown that in the Al-Ni system,
the reaction is driven by a combination of the intermixing of the
layers as well as the crystallization of the mixed AINi to B2-AINi.

In MD simulations, so far only binary systems have been studied.
In the experiment, there have also been studies on ternary systems,
such as Al-Ti-Si”° or Al-Ru-Ni/Pt/Hf."” In this case, the multilayer
consists of repeating units of three different pure layers, as illustrated
in Fig. 1(f). Another way to introduce a third element is alloying.
Danzi et al."® have studied alloying in the AI-Ni system by alloying the
Ni layer with either Cu or Pt. This allows for architecture-independent
reactivity tuning, which means access to a wide range of propagation
velocities as well as combustion temperatures. To choose the different
elements for the alloying systems, one would choose two different
binary systems with different reactivities which have one common
element (for example, Al in Al-Ni and Al-Pt) and then alloy the two
elements that are different in the two systems.

In this work, the Al-Ni system which is the most widely
studied system both experimentally and with MD simulations as
well as the Al-Co system are chosen. The Al-Co system has also

g) roughness, (h) microstructure,

and (i) changing the substrate.'”

been studied experimentally,3 %31 but never in MD simulations.
This study will investigate how alloying Ni with Co allows to tune
the front propagation velocity. Furthermore, the concept of alloying
with both Al and Ni is also studied. In that case, there are two
main approaches. In the first one, both the Al and Ni layers are
alloyed with the other element, varying the elemental distribution
while keeping the stoichiometric ratio constant. In the second
approach, either only the Al layer is alloyed with Ni or only the Ni
layer is alloyed with Al The latter approach changes the stoichiom-
etry of the system and, thus, allows to control the front propagation
velocity over a wider range.

Il. SIMULATION DETAILS

The Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS) package’ was used to run the Molecular
Dynamics (MD) simulations. To study alloying in the Al-Ni
system, the interatomic forces were calculated using the Embedded
Atom Method (EAM) force field by Pun and Mishin.*” It has been
the standard force field for MD simulations of Al-Ni RMNFs. The
Al phase, the Ni phase, their inter-diffusion, as well as the inter-
metallic phases of Al and Ni are reproduced well. Furthermore, the
potential’s thermal and kinetic properties have been well investi-
gated’® and the resulting front propagation velocities have been
compared to experiment.’” Thus, it has been proven to be a good
tool to study reactive Al-Ni multilayers. To study the Co alloying,
the Ni-Al-Co EAM force field by Mishin and co-workers’ was
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used. This force field is based on the binary Al-Ni EAM force field
by Mishin et al. and has been constructed such that the AI-Ni
interactions are exactly the same as in the binary potential. The
ternary potential has been constructed to reproduce the B2-NiAlCo
phases well up to at least 1400 K. Thus, it reproduces well all the
inter-metallic phases involved in the alloyed reactive multilayer
systems. The properties of the force field together with the results
of this paper are a first indication that it is well suited to study
Al-Ni and Al-Co as well as Al-Ni,/Co;_, reactive multilayers.

The dimensions of the systems were kept constant at
L x dx h. The length of the system, which is aligned in the
x-direction, was chosen as L = 430 nm. The depth of the system,
which is aligned in the y-direction, was chosen as d = 1.4nm.
Finally, the height of the system, which is aligned in the z-direction
and equivalent to the bilayer-height was chosen as h = 15nm.
To study the Al-Co system in more detail, systems with a bilayer
height in the range of [7.25, 10, 15, 25, 50 nm] were studied.
Shrink-wrapped boundary conditions were imposed in the
x-direction, which is equivalent to a free face at x = 0 nm and at
x = L. Periodic boundary conditions were applied in y- and
z-directions, which is equivalent to an infinitely deep and infi-
nitely high multilayer. Such a system is comparable to the center
of an experimental multilayer, which usually have a height of 50
or more bilayers and a width of several millimeters.

