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A B S T R A C T

In this study, we explore the transferability of the exothermic reaction between structured Ni/Al multilayers 
elements. Two systems were prepared with and without Sn as an adhesive layer between substrates and mul
tilayers to investigate the effect on the reaction front. To achieve this, obstacles of varying sizes were integrated 
into Ni/Al multilayer foils using a combination of photolithography and lift-off techniques. They were system
atically positioned along the path of the self-sustained reaction in Ni/Al multilayers on substrates, with different 
spacing configurations between them. The advancement of the reaction front was monitored using a high-speed 
camera, while time-resolved pyrometer measurements provided insights into the maximum temperature attained 
during the self-propagating reaction. X-ray diffraction analysis confirmed the formation of the NiAl phase formed 
in both systems, while scanning electron microscopy revealed morphological changes induced by the reaction in 
both the Ni/Al multilayers and the quenching zone. Notably, the reaction front halted at various intervals be
tween obstacles. Our findings suggest several key observations: (I) Minimal spacing between obstacles can 
effectively quench the reaction front; (II) The modification of the heat loss by the adhesive layer and subse
quently impacts the reaction front; (III) To determine the condition to tailor the heat release of the reactive Ni/Al 
multilayer systems; (IV) The observation revealed that Sn initiates compressive stress during the deposition of the 
Ni/Al multilayers. Additionally, it aids in decreasing the cooling rate after the reaction and facilitates grain 
growth in the Ni/Al multilayers afterward.

1. Introduction

Ni/Al reactive materials are characterized by the possibility of 
initiating a self-sustaining exothermic reaction to form intermetallic 
alloys [1,2]. Nanostructured intermetallic aluminide compounds 
exemplify this, with properties like low density, high wear resistance, 
hardness, strength, creep resistance, and oxidation resistance at elevated 
temperatures [3]. A self-propagating reaction is initiated when local 
mixing releases enough thermal energy to heat surrounding material, 
creating a reaction front that moves through the material at a particular 
velocity. Reactive multilayers are used as heat sources for bonding [4,5], 
igniters [6,7], thermal batteries [8], as well as in PyroMEMS [9], 
micropyrotechnics [10], and shape memory applications [11]. Several 

methods have been explored to fabricate solid-solid reactive materials, 
including powder mixtures [12,13], reactive multilayers [14,15], 
core-shell particle systems [16,17], particulate multilayers [18], and 
reactive multilayer particulate systems [19]. Techniques to produce 
aluminides from elemental constituents include cold rolling and 
annealing [20], high-pressure torsion with thermal processing [3], ball 
milling for mechanical alloying [21], liquid-phase casting [22], ion 
beam mixing of Ni/Al multilayers [23], and physical vapour deposition 
(PVD) based multilayer formation [1]. Phase formation in the Ni/Al 
system is typically influenced by the Al-Ni ratio and processing tem
perature, as predicted by the equilibrium phase diagram, assuming 
sufficient atomic mobility and interaction time to establish the equi
librium phase [24,25]. According to the Al-Ni phase diagram, 
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intermetallic compounds such as Al(γ), NiAl₃, Ni₂Al₃, NiAl, Ni₅Al₃, Ni₃Al, 
and Ni(γ) form as Ni concentration increases [25]. The effective heat of 
formation concept can predict the phase formation sequence [26], 
where self-sustaining reactions occur if reaction temperature surpasses 
the melting point of the low-melting component, and the final phase is 
determined by the Ni-to-Al concentration ratio [23,27,28]. In diffusion 
couples, the Al₃Ni phase typically forms [29]. When phases with higher 
melting points form during the heating phase, the formation of 
concentration-defined phases can be partially or fully suppressed [30, 
31]. The presence of a two-stage transformation process or melting 
during initial and reaction product formation affects the reaction 
propagation velocity and the combustion process’s time-temperature 
profile [32,33]. Factors like porosity, grain size, grain contact di
mensions, and powder mixture composition can alter reaction velocity 
and peak temperature [19,34–39]. In reactive multilayers, variations in 
bilayer thickness, composition, dilution, and intermixing layer thickness 
also impact these parameters [1,40]. Maximum reaction temperature is 
largely determined by the enthalpy of formation of the final product, 
with secondary transformations, such as melting, potentially modifying 
it. Reaction velocity is influenced by diffusion distances, diffusion bar
riers, and impurities at the reactant interfaces [41,42]. In PVD multi
layers, these parameters can be finely tuned to control self-propagating 
reactions [40]. These foils feature nanoscale alternating layers of two 
elements that react exothermically, with diffusion distances 10–1000 
times shorter than in powders, facilitating atomic mixing. Notably, 
aluminides formed between certain intermetallic compounds do not 
exhibit large negative heats of mixing and maintain a stable bcc solid 
solution across a wide concentration range at high temperatures [43]. In 
such systems, layer thickness influences the heat release during phase 
formation [43]. Jaekel et al. [44] observed that slower diffusion from 
thicker Al layers into Ni reduces the overall diffusion rate in reactive 
multilayers (RML), delaying phase formation. The layering process 
minimizes porosity and contamination while enhancing contact be
tween reactants compared to powder compacts. Increased packing 
density accelerates reaction front velocity and system temperature [37, 
43–45]. Porosity affects thermal conductivity, preheating zone length, 
temperature distribution, and propagation velocities [37]. Porosity (f) is 
typically defined as the ratio of pore volume (Vp) to total volume (Vt), 
expressed as f = Vp/Vt [46]. Lower porosity increases particle contacts, 
improving thermal conductivity and heat transfer in the preheating 
zone, extending it and shortening the reaction zone.

