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ARTICLE INFO ABSTRACT

Keywords: In this report, we examine the intricate details of the mechanism driving Zr/CuO thermite system, shedding new
Thin-films light on the exceptional reactivity of Zr fuel with oxygen. Magnetron-sputtered Zr/CuO reactive multilayers were
Sputtering ) deposited, and thermo-physical techniques were employed to characterize the progression of the chemical re-
E;rogl:l:i:::nal action upon heating. Unlike commonly used Al fuel, Zr/CuO exhibited 100% heat release below 500 °C, con-
Zirconium trasting with the ~5% observed for conventional Al/CuO system. This enhanced reactivity at low temperature is

attributed to the rapid oxygen consumption behavior of Zr, due to the poor barrier of ZrOy to oxygen diffusion.
The oxidizing behavior of Zr was quantitatively analyzed using electron microscopy and spectroscopy. Our
observations reveal a three-step process of Zr oxidation facilitated by a rapid reduction of CuO to metallic Cu
accompanied by the formation of an intermediate Cu30 phase: (i) a preliminary low-temperature mass transport
initiating at 275 °C, (ii) partial Zr oxidation forming ZrO, and oxygen enriched Zr and finally (iii) complete
conversion to zirconia at 450 °C. Finally, Zr/CuO reactive thin-films demonstrated a very high reactivity with an
ignition delay time of 0.04 + 0.016 ms and a burn rate of 3.5 m.s™}, in stark contrast to the same volume of Al/
CuO, which failed to ignite and burn altogether. This study not only deepens our comprehension of Zr-based

thermite system but also underscores its potential for diverse applications in energetic materials.

1. Introduction

Energetic materials (EMs), capable of rapidly releasing substantial
amounts of chemical energy in the form of heat during combustion have
been utilized for centuries to perform high-energy functions such as
propulsion and demolition. Over the past two decades, the availability of
metallic nanopowder has significantly facilitated the development of
metal-based energetic composites. These composites, combining a
metallic fuel with an oxygen source, have attracted considerable
attention for their enhanced energy potential compared to conventional
EMs [1]. This enables high energy outputs within a reduced volume
opening up to new fields of applications such as thermal batteries for
power generation [2], energy supplies for outer space applications [3],
self-destructing microchips [4,5], pipe welding in geothermal power
plants or plugging in harsh environments [6]. The widespread avail-
ability and high volumetric and gravimetric energy density of aluminum
(Al) make it one of the most extensively utilized metallic fuels in metal-

based energetic composites [7,8]. But, its native alumina (Al,O3) pe-
nalizes its ignitability. Due to its high oxidation enthalpy (78.1 kJ.
cm™3), strong affinity with oxygen [9], zirconium (Zr) is also an excel-
lent metallic fuel already used in high-energy propellants [10,11]. As an
example, zirconium-potassium perchlorate (ZPP) is widely employed in
the NASA Standard Initiator to ignite various pyrotechnic systems. It
yields rapid pressure rise, generates minimal gas, emits hot particles
when ignited, maintains thermal stability, possesses a long shelf life, and
remains stable under vacuum. However, its susceptibility to electrostatic
discharge discourages a wider use of Zr as a fuel [12], especially in the
traditionally employed powder form. Several efforts have been dedi-
cated to passivate the metal surface to prevent unwanted reactions,
Feo0O3 being most commonly used [13,14] both as a surface coating and
an oxidizer for combustion. While Zr’s usefulness for ignition applica-
tions is well established, its use as a fuel in thermite reactions is rela-
tively unexplored. In a recent endeavor to produce highly reactive
nanocomposites, metallic Zr was introduced into aluminized
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nanothermites, resulting in a notable enhancement in reactivity [15].
This result was confirmed in a study conducted on Al:Zr/TiO2 compos-
ites for welding, revealing decreased ignition temperature and higher
reactivity compared to the AL:TiO, baseline sample. This enhancement
was attributed to the opening up of multiple channels of heat transfer
resulting from the intermetallic reaction prior to the thermite reaction.
However, no fundamental research work has studied the reaction
mechanisms of Zr when in contact with a metallic oxidizer. Mily et al.
[16] conducted a comprehensive comparison of various M/CuO (M: Al,
Mg, Zr) thermite composites regarding their reactivity, but detailed in-
sights into the sequential stages of the chemical transformation between
Zr and CuO were not covered.

The objective of this work is twofold. First, it aims at elucidating the
reaction mechanisms involved in the reaction of Zr in contact with a
strong metallic oxidizer like copper oxide (CuO). For that purpose, we
produce high purity and well-defined Zr/CuO nanothermite and analyze
the oxidation sequences upon annealing in neutral environment.
Magnetron sputtering technique was chosen to produce Zr/CuO samples
as it permits a very well controlled interface (in thickness and structure)
between the fuel and the oxidizer. This provides an ideal model-system
to quantitatively describe the interfacial oxide (ZrOy) growth and
microstructural evolution upon heating. Furthermore, preparing Zr/
CuO samples by sputtering, we ensure the absence of native oxide shells
on the Zr layer due to the high vacuum process, enabling us to probe the
early oxidation stages. A second objective is to investigate the ignit-
ability and the capacity for self-propagation of Zr-based thermite.

Interestingly, the results revealed that CuO undergoes a rapid
reduction to metallic Cu at remarkably low temperatures of ~275 °C. An
intermediate Cuy0 phase was detected only at this low temperature, but
it was not observed in further characterization at the interfaces. Sub-
sequently, oxygen diffuses across the Zr/CuO interfaces, initiating the
oxidation of Zr at ~240 °C. This contrasts starkly with the behavior of
Al, where such low temperatures primarily facilitate dual Al-O diffusion
[17]. Moreover, we highlighted that the formation of a zirconia layer
promotes oxygen transport to the metallic Zr core, facilitated by its
higher oxygen diffusivity (2.41 x 10! cm?/s), whereas amorphous
alumina acts as a hindrance to oxygen transport. Consequently, the
thermite system is prompted to enter a self-sustaining reaction state,
driven by the abundant energy available to initiate a greater degree of
mass transport across the continually evolving zirconia layer oxide until
the reaction concludes at approximately 450 °C. The dominance in the
reactive behavior of Zr is also evident in the ignition and combustion
properties compared to Al.

