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ABSTRACT: We have investigated the effect of accelerated ion beam
irradiation on the structure and reactivity of multilayer sputter deposited
Al/Ni nanomaterials. Carbon and aluminum ion beams with different
charge states and intensities were used to irradiate the multilayer
materials. The conditions for the irradiation-assisted self-ignition of the
reactive materials and corresponding ignition thresholds for the beam
intensities were determined. We discovered that relatively short (40 min
or less) ion irradiations enhance the reactivity of the Al/Ni nanoma-
terials, that is, significantly decrease the thermal ignition temperatures
(Tig) and ignition delay times (τig). We also show that irradiation leads
to atomic mixing at the Al/Ni interfaces with the formation of an
amorphous interlayer, in addition to the nucleation of small (2−3 nm)
Al3Ni crystals within the amorphous regions. The amorphous interlayer
is thought to enhance the reactivity of the multilayer energetic
nanomaterial by increasing the heat of the reaction and by speeding the intermixing of the Ni and the Al. The small Al3Ni
crystals may also enhance reactivity by facilitating the growth of this Al−Ni intermetallic phase. In contrast, longer irradiations
decrease reactivity with higher ignition temperatures and longer ignition delay times. Such changes are also associated with
growth of the Al3Ni intermetallic and decreases in the heat of reaction. Drawing on this data set, we suggest that ion irradiation
can be used to fine-tune the structure and reactivity of energetic nanomaterials.

KEYWORDS: energetic materials, nanostructured energetic composites, reactive multilayer foils, ion irradiation, ignition,
self-propagating reaction

1. INTRODUCTION

Nanostructured energetic composites are a class of materials
that involve the combination of several high energy density,
nonexplosive solids that undergo rapid energy release with
tunable ignition sensitivity upon impact, friction, shock, electric
spark, and/or thermal initiation.1−15 There are different ways to
prepare such materials. For example, recent studies16−19 have
shown that a number of nanostructured composites (Ni + Al,
Ta + C, Ti + C) with high energy densities per volume can be
prepared by high-energy ball milling. Magnetron sputtering and
electron beam evaporation are also used to fabricate free-
standing reactive multilayer nanostructured foils.12,15,20−23

These techniques allow for fabrication of a wide range of
nanostructured energetic composites because nearly all
frequently used metals and metalloids can be deposited by
choosing suitable deposition conditions. As-prepared, pore-free
foils of reactive composites can be used in many applications,
such as joining of materials,24−27 in electronic devices,28−30

initiation of secondary reactions,31,32 preparation of nano-
structured coatings,33,34 etc.

One of the most extensively characterized reactive foils
consists of nanoscale, alternating layers of Al and Ni.35−43 The
thickness of the individual layers varies between a few to
hundreds of nanometers, while the total thicknesses of the foils
typically range from 10 to 50 μm. Localized heating of Al/Ni
foils by an electrical discharge or laser initiates a highly
exothermic self-sustained reaction, which propagates in the
form of a reaction wave along the foil with unusually high
velocities (10−20 m/s). The reaction front temperatures
increase from room temperature to 1500 °C in a microsecond
time span. The ignition event is defined as the onset of a self-
sustained chemical reaction and is commonly characterized by
an ignition temperature (Tig) and ignition delay time (τ) for a
given heating rate.44

Characteristics of the self-propagating reaction (e.g., velocity
of the reaction front, maximum combustion temperature) in
reactive foils depend strongly on the average atomic diffusion
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distance (bilayer spacing) of the reactants and the degree of
intermixing at the layer interfaces.35,45 The intermixing of
reactants during deposition may reduce the reaction temper-
ature because of the formation of solid solutions and/or
metastable intermetallic phases. For relatively thick bilayers
(>100 nm), intermixing has little effect. By decreasing the
bilayer thickness below 20 nm though, the intermixed region
becomes a larger fraction of the total volume, which results in
the reduction of the reaction wave velocity.35