A significant increase in the length of the preheating zone leads to 
greater heat loss, which is necessary in the reaction zone to ensure 
uniform propagation of the combustion wave. In [37], it is reported that 
the propagation speed for a sample with 5 % porosity is slower than for a 
sample with 10 % porosity, which is due to the fact that the lower 
porosity can lead to instabilities in the combustion wave in extreme 
cases and change the type of combustion. These differences lead to a 
sharp increase in reaction rates and enable self-propagation of 
exothermic reactions in multilayer systems which is not possible in 
powder compacts. One of the most widely used reactive multilayer 
systems are Ni/Al multilayers. Al and Ni are easily available, compar
atively inexpensive, and have a relatively high reaction enthalpy 
(1381 J/g) [47]. Fig. 1 shows such a Ni (20 nm)/Al (30 nm) multilayer 
stack deposited by PVD to a total thickness of 5 µm on a 1 µm thick 
SiO2/Si (100) substrate.

These are very useful for reactive bonding as a self-heating source 
between the substrates to be bonded. Therefore, these bonding tech
niques have recently increased in the integrated reactive multilayer 
systems (iRMS) in microelectronics and micromechanical systems 
(MEMS) [48–53]. Conventional free-standing reactive multilayer films 
are used in reactive bonding interface technology, which is not practical 
in micrometer-scale reactive bonding due to the difficulties in handling, 
positioning and patterning the films. Therefore, integration processing 
by the patterning/deposition or deposition/patterning of reactive layer 
system directly on silicon or other substrate components represents an 

interesting research challenge. In reactive bonding, a highly reactive 
nanoscale reactive multilayer system is used as a self-heating source 
between the substrates to be bonded. The heat generation after the 
external ignition is achieved by a self-propagating exothermic reaction 
of the integrated reactive multilayers system [51,53–55]. The integrated 
reactive bond induces localized heat at the bond interface; such limited 
temperature and velocity, quench locally through the substrate material. 
This enables bonding through temperature-sensitive microdevices 
located outside the interface and materials that can be bonded without 
thermal damage.

In this work, we investigate the effect of the different sizes of the 
obstacles on the reaction pathway in reactive Ni/Al multilayers on SiO2/ 
Si substrates. As reactive Ni/Al multilayer films self-ignite spontane
ously upon exposure to an external source, they exhibit highly 
exothermic reactivity. It was also observed that the thermal conductivity 
of the environment, the strongly limited heat generated at high tem
perature caused the reaction to spread explosively and in an isotropic 
direction of propagation. In joining technology, it is necessary to direct 
the reaction to certain functional points without exceeding critical 
values of heat release. To meet the requirements and overcome these 
problems, we attempted to control the reactivity of the reactant with an 
optimized reaction front velocity and maximum temperature, which 
affects the dynamics of reaction propagation, and for MEMS [56] ap
plications to design the size and density of obstacles to the propagation 
of thermal interaction.