2. Materials and methods
2.1. Reactive multilayer films preparation

Nanolayers of Al, Zr and CuO were fabricated through Direct Current
(D.C.) magnetron sputtering. An 8 by 3 by 0.25 in. Zr target (99.95 %)
and Al target (99.99 %) from Neyco, France, and an equivalently sized
Cu target (99.999 %) from Codex, France, were utilized for the deposi-
tion in an equipment from Thin Films Equipment (TFE), Italy. Each
nanolayer, controlled by a prior calibrating process, was deposited at a
base pressure of 1.5 x 107 Torr. The Ar gas flow was set to 82 s.c.c.m. for
Zr; while the O and Ar gas flows for CuO were maintained at 16 s.c.c.m.
and 32 s.c.c.m., resulting in the deposition pressure for the two nano-
layers to be 13 mTorr and 8 mTorr respectively. The sputtering powers
for Zr and CuO depositions were set to 200 W and 600 W respectively.
The unbiased sample holder was placed 15 mm away from the target.
Following the deposition of each nanolayer, the sample holder was
cooled down under Ar for a set time.

Several configurations of the reactive multilayer films were prepared
for testing ignitability, material sensitivity and performing thermo-
chemical analysis. To fabricate ignition chips, 3-bilayers (BL) of Zr/
CuO were deposited on 4-inch 525 um-thick eagle XG standard glass
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wafers, which were pre-processed using optical photolithography to
define the Ti resistive element as well as the Au contact pads. The
detailed manufacturing process can be found in our previous works
[18,19]. The thicknesses of each of the two nanoscale films, CuO, and Zr,
were set to 200 nm and 220 nm, respectively, following an equivalence
ratio of 2. For comparison purpose, ignition chips with 3-BL of Al/CuO
were also fabricated following the same process and conditions, with the
exception that the thickness of the Al nanolayer is set at 200 nm to
maintain an equivalence ratio of 2.

The thermochemical analysis, autoignition-temperature as well as
combustion tests were carried out using free-standing foils of 3 BL of Zr/
CuO prepared using a simple lift-off technique [19,20]. In addition, 3 BL
of Zr/CuO were also deposited on a standard 4-inch Si substrate to
perform chemical analysis upon annealing. It is important to note that
throughout this manuscript, the deposition order is described in
ascending order, with each layer separated by a hyphen.

2.2. Material characterization

Thin-film structural determination on each nanolayer as well as the
annealed samples was conducted using a SIEFERT XRD 3000 TT X-Ray
diffractometer equipped with Cu-Ka radiation (. = 1.5406 A) and fitted
with a diffracted beam graphite monochromator. X-Ray Diffraction
(XRD) measurements were performed in the 26 range of 10 to 60 with a
step size of 0.04. FEI Helios NanoLab DualBeam FIB-SEM was used to
study the morphology as well as perform a Focused Ion Beam (FIB)
technique to prepare cross-sectional lamellae. The physio-chemical
transformation of the multilayers was analyzed using Transmission
Electron Microscopy (TEM) using a JEOL cold-FEG JEM-ARM200F
operated at 200 kV equipped with a prove Cs corrector reaching a spatial
resolution of 0.078 nm. Electron Energy Loss Spectroscopy (EELS) data
were acquired on a Gatan imaging filter quantum (energy resolution of
0.3 eV) using a dispersion of 1 eV/channel, a collection angle of 29.4
mradians and a semi-convergence angle of 14.8 mradians. The spatial
resolution was estimated at 0.5 nm. Energy dispersive X-ray (EDX)
spectra were recorded on a JEOL CENTURIO SDD detector.

The heat released during each chemical reaction step in the multi-
layers was assessed through thermal analysis. This analysis was con-
ducted in an Ar atmosphere using Differential Scanning Calorimetry
(DSC) with a NETZSCH DSC 404 F3 Pegasus system. Equipped with a
DSC-Cp sensor type S and a Platinum furnace, the system recorded dif-
fractograms normalized to a typical foil mass of ~10 mg. Heating pro-
ceeded at a constant rate of 10 °C/min until 950 °C, with subsequent
manual baseline adjustment.

Slow annealing experiments were performed in a high-metals tube
furnace (AET Technologies) under an inert N, atmosphere. The heating
rate matched the DSC’s rate at 10 °C/min, followed by a cooling rate of
2 °C/min.

2.3. Characterization of the energetic properties

The auto-ignition temperature, defined as the temperature at which
the thermite ignites spontaneously, was determined using hot-plate
tests. Approximately 2 mg of free-standing foils were brought into a
direct contact with the pre-set surface of the hotplate, and the temper-
ature was determined by observing a flash. The foil specimen was
dropped on the hot-plate surface once the temperature fully stabilized.

The ignition energy is determine using the temporal integral of
power upto the event of initiation averaged over several ignition tests.
Each chip is resistively heated keeping the dissipated power at 6.125 W
and the photocurrent is detected using an externally biased photodiode
(5V, VISHAY, BPV10) placed a few centimeters away from the sample.
The signals were acquired using an oscilloscope, and subsequent data
processing was performed using in-house programs.

The propagation rate was determined using a high-speed camera
(VEO710, Phantom, USA) recording at 48,000 frames per second with a
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resolution of 512 x 64 pixels. The recorded videos from multiple sam-
ples of each type were analyzed using Phantom Camera Control (PCC)
Software. Briefly, six two-point measurements were conducted to
determine the propagation speed for each device across all the thermite
configurations. Subsequently, the macroscopic burn rate was calculated
as the mathematical average for each multilayer.

3. Results and discussion
3.1. Nature and structure of interfacial layers

To understand the mechanisms underlying the reactions in Zr/CuO
multilayers, thought to be primarily controlled by the outward migra-
tion of oxygen atoms from the CuO matrix towards the Zr layers via
interfacial layers, it is imperative to accurately characterize the CuO and
interfacial domains as an initial crucial step. For that purpose, CuO-Zr-
CuO-Al multilayer stack was deposited onto a Si wafer and character-
ized using scanning transmission electron microscopy coupled with
EELS (STEM-EELS) in its as deposited state.

