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1. Introduction

Reactive multilayer systems (RMS) consist
of two or more reactive components in the
shape of nanolayers that are alternatingly
stacked on top of each other following a
systematic periodicity. These components
react exothermically if the RMS is heated
up locally, triggering both the atomic diffu-
sion that occurs normal to the layers and
the thermal diffusion of released heat that
occurs parallel to the layers. Consequently,
the reaction extends to the unreacted areas,
establishing a self-sustained propagating
heat wave until all reactants are con-
sumed.[1,2] In the reaction process of the
binary system of Al/Ni (RMS Al/Ni), the
energy released, well known as the heat
of reaction, and the velocity of propagation
are features of great interest for diverse
technological applications. Including their
use in bonding,[3] thermal batteries,[4] and
the synthesis of high entropy alloys.[5]
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Reactive multilayer systems are nanostructures of great interest for various
technological applications because of their high energy release rate during the self-
propagating reaction of their components. Therefore, many efforts are aimed at
controlling the propagation velocity of these reactions. Herein, reactive multilayer
systems of Al/Ni in the shape of free-standing foils with a wavelike surface
morphology prepared by using sacrificial substrates with well-aligned waves are
presented and the propagation of the reaction along different directions of the
reproduced waves is analyzed. During the ignition test, the propagation front is
recorded with a high-speed camera, and the maximum temperature is measured
using a pyrometer. The propagation of the reaction is favored in the direction
of the waves, which points out the influence of the anisotropy generated by this
morphology and how it affects the propagation dynamics and the resulting
microstructure. Furthermore, compared to their counterparts fabricated on flat
substrates, these reactive multilayers with wavelike morphology exhibit a
remarkable reduction in the propagation velocity of the reaction of about 50%,
without significantly affecting the maximum temperature registered during the
reaction.
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Therefore, theoretical and experimental investigations have been
carried out to elucidate the dependence of the reaction character-
istics on parameters such as the atomic composition ratio, the
bilayer thickness, and the premixed thickness at the interface
of RMS.[6–11] It was demonstrated that the velocity of the reaction
depends inversely on the thickness of the bilayer simply because
of the increase of the diffusion distance in thicker bilayers.
However, below a critical bilayer period, the reaction rate and
the propagation velocity are strongly affected by the premixed
interfaces between the layers.[6,12,13] This is because the amount
of stored chemical energy in RMS can be reduced due to the
chemical intermixing of reactants prior ignition, resulting in a
reduction in the velocity of the reaction.[6,12] The influence of
the substrate surface on the RMS structure and phase transfor-
mation was recently explored, showing the impact of the sub-
strate roughness on the premixed thickness of the as-
deposited RMS and on the phase transformation during anneal-
ing.[14,15] However, the dynamics of the reaction promoted by
slow heating rates, such as annealing or differential scanning cal-
orimetry (DSC), differs from a self-propagating reaction, where
the formation of the AlNi intermetallic phase occurs directly
from a liquid–solid state, whereas during annealing the diffusion
of the reactants occurs in the solid state.[16] Schultz et al. recently
showed the influence of the substrate topography on the propa-
gation velocity by depositing RMS on low-temperature co-fired
ceramic (LTCC) with previous surface modification.[17] The
rough surface of the substrate affected the propagation velocity
and improved the adhesion between the substrate and the multi-
layers after ignition. These effects can be interesting for bonding
applications where slow propagation fronts are needed.
However, deeper investigations are necessary to understand
the impact of the surface topography on the microstructure of
the RMS and on the propagation behavior of the reaction. In
addition, many efforts to control the reaction velocity in RMS
were reported. Fritz et al. fabricated low-density compacts by
funneling multilayer particles into a glass tube, thus achieving
low propagation velocities.[18] Danzi et al. show the possibility
of reducing and increasing the propagation velocity by adding
alloying elements in the multilayers.[19] Therefore, in this
study we focus on the effect of the substrate surface