2. Materials and experimental techniques

Structured reactive Ni/Al multilayers were prepared on a p-Type 
Boron doped (100) Silicon substrate (525 µm thick) with a specific 
resistance of 5 mΩ cm covered with a 1 µm thick SiO2 layer. First, the 
substrates were cleaned and spin-coated with AZ 15nxt negative resist of 
10 µm thickness. They were then baked on a hot plate at 110 ◦C for 
3 min to allow patterning and the fabrication of square holes of different 
size. The patterns were produced using the Maskless aligner 150 (MLA 
150) machine. The device is equipped with a laser diode source that 
emits at 405 nm. Exposure was at 340 mJ/cm2. We fabricated a series of 
square holes in the 5 µm Ni/Al path with a length of 10, 40, and 100 µm. 
After exposure, the layer was post baked at 120 ◦C for 2 min. The 
patterned geometry was created by dissolving the photoresist with MIF 
726 and subsequent metal deposition. Two types of batches were 

Fig. 1. Scanning microscopy (SEM) image of a focused ion beam (FIB) cross 
section of fabricated 5 µm Ni/Al multilayer foil with 1:1 Ni/Al atomic ratio 
(20 nm Ni/30 nm Al) on top of 1 µm SiO2/Si (100) substrate to be ignited with 
electric spark and cover with Pt-C layer for FIB cut.
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fabricated. Type A, in which only Ni and Al were deposited and Type B, 
in which 50 nm Sn was added as an adhesive layer to increase the 
adhesion of the Ni/Al multilayers after the reaction. Sn-rich solders are 
commonly used as solder joints in advanced electronic packaging due to 
their low melting points (210–220 ◦C) and good wettability [57]. Fig. 2
illustrates the schematic representation of the fabricated design, along 
with a summary of the fabricated chips. The design features distinct 
spaces between them, with a column of square-shaped holes spaced 
500 µm apart in the x-direction. However, in the y-direction, the dis
tances between holes vary after every two columns, with intervals of 
5000, 1000, 500, 300, and so forth, as depicted in the summary provided 
in Fig. 2. Ni, Al and Sn were deposited by direct current (DC) magnetron 
sputtering (CS400 by von Ardenne), using Ni, Al and Sn (99.99 % purity, 
FHR) with 100 mm diameter targets. Alternating layers of Ni and Al 
with a thickness of 5 µm of Ni/Al multilayers with a thickness of 20 nm 
Ni and 30 nm Al (50 nm bilayer thickness) were deposited at room 
temperature. The substrate holder was not provided with active sub
strate cooling in this system. The depositions were carried out at room 
temperature and a base pressure of 5 × 10−8 Torr. In general, such 
deposition conditions promote the formation of nanograins in a 
columnar structure, which is mainly controlled by the reduced atomic 
mobility of the deposited materials on the substrate and self-shadowing 
during film growth [58,59]. After deposition, the resist was removed 
from the substrate by means of the lift-off process using MLO07 solution. 
Finally, a series of squares of different sizes were fabricated on SiO2/Si 
substrate as shown in Fig. 3. Flow diagram 1 shows the process flow for 
chip preparation.

An electrical spark of 16 V was used to ignite the reactive multi
layers. The electrical probes were placed at the edge of the fabricated 
chip as schematically depicted in Fig. 2. A high-speed camera (FAST
CAM SA-X2) with a frame rate of 50,000 frames per second was used to 
record the front velocity of the self-propagating reaction. The net ve
locity of the propagating front was measured by Image J software using 
manual tracking [60]. The high-speed pyrometer (KLEIBER—Pyroscope 
840 pyrometer) was used to measure the reaction temperature with an 
emissions coefficient (ε) fixed at 1 with a resolution time of 10 µs and 
2.2 µm spatial resolution spot on the sample surface where temperature 
was measured. To investigate the microstructural features on the top of 
the deposited reactive Ni/Al multilayers on SiO2/Si substrates, a SEM 
(S-4800 HITACHI) was used before and after the reaction. Focused ion 
beam (FIB) nanomilling (Auriga 60, Zeiss) was used to examine the 