A representative STEM image of the full stack as well as the TEM
micrographs of each interface are shown in Fig. 1a and Fig. 1c-e. The
corresponding EDX profile across an ascending line scan is shown in
Fig. 1b. We distinguish between the CuO-Zr interface, formed by
depositing Zr onto CuO layer from the Zr-CuO interface, formed by
depositing the CuO layer onto a Zr layer. An Al top layer is added as a
capping layer and also serves for comparison purposes. Images are ac-
quired in High Angle Annular Dark Field (HAADF) - STEM mode.
HAADF imaging is an incoherent mode of imaging whereby the image
contrast is approximately proportional to the atomic number (~Z2) of
the constituent atoms due to Rutherford-like scattering [21].

The thickness of each layer, CuOpottom, Zt, CuOyop and Al are 192 +
2.5 nm, 226 £ 6.2 nm, 203 + 6.9 nm and 206 4+ 13.3 nm. The CuO
layers, as shown in Fig. la, are clearly polycrystalline, displaying a

1
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Atomic percent

00
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coarsened morphology consisting of disordered columnar grains, which
aligns with previous observations in sputtered thin films [22,23]. The Zr
layers, as depicted in Fig. 1a, display a granular morphology as reported
previously [24], with each column oriented in various directions, likely
influenced by the rough CuO surface and its jaggedness. An EDX linescan
quantifying the presence of Zr and O is shown in Figure S1 in the
Supporting Information. The obvious optical contrast clearly de-
marcates each of the three interfaces, CuO-Zr, Zr-CuO and CuO-Al. Their
respective thicknesses measure 10 + 1.1 nm, 14 + 2.8 nm and 6 + 1.2
nm. The roughness of the surface of the CuO layer results in a dense but
uneven CuO-Zr interface. The resulting growth of Zr columns in turn
causes the formation of an irregular Zr-CuO interface. Even though the
interfacial boundary is asymmetrical, the interface is dense and presents
no voids or major physical defects. Fig. 1b shows the CuO-Zr-CuO-Al
stack mapped using EDX for Cu, O, Al and Zr, depicting severe Cu-O-
Zr elemental intermixing at each of the two Zr/CuO interfaces. Excess
oxygen observed at each of the three interfaces may stem from the
inherent properties of the metals or from the oxygen plasma present in
the sputtering chamber during successive depositions, resulting in slight
oxidation of the metals. Specifically, for Zr, this can also arise from its
materialistic property of high oxygen solubility [9], which in turn starts
a chemical reaction in the close proximity of the interfaces. Quite
expectedly, most of the oxygen is concentrated at the two extremums of
the metallic Zr layer, at its interfaces with CuO. The darker regions at the
interfaces are comprised of O, Cu and Zr, as shown in the EDX map in
Figure S2 in the Supporting Information, confirming the initiation of
Zr oxidation. The quantification at the interface reveals ~50% Cu, ~
30% O and ~20% Zr (Figure S3, Supporting Information). Addi-
tionally, an EDX quantification of contrasting regions of the bottom CuO
layer reveals ~84% Cu and 16% O in the darker regions against 67% Cu
and 33% O in the lighter regions of CuO, close to the interface
(Figure S4, Supporting Information). Due to the low mass of oxygen,
EDX may not be the most accurate method for quantifying its presence,

=]
o
1

0.8

Fig. 1. Pre-anneal microstructure of CuO-Zr-CuO-Al multilayer, showing: a) STEM micrograph of the CuO-Zr-CuO-Al and b) corresponding EDX quantification of O,
Cu, Al, and Zr. Additionally, TEM micrographs depicting each of the three interfaces: ¢) CuO-Zr, d) Zr-CuO, and e) CuO-AL
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but it offers a valuable qualitative evaluation critical to the quantitative
analysis. EELS, on the other hand, confirms the change in the oxidation
state of Cu from + 2 (in CuO) to + 1 (Cup0), depicted by a shift in L edge
from 931 eV to 933 eV [25] (Figure S5, Supporting Information). Such
an initiation of the Zr oxidation in the vicinity of the interface is another
indication of a high reactivity of Zr. Finally, CuO-Al interface is char-
acterized by dense non-uniform edge mainly comprised of alumina
similar to the observations in the previous reports [20,22]. These initial
characterizations highlight the oxygen scavenging behavior of Zr
against Al. Subsequently, the respective reactivities of Zr/CuO against
Al/CuO are investigated.

3.2. Thermo-physical analysis

The DSC analysis involved examining the reaction sequences of Zr/
CuO and Al/CuO foils at slow heating rates (10 °C/min) in an oxygen-
free environment. The total heat of reaction was determined by inte-
grating the exothermic peaks over time within the 200 — 950 °C range
and normalizing the values with respect to the foil mass, as indicated
across each plot. To supplement the understanding of the different re-
action steps, Zr/CuO sample was annealed in an oxygen-free environ-
ment at 275 °C, 375 °C, 450 °C and 950 °C corresponding to the main
peaks recorded in the DSC scan and their respective compositions were
analyzed by XRD. The XRD diagrams can be found in Figure S6, Sup-
plementary Information and the composition after annealing steps is
summarized in Table 1.

While the total heats of reaction for CuO/Zr and CuO/Al are
remarkably similar (approximately 1.250 kJ.g™!), significant differ-
ences in the occurrence of exotherms can be observed in Fig. 2. In Zr/
CuO, the reaction onset occurs at temperatures as low as 275 °C,
compared to 395 °C for Al/CuO, and it takes place in the solid phase,
below 500 °C, in a two-step reaction. The first weak exotherm is
centered at ~300 °C (onset ~240 °C) followed by a second strong
exotherm at ~410 °C. Notably, there is no heat released upon the
completion of the second exotherm, unlike Al/CuO, which exhibits an
exotherm at approximately 800 °C after the Al melting as reported
previously [22].

