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This study reports on a new ternary thermite comprising of Al-TiB,/CuO multilayers, designed to take the
advantage of high ignitability of titanium (Ti), high volumetric density of boron (B), and low melting point of
aluminum (Al). Results demonstrate synergetic effects leading to an energetic layer outperforming its single fuel
counterparts, Al/CuO or TiBy/CuO, while being safe to handle. The additive TiBy not only lowers the ignition
energy by 100%, but also enhances the burn rate by more than a factor of two compared to the single fuel
samples (Al/CuO and TiBy/CuO). The thermite reaction sequences and synergy of Ti, B and Al oxidation,
examined by thermo-analytical analyses coupled with X-ray spectroscopy and high-resolution electron energy
loss spectroscopy, demonstrate the strong affinity of TiB, to oxygen that catalyzes CuO decomposition at tem-
peratures as low as 380 °C; followed by a dual-step TiB; oxidation: first to TiO, and then to TiO; led by a reaction
limiting step of oxidizer availability. Finally, Al undergoes oxidation via liquid boron oxide as well as gaseous
oxygen. This study also underlines the crucial effect of the nanolayer morphology in the thin-film technology:
when Al is sputter-deposited onto the TiBy layer, Al ions penetrate into the grain boundaries penalizing TiBy
reactivity. The results demonstrate the advantages of using TiBy fuel to improve the ignitability and the com-

bustion performance of Al based thermite and offer some means to finely tune the energetic properties.

1. Introduction

Metal-based reactive materials have long been explored and devel-
oped as the next-generation energetic materials and may benefit various
applications that includes additives to propellants and pyrotechnics
[1-4], high temperature material synthesis [5,6] as well as micro-
initiation [7-13]. One of the most promising reactive materials
emerged in the 2000s is nanothermite which combines a metal and a
metal oxide at nanoscale to chemically release large amounts of heat.
These nanoscale energetic materials possess high volumetric energy
densities (up to 80 kJ.cm™3), high adiabatic flame temperatures
(>2600 °C) and improved combustion properties by several times
[14-19] compared to the microscale counterparts. A number of factors,
in addition to the components’ (metal and metal oxide) nature, influ-
ence the combustion properties of these reactive materials: they include
the components’ size, their intimacy, the metal/metal oxide interfacial
layer’s nature and thickness, as well as the metal and metal oxide mass

ratio, thus providing quite a few ways to manipulate the overall ener-
getic performance. Aluminum (Al) is still predominantly the metal of
choice because of its high oxidation enthalpy, non-toxic nature, abun-
dance and low cost [20-24]. However, its low melting point leads to
sintering process prior the thermite initiation curtailing the reaction
surface area [25-29], and the presence of native alumina on aluminum
fuel negatively impacts its ignitability. To overcome these shortcomings,
a variety of alloys or binary fuels i.e. a combination of Al and a second
metal such as Zr, Mg, Ti and B chosen for their gravimetric or volumetric
energy density, have been examined [30-33] with significant interest in
ignition/combustion characteristics.

For example, ignition temperatures of Al-Zr or Al-Mg binary fuels are
significantly lower than those of pure Al of similar sizes due to the
exothermic reactions of formation of intermetallic phases (Al + Mg and
Al + Zr) that drives the thermite ignition at very low temperatures
(~350 °C) [34,35]. Compared to Al-Zr and Al-Mg binary fuels, Al-Ti
ones offer the potential for very low ignition thresholds, higher
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gravimetric heats of combustion, and lower costs. For example, Shoshin
et al. found that ball-milled Al-Ti powders burn relatively faster than
their pure counterparts of similar sizes [36]. Very recently Wu et al.
reportedly established the strong oxygen affinity of Ti at low tempera-
ture (300 °C) together with extreme sensitivity [37] which makes Ti
based thermite difficult to handle safely. Another fuel to have attracted a
lot of attention is Boron (B) due to its very high volumetric and gravi-
metric energy density [38,39], sustainability and low cost.

Undoubtedly, a combination of B and Ti with Al fuel should lead to
promising new thermite composition by coupling the advantage of each
material (Table S1, Supplementary Information). The technological
objective of this paper is to develop a thin-film technology to produce
ternary fuel thermite nanolaminates, e.g. Al-TiB,/CuO multilayers, with
controlled bilayer spacing and featuring reduced ignition delays, shorter
burn times, higher combustion temperatures, compared to traditional
single fuel Al/CuO nanolaminates [40-45] while being as safe to handle.
CuO was chosen for its strong oxidizing nature. The scientific objectives
are two-fold: (i) examine the initiation and the combustion behavior of
CuO/TiBy-Al and CuO/Al-TiB, nanolaminates, using high-resolved and
high-speed visible and infrared camera; and, (ii) depict the sequential
reactional steps combining thermal analysis, X-ray diffractometry, high-
magnification Transmission Electron Microscopy (TEM) and Scanning
Transmission Electron Microscopy (STEM), with a High-Angle Annular-
Dark-Field (HAADF) mode, to probe the chemical and the structural
evolution of different interfaces upon heating with ultra-high spatial
resolution. The advantages of using Al-TiB; fuel are clear in terms of its
capability of tuning both the ignitability and the combustion via TiBy
incorporation in the multilayer stack. Moreover, the position of TiBy
nanolayer in the thin film stack only has a slight effect on the ignition
and the combustion properties.