cross-section of the multilayers and record the cross-sections with the 
integrated scanning electron microscopy (SEM). The operating voltage 
was set to 5 kV for both cases. Phase analysis by X-ray diffraction (XRD) 
was performed before and after ignition using the Bruker D5000 
theta-theta x-ray diffractometer was used with a Cu Kα (λ =

0.15418 nm) equipped radiation source at 40 mA and 40 kV in 
Bragg–Brentano mode with a scan speed of 1 s per step and 0.02◦ step 
size for 20–100◦ 2θ angle. The Bruker Diffraction EVA software tool was 
used to identify the formed phases [61]. Auger spectroscopy was done 
using an AES Microlab 350 from Thermo Fisher Scientific, Inc. (USA).

3. Results and discussion

3.1. Phase formation and morphology

3.1.1. Before reaction
Fig. 4 shows the XRD patterns of Type A and Type B samples in the as 

deposited state. It shows the presence of Al (PDF 04-0787) and Ni (PDF 
65-2865), Si (PDF 03-0549) and Sn (PDF 65-0298) but no intermetallic 
phase between Ni and Al. Crystallite and lattice strain were analysed 
based on the broadening of XRD peaks using the Williamson–Hall (WH) 
method [62]. According to the WH method, different contributions to 
the broadening of the reflections are associated with both size and lattice 
strain effects as follows [62]: 

β cosθ =
kλ
D

+ 4ε sinθ (1) 

where, β, θ, k, λ, D and ε are the FWHM, Bragg’s angle, shape coefficient 
(0.98), wavelength (1.54 Å), crystallite size and effective strain 
respectively.

According to Eq. (1), the strain value is calculated by plotting the 
curve between β cosθ and sinθ (WH plot), where the slope of the line 
obtained represents the strain value (ε) and the intersection point rep
resents the crystallite size (D). The measured strain of Ni and Al as well 
as Sn in the case of type B samples. Since the XRD measurement was 
performed on the Bragg-Brentano plane, the measured strain is out of 
plain. A negative slope of the WH plot indicates an effective compressive 
stress in the crystal lattice [63].

Fig. 5 shows that the crystallite sizes decrease with increasing hole 
size, which is consistent with the observed SEM images of the top view of 
Type A and Type B samples shown in Fig. 6. This could be due to the 

Fig. 2. SEM image of the fabricated chip of 100 µm hole size sample of Type A layer system, together with summary of the design in tabular form to describes the 
pattern of holes in the fabricated chip. Prepared samples for ignition experiment, two Types of batches were prepared i.e. Type A is patterned Ni/Al multilayers on 
SiO2/Si substrate and whereas Type B prepared patterned Ni/Al multilayers together with 50 nm Sn layer on SiO2/Si substrate.
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Fig. 3. (a) Process flow: during the Al/Ni multilayers deposition before the lift-off process, and after lift-off and resist removing process. (b) SEM image of the 
fabricated design of 100 µm side length of holes of Type A sample with Al/Ni multilayer.

Flow Diagram 1. Process flow for the sample preparation.

Fig. 4. XRD patterns as deposited Al/Ni multilayers of Type A and Type B samples.
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deposition conditions of the DC magnetron sputtering tool on the sub
strates. As we can see in Fig. 3(a), during Ni/Al deposition, the ratio 
between the area of ion bombardment (yellow part) and the area 
covered with resist at the location where the holes are formed (black 
part) decreases as the hole size increases. During the deposition process, 
the surface of the substrates is bombarded with ions, which increases the 
local temperature of the substrate surface with deposition. Therefore, we 
have higher crystallite sizes at a hole size of 10 µm. As the hole size 
increased, the area of the ion bombardment decreased. As a result, the 
temperature decreased and a smaller grain size was formed. In addition, 
the holes do not lead to stresses, but reduce the stresses due to edge 
relaxation of the deposited reactive multilayers. As the number of holes 
increases, the contributions of the edges increase, which can lead to a 
reduction in stress. If it is assumed, that a part of the residual strain 
arises from the differences in the thermal expansion coefficients a 
reduced surface temperature reduces also the value of the thermal strain 