The initial event at ~300 °C corresponds to the initial oxidation of Zr
facilitated by outward oxygen migration from CuO. Cuy0, ZrO and ZrO,
are detected in the XRD at 275 °C. Such reaction, accompanied by only
weak heat release, can only come from the preliminary atomic mass
transport of O across the native interfaces (~10-14 nm in thickness),
facilitated by the strong oxygen affinity of Zr, as well as the capability of
oxygen to migrate into the interstitial sites of the Zr metal lattice [9].
This oxidation process rapidly saturates Zr with oxygen, leading to the
reduction of CuO. It is interesting to note that the first appearance of Cu
is seen in the XRD at ~375 °C, which is at the completion temperature of
the first exotherm which releases approximately 20% of the total heat.
Similar occurrences have been previously reported within a comparable
temperature range [16]. It has to be noted that following the completion
of the first exotherm at ~375 °C, a significant presence of ZrO; and Cu is
detected. The presence of CuO remaining in the sample suggests that the
complete CuO decomposition into Cu occurs predominantly close to the
Zr fuel. This will be further analyzed by STEM-EELS. No Cu-Zr inter-
metallic formations are detected in the system at any temperature,
meaning that Zr-O bond formation is favored over Zr-Cu. Besides, a low
oxidation temperature precludes metallic bond formation between Cu

Table 1
Summary of constituents of 3 BL Zr/CuO multilayer stack post-anneal.
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Fig. 2. DSC traces of 3 BL Zr/CuO and Al/CuO. The three key temperatures,

representing critical transformation regions of preliminary mass transport,
partial and complete Zr oxidation, are marked against the Zr/CuO plot.

and Zr. Following the final exothermic event, which concludes around
~475 °C, the product showed the presence of ZrO, and Cu indicating the
complete Zr oxidation through CuO decomposition. Subsequent to this
temperature until reaching 950 °C, no further changes were observed
except for a stronger presence of ZrO; in the diffractogram. It is note-
worthy that the XRD analysis of the sample annealed at 950 °C displayed
improved signal strength due to its powdered form, unlike the thin-film
nature of the other samples. Upon revisiting the reference Al/CuO sys-
tem, CuzO was observed to persist at approximately 500 °C [20,22],
suggesting that the kinetics of CuO reduction is accelerated in the
presence of Zr compared to Al. This observation is consistent with the
documented effect of refractory metals like Zr, which notably facilitate
the kinetic enhancement of the CuO reduction reaction, as reported in
[26].

It is interesting to note that the actual heat released is significantly
lower than the theoretical values (Table 2), with Zr/CuO and Al/CuO
samples exhibiting 55% and 36%, respectively. However, the higher
ratio achieved with Zr/CuO is likely due to the rapid and low-
temperature oxidation of Zr. This eliminates intermediary reactions,
such as intermetallic reactions, which can affect the overall reaction
yield. In contrast, during the Al/CuO reaction, intermediary reactions
leading to the formation of AlyCuy products and suboxides were
observed [27].

In summary, thermo-physical analysis of the Zr/CuO system points to
its superior reactivity over Al/CuO. The high oxygen affinity of Zr
compared to Al, along with nearly 8 orders of magnitude higher oxygen
diffusivity in zirconia compared to alumina, facilitates increased oxygen
transport and higher heat generation. Furthermore, a higher bond
dissociation energy of Zr-O bond (760 kJ.mol!) against that of Al-O
bond (512 kJ.mol 1) supports this claim. In order to better understand
the dynamics of the Zr-CuO solid-sate reaction, CuO-Zr-CuO-Al stack
was deposited on a Si substrate and characterized using STEM and EELS
after being annealed at 275 °C, 375 °C and 450 °C, corresponding to the
three key temperatures marking the onset of oxygen diffusion at

Table 2

Sample  Constituents after annealing at various temperatures Summary of heats of reaction of Zr/CuO and Al/CuO multilayer films.
AD 275 °C 375 °C 450 °C 950 °C Sample Experimental heat (AH) Theoretical heat (AHy,) (AH/AHy,)
Zr/ Zr, Zr, ZrO, ZrO,, CuO, ZrO,, CuO, ZrOy, ZrOo, Al/CuO 1253 3460 0.36
CuO CuO Cug0 Cu Cu Cu Zr/CuO 1267 2314 0.55
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~275 °C, oxidation of most of the Zr layer to ZrOx around ~375 °C and
finally, complete redox reaction resulting in the formation of Cu and
terminal oxide around ~450 °C, as indicated by the exothermic re-
sponses observed in DSC (Fig. 2).

3.3. Reaction progression and chemical transformation

The changes in the layer, post-annealing at 275 °C, 375 °C, and
450 °C, along with the interface thicknesses at the different tempera-
tures, are summarized in Table 3.

Preliminary mass transport: Fig. 3a show the STEM micrograph of
CuO-Zr-CuO-Al multilayer annealed at 275 °C. The three interfaces,
CuO-Zr, Zr-CuO and CuO-Al, are presented in Fig. 3c-e respectively.
Compared the as-deposited multilayer structure, whereas both bottom
and top CuO show a 10-12 % reduction in their respective thicknesses,
the Zr layer decreases by a mere 8 % to about 204 + 8.1 nm from an
initial 220 nm. Additionally, the CuO-Zr interfaces grows by 350 % to
~45 nm while the Zr-CuO interface shows a 357 % increment to 64 nm.
A higher degree of unevenness at the as-deposited Zr-CuO interface re-
sults into a thicker interface post anneal in comparison to CuO-Zr
interface. As reported previously, the roughness of the underlying
layers sets a precedent for the jaggedness of the subsequent interfaces
[22]. As for the CuO-Al interface, no significant interface growth is ex-
pected in this temperature range, clear from a slight change from 6 to 7
nm, and no reduction in Al thickness.

The most striking observation is the formation of metallic Cu grains
(white dotted arrows, Fig. 3c-d and Fig. S7a) at the interfaces as a result
of preliminary mass diffusion across the interfaces causing Zr-CuO oxi-
dation-reduction reaction. The initial heating to 275 °C provides
enough activation energy to initiate the oxygen transport from CuO
towards Zr, which rapidly oxidizes the Zr layer in the immediate vi-
cinity. As a result, numerous voids are formed at both the CuO-Zr and Zr-
CuO interfaces (dotted circular regions, Fig. 3c-d), alongside the emer-
gence of metallic Cu grains throughout the interface junction between
the two nanolayers. This effectively severs the close contact between the
fuel and the oxidizer, essentially marking the end of primary interfacial
mass transport that initiates the reaction. Meanwhile, the oxygen con-
tained within the voids is absorbed by the Zr layer as a result of which it
begins to develop a columnar morphology.