2. Materials and methods
2.1. Sample preparation

CuO, TiBy, Al nanolayers were deposited using Direct Current (D.C.)
magnetron sputtering from Neyco, France purchased 99.99% purity, 8
by 3 square inches and % inch thick Cu, TiB, and Al targets in an
equipment from Thin Film Equipments (TFE), Italy. Prior to the depo-
sition of each nanolayer, the chamber was pumped down to 2 x 107 torr
followed by the introduction of the gases. The gas flow was set via
percent-flow control as described in our previous works [46]. Briefly,
the argon flow was set to 100% during each of the sputtering event,
except CuO, wherein the percent flow of each of the two gases, oxygen
and argon was set to 50% resulting in 22.5 s.c.c.m. Ar gas flow and 32's.
c.c.m. oxygen gas flow. The sputtering process conditions are summa-
rized in Table S2, Supplementary Information. The unbiased sample
holder was centered 15 mm away from the target. The chamber was
pumped down, and a cooling time for the sample holder was applied
prior to each subsequent sputtering event.

Various multilayers were prepared to perform a head-to-head com-
parison. Each stack was composed of 10 bilayers (BL) of CuO/Me {Me:
TiBy-Al, Al-TiBy, TiBy, Al}, the latter two respectively serving as the
reference samples. All the multilayers began with CuO followed by the
deposition of the metallic layer. TiB-Al signifies the deposition of TiBy
(over CuO) followed by that of Al on TiB,, whereas Al-TiBy notation
represents the deposition of Al (over CuO) followed by that of TiB, on Al.
In each multilayer, a fuel rich configuration (phi = 2) was used and the
CuO layer thickness was set to 200 nm. Phi is defined as the molar ratio
between the fuel (Al/TiBs) and the oxidizer (CuO). Hence, the corre-
sponding thicknesses of TiBy (in CuO/TiBy) and the respective thick-
nesses of TiB, and Al (in CuO/TiB»-Al and CuO/Al-TiB,) are 100 nm, 62
nm and 80 nm. As for the remaining reference sample, the resultant Al
layer thickness is 200 nm. In addition, one bilayer of CuO/TiBy-Al and
CuO/Al-TiB; finished with a CuO layer on top was prepared on Si sub-
strate to perform the interface analysis. The thickness of each nanolayer
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is carefully controlled via a calibration process preceding each full stack
deposition. Additionally, 2 BL samples of CuO/Me were prepared on Si
substrate to perform annealing experiments. CuO-TiB,-Al-CuO and CuO-
Al-TiB,-CuO multilayers were also sputter deposited on Si substrate to
analyze the microstructural evolution of the two systems close to each of
the interfaces.

For combustion tests, lines of 10 BL CuO/Me with dimensions of 25
mm (length) x 2 mm (width) were sputter deposited through a shadow
mask onto a 500 um thick glass slide and ignited using a resistively
heated titanium (Ti) filament. Prior to thermite deposition, a photoli-
thography process was used to pattern 300 nm thick Ti resistors on 4-
inch glass wafers. Au (800 nm thick) was evaporated onto the surface
and patterned thereafter to define the Ti filament as well as the Au
electrical contact pads. For ignition tests, a similar fabrication process
was followed except the multilayers were deposited using a different
shadow mask, with an active thermite area of 5.6 x 6.7 mm?.

Finally, free standing 10 BL of CuO/Me were also fabricated for
ignition threshold characterization and thermal analysis. A silicon wafer
was subjected to plasma cleaning following which a layer of photoresist
(NLOF, 5 um) was spin-coated. Succeeding a post-exposure 110C baking
(PEB) step, the multilayers were sputtered onto the wafer. The multi-
layer foils were then released by dissolving the photoresist in acetone.

2.2. Material characterization

The crystallographic structure of each nanolayer and the phase was
determined using SIEFERT XRD 3000 TT X-Ray diffractometer with Cu-
Ko radiation (A = 1.5406 A) fitted with a diffracted beam graphite
monochromator. The 20 X-Ray Diffraction (XRD) measurements were
performed from 10 to 60 with a step of 0.04. The morphology and the
chemical composition of the multilayers were analyzed by Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM),
Scanning Transmission Electron Microscopy (STEM) and Electron En-
ergy Loss Spectroscopy (EELS) using a JEOL cold-FEG JEM-ARM200F
operated at 200 kV equipped with a probe Cs corrector reaching a spatial
resolution of 0.078 nm. EELS data were acquired on a Gatan imaging
filter quantum (energy resolution of 0.3 eV) using a dispersion of 0.5 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.
FEI Helios NanoLab DualBeam FIB-SEM was used to acquire morpho-
logical images as well as perform Focused Ion Beam (FIB) technique to
prepare the cross-sectional lamellae.

The heat released during each step of the chemical reaction in the
multilayers is characterized by thermal analysis performed in Ar atmo-
sphere using a Differential Scanning Calorimetry (DSC) carried out in a
NETZSCH DSC 404 F3 Pegasus system equipped with a DSC-Cp sensor
type S and a Platinum furnace. The diffractogram, normalized to the foil
mass (typically ~ 10 mg), was recorded at a constant heating rate of
10 °C/min up till 950 °C and then baselined manually.

The slow annealing experiments were performed in high metals tube
furnace (AET Technologies) at a heating rate of 10 °C.min"! (same as
that of DSC) and a cooling rate of 2 °C.min"! under an inert N>
atmosphere.

2.3. Ignition tests

Auto ignition temperature: A hot plate was utilized to understand the
effect of high heating rate on the ignition event in the thermites and
involved instantly heat the free-standing 10 BL CuO/Me foils. This
method involves placing ~1 mg of foils specimen in contact with the hot
surface and observing the reaction (spark emission). Samples that fail to
ignite when heated at that temperature do not emit a burst of light. Note
that for each test, the hot-plate is held at a constant temperature and
fresh multilayer specimens are dropped onto its surface. Enough time is
allowed for the plate temperature to stabilize before each testing event.
The test setup and the snapshots from the tests are shown in Figure S1,
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Supplementary Information.