topography, on the morphology of the produced Al/Ni reactive
multilayers with wavelike surface morphology (W-RMS), and
on its consequent influence in the self-propagating reaction.
In contrast to previous research, where the substrate presented
structures in the order of micrometers and an isotropic surface
texture,[17] in this work the surface of the copper substrate
presents fine ridges or waves with a preferred orientation, which,
despite their nanometric size, affects the growth of the Al/Ni
layers and the propagation dynamics of the reaction. Besides,
rolled copper foils are used as substrates because it is a competi-
tive alternative to 2D fabrication methods, which are usually
expensive and resource-intensive. The surface topography and
surface roughness of the as-deposited multilayers were investi-
gated using scanning electron microscopy (SEM) and atomic
force microscopy (AFM). The propagation velocity of the reaction
front was recorded using a high-speed camera and the maximum
temperature by a high-speed pyrometer. The composition of the
layers before and after the reaction was determined by X-ray
diffraction (XRD) analysis.

2. Experimental Section

2.1. Sample Preparation

In order to obtain RMS with wavelike surface morphologies
(W-RMS), Al/Ni multilayers were deposited onto commercially
rolled copper foil of 99.9% of purity and 127 μm of thickness
(Alfa Aesar). Figure 1 shows the wavy surface produced by their
rolling fabrication process. To elucidate the influence of the wavy
substrate compared to a flat substrate, analogous Al/Ni multi-
layers were also deposited on Si (100) wafers (Siegert wafer) pre-
senting a flat surface which will be used as a reference sample.
The Al and Ni layers were deposited by direct current (DC) mag-
netron sputtering in a cluster deposition system (CS400 by Von
Ardenne). The process was carried out at room temperature and
at a working pressure of 5� 10�3 mbar, and the sputtering
power and the argon flow were set at 200W and 30 sccm, respec-
tively. The distance between the substrate and the targets of Al
(99.99% purity, FHR) and Ni (99.99% purity, FHR) was set at
105mm, resulting in a deposition rate of 0.32 nm s�1 for

Figure 1. a) Picture of the copper foil (substrate) and inset of surface view under light microscopy; b) scheme of the fabrication flow of the freestanding
W-RMS; c) illustration of ignition process and cross-sectional schematic of a self-propagating reaction along the W-RMS.
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aluminum and 0.26 nm s�1 for nickel. The total thickness of the
RMS is 5 μm with a bilayer periodicity of 100 nm; the individual
thicknesses of the Al and Ni layers were adjusted to obtain a
2:3 atomic ratio. Subsequently, the copper substrate was
removed using a solution of ammonium peroxydisulfate
(C= 1.3 mol L�1). After the dissolution of the copper, the sam-
ples were washed in baths of acetone, isopropanol, and water.
Samples 30mm long and 15mm wide were prepared with the
waves oriented parallel (90°), perpendicular (0°), or diagonal
(45°) to the longest side of the sample, as shown in Figure 1. For
simplicity, we will refer to the fabricated foils as 0°, 45°, and 90°.
On the other hand, the flat multilayers were mechanically peeled
from the Si substrate. The chemical reaction of the obtained free-
standing W-RMS was activated by an electric spark in air and at
room temperature.

2.2. Analysis Methods

To investigate the microstructural features of the W-RMS Al/Ni
deposited on copper substrates, cross sections of the multilayers
were prepared by focused ion beam (FIB) nanomilling
(Auriga 60, Zeiss) and cross-sectional views were recorded with
the integrated SEM. Top-view micrographs of the surface before
and after ignition were obtained using SEM (S-4800 HITACHI).
In both cases, the operating voltage was set at 5 kV. In order to
determine the chemical composition of the foils after the reac-
tion, energy-dispersive X-ray spectroscopy (EDX) was performed
with an operating voltage of 25 kV. The roughness and
topography of the as-deposited RMS were studied using an
atomic force microscopy (AFM) (Dimension Veeco), with a scan
rate of 0.30 Hz and an amplitude of 294.3mV for a scan size of
50 μm. AFM images were processed with the WSxM 5.0
software.[20] During the ignition test, the propagation of the
reaction was recorded by a high-speed camera (FASTCAM
SA-X2 type 480 K) with a resolution of 50 000 fps, and the net
velocity of the propagation was measured by using Image J
software with manual tracking.[21] The surface temperature of
the ignited sample was measured by a high-speed pyrometer
(KLEIBER-Pyrometer Pyroskop 840) with an emissions coeffi-
cient value (ε) fixed to 1 and a resolution time of 10 μs. XRD
analysis was performed before and after ignition using the
Bruker D5000 Theta-Theta X-ray diffractometer, equipped with
a Cu Kα (λ= 0.15418 nm) radiation source used at 40 kV and
40mA, working in Bragg–Brentano mode with a scan speed
of 1 s per step and a 2θ increment of 0.02°. The obtained diffrac-
tion patterns were analyzed in the 2θ range of 30–100° by using
Bruker Diffrac. EVA software tool.[22]