The corresponding EDX quantification ascending from the bottom
CuO nanolayer to Al is shown in Fig. 3b. Unlike afar from the CuO-Zr
and Zr-CuO interfaces wherein the average atomic ratio of Cu to O is
~1 (CuO layer), the presence of oxygen drops to ~5% (atomic percent)
at the ~45 and ~64 nm thick interfaces. No simultaneous presence of Cu
and Zr are detected at the interface junction indicating no intermixing
between the two metals. The zirconia-Cu interlayer effectively separates
the CuO and Zr at both top and bottom interfaces as shown in Figure S8
and Figure S9. Zr layer shows the maximum presence of oxygen
(35-40%) closer to its interfaces with CuO, and < 20% in the remaining
layer. This indicates the beginning of formation of zirconia, as well as
the possible storage of oxygen in the rest of the Zr layer (interstitial

Table 3
Summary of thicknesses of each of the three nanolayers as well as their interfaces
at various temperatures.

Layer/Interface Thicknesses (nm)

25°C 275 °C 375 °C 450 °C
Layer
CuO (bottom) 192 +£ 2.5 176 £5.9 142 +£ 3.2 108 + 25.5
Zr 226 +£ 6.2 204 + 8.1 320 £+ 3.5 340 £ 5.2
CuO (top) 203 + 6.9 181 + 16.0 156 + 25.8 150 +13.8
Al 206 + 13.3 199 + 3.6 188 £ 6.3 177 £12.8
Interfaces
CuO-Zr 10+1.1 45 + 2.0 - -
Zr-CuO 14 £ 2.8 64 +£12.1 — —
CuO-Al 6+1.2 7+12 15+ 4.3 48 + 4.4
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oxygen) (Fig. S7b and Figure S10). The contrast in the Zr layer (Fig. 3a)
is indicative of oxygen content, where low density region appears lighter
and possess a higher amount of oxygen (Fig. S8¢). The CuO-Al interface,
detailed in a previous paper [22], is characterized of Al-Cu-O inter-
mixing at the interface, but no significant chemical microstructural
change at this temperature. This intermixing comes as a result of dual
diffusion of Al and O atoms, which is highly dependent on the initial
roughness of the interface between them. Additionally, no Al diffusion is
seen throughout the rest of the multilayer thickness.

Partial Zr oxidation: Fig. 4a-b show the STEM image of CuO-Zr-CuO-
Al multilayer annealed at 375 °C and its corresponding EDX profile
recorded vertically from the bottom CuO to Al. The parallel mapping of
the elements across the two CuO-Zr and Zr-CuO interfaces is shown in
Figure S12 and Figure S13. Whereas the bottom CuO reduces by ~22%
to 156 + 25.8 nm, the top CuO depreciates by about 29% to 142 + 3.2
nm. Quite strikingly, Zr layer thickens to 320 + 3.5 nm, a 44% increase
compared to the initial thickness. Al layer only reduces by about 6% to
188 + 6.3 nm as a result of its contribution to the interface thickening.
Fig. 4c-e display a close-up view of the Zr layer and its two corre-
sponding interfaces within the multilayer stack. Unlike previously, the
CuO-Zr and Zr-CuO interfaces are dense and quite homogeneous, in
addition to presenting no defects or void formation. Therefore, a
conclusive measurement couldn’t be obtained in each of the two cases.
CuO-Al interfaces on the other hand exhibits a clear formation of ~15
nm thick amorphous alumina (Fig. 4e) formed as a result of Al-O
diffusion cross the interface.

Annealing at 375 °C (end of first exotherm, Fig. 2) marks the
beginning of Zr-CuO redox reaction resulting in the formation of ter-
minal products Cu and ZrOy. Fig. 4a clearly shows large Cu grains
decorating the CuO-Zr and Zr-CuO interfaces (darker regions). Their
presence reduces the contact surface area between the oxidizing Zr layer
and the remaining CuO effectively marking the end of the partial Zr
oxidation event. Indeed, XRD analysis at this stage indicated a very
strong presence of ZrO, as well as that of Cu (Figure S6). EDX quanti-
fication supports this claim showing only about 20% oxygen content in
the bottom CuO and ~30% in the top CuO layer. The absence of Cuz0 in
the XRD analysis, a compound typically observed in thermite reactions
involving Al and CuO, suggests that the Zr-CuO reaction proceeds
differently, completely reducing CuO to metallic Cu. This contrasts with
the reaction involving Al, where CuO undergoes a two-step reduction
process to form Cuy0 before reducing further to metallic Cu [20,22]. Zr
possess a growing columnar morphology with O present throughout the
entire thickness of the layer. However, the most remarkable observation
is the substantial increase in Zr concentration halfway through its
thickness (Figure S11 and Figure S14), coinciding with a significant
decrease in oxygen concentration from an average of 40 atomic percent
to nearly 25 atomic percent (Fig. 4b). The contrast in the STEM image
supports this quantification analysis: since Zr (6.51 g.cm™~>) has a higher
density than zirconia (5.68 g.cm ™), it presents itself darker than the
surrounding area as indicated by the dotted rectangular region (Fig. 4a).
The consistency of a two-way inwards oxidation of Zr via the top and the
bottom CuO is noteworthy. Given the exceptionally high melting point
of Zr (1855 °C), it is challenging to justify its outward diffusion towards
CuO. However, the significantly high oxygen solubility in Zr, as dis-
cussed in the previous section, supports the argument for inward oxygen
diffusion, followed by the outward expansion of zirconia. The average
Zr-O atomic ratio remains at 1 throughout the layer, except for the
middle region, suggesting the potential formation of ZrO, which is
typically regarded as an unstable oxide of Zr. Given the detection limits
of EDX, it is impossible to comment on the oxidation state of Zr, however
it does indicate that Zr has been only partially oxidized. This oxidation
regime is highly unlike Al/CuO, wherein such low temperatures only
support preliminary Al-O diffusion and interface thickening resulting in
the formation of alumina. The slight presence of oxygen in the Al layer,
being less than 10% seems to be only a background signal. These ob-
servations strongly support the superior reactivity of Zr as a fuel against
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Fig. 3. Post-anneal microstructural evolution at 275 °C, featuring: a) STEM micrograph of the CuO-Zr-CuO-Al system and b) corresponding EDX quantification of O,
Cu, Al, and Zr. Additionally, TEM micrographs depicting each of the three interfaces: ¢) CuO-Zr, d) Zr-CuO, and e) CuO-Al. In (b) and (c), the white dotted arrows

indicate metallic Cu while dotted circular regions highlight the formation of voids at the CuO-Zr and Zr-CuO interfaces.
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Fig. 4. Microstructural evolution post-annealing at 375 °C is depicted, showing: a) STEM micrograph of the CuO-Zr-CuO-Al system, and b) corresponding EDX
quantification of O, Cu, Al, and Zr. The dotted rectangular area in (a) is Zr-rich (O deficient). TEM micrographs of each of the three interfaces are presented: ¢) CuO-