Ignition energy: The multilayers were ignited using externally applied
direct current pulse resistively heating the Ti filament in an ambient
atmosphere. For each test, the current was adjusted so as to keep the
same dissipated power (6.125 W). The ignition delay was measured
using a photodiode (VISHAY, BPV10) biased at 5 V placed a few centi-
meters away from the sample and capable of detecting the optical flash
emitted from the ignition event. A 1 kQ dummy resistance was used to
measure the photocurrent. The electrical setup is shown in Figure S2,
Supplementary Information. All electrical signals were acquired on a
digital oscilloscope and processed using in-house programs. Several tests
were performed, and a mathematical average value of ignition delay
(ms) was constituted. Results are then reported in terms of ignition
energy calculated as the integral of power over time (up to initiation).
The ignition delays can be found in Table S3, Supplementary
Information.

2.4. Macro and microscopic imaging of combustion and flame
temperature

The flame propagation speed was evaluated using a high-speed
camera (VEO710, Phantom, USA) recording at 48,000 frames per sec-
ond with a resolution of 512 x 64 pixels. The videoed films from mul-
tiple samples of each type were processed using Phantom Camera
Control (PCC) Software to report the statistical values of average
macroscopic burn rate. Briefly, 6 two-points measurements were per-
formed to determine the propagation speed for each device across each
of the four CuO/Me thermite stacks. Five devices from each configura-
tion were tested. The macroscopic burn rate is then reported as a
mathematical average for each multilayer. The setup to determine the
front thickness and the flame temperature is comprised of a high-speed
camera (Phantom VEO710L, USA) coupled with a long-distance micro-
scopic lens (Infinity Photo-optical Model K2 DistMax, CF-4 Objective).
At a pixel/distance ratio of ~2 um/pixel, the propagation of the flame
front was recorded at 60,000 frames per second. The thickness of the
front is obtained from the optical micrograph recorded during the
propagation event. The tool is calibrated to a blackbody source (Mikron
M390) for color pyrometry to estimate the reaction temperatures.
Further information about the pyrometry measurement can be found in
previous studies [19]. Concisely, a raw temperature map is extracted
using a three-color (RGB) channel and an average value of the flame
temperature is obtained from several such points on the front. The error
threshold on the reported values is about 200-300 K.

3. Results and discussions
3.1. Ignition, burn-rate and flame front characteristics

The first two columns of Table 1 give the ignition energy and global
burn rate measured for CuO/TiBy-Al and CuO/Al-TiB; stacks compared

Table 1
Ignition energy (mJ), burn rate (m.s’l), ignition threshold (K) and flame char-
acteristics of 10 BL CuO/Me {Me: Al, TiB,, TiBy-Al, Al-TiB,}.

10 BL Ignition Burn Flame Auto- Flame
stacks energy rate (m.  temperature ignition thickness
(mJ) s (@] point (°C) (um)
CuO/ 102.1 + 4.3 + 3500 700 + 5 65
Al 15.6 0.1
CuO/ 59+1.1 2.3+ 1800 285+ 1 592
TiB, 0.04
CuO/ 1.3 +0.7 8.3+ 3000 380+ 1 83
TiBo- 0.3
Al
CuO/ 0.3+0.2 10.8 + 3100 445 + 1 85
Al- 0.5
TiB,
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to CuO/Al and CuO/TiB, reference multilayers samples. The ternary
systems CuO/TiBz-Al and CuO/Al-TiB; demonstrated much higher burn
rates of 8.2 + 0.31 m.s~! and 10.8 & 0.52 m.s ™! respectively, in com-
parison to the reference samples: CuO/Al and CuO/TiBg, which burn at 4
+ 0.1 m.s! and 2.3 + 0.04 m.s™}, respectively. The additive TiB, not
only enhances the burn rate by ~ 50% compared to the CuO/Al refer-
ence sample but also exhibited ~100% lower ignition energy of 1.3 mJ
(CuO/TiBy-Al) and 0.033 mJ (CuO/Al-TiBy) in comparison to unary
fuel-based reference nano-thermites. Clearly incorporating TiB, with Al
(molar ratio 1:1) proved to be more reactive than both single fuel
systems.

It is interesting to note that despite a lower auto-ignition temperature
(~285 °C), CuO/TiBy possesses quite low burn rate indicating the
thermite reaction is likely to be dominated by condensed phase thus
inhibiting the forward energy transfer. The V-shaped flame front of
CuO/TiBy burns dimly with little to no creation of particles (Fig. 1b),
while the burning front of CuO/Al is characterized by particle emissions
and intense bright light (Fig. 1a). This implies a higher flame tempera-
ture as well as more gas generation [47] in the latter samples. Certainly,
the flame temperature of CuO/Al is measured at 3500 °C, much higher
compared to that of CuO/TiBy measured at 1800 °C, the latter being
(Table 1) well below the melting point of TiBy (3230 °C), bringing
another indication in of its combustion behavior in the condensed phase.
The CuO/TiB; flame front thickness is also much thicker (~590 pm)
compared to that of CuO/Al (64 um) further supporting that the com-
bustion is extended in the condensed phase that remains active long
after the passing of the flame front. Fig. 1b shows the CuO/TiB; thermite
still burning even after the passing of the flame front with no visible gas
generation.