Every system is made up of columnar grains with a constant
grain size equal to the height of a Ni layer hy; = h — hy =~ 6 nm,
which is comparable to grain structures that have been observed
experimentally.”®”” For Al-Co systems, the grain size was chosen
in the same way and set to the height of one Co layer
hco = h — hya;. The columnar grain structure was created using a
Voronoi tessellation within the framework of the Open Source
command-line program Atomsk.”® The crystallographic orientation
of the grains varies from grain to grain in the x-direction and was
chosen randomly, while the orientation is the same for all the
grains that are aligned in the z-direction (any two grains, whose
range along the x-direction is the same, have the same orientation).
The initial stoichiometric ratio between Al and Ni atoms was
chosen as 1. Finally, an amorphous premixed interlayer of height
w =2 nm was introduced at the interface between Al and Ni,
which is in agreement with previous experimental'” as well as
MD' studies.

To create the Al- and Ni-alloyed systems, Al atoms in the Al
layer were simply replaced by Ni atoms and vice versa. The alloying
fraction was varied from 0 to 50%. The system with an alloying
fraction of 50% corresponds to a fully mixed AINi system. In the
non-stoichiometric case, only either Al atoms or Ni atoms were
replaced. Here, the alloying fraction was varied between 30 and
60 at. % Al. This range was chosen, as outside of this range, there is
no self-propagating reaction. For the Co alloying, Ni atoms in the
Ni layer, as well as in the premixed interlayer, were replaced by Co
atoms. In this case, the full range between 0 and 100at. % Co in
the Ni/Co layer was studied. The different systems are illustrated
in Fig. 2.

After creation, the systems were equilibrated in an NPT
ensemble (constant number of particles, constant pressure, constant
temperature) at Tp = 300K for 0.4 ns. The self-propagating reac-
tion was then ignited by heating up the system at x < 50 nm to

ARTICLE scitation.org/journal/jap

FIG. 2. (a)-(d) Magnification of different systems: (a) initial system, (b) changing
the elemental distribution by Al and Ni alloying, (c) non-stoichiometric Ni alloy-
ing, and (d) Co alloying. Al atoms are in yellow, Ni atoms in blue, and Co atoms
in red. (e) The full size initial system.

1400K in an NPT ensemble (constant number of particles, cons-
tant pressure, constant temperature). At the same time, the system
at x > 100 nm was kept at Ty = 300 K in an NPT ensemble, while
the system at 50 nm < x < 100 nm evolved in an NP# ensemble
(constant number of particles, constant pressure, constant
enthalpy). The average pressure of the barostat was always set to
0 Pa. This setup allows for creating a realistic temperature distribu-
tion after ignition. The self-propagating reaction was then studied
by letting the system evolve in an NP?{ ensemble for 6 ns.

To measure the front propagation velocity vy, the position of
the reaction front was recorded every 0.2 ns. The position of the
front was defined as the point where the temperature is equal to
1042 K, which is the melting temperature of Al in the EAM force
field (see Fig. 3). The temperature profile is obtained by 1D
binning of the temperature using 100 bins. At the center of every
bin, the temperature is defined as the average temperature of the
bin while in between, a linear interpolation is used. In accordance
with previous publications,”*" the time step was chosen as 2 fs.
The damping parameter for the pressure was chosen as 2 ps, while
the damping parameter for the temperature was chosen as 0.2 ps.
To visualize the system with respect to atom type or crystal struc-
ture, the open Open Source scientific visualization and analysis
software OVITO™ was used.

11l. RESULTS

The alloying fraction is varied for the two types of Al and Ni
alloying as well as for the Co alloying (see Fig. 2). Then, the change
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FIG. 3. Temperature distribution at different times of the Al-Co system. The hor-
izontal dashed line represents the melting temperature of Al, where the position
of the reaction front is defined. Inset: Normalized front position vs time, the
slope of a linear fit determines the propagation velocity v.

of the front propagation velocity v, with the alloying fraction is
reported and diffusion mechanisms are described and illustrated.

A. Aluminum and nickel alloying

In the first set of simulations, both the Al layer and the Ni
layer are alloyed with the respective other element. The alloying
fraction p, is varied from 0 (initial system) to 0.5 (fully intermixed
system) in steps of 0.1. The relationship between the alloying
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fraction and the front propagation velocity is illustrated in Fig. 4(a).
First, the front propagation velocity decreases with increasing alloy-
ing fraction, before reaching a minimum at p, = 0.3 and then
increases again.