Zr, d) Zr-CuO, and e) CuO-Al. The white dotted arrows indicate the large Cu grains in (c) formed as a result of CuO reduction.
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Al

Complete Zr oxidation: The STEM micrograph, corresponding
ascending EDX profile as well as the TEM images of the three interfaces
of CuO-Zr-CuO-Al annealed at 450 °C are shown in Fig. 5. This tem-
perature marks the end of Zr/CuO exothermic reaction. Most of the
bottom and top CuO nanolayer is populated with micron sized grains of
metallic Cu. The average layer thicknesses were measured at locations of
a continuous CuO availability, and the bottom and the top CuO depre-
ciate by ~46% and 25% respectively compared to the initial thickness.
Given the final microstructure (Fig. 5a), these decrements fail to give an
accurate picture of CuO consumption. The XRD on the other hand, did
not show the presence of any CuO at 450 °C, but recorded Cu signals,
indicating a full reduction. This is further confirmed by the EDX quan-
titative analysis (Fig. 5b) wherein no oxygen is detected in the CuO
layer, except in the vicinity of the CuO-Al interface.

The oxidized Zr layer expands to approximately 340 + 5.2 nm,
representing a final growth of roughly 53% compared to its initial
thickness. As oxygen ions migrate deeper into the Zr layer from the in-
terfaces, the lattice of Zr expands, leading to the development of internal
stresses within the ZrOy layer. These stresses, combined with the high
Pilling-Bedworth ratio of Zr (1.56), contribute to the formation of
multiple cracks within the layer (darker regions, Fig. 5d). Additionally,
as ZrOx undergoes oxidation, the oxidized Zr layer exhibits a granular
morphology, transitioning towards a more stable zirconia phase. In
Fig. 5b, Zr and O signals display a greater degree of overlap with average
atomic percent at 45 and 55% respectively compared to the partial Zr
oxidation scenario. Additionally, an EDX quantification on zirconia re-
sults in Zr-O atomic ratio of 40:60 (Figure S15). This substantiates the
presence of zirconia, although further qualitative assessment through
EELS is required to strongly argue its presence. The dotted regions
vertically halfway through the multilayer (Fig. 5d) indicate a region of
higher density than the surrounding zirconia layer. The thickness of this
region was too low to accurately identify the material using EDX depth

100

Atomic percent
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profile. However, upon mapping each of the three elements, O, Cu and
Zr, as shown in Figure S16, a clear presence of Cu was detected within
zirconia. This phenomenon occurs as zirconia expands into the CuO
matrix, subsequently trapping Cu within its structure while consuming
oxygen from CuO. Additionally, the presence of Cu halfway in the zir-
conia layer comes from the migration of Cu atoms through the porous
zirconia, originating from both the CuO-Zr and Zr-CuO interfaces.

The Al layer reduces to 177 + 12.8 nm, exhibiting a 12% reduction in
its thickness. The first Al/CuO exotherm is centered at ~450 °C, which
marks the Al-O diffusion across the interface until the interface is thick
enough to inhibit any further O diffusion through a thick amorphous
alumina. The decrease in Al thickness is attributed to its expansion
through solid-state diffusion at this temperature. As seen in the EDX
profile, most of the oxygen in the Al layer is concentrated at the interface
only supporting this chemical regime.

The CuO-Zr and Zr-CuO interfaces (Fig. 5c-d) appear to be contin-
uous. The sharp transition at both interfaces made it difficult to obtain
the interfacial thicknesses. Unlike the low temperature mass transport
scenario, the metallic Cu grains (dotted arrows, Fig. 5¢) grow large
enough to fill any voids and form a dense interface junction on both ends
of the Zr layer. The CuO-Al interface appears severely damaged deco-
rated with several voids. The observed behavior deviates from what was
reported in a previous paper on Al only system [5], leading us to spec-
ulate that the damage might result from the reaction of the majority of
the upper CuO layer with Zr, causing it to detach from the CuO-Al
interface. This leads to a much thicker CuO-Al interface of 48 + 4.4 nm.

In summary, EDX analysis conducted across the three reaction re-
gimes of preliminary mass transport, partial Zr oxidation, and complete
Zr oxidation offers chemical quantification and valuable insights into
the chemical transformation occurring within each of the three nano-
layers: CuO, Zr, and Al, as they engage in the reaction process.

While it aids in addressing most inquiries regarding solid-state
diffusion, it does not provide conclusive evidence regarding the
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Fig. 5. Microstructural evolution following annealing at 450 °C, featuring: a) STEM micrograph of the CuO-Zr-CuO-Al system and b) corresponding EDX quanti-
fication of O, Cu, Al, and Zr. TEM micrographs showcasing each of the three interfaces: ¢) CuO-Zr, d) Zr-CuO, and e) CuO-Al. The white dotted arrows highlight large
Cu grains in (c), dotted rectangular regions denote diffused Cu in Zr in (d), and the circular area in (e) indicates damage to the CuO-Al interface.
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oxidation state of Zr. Hence, as a concluding experiment, HAADF im-
aging was conducted on the Zr layer, coupled with EELS to examine the
progression of oxidation states within the Zr layer, focusing on the En-
ergy Loss Near Edge Structures (ELNES) of Zr-Ly3 and O-K edges.
Additionally, the low-loss edges of Zr (N, 3) were also captured to
discern the existence of Zr*" and Zr**.