In bi-fuel thermites (TiBp-Al and Al-TiBy), we clearly distinguish two
combustion stages as shown by the thin sharp well-defined V or slant-
shaped front (Fig. le-d) strikingly different from slightly curved Al
flame front. The first combustion stage is dominated by combustion of Al
in the vapor phase, followed by the condensed phase combustion of
TiB,. Another observable characteristic difference is a less intense gas
generation in the burning of the bi-fuels compared to Al/CuO burning:
the bi-fuels exhibit particles tearing away from behind the flame front as
it progresses. Among TiBy-Al and Al-TiB; fuels, it seems that Al-TiBy
displays superior reactivity than TiB,-Al in that the propagation of the
flame front generates more energy that then ejects smaller more uniform
particles as opposed to larger string-like solid emissions from TiB,-Al.
This points to a faster energy transfer in Al-TiB, than that in TiB,-Al,
even though the flame front characteristics are very similar. CuO/TiB,-
Al and CuO/Al-TiB, feature similar flame front thicknesses (~80 um)
and flame temperatures (~3000 °C). We speculate that the likely cause
of very low initiation points in bi-fuel thermites (CuO/TiB-Al and CuQ/
Al-TiBy) may be the first stages of reaction, when the first oxides (TiOx
and B,Oy) in contact with CuO are formed, thus ensuing the reaction
with the exposed fuel. In order to understand the nature of the
exothermic events, foils from each configuration (CuO/TiB,-Al, CuO/Al-
TiBy) as well as the reference samples (CuO/Al, CuO-TiBy) were
analyzed by DSC with a heating ramp of 10 °C.min"" under a constant
flow of Ar.

3.2. Thermo-analytical analysis

DSC traces of CuO/TiB,-Al and CuO/Al-TiB, are plotted in Fig. 2
with those of CuO/Al and CuO/TiB; samples, obtained under the same
conditions. DSC traces show exotherms of subsequent oxidation re-
actions of Al and TiB; with CuO without the contribution of oxygen from
the surrounding environment. The total heat of reaction is indicated
across each plot. To supplement the understanding of the different re-
action steps, CuO/TiBy-Al sample was annealed at 475 °C, 550 °C and
950 °C while CuO/Al-TiB; sample was annealed at 375 °C, 480 °C and
950 °C corresponding to the main peaks recorded in the DSC scan and
their respective compositions were analyzed by XRD. The composition
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Fig. 1. Snapshots from propagation of 10 BL CuO/Me {Me: a) Al, b) TiB,, c) TiB,-Al and d) Al-TiB,}.
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Fig. 2. DSC traces of 5 BL CuO/Me {Me: Al, TiB,, TiBo-Al}. The traces are baseline subtracted manually and are offset in Y to provide clarity. The plot is divided into

5 regions: a pre-ignition region (PIR), regions Rj, Ry, R3 and Ry,

of each sample after annealing steps is summarized in Table 2 while the
XRD diagrams can be found in Figure S3, Supplementary
Information.

Even though the respective total heats of reaction of CuO/Al and
CuO/TiB; exceed that of CuO/TiB,-Al and CuO/Al-TiB,, the phenome-
non must be carefully analyzed as important differences in the occur-
rences of the exotherms when TiB; is added to CuO/Al multilayer are
observed. Therefore, each of these ternary systems is systematically
compared and analyzed with the former reference samples as follows.

CuO/TiBy-Al system: The DSC scan (Fig. 2, black trace), shows a tiny
exothermic peak (onset temperature of ~200 °C) attributed to the

Table 2
Summary of chemical constituents of as deposited (AD) and annealed CuO/Me
{Me: Al, TiB,, TiB,-Al}.

Sample Constituents at different temperatures
AD 475 °C 550 °C 950 °C
CuO/TiB, CuO, TiB;  TiOy, Cu0 Ti,Cuy, Cuz0, Cu Ti,Cuy,
Cu
CuO/ CuO, Al, TiOy, Cu,0, B, Al, TiO,, Cu,0, Cu, TixCuy,
TiB,-Al TiB, AlTi, Al, Cu Ti,Cuy Cu
CuO/Al- CuO, Al, TiO,, Cuz0, TiO,, Cuz0, B203, B, Ti,Cuy,
TiB, TiB, B,03, Cu Cu, TixCuy Cu

reactions occurring prior to ignition indicated in the pre-ignition region
(PIR) that lead to the formation of TiOy starting at 300 °C [37]. As a
matter of fact, at 200 °C, condensed-phase oxygen transfer is thought to
occur until CuO begins to decompose at ~350 °C [48]. In ~ 375-550 °C
range (Fig. 2, region Ry), an apparent exothermic double peak (onset
temperature of ~ 380 °C) is seen, which is due to the oxidation of TiB,
forming two oxide layers: liquid BoO3 and TiO», as the oxygen atoms
migrate outwards following the release from the decomposition of CuO.
The XRD of samples annealed at 475 °C confirms the presence of TiO,,
B203 and Cup0, the latter confirming the early decomposition of CuO
(Table 2). This exothermic double peak is a succession of two exotherms,
corresponding to the oxidation of TiB, resulting in two adjacent native
oxides (TiOx-B203), separated by the melting of boric oxide at ~450 °C.
It is noteworthy that as the sample approaches the melting temperature
of B303, some of the released heat is consumed in melting the oxide
bringing the exotherm down. Further temperature increase leads to the
second peak of this first exotherm at 505 °C (onset at 470 °C) which is
the continuation of TiBy oxidation. XRD analysis after annealing at
550 °C stages the presence of TiO5, Cuz0 and Cu. Overall, this two-step
TiB, oxidation produces 79.5% of the total heat released in the ambient
— 950 °C range, i.e., 1116 J.g ! of 1400 J.g ! total released heat. Next,
region Rg relates to the main CuO-Al oxidation reaction [46]. It releases
much lower heat compared to the reference CuO/Al sample. This might
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be due to the tendency of Ti atoms to rapidly react and consume oxygen
compared to that of Al [37] as previously reported. As for the last peaks
in region R4, similar to CuO/Al, the exotherm simply relates to Al
oxidation in both the gas and the condensed phase [49]. It should be
noted that a Cu signal is observed in XRD (Figure S3b-¢, Supplemen-
tary Information) that evidently supports the superior reactivity of
TiBy-Al as well as Al-TiB; bi-fuel systems in that the main reaction is
catalyzed compared to Al-only thermite. The peaks corresponding to
boric oxide are quite low intensity which is likely due to its materialistic
nature.