3. Results

3.1. Characterization of the Surface Topography

The surface topography of the rolled copper presents waves that
are produced during the rolling process due to the elongation of
the copper grains. During the deposition process, the surface
topography of the copper substrates was reproduced on the
deposited Al/Ni multilayers. The transferred structure can be
seen with the naked eye and their orientation can be clearly

distinguished. A closer view of the surface of the W-RMS
Al/Ni in Figure 2 shows clearly the reproduced waves and their
well-aligned orientation. However, as the surface of the substrate
shown in Figure 1, the distribution of the waves in the surface of
the W-RMS is a bit ragged and presents disruptions and defects.
In fact, in some areas the defects are large enough to disturb the
order and orientation of the waves as observed in the insets of
Figure 2b. The waves on the W-RMS offer a structure with elon-
gated patterns as shown in Figure 2d, where the distribution of
these patterns can be observed. The patterns vary in width and
length, most have an elongated shape and are oriented in the
same direction; however, domains with different shapes can
be observed in some areas. Therefore, a texture analysis was per-
formed to evaluate the surface.

The surface texture was evaluated using the frequency analysis
tool in Mountains Map software, which uses an algorithm based
on the Fourier transform modulus of the image to calculate the
orientation angle of the texture and the degree of isotropy.[23] An
isotropy value of 100% of means that the texture is completely
isotropic and there is no main texture orientation; on the other
hand, 0% means that the texture is strongly oriented, and thus it
is considered as an anisotropic texture. The texture direction
analysis was performed using the obtained SEM micrographs,
and the results are depicted in a polar graph as shown in
Figure 2c, where the obtained isotropy is 2.4% and the preferen-
tial orientations are 90° and 95°, first and second direction,
respectively. This analysis was performed in different areas of
the sample surface and the isotropy varies from 1.8% to 3.6%.
Consequently, we can conclude that the produced W-RMSs have
a strongly oriented texture that was transferred from the sub-
strate to the Al and Ni layers.

In order to evaluate the surface roughness, AFM analyses were
performed for the W-RMS and for the reference sample depos-
ited on flat Si wafers. As it can be seen in Figure 3, the difference
in roughness is evident. The roughness (Rz) calculated for the
multilayers deposited on copper foils varies from 120 to
160 nm, whereas the Rz calculated for the multilayers on Si is
in the range between 7 and 11 nm. Additionally, the topographic
and 3D images reveal deep clefts in the surface of the W-RMS,
which are not aligned with the waves.

Figure 4a shows a cross-sectional view of the as-deposited
W-RMS and it exhibits how the topography of the substrate is
reproduced in the multilayers of Al and Ni. Unlike the multi-
layers that were deposited on flat silicon, the multilayers depos-
ited on Cu show multiple defects in the surface and present high
surface roughness with a strongly oriented texture. In addition,
they show surface and bulk defects caused by the growth on the
patterned copper substrate. Note in Figure 4b1 how the deep
valley of the surface of the substrate causes a bulk defect, well
known as hole-like defects, in the W-RMS.[24]

3.2. Self-Propagating Reaction

3.2.1. Net Velocity and Maximum Temperature

The reaction of the free-standing Al/Ni W-RMS (0°, 45°, and 90°)
and the reference sample was initiated by spark ignition. The
analysis of the propagation front of the flame was initially carried
out by calculating the net velocity of propagation, which was
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measured in the same direction for all the samples indepen-
dently of the wave’s orientation. As shown in Figure 5a, the
net velocity was measured in the direction parallel to the longest
side of the sample, starting at the ignition point until the sample
is consumed. During the ignition test, the maximum tempera-
ture of the flame (Tmax) was also registered by using a pyrometer.
The obtained results are listed in Table 1; the mean value and the
standard deviation (SD) for each different configuration of the
samples were also calculated.