3.4. Progression of Zr oxidation

Fig. 6 shows the microstructural evolution of Zr layer as a function of
temperature. Partial oxidation becomes evident when the temperature
reaches 375 °C, resulting in Zr-rich regions in the middle of the layer.
Complete oxidation occurs at 450 °C, where all Zr is oxidized to ZrO,.
The increase in thickness of the Zr layer from its initial 220 nm to
approximately 340 nm corresponds to a change by a factor of 1.54. This
closely matches the Pilling-Bedworth ratio of 1.56, indicating that
theoretically, the volume occupied by zirconia should expand by 1.56
times upon oxidation. Albeit it doesn’t account for lateral expansion, the
observed expansion aligns well with the expected theoretical outcome.
Fig. 7 illustrates the change in the chemical profile throughout the layer
in a magnified view. The subsequent step involves determining the
oxidation states of Zr to understand the sequential reaction steps.

ELNES of O, Cu and Zr for ZrOy layer annealed at the three tem-
peratures of 275 °C, 375 °C and 450 °C are shown in Fig. 8a-c. Addi-
tionally, N3 3 edges of Zr were also recorded at some locations within the
Zr layer. Fig. 6a-c indicate the locations of each point from where an
EELS spectrum was collected. Typically, a splitting of the 4d orbital in Zr
results in two subdivided Ly peaks in Zr at 2222 eV [28]. However, the
presence of L edges at such a high energy render it difficult to observe
the splitting with a typical 1 eV spatial resolution and reasonable
acquisition times. Thus, it is not uncommon to not observe the peak
splitting. In addition, Ly 3 edges are characterized by a 2.45 eV shift
when the oxidation state changes from O to + 4 [29], which is difficult to
observe in a standard EELS experiment. Here, we utilize the Ny 3 low-
energy loss edges of Zr to examine the evolution of the oxidation
states. Due to the extensive range of desired energy spectra, these
measurements are selectively recorded at specific locations as indicated
by the white dotted arrow in Fig. 6.

When annealed at 275 °C (Fig. 8a), the Zr layer can be divided into
three regions. The O K-edge at 532 eV is recorded only at the extremities
of the Zr layer with no clear detection in the middle of the layer. This
contradicts the presence of oxygen detected using EDX, suggesting that
it may be attributable to background noise or non-uniform distribution
of oxygen. As for Zr, the Ly 3 ELNES are detected at 2307-2222 eV with
no apparent shift through the entirety of the layer. However, the ratio of
the intensity of Ls:Ly increases, which is an indication of shift of Zr metal
to oxidized Zr (ZrO, ZrOs) as reported previously [29]. This increase is
noticed at both top and bottom ends of the Zr layer, unlike in the middle.
Moreover, the observation of N3 3 edges at approximately 28 eV at both
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the top and bottom of the oxidized Zr layer serves as additional confir-
mation of the oxidation state of Zr being at + 4 [29,30]. The incidence of
a shoulder in the 15-eV edge supports the formation of ZrO [29], also
detected weakly in the XRD. Other signals however strongly indicate
towards either O or + 4 oxidation states of Zr only. This corroborates the
elemental quantification, providing further evidence for the initiation of
zirconia formation.

Increasing the temperature to 375 °C results in further oxidation of
Zr to ZrO and ZrO,. Unlike the middle region, the presence of Ny 3 Zr
edges at 28 eV support this claim. The absence of a gradual decreasing
shoulder or peak broadening however indicate towards no ZrO forma-
tion. The presence of oxygen detected during EDX quantification, sur-
passing the 10% detection limit, suggests that Zr is saturated with
oxygen. This saturation results in a similar signature to that of pure Zr
metal [29]. Therefore, although it would be challenging to distinguish
between Zr in its metallic state (oxidation state of 0) and oxygen-
saturated Zr (with oxidation state between 0 and + 4) based on the
low loss edges, the microstructural changes and EDX mapping strongly
suggest a higher likelihood of oxygen enriched Zr. The Zr Ly 3 edges
exhibit a similar change in the intensity ratios as seen in the 275 °C-
annealed sample, corroborating the inward growth of zirconia via oxy-
gen diffusion. Interestingly, the O K-edge in the bottom region of zir-
conia displays some splitting, consistent with the occurrence of + 4
oxidation state of Zr as oppose to 0 or + 2 [29]. No Cu was detected
anywhere throughout the ZrOy layer.

At the conclusion of all exothermic events at ~450 °C, Fig. 8c dis-
plays the Zr N 3 and Ly 3 ELNES. Unsurprisingly, the Ly 3 peak intensity
ratios do not show a significant change. This indicates the presence of a
single-phase material. Additionally, the low loss edges are characterized
by identifying N2 3 edges at 16 and 28 eV confirming the + 4-oxidation
state of Zr (Figure S17). The splitting of O K-edge also provide backing
to this claim. Another noteworthy feature is the detection of weak Ly 3
edges of Cu at ~931 eV, which in fact supports the prior EDX analysis
showing significant Cu diffusion into the crevices of zirconia.

Unlike Al/CuO thermite couple, wherein the occurrence of a pre-
peak indicating the presence of molecular oxygen is commonly
observed [20,22], no such detection was observed here. This comes as a
direct result of higher oxygen diffusivity in zirconia against alumina.
Consequently, this leads to the rapid reduction of CuO to Cu, with some
intermediate CupO formation. CuyO was not detected by EELS
(Figure S$18), despite XRD showing some CuzO-related signals (Table 1).
This discrepancy may be due to the insignificant presence of Cuy0 at the
interface by the time the sample was characterized by EELS. Thus,
although Cuy0 forms, it is not always detectable at equilibrium. The
weak presence of Cuy0 at the low temperature of 275 °C is indicative of
a preliminary metastable state, which rapidly converts to metallic Cu at
the interface.

Fig. 6. STEM micrograph showing the annealed Zr layer at temperatures a) 25 °C, b) 275 °C, ¢) 375 °C and d) 450 °C. Scans are recorded in a bottom-to-top
sequence. The orange arrow indicates the location of EDX scan averaged over an area (Fig. 7). The white arrow indicates the position of each point where an
EELS scan was performed (Fig. 8). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Quantitative EDX analysis of the Zr layer annealed at temperatures a) 275 °C, b) 375 °C, and ¢) 450 °C.