To understand the phase formation sequence in Al/Ni
multilayer foils, different advanced methods such as calorim-
etry,35,36,45,46 synchrotron time-resolved X-ray microdiffrac-
tion,37,38 and dynamic transmission electron microscopy47,48

were used. Calorimetry experiments with relatively low heating
rates (1 °C/min) suggest that several exothermic steps exist
between 200 and 700 °C that correspond to the formation of
Al9Ni2, Al3Ni, and Al3Ni2 intermediate phases and the AlNi
final product.35,36 However, in situ time-resolved X-ray
microdiffraction37,38 and dynamic electron microscopy47,48

observations reveal that only the AlNi phase forms from a
liquid Al−Ni solution during the self-propagating reaction.
Heating rates in this case can reach well above 106 °C/s.
Recently, atomic scale investigations41−43 of the arrested
reaction front also suggest that the aluminum first melts,
followed by the partial dissolution of Ni into the melt,43 where
nucleation and growth of the AlNi phase takes place.
In the present work, we discover a novel approach to

controlling the exothermic reactions in such reactive multilayer
foils. Accelerated ion beams are used to tailor the reactivity of
the Al/Ni foils by modifying the atomic structure at the layer
interfaces. Specifically, we show that relatively short (40 min)
high-energy (20 MeV) irradiation by 12C4+ ions leads to a
significant enhancement of reactivity, and we consider three
possible sources for that enhancement: (i) a larger heat of
mixing, (ii) more rapid interdiffusion due to the amorphous
interlayers, and (iii) small Al3Ni intermetallic nuclei that speed
the growth of that intermetallic phase. In contrast, we also show
that longer irradiation leads to a loss of reactivity.

2. EXPERIMENTAL SECTION
2.1. Material Fabrication. Multilayer Al/Ni foils were fabricated

by direct current magnetron sputtering from Al (1100 alloy [99 wt %
Al, 0.87 wt %, (Si,Fe) 0.12 wt % Cu]) and Ni (93 wt % Ni, 7 wt % V)
targets at 800 and 500 W, respectively, onto polished brass substrates.
Foils were deposited in 1 mTorr of argon (99.999% pure) in a vacuum
chamber with a base pressure of less than 3 × 10−6 Torr. Vanadium
was included in the nickel sputter target to make it nonmagnetic and
thus allow for faster and more stable depositions. The relative
thickness of Al and Ni layers was maintained at a 2.5:2 ratio leading to
foils with an average stoichiometry of Al44Ni50V6 with bilayer spacing
of ∼65 nm and total thicknesses of ∼10 μm.
2.2. Ion Irradiation. Ion irradiation of the foils was performed

using the FN Tandem Van de Graaff accelerator at the University of
Notre Dame, Nuclear Science Laboratory. The Multi-Cathode Sputter
Ion Source (SNICS) was used to generate continuous beams of
carbon and aluminum charged particles. Irradiation of the foils was
done at a normal incidence with 12C4+ (20 MeV) and 27Al6+ (50 MeV)
ion beams, over a uniformly scanned irradiation diameter of 8 mm on
the foils. The samples were held at room temperature. The ion beam
current was maintained below 100 nA/cm2 to avoid beam-heating of
the samples. A K-type thermocouple probe, with wire thickness of 100
μm, was attached to foils to measure the temperature during
irradiation. Such measurements showed that temperature of foils
never exceeded 50 °C. Stopping and Range of Ions in Matter
(SRIM)49 calculations gave the projected ion range of ∼10 μm for

both 12C4+ and 27Al6+ beams with stopping powers of 1.812 and 5.496
MeV/μm, respectively. SRIM calculations also showed that for both
beams, approximately 99.9% of the ions pass through the foils and only
0.01% were trapped inside the foils. Samples were irradiated for
varying durations, either 20, 40, 90, or 150 min.