The diffusion mechanism in the system without alloying can
be divided into five stages as follows: (i) Some individual atoms
start diffusing from the premixed interlayer into the Al grain
boundaries. (ii) The Al layer is melting at the reaction front. At the
same time, the premixed interlayer partially crystallizes into
B2-AINi. (iii) Just behind the reaction front, atoms from the pre-
mixed interlayer diffuse into the molten Al through volume diffu-
sion and into Ni grain boundaries. (iv) A bit further behind the
reaction front, the Ni layer starts to diffuse into the crystallized
(polycrystalline) premixed interlayer. (v) At the back of the reaction
front, all AINi crystallizes to B2-AINi.

With increasing alloying fraction, it can be observed that the
crystallized premixed interlayer starts growing. At higher alloying
fractions, the Al and Ni layers do not fully intermix anymore.
Finally, at p, = 0.5, the system is a fully intermixed AINi system.
As the fcc AINi phase is very unstable, the full system immediately
undergoes amorphization. This means that the reaction is
completely driven by the crystallization from amorphous AINi to
B2-AINi. The system with p, = 0.3 is shown in Figs. 5(a) and 5(b).

In the second set of simulations, only either the Al layer is
alloyed with Ni (Al at.% < 50%) or the Ni layer is alloyed with Al
(Al at.% > 50%). The atom percentage of Al is varied from 30% to
60% in steps of 5%, as outside of this range there is no self-
sustaining reaction. The change in front propagation velocity with
changing Al atom percentage is illustrated in Fig. 4(b). The front
velocity has a maximum at an Al atom percentage of 45%. For
higher Al atom percentages, the front velocity quickly decreases
down to zero at an Al atom percentage of 60%. In the Ni-rich
zone, the decrease in front propagation velocity has a similar slope
and shape and goes down to zero at an Al atom percentage of 30%.

(b)

0 h . . h .

20 30 40 50 60 70 80
at% Al

FIG. 4. (a) Plot of the front propagation velocity v vs the alloying fraction p, in the iso-stoichiometric Al and Ni alloying. (b) Plot of the front propagation velocity v; vs the
Al atomic percentage in the non-stoichiometric alloying with Al or Ni, respectively. The error bars represent the fitting error of the linear fit of the front position vs time.
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FIG. 5. [(a) and (b)] Al- and Ni-alloying system of the first kind with p, = 0.3. [(c) and (d)] Ni-alloying system of the second kind with Al at. % = 35%. [(a) and (c)]
Coloring by atom type (Al: yellow, Ni: blue) and [(b) and (d)] coloring by crystal structure (fcc: green, bec: blue, hep: red).

With regard to the diffusion processes, the crystallized pre-
mixed interlayer is also growing as the Al atom percentage deviates
from 50%. Moreover, the non-alloyed layer does not completely
diffuse into the other layer. Finally, for large deviations from an Al
atom percentage of 50%, also the alloyed layer does not fully inter-
mix anymore. Figures 5(c) and 5(d) show the system with an Al
atom percentage of 35%.

B. Cobalt alloying

Before studying Co alloying, the change in front propagation
velocity with varying bilayer height in binary Al-Co systems is
studied. The height of the premixed interlayer was chosen as
w = 2nm, just as in the Al-Ni system. Results are shown in Fig. 6.
The MD simulations are compared with experiments by
Adams et al.”” While, due to the lack of electron heat transport in
MD simulations and just as in the AI-Ni system,"’ the peak is
shifted to lower bilayer heights and the reaction is quenched
already below bilayer heights of 50 nm, MD simulations manage to

10 T T T T T
——MD
Adams et al.
)
T
£
S
)
5 ;
0 10 20 30 40 50

h [nm]

FIG. 6. Plot of bilayer height h vs front propagation velocity v for Al-Co
multilayers with a premixed interlayer height of w = 2nm. For comparison,
MD results are compared to experimental data from Adams et al.*

reproduce the characteristic shape of the front velocity vs bilayer
height curve. This is a further indication that the Ni-Al-Co force
field can be used to study alloying of the Al-Ni system with Co.