3.5. Reaction mechanism

By employing STEM-EELS alongside EDX and XRD, conclusive evi-
dence was obtained supporting the presence of three oxidation states of
Zr: 0 (metallic), +4 (zirconia), and an intermediate state between 0 and
+ 4 (ZrO or oxygen-enriched Zr). In addition and unlike Al/CuO ther-
mite system wherein CuO decomposition is first observed at ~350 °C
[22], CuO decomposition was seen as early as 275 °C. With minor Cup0
detection, it is deduced that CuO even though decomposing to form
Cu0 suboxide, continues to degrade to Cu while oxidizing zirconia in
the process. This is in agreement with a higher Zr-O bond dissociation
energy (760 kJ.mol’l) than that of Cu-O (343 kJ.mol™!). The initial
detection of metallic Cu at 375 °C, as observed by XRD, supports the
assertion of a complete reaction pathway from CuO to Cu. Thus, the
sequential reactions can be summarized as follows:

Step I: 275 °C 2 CuO (s) » Cuz0 (s) + O (s)
Cu0 (s) + O (s) —» 2 Cu (s) + 20 (s)Zr
(s) + O (s) = ZrO (s)
ZrO (s) + O (s) — ZrOs (s) CuO
(s) = Cu(s) + O (s)
Zr (s) + 20 (s) — ZrO3 (s)

Step II: 375 °C

Step III: 450 °C

In contrast to the behavior observed in Al/CuO systems [22], there is
no evidence of alloy formation between Cu and Zr, despite the notable
presence of Cu within the zirconia layer. Additionally, the slow diffusion
kinetics of Al and O are surpassed by the rapid oxygen scavenging ability
of Zr, leading to aggressive oxidation at lower temperatures. This
highlights the superiority of Zr as a fuel, as it undergoes oxidation in the
condensed phase, unlike Al where oxidation primarily occurs in the
vapor and condensed phases. Furthermore, despite a higher standard
reduction potential of Al (-1.66 V) [31] compared to Zr (-1.53 V) [32],
the latter’s reactivity is relatively superior.

Regarding the microstructural alterations stemming from the
chemical reactions, Fig. 9 illustrates the reaction progression from lower
to higher temperatures. Initially, heating triggers oxygen diffusion,
leading to the formation of oxide scales near the interfaces. Conse-
quently, the Zr layer separates from the CuO surface, with the voids
being filled by oxygen. This oxygen is then consumed by the Zr layer as
the scales expand vertically and laterally. The grain growth persists until
all of the Zr is transformed into zirconia, resulting in dense Cu-ZrO,
interfaces.

3.6. Performance of Zr as a fuel: Ignition and combustion

As a concluding experiment, intended to showcase the enhanced
energetic performance of Zr compared to Al as a fuel, Zr/CuO exhibited
an autoignition temperature of 335 + 5 °C, while the extremely low
reactivity of the Al counterpart was evident with a high ignition point of
790 £ 10 °C (Fig. 10). The glass wafer hot point ignition tests revealed

that the 3 BL Zr/CuO multilayer achieved a 100% ignition success rate,
with an average ignition delay time of 0.04 + 0.016 ms. The average
ignition energy recorded for Zr/CuO was 0.2 £+ 0.14 mJ. The 3 BL Al/
CuO sample failed to ignite, which is primarily attributed to its notably
low reactivity, compounded by insufficient material presence and sig-
nificant thermal losses. As for the propagation rates, whereas 3 BL Al/
CuO failed to propagate, Zr/CuO demonstrated a self-sustained propa-
gation at a rate of 3.5 + 0.10 m.s'. The presence of less material, low
oxygen diffusivity in alumina and higher thermal losses to the envi-
ronment collectively resulted in lower self-sustenance of Al/CuO reac-
tion. The rapid oxygen exchange reaction between Zr and CuO as well as
a massively higher oxygen diffusivity [16] through ZrO, at similar
temperatures underwrites a greater reaction volume and heat of reac-
tion, thus exhibiting much lower ignition delay time. Zr, both as a fuel
and an additive in the development of a ternary nanolaminate system,
can therefore enhance the overall energetic performance, particularly in
scenarios where shorter ignition delay times and significant energy
release over shorter durations are sought after.

4. Conclusion

Nanoscale reactive multilayer films were fabricated using magnetron
sputtering using CuO as the source of oxygen and investigating the
physio-chemical processes involving Zr. Unlike Al/CuO, the reactivity of
Zr/CuO thermite system was found to be highly dependent on the
transport properties of the terminal oxide generated during the chemical
reaction. Thermo-physical analysis, employing both DSC and XRD of the
annealed samples, was performed to validate this correlation. In contrast
to the 5% release observed in Al/CuO, Zr/CuO thermite liberates 100%
of its total heat below 500 °C. Furthermore, while Al experiences an
initial Al-O dual diffusion, leading to the formation of amorphous
alumina, Zr begins producing the terminal reaction product at temper-
atures as low as 275 °C due to Zr oxidation occurring in the condensed
phase only. The partially reacted Zr/CuO RMFs were subsequently
imaged and spectroscopically characterized using atomically resolved
STEM-HAADF and EDX. In addition, EELS in STEM mode as well as low
loss EELS were utilized to track the oxidation states during the
sequential stages of the reaction. The investigation reveals that CuO
undergoes a one-step reduction process to Cu, while simultaneously
oxidizing Zr. The oxidation of Zr, resulting in the formation of both ZrOy
and ZrO, simultaneously, undergoes a subsequent oxidation process at
~375 °C that is characterized by a higher heat release and grain growth.
From this temperature onward, all Zr and oxygen-enriched Zr (oxide
scales) are completely converted to ZrO,. Furthermore, unlike the for-
mation of Al-Cu alloy, which depletes the Al fuel prior to the thermite
reaction, no alloying between Cu and Zr was observed. Finally, against
the inability of 3 BL Al/CuO to ignite, 3 BL Zr/CuO exhibited 100%
ignition success with an ignition delay time of 0.04 + 0.016 ms. In
comparison to Al/CuO, Zr/CuO demonstrated success in sustaining the
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Fig. 8. EELS analysis of Zr layer annealed at temperatures a) 275 °C, b) 375 °C, and ¢) 450 °C. The Ny_3 edges of Zr are recorded at specific positions to distinguish

the Zr**oxidation state.
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Fig. 10. Auto-ignition temperature and burn rate of Zr and Al as fuels coupled
with CuO oxidizer.

combustion reaction. These properties therefore emphasize the excep-
tional suitability of Zr as a thermite fuel.
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