2.3. Material Characterization. The phases in irradiated foils
were determined by X-ray diffraction (XRD) analysis with Ni-filtered
Cu−Kα radiation (D8 Advance, Bruker) operated at 40 kV and 40
mA. Step-scan data (of step size 0.025° and counting time 15 s) of foils
were recorded over the angular range 20−90° (2θ). Atomic level
structure analysis was performed with a Titan-300 (FEI) transmission
electron microscope (TEM) with a resolution of 0.136 nm in scanning
TEM (STEM) mode and about 0.1 nm information limit in high
resolution TEM mode. The Titan is equipped with an energy
dispersive X-ray spectroscopy (EDS, Oxford Inc.) system with a
spectral energy resolution of 130 eV. The TEM samples were prepared
using a Helios NanoLab 600 system by making cross-sectional slices
from irradiated foils as described elsewhere.43

2.4. Reactivity Evaluation. A PerkinElmer DSC 8000 differential
scanning calorimeter (DSC) was used to measure the heats of reaction
of the initial and irradiated foils. In each DSC scan, ∼1−3 mg of foil
was heated from 50 to 725 °C at a heating rate of 40 °C/min in
flowing argon. The thermal ignition characteristics of foils, i.e., ignition
temperature (Tig) and delay time (τd), were obtained by using the
method described elsewhere.16

Additionally, temperature profiles were obtained by cutting the foils
into 2 × 2 mm pieces that were placed into a quartz tube that was
preheated to 300 °C. The tube was 300 mm in length, 15 mm inner
diameter, and 1 mm wall thickness, and the foils were inserted through
a small opening (5 mm × 5 mm) in the middle of the tube. Pure argon
(99.9998%) was purged (80 cm3/min) through the tube for 10 min to
eliminate air. A high-speed infrared camera (FLIR Systems, SC6000)
positioned above the opening allowed measurement of the temper-
ature−time history of the ignition process with a spatial resolution of 2
μm, temperature resolution of 5 °C, and recording speed of 2500
frames per second.

3. RESULTS

3.1. Irradiation of Foils. Two types of ion beams (12C4+

and 27Al6+) with different intensities were used to irradiate the
foils. It was shown that the minimum beam power sufficient to
initiate a self-propagating reaction is higher for the 12C4+ beam
as compared to the 27Al6+ beam. For example, the minimum
power of an Al beam that initiates self-propagation in these
samples is 0.25 W, while the ignition threshold for a carbon
beam is much higher (0.42 W). Such a difference in ignition
thresholds may be explained by different energies deposited in
the Al/Ni foils. More detailed studies were carried out with the
12C4+ beam as it is easier and more stable to produce then
27Al6+.
A set of experiments with different exposure times with the

12C4+ (0.4W) beam was performed to investigate the effect of
irradiation on the phases and microstructure of the foils. The
XRD patterns of the initial and irradiated foils are shown in
Figure 1. It can be seen that the intensities of the diffraction
peaks for the irradiated foils (curves b-d) decreased compared
to the initial sample (curve a). The relative full width at half-
maximum (fwhm) of the diffraction peaks for Al and Ni phases
shows different trends depending on irradiation time. Figure 2
indicates that the relative fwhm of Ni (2 0 0) peak increases by
∼17% for 150 min of irradiation. Such a significant increase
may be attributed to the decrease of the Ni crystallite size. In
the case of the Al (1 1 1) peak, the relative fwhm increases by
2% (40 min), then decreases by 3.2% for an exposure time of
150 min. These results suggest that longer irradiation can
facilitate the growth of Al crystallites.
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3.2. Microstructure of Foils. The cross-sectional bright
field TEM images of the initial and beam exposed foils for 40
and 150 min are shown in Figure 3. The most pronounced
structural transformations are the thinning of Ni layers (dark)
and the thickening of Al layers (light) with more irradiation
time. The results of electron diffraction pattern analysis (insets
in Figure 3) with database values for d-spacings of Ni, Al and
intermetallic phases are presented in Table 1. Evidently, the
major phases present in the irradiated foils are Ni and Al.
However, some new weak diffraction peaks that correspond to
the Al3Ni phase are present in the diffraction pattern of the
irradiated foil for 40 min. After 150 min of beam exposure,
many Al3Ni phase diffraction lines are observed. The diffraction

pattern of this foil also shows weak lines of the AlNi phase and
several nonindexed lines, which may be related to the Al−Ni−V
phases.
The cross-sectional STEM images (Figure 4A−C) also