contributing to the residual strain of the layer. As can be seen from the 
strain values of the samples of reference Type A and reference Type B, 
the samples without holes are more elongated than the deposited reac
tive multilayers. However, this applies to the compressive strain of the 
samples of Type B and the tensile strain of the samples of Type A. It was 
found that the grain sizes in the Type B samples are smaller than in the 
Type A samples. This may be due to the presence of Sn. Sn induces 
compressive strain during deposition [64]. This is the consistent with 
the observed negative strain value for Type B samples in Fig. 5. in
troduces compressive strain into the system, which can be understood by 
the following reasons: 

1) Sn act as a wetting layer [65].
2) The deposition of Sn on the SiO2 layer leads to a deformation or 

defect at the interface with the substrate. As a result, it leads to 
roughness of the Al/Ni layers [66,67].

Fig. 5. Variation of crystallite size and strain value with hole size before reaction initiation (as deposited Ni/Al multilayer stack).

Fig. 6. Top view SEM images of the prepared 10 µm, 40 µm and 100 µm hole size samples of Type A and Type B samples before reaction initiation (as deposited Ni/ 
Al multilayer stack).
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3) The thermal expansion coefficient of Sn is 22 µm/mK, that of Al 
25 µm/mK and that of Ni 13 µm/mK [68]. Sn is therefore subjected 
to compressive stress, while the Al layer is subjected to tensile stress. 
Consequently, Sn leads to defects and contributes to the buckling 
effect on the deposited layers, as can be seen in Fig. 7 [66].

Fig. 7 shows the cross-section of the sample Type A and Type B, 
respectively. In Fig. 7, a Pt–C layer was deposited on the top of the 
surface to protect the reactive multilayers from the effect of Ga ions by 
the nanomilling process to obtain the cross-sectional images. Fig. 7 Type 
A; shows the interface of the Ni/Al multilayers with the substrates is 
much smoother than that of Type B, where Type B has some defects at 
the interface of the Ni/Al multilayers with the substrates. The defects 
and the buckling effect are due to the Sn layer.

3.1.2. After reaction
Fig. 8 shows the XRD patterns of the reacted structured Ni/Al mul

tilayers of Type A and Type B. The Type A case shows the presence of an 
Al (PDF 04-0787) peak together with the B2 phase NiAl (PDF 65-5171) 
phase. The Type B case shows the phase formation of B2 phase NiAl (PDF 
65-5171), which is consistent with the targeted ratio of Ni50Al50 by the 
deposition along with Ni3Sn4 phase (PDF 65-4310) which shows the 
intermetallic compound formation of Ni3Sn4 after the reaction. This 
phase can be formed as a result of reactive diffusion between Ni and Sn 
[69] is a stable phase in the Ni-Sn binary phase diagram [70] and can be 
formed by a peritectic reaction [71,72].

As shown in Fig. 8 for Type A, the presence of Al(111) appeared with 
lower intensity, indicating that only a small, scattered amount of such 
unreacted residue is present, resulting from the incomplete reaction of 
the first deposited Al layer [73].

Fig. 9(a) shows a top-view of the surface morphology of a reacted Ni/ 
Al 100 µm Type A sample. The reacted surface morphology showed a 
spherulitic-like dendrite or buckling or cracked structures after the re
action [74]. These dendrite orientations were found to emanate from an 
origin and extend in the direction of propagation of the reaction front to 
form a sheet-like pattern. The appearance of the dendritic form from the 
reaction product is a common solid crystallization growth from the 
molten layer under a rapid-cooling rate [75,76]. The steep temperature 
gradients that are, systemically known behind the propagation of the 
reaction front. It would spontaneously induce significant thermal stress 
gradients related to the solidification process [77]. In addition, the 
thermal stress states could also increase more if the thermal expansion 
coefficients of the double-section materials were significantly different 
[1,78]. These factors contributed to increased stress levels, making the 
reacted product more susceptible to disintegration or cracking as a result 
of these associated stresses. It should be noted here that the 
self-propagating reaction was triggered by the electric current, which 
occurs explosively and detaches the reacted product in the form of debris 
particles or flakes, forming interdendritic areas or cracked structures, as 
shown in Fig. 9(a).