In the third set of alloying simulations, the Ni layer is alloyed
with Co. The atom percentage of Co in the Ni layer is varied from
0% to 100% in steps of 10%. An additional system at a Co atom
percentage of 65% is studied, as this is very close to the point in
the phase diagram where NiCo changes from cubic to a hexagonal
crystal structure (=67 at.% Co). Figure 7(a) shows the change in
the front propagation velocity with changing Co atom percentage
in the Ni layer. At first, the propagation velocity slightly increases
until a Co atom percentage of 30%, then it decreases and reaches a
minimum at the point where the crystal structure of the NiCo layer
changes from fcc to hep. When further increasing the Co content,
the front propagation velocity steadily increases and reaches a
maximum at the binary Al-Co system. The change in enthalpy
with changing Co atom percentage is plotted in Fig. 7(b). The
enthalpy of both the unreacted and the fully intermixed system first
decreases with increasing Co content, before reaching a minimum
between 50% and 60% Co in the NiCo layer. When further increas-
ing the Co content, the enthalpy increases again and reaches a
maximum at 100% cobalt. The enthalpy of crystallization is
minimal in the region between 65% and 80% Co.

The diffusion processes in the Al-Co system are very similar
to those in the Al-Ni system. There are, however, two small differ-
ences. First, in the Al-Co system, the atoms from the premixed
interlayer start diffusing into the Co grain boundaries already at the
reaction front and not just behind it, as in the AI-Ni system.
Second, the cubic AlCo phase that forms behind the reaction front
is of a layered fashion, as illustrated in Fig. 8(d).

When varying the Co atom percentage, the premixed inter-
layer is only partially crystallizing. Moreover, behind the reaction
front, only B2-AINi is forming with Co atoms aggregating
in-between the B2-AINi grains, as illustrated with the system with
Co at.% = 50% in Figs. 8(a) and 8(b).

IV. DISCUSSION

When equally alloying the Al and Ni layer with the respective
other element (and, thus, keeping the stoichiometric ratio constant),
the front propagation velocity first decreases up to an alloying
fraction of p, = 0.3, before increasing again up to the maximum
alloying fraction. This behavior can be explained when considering
the two main energy sources that fuel the front propagation:
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FIG. 7. (a) Plot of the front propagation velocity v¢ vs the atomic percentage of Co in the Ni/Co layer. The error bars represent the fitting error of the linear fit of the front
position vs time. (b) Plot of the enthalpy of the initial system at 300 K, the fully intermixed system at 300 K as well as the fully crystallized system at 300 K vs the atomic
percentage of Co in the Ni/Co layer. In both plots, the horizontal dashed line represents the point in the phase diagram where the crystal structure of NiCo changes from

fee to hep.

(i) The heat of mixing created by the intermixing of Al and Ni.
(ii) The heat of crystallization created by the intermixed AINi crys-
tallizing to B2-AINi. The heat of mixing decreases with increasing
alloying fraction, which is why the front propagation velocity is ini-
tially decreasing. On the other hand, for high alloying fractions,
there is hardly any intermixing and the front propagation is mainly
driven by crystallization of B2-AINi. So while the intermixing pro-
vides energy to the front propagation reaction, it can also slow
down the reaction as the crystallization reaction can only happen
once the intermixing has taken place.

By only alloying one of the two layers, either the Al layer with
Ni or the Ni layer with Al, the stoichiometric ratio is changed.
The maximum of propagation velocity is observed at an Al atomic
percentage of 45%, and it drops almost symmetrically down to zero
at an Al atomic percentage of 30% and 60%, respectively. The cir-
cumstance that the maximum is off-center is likely due to the fact
that the front propagation velocity is influenced by the combination
of the intermixing time as well as the energy generated through
intermixing. As the intermixing time is mainly governed by the

thickness and melting point of the lower melting point layer, in
this case the Al layer, the intermixing time is likely inversely pro-
portional to the thickness of the Al layer. This might be the reason
that at 45 at. % Al, the front propagation velocity is higher than at
50 at. % Al, even though the heat of mixing decreases. The drop in
front propagation velocity on either side of the maximum can then
mainly be attributed to the decrease in heat of mixing and heat of
crystallization. Both should decrease linearly with |p4; — 0.5, where
Ppai is the atomic fraction of Al atoms.