indicate that irradiation results in significant changes to the
thicknesses of the Ni and Al layers. Figure 4A suggests that the
thickness of the Ni layer in nonirradiated Al/Ni foil is ∼30 nm
(see also Figure 4D). The Ni layer thicknesses for foils after 40
and 150 min of exposure are ∼28 (Figure 4B) and 22 nm
(Figure 4C), respectively. These results are in good agreement
with XRD data presented in Figures 1 and 2, suggesting that
irradiation decreases the sizes of Ni crystallites. The opposite
trend was observed for Al-rich layers. The thickness of Al layers
in the initial foil is 35 nm (Figure 3A) and increases to 40 nm
after 150 min of exposure.
STEM images (Figure 4B, C) also show that the irradiated

foils have two distinct phases inside the Al-rich layer. Local
EDS analysis reveals that the Al-rich layer in the 40 min
irradiated foil contains, on average, 5 at.% of Ni. The Ni
concentration in some brighter spots close to the layer
interfaces can be as high as 25 at.%. These results suggest
that the carbon beam facilitates solid-state diffusion of Ni into
the Al layer. The contrast between the two distinct phases in
the Al layer is enhanced in the foil that was irradiated for 150
min (Figure 4C). The large brighter grains contain 24 at.% Ni
and 76 at.% Al. This finding, combined with the presence of
Al3Ni in the electron diffraction patterns (Figure 3B, Table 1),
suggests that the large brighter grains are Al3Ni.
The inner structure of the irradiated foil layers becomes

more evident within the dark field TEM (Figure 5). Those
images were obtained as dark field, and then underwent a
negative transformation to obtain the conventional contrast of
dark Ni and light Al phases. It can be seen that nuclei of Al3Ni
crystals are distributed in the Al-rich phase close to every other
Al/Ni interface for the 40 min irradiated foil (Figure 5A). It is
interesting that these nuclei line-up perpendicular to the
direction of the incident beam (see Figure 5). Such structures
confirm that the beam induces solid-state diffusion of Ni into
the Al layer, where nucleation of the Al3Ni phase takes place.
Longer irradiation facilitates growth of the Al3Ni nuclei to large
grains inside the Al-rich layer that are clearly seen in Figure 5B
and Figure 4C. Some of those Al3Ni grains are large enough to
cover the full Al-rich layer thickness.
The results of the high resolution TEM study of the atomic

structure of the 40 min irradiated sample are summarized in
Figure 6. Three different regions are marked at the Al/Ni
interfaces (Figure 6A). Phases are identified based on direct

Figure 1. XRD patterns of the irradiated foils by the 12C4+ beam with 0
(a), 40 (b), 90 (c), and 150 (d) minutes of irradiation.

Figure 2. Relative full width at half maximums (fwhm) of Ni (200) (a)
and Al (111) (b) peaks.

Figure 3. Cross-sectional bright-field TEM images of foils irradiated for 0 (A), 40 (B), and 150 (C) minutes: Ni and Al are the dark and white
phases, respectively. Electron diffraction patterns are inserted.
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measurements of d-spacing for highly crystalline Ni (Figure 6B)
and defected Al (Figure 6C). An uneven amorphous interlayer
with a thickness of ∼10 nm can be seen in between crystalline
phases (Figure 6D). The amorphous layer contains isolated
nuclei of the Al3Ni compound (interplanar spacing is 0.199 nm
(3 0 1)) with average diameters of 2−3 nm.
3.3. Reactivity of Irradiated foils. Differential scanning

calorimetry (DSC) with a heating rate of 40 °C/min is used to
investigate the effect of ion irradiation on the heat of the
reactions in layered Al/Ni nanomaterials (Figure 7A). Due to
the nature of the irradiation process, only very small masses of

each sample were available, but multiple scans were performed
when possible. Therefore, the curve displayed for the initial foil
(curve a) is the average of 3 runs; curves b and c were single
runs, and curves (d) and (e) are averages of two runs.
The averaged DSC curve for the initial Al/Ni foils (curve a)

exhibits three major exothermic peaks at 255, 320, and 425 °C.
A small shoulder starting at 150 °C also exists prior to the first
peak. This shoulder also can be seen on DSC curves for 20 min
(curve b) and 40 min (curve c) irradiated foils. The onset
temperature for the first exothermic peak for all irradiated foils
is ∼210 °C. The first peak of all beam-exposed foils has two
reactions centered at ∼230 and ∼250 °C. While the
temperature for the first reaction does not vary with irradiation
time, the second reaction shifts down in temperature to
approximately 248 °C with longer irradiation. Integration of
each curve from 140 to 280 °C shows that irradiation for 20 or
40 min slightly increases the overall heat of the first peak
(Figure 7B), but further irradiation up to 90 and 150 min
causes the heat release to decrease. To approximate uncertainty
in the measurements, the standard deviation found for the three
nonirradiated samples is assumed for all irradiated samples.