Figure 5a shows sequential images of the propagation front
obtained during the reaction of the multilayers, where the differ-
ence between the propagation front generated in the systems
with wavy morphology and the reference sample can be
observed. The values of net velocity and the maximum tempera-
ture registered during the ignition test are plotted in Figure 5b.

The net velocity obtained from the W-RMS varies drastically
for each sample from 1.2 to 2.1 m s�1, unlike the reference sam-
ple, which shows a stable velocity about 2.4� 0.05m s�1. In addi-
tion, the maximum temperature registered for each sample is
also visible in Figure 5a, the reference samples reach tempera-
tures from 1350 to 1412 K, and the maximum temperature of the
W-RMS varies from 1243 to 1330 K. Due to the variation in the
results, no trend related to the configuration of the waves
direction can be established at this point. However, it is evident

that the temperature and velocity decrease for the W-RMS in
comparison with the reference samples. It is well known that
the change in the temperature will exponentially impact the
kinetics of the reaction; thus, in several analytical models the
velocity of propagation is directly related to the temperature of
the flame.[1,2,25] Grapes et al. derived Armstrong’s analytical
model to obtain the Arrhenius function for laminar materials
which relates the velocity of propagation and the temperature
of the flame (see Equation (1))[7,25]

dlnðV2
xðTmax � T0Þ=B�T2

maxÞ
dð1=TmaxÞ

¼ �Ea

R
(1)

Where Vx is the propagation velocity, R the gas constant, Tmax the
maximum temperature, Ea the activation energy, T0 the initial
temperature, and B is a reference value with units K s�2 m�2.
In order to obtain the Arrhenius plot shown in Figure 6, experi-
mental data from Table 1 were replaced into Equation (1), where
T0 is the room temperature (298 K) and B is 1 K s�2 m�2.

The results show an evident negative slope characteristic of
reactive materials and it can be approximated to a straight line;
as a result, the calculated activation energy is 91.2 kJmol�1. As
expected the data are considerable scatter and at least 3 points are
not close to the linear fit; therefore, a deeper analysis is necessary.

Figure 2. a,b) SEM images of the Ni/Al multilayers deposited on the Cu substrate after dissolution of the substrate; c) analysis of the texture direction
obtained from (a), using frequency analysis in MountainsMap software; d) distribution of the elongated patterns analyzed by the watershed filter in
MountainsMap software.[23]
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Although it was observed that in self-propagating reactions, the
assumption of a constant activation energy is an important tool to
quantify the influence of temperature on the reaction rate, it is
necessary to point out that this analytical model assumes many
parameters of the process to be constants, such as atomic com-
position, diffusivity, and bilayer thickness.[7,26,27] The complex
morphology of the W-RMS can affect these parameters causing
the inaccuracy of the resulting enthalpy. Besides, the tempera-
ture was registered in a spot with a diameter of 400 μm in the
middle of the sample while the net velocity was calculated in
a length of 40mm. Considering that the W-RMS morphology
is not homogeneous and areas with significant defects that could
affect the temperature measurement are common, it is possible

that in some cases the temperature is not representative for the
average propagation.

3.2.2. Local Propagation

A closer observation of the propagation front (see Figure 7)
shows that it is affected by the wavy structure of the multilayers.
Unlike the radial propagation in the reference samples, the
W-RMS presents a propagation front that lengthens in the direc-
tion of the waves (x). In the early stage of the propagation, before
the reaction reaches the lateral borders of the sample, where the
reaction can freely propagate both parallel and perpendicular to
the waves, it was observed that the reaction spreads faster parallel

Figure 3. a) Topographic, b) 3D, and c) amplitude; AFM images of the as-deposited W-RMS. The inset in c is a sectional scan of the surface along
the direction perpendicular to the waves. d–f ), idem, for the reference sample.