CuO/Al-TiBy system: A noteworthy feature of CuO/Al-TiB, (Fig. 2,
green plot) is the major low temperature exotherm (onset of ~ 230 °C)
(region Ry) which produces ~ 45% of the total heat of reaction (455 J.
g ! of 1035 J.g7! total released heat) and the quenched subsequent
exothermic double peak (region Ry). This first exotherm is attributed to
the rapid consumption of oxygen atoms released as a result of CuO
decomposition by TiB, to form TiOy. XRD analysis at the end of the first
exotherm (380 °C) shows the presence of Cuy0 and TiO3 which in turn
confirms this event. Quite conspicuously, the presence of TiB; between
each Al/CuO bilayer seems to catalyze the oxygen release from CuO
slightly faster than its presence sandwiched between CuO and Al. This
low temperature exotherm seems to be responsible for the lowest igni-
tion onset in this system (ignition point measured at 285 °C, Table 1).
With most of TiB, already oxidized in the PIR + R; region, there is less
oxygen atoms to further diffuse through the native oxides of TiB; to
oxidize the core leading to the first peak of region Ry around the same
temperature as CuO/TiB,-Al system. Similarly, the following exotherm
in this region post B,O3 melting results in the remaining of the oxidation
event. Finally, region R3 represents CuO-Al oxidation reaction. Post
annealing at 550 °C, unlike CuO/TiBy-Al system, XRD of CuO/Al-TiBy
reveals the presence of elemental boron and severe Cu-Ti alloying. The
presence of Cus0 upholds the ongoing CuO/Al thermite reaction at this
stage (Region R3, Fig. 2). Region R4 is characterized by low heat events
attributed to little to no presence of the oxidizer, as well as alloying of Ti
and Cu.

Finally, for both samples, CuO/Al-TiB, and CuO/TiBy-Al, more
intense the low temperature peaks, less is the high temperature Al
oxidation exotherms (Fig. 2, region R3 and Ry4), confirming a lower
availability of Al during this last event, as it was consumed during the
first low temperature events.

Overall, the analysis of the exothermal events brings about three
salient findings:

(i) Addition of TiB; to Al/CuO modifies the low temperature reaction
steps, i.e. those occurring below Al melting, which explains the superior
reactivity in term of prompter initiation of bi-fuels compared to CuO/Al
(Table 1). Indeed, the low temperature exothermic events (below Al
melting) releases more heat compared to that of CuO/Al multilayers: the
heat released below 550 °C represent 79.5% and 70.5% of the total heat
in CuO/TiBy-Al and CuO/Al-TiB; systems respectively against only 23%
of the total heat in CuO/Al (Table 3). The Al;Oy interface growing in
CuO/Al at 400 °C (Fig. 2, region Ry) is therefore a better oxygen diffu-
sion barrier than the native TiO/TiO; layer [37].

(ii) Exothermic occurrences in CuO/TiB,-Al and CuO/Al-TiB,
multilayer are a superposition of the individual reaction steps recorded
in the two reference multilayers, CuO/Al and CuO/TiBy (Fig. 2, dotted
plots) which also happens to be the multilayers releasing maximum heat

Table 3
Approximate heats of reaction determined from the DSC scans.

Sample Heat of reaction (J/g) Total heat of reaction (J.g~1)
<550 °C <650 °C

CuO/Al 179 £ 3 602 + 10 1580

CuO/TiB, 740 + 4 1196 £ 5 1536

CuO/TiB,-Al 764 £ 11 1116 =19 1403

CuO/Al-TiB, 730 + 6 940 £ 7 1035
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of reaction: 1780 J.g~! and 1630 J.g7! for CuO/Al and CuO/TiB,,
respectively. This indicates that ‘hidden’ endothermic reactions such as
phase transformations which are not detected by XRD occur within the
ternary thermite reaction process. Furthermore, some liquid BoO3 may
be reduced to B (detected at ~ 550 °C) when reacting with Al.

(iii) Finally, while the main exothermic reactions in both samples are
attributed to the oxidation of titanium, boron, and aluminum, their
onset temperature and intensity vary with the deposition sequence:
either TiBy nanolayer deposited prior to Al onto CuO (CuO/TiBy-Al
configuration), or TiBy deposited onto Al over CuO (CuO/Al-TiBy
configuration). This indicates that the nature and the thickness of the
interfaces has a significant impact on the ternary thermite reaction
process.

Deeper understanding on the reaction of the ternary systems neces-
sitates a morphological as well as chemical analysis, which is addressed
next by coupling TEM and EELS, at selected annealing steps. The target
temperatures for annealing were set at 475 °C and 550 °C for CuO/TiB-
Al and 375 °C and 480 °C for CuO/Al-TiB; system because of the DSC
traces.