Table 1. Interpretation of the Electron Diffraction Patterns (inserts in Figure 3)

d-spacing, nm (measured) d-spacing, nm (database)

0 min 40 min 150 min Ni Al Al3Ni AlNi

0.428
0.384 0.383 0.389 (101)

0.364 0.368 (020)
0.287 0.286 (100)

0.240 0.240 0.24 (220)
2.325 0.2321 0.232 0.234 (100)

0.227 0.226 (102)
0.218 0.218 (031)
0.210 0.207 (131)

0.203 0.202 0.203 0.203 (111) 0.202 (200) 0.201 (022) 0.203 (110)
0.199 0.199 0.199 (301)
0.193 0.193 0.193 (311)

0.190 0.188 (212)
0.177 0.177 0.176 0.176 (200) 0.176 (321)

0.151
0.143 0.143 0.144 0.143 (220) 0.143 (200)

0.140
0.129 0.128 (210)

0.125 0.125 0.125 0.125 (220)
0.122 0.121 0.122 (311)
0.117 0.117 0.114 0.117 (222)
0.106 0.106 0.106 0.106 (311)
0.102 0.103 0.101 0.102(311)

Figure 4. Scanning TEM images of the irradiated foils for 0 (A), 40
(B), and 150 (C) minutes, as well as measured thicknesses of Ni and
Al layers (D).

Figure 5. Bright field TEM images of the irradiated foils for 40 (A)
and 150 (B) minutes.
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The heat release for second and third peaks, occurring at 320
and 425 °C for the initial foils, do not seem to depend upon
irradiation time, based on integrations performed from 280−
334 and 334−460 °C. However, irradiation of the sample for 20
min causes the second and third peaks to shift to temperatures
that are ∼10 °C lower than the peak temperatures of the initial
samples, but then continued irradiation up to 150 min causes
temperatures for the second and third peaks to increase by ∼5
°C.
High-speed infrared imaging is utilized to investigate the self-

ignition characteristics of the foils, such as ignition temperature
and delay time, as a function of irradiation time. The samples
were uniformly heated on a heat source with a surface
temperature of 300 °C and the temperature of the foils’ surface
was recorded. Time−temperature profiles (Figure 8) indicate
that, upon contact with the heat source, the temperature of the
foils increases rapidly from room temperature to about 180 °C
with a heating rate of 4000 °C/s, which is 6 × 103 time faster
than in the DSC experiments. Further heating is much slower
with a rate of 300 °C/s, followed by an abrupt increase in
heating rate (up to 2 × 105 oC/s) at some critical temperature,
which here is defined as the ignition temperature (Tig). The
temperature profile (curve a) of nonirradiated foil shows that

Tig is 210 °C. Tig for samples after 20 (curve b) and 40 (curve
c) min of irradiation are lower than that for the initial foil. The
sample with 90 min exposure time has a much higher Tig (curve
d). Finally, the sample irradiated for 150 min could not be
ignited at the investigated conditions (curve e).
The values of Tig and ignition delay time are summarized in

Figure 9 as a function of irradiation time. Evidently, short-time

beam exposure (40 min and below) is beneficial for increasing
the reactivity of Al/Ni foils as ignition temperature drops from
210 to 180 °C (curve a). Ignition delay time (curve b) also
decreases from 0.08 to 0.018 s. However, longer irradiation
shows the opposite effect, that is, 90 min irradiated foils possess

Figure 6. High resolution TEM images (A) of the Al/Ni interface of
the irradiated foil for 40 min, magnified HRTEM images of nickel (B)
and aluminum (C) layers, and amorphous interlayer with Al3Ni nuclei
(D).