After the reaction, the variation of the grain size observed using FIB 

cut on the reacted Type A and Type B samples. From Fig. 9(b) and (c), 
shows the change in the grain size between Type A and Type B samples. 
Fig. 9(c), also shows the presence of holes or defect on the reacted foil 
which comes from the pre-existing defect on the Type B samples. The 
larger grain size observed in Type B than Type A samples. This is due to 
the fact that Sn increases the thermal resistance in the substrates. 
Therefore, the addition of Sn decreases the heat losses through the 
substrates and consequently decreases the cooling rate and increases the 
maximum temperature and velocity of the type B samples compared to 
the type A samples. The growth of crystals and grains is strongly 
dependent on the individual cooling rate [79]. Figs. 10 and 11 shows the 
time temperature profiles of samples Type A and Type B and the vari
ation of the cooling rate of the respective samples.

Fig. 10 shows the time temperature profile for the samples and shows 
the different maximum temperature (Tmax) curves are similar in dura
tion and shape. The emissivity coefficient of the pyrometer was initially 
set to ε = 1 to emulate an ideal blackbody radiation emitter. However, 
it’s important to note that this property does not accurately reflect the 
behavior of the Al/Ni RMS, resulting in measured temperatures 
consistently lower than the actual values [80]. We have since rectified 
this discrepancy by incorporating the corrected emissivity coefficient 
values into the measured pyrometer temperature as described in [81]. 
As shown in the Fig. 10, the time to peak temperature is approximately 
0.27 and 21.74 ms; with corresponding heating rates of 3.29 K/µs and 
0.049 K/µs for 40 µm Type A and Type B samples respectively as shown 
in Fig. 10. The cooling rate was recorded as 0.018 K/µs and 0.0039 K/µs 
in Fig. 10, respectively. The differences in the cooling rate of the samples 
Type A and B stem from the higher thermal resistance of the sample 
Type B due to the insertion of the Sn layer. The most important pa
rameters for crystallization and combustion correspond to the magni
tude of heating and cooling rate. As can be seen from Fig. 11, the cooling 
rate increases with the hole size. This can be explained by the available 
area of Ni/Al materials to be reacted, which induces heat and heat loss 
through the surrounding, which play an important role in the duration 
of the forward movement of the reaction front. The cooling rate in
creases with the hole size as the induced heat is dissipated into the 
surrounding materials (open holes), which take longer to cool down the 
temperature after the reaction, which promotes grain growth [79,82]. 
Therefore, the grain size increased with the decreasing of the cooling 
rate of the respective materials as shown in Fig. 9(a) and (b).

3.2. Reaction propagation

Fig. 12 shows the characteristic development of the propagation 
front of the reaction in the 100 µm sample of Type B sample. It shows the 
successive images of the propagation front taken during the reaction 
propagation (See Supplementary Video S1 for more details). Fig. 12 (e) 
and (f) also included the magnified view which was taken by the high- 
speed camera at 100,000 fps to get the information about the stopping 
of the reaction front (See Supplementary Video S2 for more details). The 
mean value of the propagation front velocity and the maximum 

Fig. 7. Cross-sectional FIB image of Type A and Type B samples before reaction.
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temperature (Tmax) are shown in the Fig. 13. The front velocity and Tmax 
data were collected from 5 samples of every hole size sample sets.