Figure 4. Cross-sectional SEM images of W-RMS deposited on rolled copper: a) structure of the multilayers; b) hole-like defect.
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to the waves. As shown in Figure 5c depending on the configu-
ration of the sample, 0, 45, or 90, the propagation will be always
favored in the direction of the waves.

To determine the velocity of the propagation front in these
local areas, we measured the propagation distance from the igni-
tion point to the borders of the front in the directions parallel (x)
and normal (y) to the waves 4ms after the ignition started
(see Figure 7). Picturing these two distances as the main axis
of an oval, we can clearly see that the propagation is faster in
the x direction than in y direction. Nevertheless, during the
reaction propagation over the entire area of the sample, it was
observed that the propagation front encountered barriers that
did not stop the propagation but slowed the propagation velocity
in local areas and with different orientations. These barriers are
assumed to be surficial or hole-like defects that are not parallel to
the waves.

3.3. Characterization After the Self-Propagating Reaction

After the ignition test, the reference sample and the 90° W-RMS
were observed by SEM microscopy to analyze the surface of the
reacted samples. Figure 8a shows the surface of the reference
sample after reaction, where the formation of bands normal
to the direction of propagation front is evident. These bands
or patterns observed in Figure 8a,a1 are traces of an unsteady
spin-like propagation that has been observed in previous inves-
tigations.[8,26] These microstructures are the result of fluctuations
in the local temperature and in the local rate of the reaction,
where some bands reach higher temperatures than others. As

Figure 5. a) Images of the propagation front obtained by the high-speed camera in intervals of 2 ms. The recorded videos can be found in Zenodo
(https://doi.org/10.5281/zenodo.6 539 366);[39] b) plot of the net velocity of values and maximum temperature using the experimental data in listed
in Table 1.

Figure 6. Arrhenius plot generated by replacing data in Table 1 in
Equation (1). The dashed line is the linear fit for the points.

Table 1. Net velocity values and maximum temperatures of the propagating flame during the ignition test.

Sample No. Flat-RMS W-RMS (90°) W-RMS (45°) W-RMS (0°)

V [m s�1] Tmax [K] V [m s�1] Tmax [K] V [m s�1] Tmax [K] V [m s�1] Tmax [K]

1 2.4 1350 2.1 1282 1.4 1243 1.4 1264

2 2.3 1412 1.7 1327 1.9 1330 1.6 1301

3 2.4 1338 1.7 1286 1.2 1323 1.8 1315

Mean 2.4 1383 1.8 1298 1.5 1298 1.6 1293

SD 0.05 31.2 0.23 24.9 0.36 48.3 0.21 26.3
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a result, the hotter areas present coarse microstructures, whereas
the colder areas exhibit fine microstructures.[2,8,26] In the case of
the W-RMS, the bands normal to net reaction front are not
observed any more, and the resulting microstructure still retains
the orientation of waves that were replicated from the substrate
as is observed in Figure 8b,c. A closer view of the surface in
Figure 8c1,c2 points some defects (dark spots) in the RMS that
are parallel to the orientation of the previous waves. EDX
analyses revealed that the areas without defects have an atomic
composition of 60 at% Ni and 40 at% Al� 2%, whereas the dark
spots contain a high percentage of nickel, resulting in 82 at% Ni
and 17 at% Al� 7%. In the reference samples, the atomic com-
position in different areas resulted in 60 at% Ni and 40 at% Al
with a deviation of 2%.

XRD analysis was performed before and after reaction for
the W-RMS and the reference sample produced in a flat Si
substrate. It can be observed in Figure 9a that before ignition,

both samples show similar patterns with the reflexes of Al fcc
(PDF 02-004-0787) and Ni fcc (PDF 02-004-0850). After the reac-
tion, both samples present the corresponding reflexes to the B2
phase Al0.42Ni0.58 (PDF 02-044-1267); however, the W-RMS
presents the reflexes (111) and (200) of the AlNi3 phase
(PDF 02-065-0144) too. These reflexes can be related to the dark
spots with excess of Ni that were identified by EDX analysis
(Figure 8c1).