Figure 7. DSC curves (A) of the Al/Ni foils irradiated for 0 (a), 20 (b), 40 (c), 90 (d), and 150 (e) minutes, and the overall heat of the first peak as a
function of irradiation time (B).

Figure 8. Temperature−time profiles of ignition for foils with 0 (a), 20
(b), 40 (c) 90 (d), and 150 (e) minutes of irradiation.

Figure 9. Ignition characteristics of the irradiated foils: ignition
temperature (a) and ignition delay time (b).
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higher ignition characteristics (Figure 9) compared to those for
initial foils, and reactions cannot be ignited in the samples
irradiated for 150 min.

4. DISCUSSION
High-energy ion irradiation of solids is well-known for
damaging materials.50 However, it has recently been demon-
strated that it might have a beneficial effect in nanostructured
materials. For example, the ion irradiation of layered
nanostructures of metals results in their mixing and
amorphization.51−53 These processes are governed by collision
cascades developed in elastic interactions of the impact ions
with the atoms in the target material and the consequent
secondary recoils; thermal spike mixing due to the heat
generated locally around the ion tracks in inelastic interactions
with electrons; and chemical reactivity of the constituents.51,52

The latter can be dominant, enhancing mixing if the
components are chemically reactive. Having a negative heat
of mixing, the Al/Ni system belongs to a combination of
materials that can mix readily. Thus, ion irradiation-induced
mixing and formation of an amorphous interlayer in Al/Ni foils
is enhanced by chemical driving forces.
Such amorphization is seen in the irradiated Al/Ni

multilayers (Figure 6) and is shown schematically in Figure
10. We also note that Al3Ni nanocrystals with sizes between

2−3 nm are observed within the amorphous regions after short
irradiation times. Figure 5A shows that those nuclei are
distributed at every other Al/Ni interface that was placed
perpendicular to the incident beam. The mechanism of
irradiation-induced crystallization of Al3Ni is substantially
different from previously described solid-state nucleation
during the thermal annealing of foils,54,55 where nuclei
preferentially form at intergranular defects along the interface
between two polycrystalline layers. After longer irradiation
times, the Al3Ni nanocrystals grow into larger crystals within
the Al layers as shown via STEM in Figure 4C and
schematically within Figure 10.
The ignition data in Figures 8 and 9 demonstrate that high-

energy ion irradiation can enhance the reactivity of Al/Ni
multilayered nanomaterials. Ignition temperatures and ignition
delay times both decrease with 20 or 40 min of irradiation from
a 12C4+ beam, compared to those for the initial foils. An
explanation for this effect lies in the modification of the
nanolayer structure that is shown schematically in Figure 10.
The initial Al/Ni foils are known to have a 2−3 nm intermixed
crystalline layer at the interfaces between the two metals
following deposition.35 In Figures 3 to 6 we see that short-time

(40 min or less) ion irradiation of these foils leads to additional
mixing of the metals and the formation of an amorphous,
alloyed interlayer with a thickness of 5−10 nm (see Figure 10).
While the fast diffusion behavior of Ni in Al and the negative
heat of mixing of Ni and Al suggest that this binary
combination is a likely candidate for solid-state amorphization,
such behavior has not been reported with slow or moderately
fast heating of Al/Ni multilayer films or foils.35,39,45 Thus, ion
interaction with the Al and Ni layers is thought to be critical to
the formation of the amorphous states. The question then
arises, how these amorphous regions might enhance reactivity
for bombardment times of 40 min or less.
Spontaneous crystallization of amorphous Al-rich layers is an

exothermic process and could increase the total heat of reaction
that drives the intermixing and phase formation. Using the
heats of crystallization of pure Al (10.7 kJ/mol atom) and pure
Ni (17.2 kJ/mol atom), we estimate a heat of crystallization of
approximately 11.0 kJ/mol atom for the Al−5 at% Ni
amorphous solutions. This raises the total heat of reaction,
but the intermixing of Al and Ni that accompanies the
amorphization lowers the total heat of reaction. Using the heat
of mixing of Al and Ni in the liquid state we estimate a heat of
mixing of 7 kJ/mol atom for the Al−5 at% Ni solution.56