3.3. Morphology and chemical analysis of the bi-fuel samples

3.3.1. As deposited

The Fig. 3a and e show the STEM images of CuO-TiB,-Al-CuO and
CuO-Al-TiB,-CuO stacks indicating the respective thicknesses of each
layer. CuO layer possesses a thin columnar structure and quite rough
surface morphology. The consonant EDX maps of the CuO-TiBz-Al-CuO
and CuO-Al-TiB,-CuO stacks (Figure S4, Supplementary Information)
do not show any severe intermixing close to the interfaces. Fig. 3b-d and
f-h show the high-resolution STEM micrographs of each of the resultant
interfaces. No voids or delamination are observed between each layer.
Al-CuO interface features a 4 + 0.2 nm thick native alumina formation
observed previously [46]. It is worth noting however that the deposition
of Al over CuO results in more jagged projections at the interface
compared to a relatively smoother interface formed as a result of the
deposition of CuO over Al. It has been previously reported that more is
the contact surface damage, lower is the probability of quicker oxidation
onset [47]. The CuO-TiB, and TiB,-CuO interfaces are less defined. The
inability to discern the formation of a native interface between CuO and
TiB, suggests remarkable resistance of TiBy to oxidation at room tem-
perature. Note that the deposition of CuO over TiB; results in less rough
interface compared to otherwise. This is attributed to the rough uneven
surface of CuO created as a result of columnar growth, into which TiBy
tends to penetrate filling any spaces. The hardly distinguishable Al-TiB,
and TiB,-Al interfaces are observed to be rather compact, the former
however being more uniform. Next, the chemical nature of the interfaces
is determined by Electron Loss Near Edge Structure (ELNES). Cu Lj 3-
edges at 931-951 eV, O K-edge at 536 eV, B K-edge at 188 eV, Ti Ly 3-
edges at 456-462 eV and Al K-edge at 1560 eV were acquired near and
across the unexplored interfaces namely CuO-TiB,, TiB2-CuO, TiBy-Al
and Al-TiB,. EELS core loss edges were background subtracted using a
power law fit before being plotted in Figure S5, Supplementary
Information.

Across CuO-TiB, interface (Figure S5a) and close to CuO, sharp B
peak at 194 eV along with a second peak at ~204 eV indicates the
presence of B-O (as in By03) and Ti-B bonds (as in TiBy). Because TiB,
always has two native oxides to its sort, we conjecture the presence of
TiOy as well. Indeed, Ti Ly 3 edges at 453-465 eV back this occurrence
up. Since the two peaks do not show any splitting, they can be attributed
to a mixture of Ti%* and Ti®*, which could either be a Ti-B bond or Ti-O
bond [37]. The presence of O K-edge however confirms some oxidation
in the vicinity of CuO-TiBy interface.

Interestingly, across the TiB,-CuO interface (Figure S5b), slight shift
of Ti Ly edge from 456 eV to 457 eV and slight splitting of the oxygen
peak points to the formation of a mixture of Ti>* and Ti** as well. In the
vicinity of CuO, a pre-oxygen peak at 529 eV normally attributed to the
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Fig. 3. STEM images showing as deposited multilayers and the corresponding interfaces: a) CuO-TiB,-Al-CuO b) CuO-TiB; ¢) TiB,-Al d) Al-CuO and e) CuO-Al-TiB,-
CuO f) CuO-Al g) Al-TiB, h) TiB,-CuO. All interfaces are observed to be quite dense with no delamination.

presence of molecular oxygen is recorded. In addition, B K edges at 194
eV and a further peak at 204 eV confirms the presence of B-O bond
across this interface. This is attributed to the slow outward diffusion of
oxygen from CuO as seen previously across CuO-TiB interface.

In summary, the CuO-TiB; and TiB,-CuO interfaces display similar
chemical behavior at room temperature except the presence of gaseous
oxygen in the latter.

Across TiBy-Al and Al-TiB, interfaces (Figure S5b, Supplementary
Information), the Ly 3 edges at 456-462 eV are attributed to Ti-B bond.
While the Al-TiB, interface features a sharp and clear transition from
TiB, to Al with no detectable elemental intermixing, the TiB,-Al inter-
face shows some Al, Ti and B intermixing. During the sputtering of Al
over TiB; (less compact than Al), the former tends to fill into any empty
spaces in TiBy columns henceforth giving rise to low intensity ELNES of
Al, Ti and B in the vicinity of the interface, which is an important dif-
ference between both bi-fuel configurations.

3.3.2. Annealed

To investigate the changes in microstructure of each layer as well as
the evolution of the interfaces, the two bi-fuel samples were annealed at
475 °C and 550 °C for CuO/TiBy-Al multilayer; and at 375 °C and 480 °C
for CuO/Al-TiB, multilayer based off of the DSC traces. The resulting
observations are discussed below.

CuO/TiBy-Al system: Annealing up to 475 °C reduced the thickness of
Al by ~ 13% to 69 + 2 nm with little morphological changes (Fig. 4a).
Interestingly, the thickness of TiBy went up by ~ 76% to 116 + 2 nm
introducing porosity in the layer. EDX (Figure S3b, Supplementary
Information) maps reveal the presence of oxygen throughout TiB, layer
marking the ongoing oxidation process. XRD at this stage showed the
presence of TiOy (Figure S7a-f, Supplementary Information) One
interesting result of this annealing is the shrinkage of CuO by ~ 37% to
134 + 20 nm accompanied by the rapid reduction of CuO to Cu,
aggressive enough to create ~ 70 nm deep uneven void (Figure S6a,
Supplementary Information). This is confirmed by the EDX map
(Figure S7a-f, Supplementary Information) showing the presence of
Cu and no oxygen in the bottommost layer as well as by XRD showing
signals from metallic Cu. The oxygen gas liberated as part of this
decomposition is quickly adsorbed by TiB, causing prompt oxidation
and the release of most of the heat (Fig. 2, region Ry). More interest-
ingly, Cu diffused through the multilayer ascending to TiB, and Al layers