For the binary Al-Ni system, the most promising experimental
road to control the front propagation velocity over a wide range
would be to either alloy the Ni layer with Al or the Al layer with
Ni. This should be achievable in vapor deposition by simply
co-sputtering Al and Ni to create layers with the desired alloying
fraction. Due to the lower melting point of the pure Al layer, it is
very likely that on the Al-rich side, one would access lower ignition
temperatures, while on the Ni-rich side, the ignition temperatures
should be slightly higher. A further route would be to alloy both
layers, but with different alloying fractions, which might allow for

FIG. 8. [(a) and (b)] A-Ni/Co system with Co at.% = 50%. [(c) and (d)] Al-Co system. [(a) and (c)] coloring by atom type (Al: yellow, Ni: blue, Co: red) and [(b) and (d)]

Coloring by crystal structure (fcc: green, bec: blue, hep: red).
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faster deposition times, as both targets could be left open at all
times and only the power would have to be changed.

In the system where the Ni layer is alloyed with Co, the front
propagation velocity first slightly increases with the Co concen-
tration, before it goes down to a minimum, which is located at
the transition of NiCo from fcc to hcp, i.e., the concentration of
zero stacking fault energy. After the minimum, it steadily
increases up to the maximum front propagation velocity, which
was found for the Al-Co system. The change in enthalpy of
mixing across the whole range of NiCo intermetallics is below
2kJ/mol [see Fig. 7(b)]. For the Molecular Dynamics Al-Ni
system, the heat of crystallization was measured to be 16 kJ/mol.
In the binary systems, the whole system can crystallize to a bcc
phase behind the reaction front, while for intermetallics, only
part of the system crystallizes to a bec AINi or a beec AlCo, respec-
tively. As a result, the observed maximum difference in heat of
crystallization is on the order of 7kJ/mol [17.3 kJ/mol for 20%
Co, 10.1 for 80% Co, see Fig. 7(b)]. While this suggests that the
difference in propagation velocity can be explained largely by the
change in enthalpy of crystallization, there also seems to be an
influence on the rate of diffusion. The slight increase in propaga-
tion velocity for small Co alloying fractions could be explained by
a slightly higher heat of crystallization, the reduced crystallization
of the premixed interlayer, and with the fact that Co seems to aid
diffusion. This could also be the reason for the fact that the front
propagation velocity in the Al-Co system is higher than in the
Al-Ni system. Recent studies have also shown that the micro-
structure can influence the front propagation velocity.”' As Co
has an hcp crystal structure and Ni has an fcc crystal structure,
this could be another contributing factor to the difference in
front propagation velocity.

If one tries to imagine a system, where the range over which
the front propagation velocity can be tuned is maximized, one
would start with a binary system that has a very high front propa-
gation velocity, such as Al-Pt.” One would then alloy one layer
with the other element, in the case of Al-Pt, one could alloy the Al
layer with Pt. This should give access to a range of the front propa-
gation velocity from 0 up to the maximum front propagation veloc-
ity, which is around 90 ms~'." Another approach would be to
alloy one layer with an element that has a melting temperature far
beyond the combustion temperature of the reactive multilayer. This
approach has already been shown to work in the Al-Ni system,
where Schnabel ef al. alloyed the Ni layer with Nb."'