Combining the increase in the heat of reaction due to
amorphization and the decrease in the heat of reaction due
to intermixing, the net increase in the heat of reaction for the
Al−5 at% Ni solution is 4 kJ/mol atom. While this estimate is
slightly high due to the presence of some Al3Ni nanocrystals in
the amorphous phase, we can use it in conjunction with the
atomic fraction of the amorphous phase to approximate a
change in the heat released from the foils during the first
exothermic peak (Figure 7B). If 20% of the Al atoms are
amorphized following 40 min of irradiation, as is approximated
based on volume fractions of each phase seen with HRTEM
(Figure 6), then the amorphous Al−5 at% Ni phase represents
approximately 9% of the atoms in the multilayer foil, and the
heat measured for the first peak should increase by 0.4 kJ/mol
atom. This estimate is smaller than, but quite close to, the
increase in heat that is seen in Figure 7B for the first exotherm
in the DSC curves. Consequently, we conclude that a higher
thermodynamic driving force may be enhancing reactivity.
In addition to a higher driving force, two kinetic factors offer

possible explanations as well. First, the amorphous Al−Ni phase
should dramatically enhance the thermally induced intermixing
that occurs during the self-ignition tests. Diffusion in
amorphous phases is known to be much faster than in a
chemically identical crystalline phase57,58 and could lead to
ignition at lower temperatures. Second, since the formation of
intermetallic phases, such as Al3Ni, are thought to occur in a
two-stage process of nucleation and growth where nucleation
can be the rate-limiting step,59 a small volume fraction of Al3Ni
nuclei inside the amorphous interlayer could speed the growth
of this phase and hence the ignition of the foils upon heating.
Finally, the ignition data in Figures 8 and 9 also indicate that
longer irradiation hinders the reaction kinetics, that is, leads to
increasing Tig and τ. In fact, after some critical exposure time
the system cannot be ignited under current experimental
conditions. This effect is attributed to more ion beam induced
intermixing, substantial growth of Al3Ni nuclei into large grains
(Figures 4, 5, and 10), and a reduction in the thermodynamic
driving force, based on a smaller heat release in the first
exothermic peak. Thus, ion irradiation can also be used to “slow

Figure 10. Schematic representation of ion irradiation modification of
Al/Ni foils.
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down” the reactions in high-energy density nanosystems, which
could be beneficial for some applications.
We believe that ion irradiation is unique, when tuning the

ignition properties of nanostructured energetic composites.
While laser or thermal treatment can lead to intermixing in Al/
Ni foils,15,20 it will not induce amorphization. Without
amorphization occurring during intermixing, the heat of
reaction decreases and ignition temperature goes up. With
ion irradiation both intermixing and amorphization can occur
and under small doses ignition thresholds and temperatures can
go down. Thus, ion irradiation is capable of both increasing and
decreasing the reactivity and the kinetics of ignition in a
controlled manner. Because of these advantages, it may become
a general tool to tailor all possible reactive materials. No other
technique is available to provide such a broad level of control
over the structure and reactivity of reactive materials.

5. CONCLUSIONS
Using Al/Ni multilayer foils, we have shown that high-energy
ion irradiation with a 12C4+ beam can be an effective tool for
tailoring the chemical reactivity of nanostructured materials.
Short irradiation times lead to lower ignition temperatures,
shorter ignition delay times, slightly larger heats of reaction, and
an increase in reactivity for the foils, while long exposures
increase ignition temperatures and delay times, as well as lower
heats of reaction and reactivity. Both sets of changes are
associated with atomic level modifications of the Al/Ni
interfaces. The formation of an amorphous Al−Ni alloy during
short irradiations is shown to raise the heat released in DSC
scans, and thus is thought to increase the driving force for the
overall reaction. The amorphous phase may also speed
thermally driven Al−Ni intermixing during ignition, compared
to as-deposited foils. In a similar manner, the presence of Al3Ni
nanocrystals could speed growth of the intermetallic. Both
kinetic factors could enhance reactivity. After longer irradiation
times, though, heat released in the DSC scans decreases as the
Al3Ni crystals have grown at the expense of the amorphous
phase and reactivity decreases. Future work should explore
whether such high-energy ion irradiation can be used to tune
the microstructure and reactivity of other nanoscaled reactive
systems.
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