4. Discussion

4.1. Impact of the Rough Substrate Surface in the Grown of
the W-RMS

Compared to the flat surface of the Si used for the deposition of
the reference sample, the copper substrate presents a severely

Figure 7. a) 3D scheme of W-RMS pointing directions normal to the layers (z) parallel to the waves (x) and normal to the waves (y); b–d) are captions of
the propagation front.

Figure 8. SEMmicrographics of the surface of the reactive multilayers after reaction; a,a1) surface views of the reference sample; b,c,c1,c2) surface views
of the W-RMS (90°).
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rough surface with ridges and grooves that affect the growth of
the produced W-RMS, by the effects of shadowing, reemission,
and resputtering.[28,29] As a result, the features of the
W-RMS, such as interface roughness, surface topography, and
compactness of the reactive foils, are affected giving rise to inter-
mixing areas, local compositional variations, and the formation
of growth defects.[14,18,30] These morphological characteristics of
the W-RMS affect the performance of system during the
self-propagation. The increase of the intermixing areas in the
interface reduces the velocity and the heat of the reaction,[6] while
local compositional variation can produce an oscillating reaction
front[26] and grown defects normal to the layers act as a barrier for
the thermal diffusion.[31]

4.2. Effect of Wavelike Surface Morphology on the
Self-Propagation Mechanisms

The propagation front observed during the ignition of the
reference sample and the traces of the propagation wave in
the shape of bands are characteristic features of
RMS.[8,13,27,32] The formation of bands normal to the direction
of the propagation in the reacted foils are evidence of an spin-
like propagation front.[8] However, in the W-RMS the propaga-
tion front shows an elongated shape (see Figure 7) that
indicates that the propagation of the reaction is favored along
the direction of the waves. Furthermore, after ignition, the
morphology of the resulting microstructures does not present
bands normal to the direction of the net propagation but rather
retains the surface texture of the W-RMS. These observations
evidence that the radial propagation behavior of the reaction
was strongly affected by the anisotropic microstructure of
the W-RMS. To elucidate the main factors that cause the prop-
agation behavior, the analysis of the self-propagation mecha-
nisms in the W-RMS is needed.

It is well known that the self-propagation in RMS is governed
mainly by two mechanisms, the atomic diffusion between the

reactants which occurs normal to the layers (z) and the thermal
diffusion which occurs mainly parallel to the layers (x and y). The
atomic diffusion will be mainly affected be by the atomic com-
position, thickness of the bilayer, and the intermixing in the
interface of the reactants,[9,33,34] while the thermal diffusion
which allows the heat conduction to the unreacted areas depends
on thermal conductivity of the materials, the heat capacity, and
the density of the RMS.[1,2,7] Therefore, it is necessary to analyze
the impact of the morphology of the RMS on both atomic
diffusion and thermal diffusion.

4.3. Influence on the Atomic Diffusion

Under low heating rates, it was observed that roughened inter-
faces and nodular defects will promote atomic diffusion.[14,35]

This was attributed to the larger contact area between the reac-
tants in the interface, and to the high concentration of vacancies
which allows the mobility of the diffusion atoms.[35,36] This will
cause a decrease in the activation energy and will impact in the
heat release dynamics, causing that the heat release will be dis-
tributed among the reaction stages. Therefore, in the last stages
of the reaction, the temperature peeks decrease.[34,35] For Al/Ni
RMS with rough interfaces produced due to the rough substrate
surfaces, it was observed that during annealing a roughened
interface promotes the atomic diffusion in the interphase result-
ing in the formation of an intermetallic; this intermetallic phase
hinders the atomic diffusion in the flowing stages of the reaction
which cause a reduction in the reaction rate.[14] However, during
a self-propagating reaction, which occurs under high heating
rates, the atomic diffusion mechanism will change because
the reaction occurs in a liquid–solid state, where the formation
of the B2 AlNi phase occurs fast and directly.[16] It can be specu-
lated that these effects will be present in an early stage of the
reaction before the aluminum melts, which can decrease the
reaction rate and the temperature peaks during self-propagation.
This could explain the lower values for temperature and velocity

Figure 9. XRD patterns of Al/Ni W-RMS and the reference sample obtained in Bragg–Brentano geometry: a) before ignition; b) after ignition.
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registered for the W-RMS in comparison with the reference
sample. Nevertheless, in order to demonstrate this theory further
investigation is necessary.