concentrating at CuO-TiBy and TiBy-Al interfaces (Figure S3b and
Figure S7e, Supplementary Information). A thinly undefined ~4 nm
CuO-TiB, interface was left at some areas of contact, while 45 4 5 nm
TiBy-Al interface exhibited an amorphous dual interfacial formation
(Fig. 4b-c). The denser bottom layer of this dual interface is concen-
trated with Cu while the top features the presence of mainly Ti and O,
and some Al (weak signals from AlTi seen in the XRD). Al-CuO also
featured a 16 + 1 nm thick amorphous alumina interface formed as a
result of slow Al oxidation (Fig. 4d). The ELNES of B, Ti, O, Cu and Al
acquired across the TiB,-Al interface annealed at 475 °C (Figure S9a,
Supplementary Information) confirm the presence of glassy B,O3 as
well as oxygen rich TiO (major shift of Ti L, 3 edges to 460-466 eV and O
K-edge at 532 eV) in accordance with the XRD analysis. Upon closer
examination, right at the bottom of TiB; (near the initially present CuO-
TiB, interface), there is a slight splitting of Ti L edges confirming the
occurrence of TiOy [37,50]. Nevertheless, most of TiBy happens to be
oxidized to TiO. It is only across the TiBy-Al interface that some exis-
tence of B is detected closer to Al layer.

Annealing to 550 °C features further reduction of bottom CuO aug-
menting the void to about 1 pm in depth (Figure S6b, Supplementary
Information). Cu is not detected in either TiBy or Al nanolayers
anymore. Any oxygen released hereafter is rapidly consumed by TiB,,
which features severe porosity furthering its thickness to 133 + 4 nm. As
shown in the EDX maps, diffused O spans the thickness of TiBy. Addi-
tionally, Ti also diffuses through the interfacial oxides into Al causing
some intermixing (Figure S7g-1, Supplementary Information). Al and
the top CuO layers curtailed by 16% and 7% to 58 & 16 nm 188 + 8 nm
respectively. The TiBy-Al and Al-CuO interfaces, widen following a
similar nature as observed at lower temperature. It should be noted that
B is too light to be detected accurately by EDX but is identified by EELS
(Figure S9b, Supplementary Information).

CuO/Al-TiBy system: The microstructural changes in CuO/Al-TiBy
system annealed at 375 °C (Fig. 4i-1) and 480 °C (Fig. 4m-p) show
strikingly different progression of the reaction. While the bottom CuO
shows a mere 2% (to 192 + 3 nm at 375 °C) and 3% (to 190 4+ 2 nm at
480 °C) reduction in its thickness, the top CuO reduces by 3% at 375 °C
and 6% by 480 °C. Its microstructure changes from columnar to slightly
granular. The CuO-Al interface features an amorphous alumina
confirmed by the EDX maps (Figure S8c and f, Supplementary In-
formation), thickness of which increases from an initial 14 nm to 32 nm
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Fig. 4. STEM images showing annealed multilayers and the corresponding interfaces: a) CuO-TiB,-Al-CuO annealed at 475 °C and its interfaces (b-d), e) CuO-TiB,-
Al-CuO annealed at 550 °C and its interfaces (f-h), i) CuO-Al-TiB,-CuO annealed at 375 °C and its interfaces (j-1), m) CuO-Al-TiB,-CuO annealed at 480 °C and its

interfaces (n-p).

showing that Al oxidation did in fact begin at a temperature lower than
previously observed [46]. A faster oxidation and subsequent growth at
the interface lead to the formation of voids at this interface (Figure S8g,
Supplementary Information). The thickness of Al reduced by 6% to 73
+ 3nm at 375 °C and further by 16% to 65 + 2 nm at 480 °C. TiB, hardly
diminished until 375 °C but depreciated by 8% to 65 + 2 nm at 480 °C.
Al-TiBy interface is observed to be quite dense with no distinguishable
interface, except a ~ 10 nm interface can be sporadically defined
(Fig. 4k). A very well defined TiB,-CuO interface mainly composed of Ti
and O grows from an initial 8 nm (at 375 °C) to 14 nm (at 480 °C). The
ELNES of B, Ti and O acquired across Al-TiBy interface, at 375 °C and
480 °C (Figure S10a-b, Supplementary Information), indicate a
change in Ti bonding to Ti-O from an initial Ti-B (high energy-loss shift
of Ti L edges to 458-464 eV from an initial 457-462 eV). In addition,
there is no oxygen signal picked up close to Al layer suggesting any
diffused oxygen is consumed by the adjacent TiBy. ELNES of Ti indicate

the formation of TiO2 and CupO at this interface (shift in Ti L edges to
460-466 eV with slight peak splitting in the vicinity of CuO and shift in
Cu L edges to higher energy-loss). Close to top CuO, it is worth noting
that there is a low intensity B L-edge (onset at 198 eV) as well, but no O
K-edge supporting the formation of B,O3. Thus, it may be attributed to
elemental B as a result of reaction of B,O3 with Al to produce B and
Aly03. Further annealing to 480 °C, no formation of ByOs is seen, boron
oxide is therefore reduced. The low intensity O K-edges however mark
the beginning of oxidation at this interface via outward oxygen ion
diffusion from the oxidizer. Quite remarkably, TiB,-CuO interface not
only displays the thickening of the interface but also Ti L edges’ splitting
pointing to the presence of Ti**. The corresponding splitting in O K edge
confirms the presence of stoichiometric TiOq at this interface. In the
vicinity of top CuO, a shift of Cu L edges to higher binding energy in-
dicates the presence of Cuy0O, a product of the ongoing redox reaction
(Fig. 2, region Ry). As TiO3 is one of the final reaction products, it seems
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like unlike CuO/TiBs-Al, CuO/-Al-TiB, reaches completion stage faster.
It has been shown previously that the presence of TiO2/B203 mixture is
capable of enhancing oxidation rate by creating alternative oxygen
diffusion pathways [51]. Reportedly, CuO/Ti undergoes a two-step
redox reaction, first forming TiO at lower temperature and finally to
TiO4 at ~500 °C [37]. It seems TiBy follows a similar regime except in
the binary fuels, in addition, it facilitates CuO/Al main reaction to begin
earlier as well.