With respect to diffusion, it was found that when equally
alloying both layers with Al and Ni, respectively, an increase in the
alloying fraction will lead to growth of the crystallized interlayer.
As this crystallized interlayer acts as a diffusion barrier, the inter-
diffusion through the crystallized interlayer is slowed down, the
higher the alloying fraction. Already at an alloying fraction of
Pa =0.3, not all atoms are diffusing through the crystallized
interlayer and, thus, there is no complete intermixing anymore. A
similar, but weaker effect of the growth of the premixed interlayer
on the diffusion can also be observed when only one of the layers
is alloyed. The effect is weaker, as the crystallized interlayer only
grows on the side of the alloyed layer. However, in that case, the
excess of atoms of the type of the non-alloyed layer increases
the effect of the incomplete intermixing, which eventually leads

ARTICLE scitation.org/journal/jap

to the absence of a self-propagating reaction for large deviations
from 45% Al

In the Al-Co system, atoms from the premixed interlayer are
diffusing more easily into Co grain boundaries than atoms are dif-
fusing into the Ni grain boundaries in the AI-Ni system. This
might well be due to the fact that the grain boundary energy of Co
is significantly higher than that of Ni."* This also leads to a higher
diffusion coefficient for Co in comparison to Ni.”* Furthermore,
alloying the Ni layer with Co inhibits the crystallization of the
interlayer, which aids diffusion through the interlayer.

V. CONCLUSIONS

The influence of both Al and Ni alloying and Co alloying in
the Al-Ni reactive multilayer has been investigated. It was shown
that equally alloying the Al and the Ni layer with the respective
other element only gives small control over the front propagation
velocity. The reason for this is that increasing the alloying fraction
in this system means decreasing the enthalpy of mixing, but at the
same time the crystallization from amorphous AINi to B2-AINi is
aided by the increasing alloying fraction, as a larger proportion of
the system can crystallize without requiring previous interdiffusion
and intermixing.

Alloying only one layer with the respective other element
(which means changing the overall stoichiometry) is shown to give
control over a wide range of propagation velocities from 0 to above
4ms~!. The maximum propagation velocity is observed at an
atomic percentage of 45% Al. The propagation velocity can then be
tuned by varying the Al percentage either between 30% and 45% or
between 45% and 60%. The main reason for the sharp decrease in
propagation velocity is the reduced heat of mixing. If one aims to
further increase the range of propagation velocities, one could
change the bilayer height to maximize the velocity. In the Al-Ni
system, the maximum of propagation velocity was experimentally
found to be at a bilayer height of around 4 = 20 nm."” The range
can be further increased by choosing a different system with higher
reactivity and, thus, higher maximum propagation velocity, such as
Al-Pt.

When alloying with a third element, Co in the case of this
study, it was shown that the front propagation velocity does not
necessarily have to increase steadily. This work has found a
minimum of propagation velocity when the Ni layer is alloyed with
about 66% of Co. Putting this into perspective, the effect of alloying
is highly dependent on the reactivity of the alloying element with
the non-alloyed layer. Choosing a highly reactive element such as
Pt will allow to increase the front propagation velocity, while
choosing a weakly reactive element such as Nb will allow to
decrease the front propagation velocity. However, this work sug-
gests that alloying one of the two layers with the respective other
element in a binary system is the best way to access a wide range of
front propagation velocities. There are, however, still many reasons
to include a third chemical element for alloying. First, producing
systems with layers that are only alloyed with the respective other
element from the bilayer might be a hard task experimentally.
Second, the alloying element might be much cheaper and will thus
decrease the overall cost of the system. Third, the area of applica-
tion might also favor the addition of a third element, for example,
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for stability reasons. Finally, by adding the right additional
element, one can increase the window, in which the alloying does
still lead to a system that does not quench, allowing for larger error
tolerances when producing the multilayers.

In conclusion, alloying in reactive multilayers using MD simu-
lations was studied. Furthermore, it was confirmed that alloying
can be used for architecture-independent tuning of the propagation
velocity. With respect to the underlying mechanisms, MD simula-
tions show that both changes in the diffusion process and changes
in the heat of mixing and the heat of crystallization play a role.
Finally, when the goal is to maximize the range in which the front
propagation velocity can be varied, it was shown that whenever
possible, one should stay with a binary system and try to alloy only
one layer with the respective other element, rather than introducing
a further element. Furthermore, it can also serve as a guideline for
experimental studies with regard to the relevant stoichiometry
window.
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