4.4. Influence on the Thermal Diffusion

The thermal diffusion is directly proportional to the thermal
conductivity of the material; in flat RMS, the thermal conductivity
is already direction dependent. Normally two main directions are
considered, one parallel (x and y) to the layers and other normal (z)
to the layers (see Figure 7a).[27] In the case of the W-RMS due to
the presence of waves oriented in a preferential direction, the ther-
mal conductivity will differ in x direction compared with y direc-
tion. In y direction, due to the heterogeneous waves, disruptions
and hole-like defects are common; these defects decrease the ther-
mal conductivity in this direction.[37,38] Consequently, the thermal
diffusion is favored in the direction of the waves resulting in faster
propagation of the reaction in x direction as shown in Figure 5a
and 7. Therefore, we presume that the impact of the surficial and
bulk defects on the thermal diffusion will be the main responsible
for the untypical propagation front.

4.5. Propagation Front and Net Velocity

Considering the anisotropic topography of the W-RMS and the
observation of the propagation in local areas of the sample, it is
expected that in the samples with the waves oriented at 90°, the
net propagation velocity of the front will be faster than in the
samples with patterns oriented at 0° and 45°; however, it is
not possible to observe a clearly tendency due to the wide range
of variation in our results. As observed in the microstructural
investigation of the W-RMS, the transferred patterns were not
completely homogeneous and the presence of defects that dis-
turb the waves was also common. The obtained results suggest
that these defects influence the propagation in the W-RMS dis-
rupting any preferential propagation along the direction of the
waves and causing the variation in the net velocity. On substrates
with standard patterns, obtained through a more complex
manufacturing process, the influence of an anisotropic surface
texture would be stronger.

4.6. Phase Transformation

XRD patterns showed that the reference sample and the W-RMS
react, forming AlNi B2 phase. However, in the patterns obtained
from W-RMS, two small reflexes are observed that correspond to
the AlNi3 (L3) phase. Furthermore, spots on the surface of the
reacted foil, with a composition of around 82 at% Ni, were
observed, and the XRD patterns after ignition do not show
reflexes of Ni fcc or Al fcc anymore which indicates that both reac-
tants were consumed. Considering the previous observations, we
can presume the presence of the phase L3 in the small spots
observed with a high content of Ni. The formation of these
two phases was already observed in Al/Ni RMS with an atomic
composition rich in nickel.[10,15] Note that these small spots of
the second phase are aligned with the direction of the patterns.
To confirm the presence of the L3 phase and elucidate the phase
formation process, it is necessary to perform further analyses.

5. Conclusions

Reactive multilayers of Ni/Al with wavelike surface morphology
in the shape of free-standing foils were successfully fabricated
and the microstructures of the system before and after ignition
were analyzed.

The influence of the reproduced waves on the dynamics of the
self-propagation front was evidenced. During the reaction,
the growth defects in the structure of the W-RMS slow down
the velocity of propagation without significantly reducing the
maximum temperature. Whereas the net propagation velocity
can be reduced by about 50%, the maximum temperature just
decreases by about 8% compared to samples prepared on sub-
strates with flat surfaces. This is attributed mainly to hole-like
defects and the disruptions in the microstructure caused by
the substrate surface topography. The anisotropic microstructure
of the produced W-RMS influences not only the propagation
velocity but also the propagation front behavior and the resulting
microstructure after reaction. However, the effect of surface
and bulk defects on phase transformation should be further
investigated.

The present study demonstrates the potential to control the
propagation behavior of the reaction in RMS by using substrates
with rough and oriented surfaces. Moreover, it shows that it is
possible to decrease the velocity of propagation and modify the
propagation mode without the need to alter the chemical com-
position of the system during its fabrication.
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