The orange line in Fig. 12 (a) and (b) shows the measured direction 
of reaction propagation towards the higher concentration of the holes 
and before the stopping of the front. The self-propagating reaction was 
initiated on the side of the chip where the largest period of the row of 
square holes was present (orange arrow in Fig. 12 (a)). In a certain row, 
the reaction front stopped, the distance between the hole scaled with the 
hole square size. In Fig. 14, the critical distance for a side length of the 
square hole of 10 µm was 30 µm, while the critical distance for a side 

length of the square hole of 100 µm was 50 µm, i.e. longer confinement 
channels in the hole part of the reactive multilayer on a substrate are 
causing quenching of the reaction earlier. After the quenching of the 
self-propagating reaction perpendicular to the rows, a guided self- 
propagation reaction was observed between two square hole rows. 
This self-propagating reaction along the rows of holes appeared because 
there is a frame of a certain width around the rows on the chip. In this 
frame, the reaction propagates independently of the geometry of the 
rows of the holes. In Fig. 12 (c) the reaction front stopped, whereas in 
Fig. 12 (d) further, the reaction front moved upward. Fig. 12 (d) 

Fig. 8. XRD patterns of the reacted Ni/Al multilayers of Type A and Type B samples.

Fig. 9. (a) Photographic image of 2 × 2 cm2 size chip of 100 µm hole size sample of Type A sample after ignition and reaction completion. (b) and (c) are cross 
section images prepared with FIB cut of the reacted 10 µm hole size sample of Type A and 10 µm hole size sample of Type B to demonstrate the variation in the grain 
size after the reaction in Al/Ni multilayers.

Fig. 10. Time-Temperature dependence and maximum reaction temperature of 40 µm hole size sample of Type A and Type B.
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demonstrates the mechanical damage, it happened due to the lattice 
contraction after the reaction in Ni/Al multilayers [82].

The characteristic velocity and maximum temperature are influ
enced by the heat loss through the substrates [83–87]. In general, the 
heat loss is increased by an inert component, i.e. the role of the inert 
element here is played by the hole, which is not involved in the gener
ation of exothermic reaction. Moreover, the inert element does not 

contribute to heat generation. As we can observe, the unreacted 
component is higher for samples with a hole size of 100 µm than for 
samples with a size of 10 µm, which additionally contributes to a lower 
heat generation. Therefore, in Fig. 13, the observed velocity of the re
action front and the observed maximum temperature decrease from 
10 µm hole size to 100 µm.

Fig. 13 shows the variation of the velocity and temperature with the 
samples. It can be seen that the velocity and maximum reaction tem
perature decreases from 10 µm to 100 µm hole sizes. Due to a strongly 
exothermic reaction of the reactive materials, a self-propagating reac
tion can be observed, where the heat released by local mixing should be 
high enough to heat the adjacent material than the heat loss to the 
surrounding area [83–88]. Therefore, heat loss to the surrounding can 
influence the velocity of the propagation front by the following way 
[84]: 

v =
2√λB

ρrCr

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Q
ρsolidEaÃ

RT2 − 16aσT3

√

(2) 

ρr = ρB + ρC + ρD (3) 

B, C and D are reaction components, ρ is the density, where Cr 
= (ρBcB + ρCcC + ρDcD)/ρr, where Ci is the specific heat of component i, 
Q is the heat of reaction, T is the initial temperature, σ is the Ste
fan–Boltzmann constant, a is the mean absorption coefficient. v shows 
the velocity, λB the thermal conductivity of component B, ρr and ρsolid are 
the fuel density, R the gas constant 8.314 J (mol K)−1 and Ea the acti
vation energy, where 3.1 × 104 cal mol−1 is recommended value and Ã 

Fig. 11. The variation of cooling rate on hole size of samples of Type A and 
Type B.

Fig. 12. Time dependent high-speed camera images of the observed reaction propagation front of 100 µm hole size sample Type B: (a) 4 µs, (b) 9 µs, (c) 13 µs, (d) 56 
µs. The time is given with respect to the ignition time t = 0 µs.

