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Microstructural study of an oscillatory formation reaction in nanostructured
reactive multilayer foils
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We report evidence of an oscillatory formation reaction in nanostructured Zr/Al/ �CuNi� reactive
multilayer foils. The oscillations create periodic ripples on the surface of the foil as well as periodic
variations in the length scale of the microstructure of the reacted foil. We describe the nature of the
resulting microstructure, and relate this to superadiabatic temperature oscillations at the reaction
front. We also examine the effect of ambient temperature on the magnitude and period of the
oscillations, and compare the results to numerical predictions and to experimental data for other
reactive systems. © 2005 American Institute of Physics. �DOI: 10.1063/1.2099544�

Nanostructured multilayer foils made of elements that
react exothermically can sustain self-propagating
reactions.1–7 These reactive foils are made by vapor deposit-
ing many alternating nanoscale layers of materials with large
negative heats of mixing. Application of a small thermal
pulse initiates local atomic mixing, releasing a large quantity
of heat. The heat is conducted primarily along the length of
the foil, facilitating further atomic mixing �mostly perpen-
dicular to the layers� and thus creating a self-propagating
reaction �Fig. 1�.8 The reaction characteristics, including the
maximum temperature and the velocity of the reaction front,
can be tailored by precise control of foil parameters, such as
the choice of reactants, the layer period, and thickness of the
intermixed region �Fig. 1�.9 Although the reaction tempera-
ture can be quite high ��1500 °C�,8 the total heat evolved is
small because the foil is thin. These features make reactive
foils attractive heat sources for welding, brazing, and solder-
ing temperature-sensitive materials.10,11

The reaction front in these reactive foils is predicted in
some cases to propagate in an oscillatory fashion, causing a
dynamic reaction temperature and velocity.12 Similar oscilla-
tory reactions have been predicted and observed in other
solid-state systems including explosive crystallization of Sb
and In1−xGaxSb amorphous films13,14 and Ta/C powder
compacts.15–17 However, experimental observations of these
oscillations have not yet been reported in formation reactions
in reactive foils.

In this letter, we report evidence of oscillatory formation
reactions in Zr/Al/ �Cu,Ni� multilayer foils. We observe pe-
riodic ripples on the surface of the reacted foils, as well as
periodic variations in the scale of the microstructure parallel
to the reaction propagation direction. The temperature of the
reaction at a given point affects the scale of the microstruc-
ture, with higher temperatures creating a coarser microstruc-
ture. Thus, using microstructural observations, we can exam-
ine the effect of reaction conditions, such as ambient
temperature, on the magnitude and period of the oscillations.

We fabricated multilayer reactive foils of overall compo-
sition Zr38.3Al31.5Cu15.1Ni15.1 by dc magnetron sputtering se-
quential layers of Zr �99.8% pure�, Al ��99% pure�, and
Cu0.5Ni0.5 ��99.95% pure�. The chamber pressure prior to
deposition was less than 6�10−7 Torr, and the pressure of

Ar during deposition was 1.65 mTorr. The distance between
the sputtering guns and the substrate was 8.9 cm. Foils with
several hundred Zr/Al/ �CuNi� trilayers with a period of
55 nm were deposited onto brass substrates; the foils were
subsequently removed from the substrates to form �40 �m
thick free-standing multilayer foils.

We initiated a self-propagating formation reaction in the
foils, clamped between two copper blocks in air, by applying
a 30 V spark directly to the foils. After completion of the
reaction, the surface of the foils �which had been smooth and
mirrorlike� showed periodic, concentric ripples, centered on
the point of initiation �Fig. 2�. These ripples are similar in
appearance to those reported in oscillatory reactions of pow-
der compacts,15,17 two-layer self-propagating systems,18 and
explosive crystallization of amorphous films.14

To examine the microstructure of the reacted foils, we
sectioned the specimens in a direction perpendicular to the
surface ripples �parallel to the reaction propagation direc-
tion�. Scanning electron microscopy �SEM� reveals a two-
phase microstructure with a periodic variation in the size of
the phases �Fig. 3�a��. The period of the variation in micro-
structure is consistent with that of the surface ripples
�Fig. 4�. Electron microprobe analysis of the bands indicates
that the composition of the dark and light phases in Fig. 3�a�
are Zr35Al29Cu14Ni22 and Zr41Al25Cu17Ni17, respectively.
X-ray diffraction scans of the reacted foils show that these
phases are crystalline. We were unable, however, to conclu-
sively identify the phases using these data, presumably be-
cause they are nonequilibrium phases that are not present in
the ICDD Powder Diffraction File.19 Wickersham and co-
workers found similar periodic regions composed of large
grains that correlated with the surface ripples in amorphous
films following explosive crystallization.14
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FIG. 1. A schematic of a self-propagating reaction in a binary reactive foil
with the constituents �A,B� and foil parameters labeled.
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To interpret the microstructure and, in particular, the size
of the grains in terms of the local temperature of the reaction,
we first calculated the adiabatic temperature of a steady-state
reaction from the enthalpy of reaction and a weighted aver-
age of the temperature-dependent heat capacities of the ele-
ments in the foil. The enthalpy of reaction �638 J g−1� was
measured by performing differential scanning calorimetry on
unreacted foil using a Perkin–Elmer Pyris 1 DSC. The cal-
culated adiabatic temperature of the reaction �1275 °C� is
higher than the melting point of Al �660 °C�, but not that of
Zr �1855 °C� or the CuNi alloy �1320 °C�.