3.4. Discussions and reaction scenario

STEM-EELS for the different temperature stages coupled with DSC,
XRD and EDX revealed:

i. Strong affinity of TiBs to oxygen that catalyzes CuO decomposition:
TiBy in direct contact with CuO boosted the latter’s decomposi-
tion at temperatures as low as 380 °C.

ii. TiBy dissociation and further Ti and B oxidation: Owing to the ox-
ygen release from CuO, Ti-B bonds break, enabling Ti and B to
oxidize to TiOy and ByO3 at ~300 °C and 410 °C respectively.
Note that the Ti-B bond dissociation energy is 272 kJ.mol™!
against 820 kJ.mol ! and 670 kJ.mol ! for B-O and Ti-O bonds
respectively. This additionally explains the low auto-ignition
point of CuO/TiB; thermite.
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iii. Reduction of liquid B2O3 in contact with Al: Some elemental boron
is detected at temperatures > 550 °C (post region Ry, Fig. 2) likely
caused by the reduction of liquid B,O3 (melting point of 450 °C)
in contact with Al.

iv. Oxidation of Al post melting: The ultimate reaction stage is the
oxidation of metallic aluminum with the remaining oxygen (Rs,
Fig. 2).

The reaction steps are thus tabulated below:

Table 4
Reactional steps in the ternary CuO/Al-TiB; nanothermite system.

Step I 2 CuO (s) — Cuz0 (s) + 2 02 (8)
Cuz0 (s) + %2 02 (g) — 2 Cu (s) + 02 (8)

Step II TiBz () + 2 Oz (g) — TiO (s) + B20s3 (s)
Ti (s) + 2 02 (g) — TiO2 (8)
TiO (s) + % O2 (g) — TiO2 (s)
2B (s) + 3/2 05 (8) — B203 (5)

Step III 2 Al (s) + B203 (1) = AlO3 (s) + 2B (s)

2 Al (s) + 3 02 (g) - Al03 (s)

Importantly, STEM-EELS also allowed to depict the differences in the
performances of CuO/TiBy-Al versus CuO/Al-TiBy systems. In the
former, i.e., when Al is sputtered onto TiB,, Al is seen to migrate into the
perpendicular columns of TiB, which penalizes its reactivity. We

@

Fig. 5. Schematic of an outlook on the oxidation and potential microstructural changes of TiB,-Al and Al-TiB, interfaces. While the oxide layer (in red) can grow
bidirectionally in CuO-Al-TiB,-CuO, CuO-TiB,-Al-CuO features a unidirectional oxide growth which is inhibited by Al due to the lower probability of Al-O bond

formation than that of Ti-O.
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observed that TiB, possesses a very small grain size compared to Al and
is characterized by less dense columnar morphology. When Al is
deposited over TiBs, it tends to fill into any crevices (Fig. 3a and e). Then
upon annealing, when oxidation begins as a result of oxygen ion diffu-
sion, the alumina layer formed at the boundaries prevent oxygen
movement through the underneath TiOy inhibiting oxidation as the
temperature increases [52]. The schematic of the mechanism taking
place at sufficiently high temperatures (>550 °C) is shown in Fig. 5.
Moreover, the delamination behavior as well as nano-structural losses in
CuO/TiBy-Al at temperatures as low as ~ 475 °C may hinder and/or
delay chemical exchanges/reactions provides another potential expla-
nation for its lower performance in comparison to CuO/Al-TiB,. This
severity of the damage in the nanostructure simply comes from the
direct CuO-TiB; contact that then results in rapid oxidizer consumption.
As a premise of this phenomenon, a 2 BL CuO/TiB; was annealed to
550 °C and the resulting TEM micrographs (Figure S11, Supplemen-
tary Information) exhibited similarly destroyed nanolaminate.

4. Conclusion

The effect of TiBy as an additive thin film on the initiation and the
combustion properties of CuO/Al multilayers was studied. The CuO/
TiB,-Al and CuO/Al-TiB, multilayers demonstrated much higher burn
rates of 8.3 m.s ! and 10.8 m.s ™! respectively, compared to that of CuO/
Al and CuO/TiB,, which burn at 4.3 m.s™! and 2.2 m.s‘l, respectively.
The additive TiBy not only enhances the burn rate by ~ 50% compared
to the CuO/Al reference sample but also exhibited ~ 100% lower igni-
tion energy of 1.3 mJ (CuO/TiB,-Al) and 0.033 mJ (CuO/Al-TiB5) in
comparison to unary fuel-based multilayers. Overall, this study shines
light upon the utility of TiB; as an additive thin film to realize the ul-
timate goal of enhancing the ignitability and burn rate of CuO/Al
thermites. The results demonstrated (i) a strong affinity of TiB, to oxy-
gen that enhances CuO decomposition at temperature as low as 380 °C;
(ii) a concomitant TiB, oxidation, to TiO, and B5Os; (iii) continuation of
Ti oxidation into TiO, depending upon the availability of the oxidizer;
(iv) Al oxidation at high temperatures via liquid B;Os3 as well as
remaining gaseous oxygen. This study also highlights the criticality of
the order of stacking of metallic layer in nanothermites. The reaction in
CuO/Al-TiB, system was found to evolve rapider than CuO/TiBy-Al
(auto-ignition point is 380 °C against 445 °C for CuO/Al-TiBy) but
propagate less aggressively (slower flame propagation) due to the
presence of Al in the TiBp grain boundaries which degrades the
reactivity.
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