Fig. 13. The variation of the reaction propagation velocity (a) and maximum temperature (b) with hole size of the samples Type A and B.
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denotes pre-exponential factor. In Eq. (2), 16aσT3 is the heat loss term
From Eq. (2), we can summaries that the reaction front velocity 

decreases with increasing heat loss. As can be seen in Fig. 12, the re
action front stops between the holes. This stopping space varies with the 
samples design and thermal properties. Fig. 14 shows the variation be
tween stopping spaces and the different hole sizes of the samples. As we 
can see, the stopping spaces increase with the hole size. Billingham and 
Mercer reported that the reaction front is quenched when heat loss 
parameter (l), l ≥ lmax ≈ 0.33 [87]. Therefore, for Type A with 100 µm 
hole size, the heat generated by the reactive materials is not large 
enough to exceed the heat loss factor of 0.33. Therefore, the reaction 
front was quenched. Consequently, this space decreased in the case of a 
sample with 10 µm hole size. In our particular case, this heat loss factor 
takes into account the reduced heat generation of the passive hole areas, 
i.e the cross/section area of the final fabricated sample after list off as 
shown by schematic in the Flow diagram 1. So, we can conclude that (1) 
the filling of the cross section (schematic of final fabricated sample after 
list off as shown in the Flow diagram 1 with reactive materials where 
holes are located, heat loss reduces with increasing of the hole size. 
Resultant, generated heat is smaller than heat loss through the sur
rounding. (2) From thermodynamic point of view, when heat generation 
and heat loss are equal in the area of the without filling materials in the 
cross section than critical spaces between holes should be increased to 
have reaction front due to the available stored energy in the cross section 
which reduce the generation of the energy. In the cross section of the 
Al/Ni layers have holes and reactive materials case than the edges of the 
holes would contributes into the heat loss. Therefore, generation of the 
heat and heat loss will be affected.

Fig. 13 shows that the reaction velocity and maximum temperature 
are higher for Type B samples than Type A. This is due to the presence of 
Sn. Since in the exothermic self-propagating reaction of reactive Ni/Al 
multilayers the atomic diffusion is normal (z-direction) to the layer, 
while the thermal diffusion between Al and Ni is parallel (x- and y-di
rection) to the layers, Sn plays no role in the diffusion through whole 
layers [89,90]. This is also confirmed by the AES (Auger) measurement. 
The AES (Auger) measurement shows the detection of Al and Ni, but no 
Sn was found in the near surface region of type B samples, indicating 
that diffusion occurs only between Al and Ni. Nevertheless, the Sn 
wetting layer interacts with the Ni/Al bilayers in contact forming Ni3Sn4 
as evidenced by X-ray diffraction (see Fig. 8). Sn increases the thermal 
resistance in the substrates. Therefore, the addition of a Sn layer reduces 
the heat losses through the substrates and consequently increases the 
maximum temperature and velocity of the type B samples compared to 

the type A samples.

4. Conclusion

In the present work, the control of the reaction pathway in reactive 
Ni/Al multilayers at controlled temperature and velocity mode is 
demonstrated. We address the complications of heat control around the 
structured Ni/Al reactive system. We have successfully pattered the 
reactive Ni/Al multilayers on SiO2/Si substrates with a systematic 
network of holes using lift-off technology. The critical feature size was 
10 µm. This local modulation of heat loss and heat generation in the 
multilayer Ni/Al foil reduces the maximum temperature and the prop
agation velocity. When the periodicity of the holes in a row reaches a 
certain critical distance, which depends on the size of the geometrically 
shaped holes, the propagation of the reaction through the row of holes is 
quenched. Therefore, hole rows with a period smaller than the critical 
period can be used to control the reaction propagation between them. 
Furthermore, the reaction ignition in the structured Ni/Al multilayer 
showed a stable self-sustained propagating reaction front until reach its 
critical point for the heat loss where reaction quenched. Therefore, it 
concluded that: (I) The minimum spaces between obstacles can quench/ 
stop the progression of the reaction front; (II) The choice of substrate 
affects heat dissipation and consequently impacts the advancement of 
the reaction front; (III) The reaction front can be guided between 
obstacle rows of obstacles with a specific dimension. (IV) The presence 
of Sn as an adhesive layer can induce compressive stress during the 
deposition of the Ni/Al multilayers. This contributes to an increased 
cooling rate after the reaction and promotes grain growth in the Ni/Al 
multilayers. Finally, it is observed that the reaction front can be guided 
between obstacle rows with a certain order of magnitude.
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