In an oscillating reaction front, the reaction temperature
can temporarily exceed the adiabatic reaction temperature by
several hundred degrees.12 Such a “superadiabatic” oscilla-

tion occurs when a temperature perturbation increases the
temperature in the reaction front,12,15–17,20,21 which causes the
local rate of atomic diffusion to increase. The perturbation is
amplified by increased mixing, resulting in an increase in the
local temperature. Once the reactants are consumed, the os-
cillation is damped and the reaction front returns to steady-
state propagation until a new cycle is initiated.

The representative microstructure shown in Fig. 3�a�
consists of relatively broad bands of fine-grained material
alternating with narrow bands of coarse-grained material,
which would be consistent with steady-state propagation
�producing the fine-grained material� punctuated by supera-
diabatic oscillations that produce the coarse-grained material.
The presence of the same two phases throughout the micro-
structure �albeit with varying length scales� suggests that the
two regions experience similar transformations. Presumably,
the oscillations produce a coarser microstructure because at
the higher temperature the growth rate of the new phases is
higher, the nucleation rate is lower, or both. Assuming that
this is true, we can use the correlation between grain size and
temperature to compare the magnitude of the superadiabatic
oscillations in different samples.

In order to examine the effect of ambient temperature on
the oscillations, we placed the reactive foils between copper
blocks at temperatures ranging from −20 °C to 94 °C before
initiating the reaction. All of the reacted foils show periodic
bands of coarser microstructure �Fig. 3�. The period of these
bands and the surface ripples change little with ambient tem-
perature. Because the darker phase is separated into distinct
single grains, we measured this phase exclusively in order to
record a “grain size.” The grain size in the oscillation regions
is smallest for the foils reacted at the highest ambient tem-
peratures �Fig. 4�. However, we observe no change in this
grain size for foils reacted at lower temperatures �from
−20 °C to 25 °C�. Thus, the variations in grain size suggests
that the magnitude of the oscillations decreases as the ambi-
ent temperature increases above room temperature. The
changes in ambient temperature also had little effect on the

FIG. 2. Optical micrograph showing the periodic, concentric ripples that
develop on the surface of a reacted foil. The arrow indicates the reaction
propagation direction.

FIG. 3. SEM micrographes of Zr–Al–Cu–Ni multilayer foils reacted at �a�
25 °C, �b� −20 °C, and �c� 93 °C. Similar microstructural features are
clearly seen in all three conditions. The reaction propagation direction is
from the left-hand side to right for all samples.

FIG. 4. Surface ripple period, microstructure �band� period, and grain size
as a function of ambient temperature. The grain size refers to the single-
grained darker phase.
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grain size in the steady-state regions ��100 nm�.
When investigating similar oscillations, Van Saarloos

and co-workers developed a general one-dimensional nonlin-
ear heat flow and stability analysis that predicts oscillation
magnitude during explosive crystallization will decrease
with increasing ambient temperature.13 This was confirmed
experimentally in the crystallization of Sb and In1−xGa
films.14 It was also seen for Ta/C powder compacts22 and
predicted numerically for formation reactions in Al/Ni
multilayer foils.12 These earlier results and predictions all
agree with the current observations. However, the period of
the oscillations does not decrease with ambient temperature
as seen for the Ta/C powder compacts and as predicted nu-
merically. The reason for these disagreements with our re-
sults �particularly with regard to the numerical modeling12� is
under investigation.

In summary, we have observed evidence of oscillatory
formation reactions in nanostructured Zr/Al/ �CuNi� reactive
multilayer foils. The presence of periodic surface ripples and
a periodic internal microstructure are both evidence for su-
peradiabatic temperature oscillations during propagation of
the reaction front. The trends of magnitude and period of the
oscillations are in partial agreement with predictions based
on numerical modeling �of a different multilayer system�. We
expect that the characteristics of the oscillatory combustion
reaction can be tailored through a suitable control of the foil
architecture.
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