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Abstract

Al-Ni composites, which have excellent energy d#si and mechanical
properties, are promising novel energetic materfals improving the damaging
effects of ammunition. To enhance their energyasteperformance under impact
loading, CuO was introduced to form the thermitiee Tesults of differential scanning
calorimetry (DSC), heat treatment, and ballististgeindicated that Al and Ni were
more prone to donate their free electrons aftelattdition of CuO. A decrease in the
number of free electrons as well as the weak notallen bonds at the AI/Ni
interfaces caused by the thermal decompositionusd,Gmpeded the activity of the
Al-Ni intermetallic formation reaction, increasiitg onset temperature from 766 K to
820 K. The reduced difference in the onset tempegat for the intermetallic
formation and thermite reactions caused the therreiction between Al and CuO to
be ignited by the Al-Ni intermetallic formation cen. The overlap of these two
exothermic reactions greatly improved the reactmensity, and then accelerated the
oxidation of Al and Ni, finally enhancing the engrgelease performance during
high-speed impact. This work demonstrated thatethergy release performance of
Al-Ni composites can be effectively modulated byraducing a metal oxide.
Moreover, the effect of a metal oxide on the energigase behavior of Al-Ni
composites accounted for the interaction of aluminand nickel with the added

copper oxide.
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1. Introduction

Energetic structural materials (ESMs) are a novatsc of energetic materials
because of the integration of structural and ertiergbaracteristics. Their distinctive
properties support potential use in military apgiilcns, such as reactive shaped
charges, reactive fragments, reactive armors, aadtive bullets [1-4]. ESMs are
generally designed to release energy and are glissined from traditional energetic
materials only by their increased strength [5]. ESBte incapable of ignition or
detonation under ambient conditions [6, 7] and leannitiated during violent impact
[8]. The significant heat generated from chemicgdctions, e.g., oxidation, the
formation of intermetallics and thermite reactionssually causes significant
secondary damage. The amount and rate of releasdyeplay important roles in
enhancing the damaging effects of ammunition.

At present, typical ESMs, such as metal thermitestal-polymer composites,
intermetallic-forming composites, and combustiblectats, have been studied
extensively. Among them, Al-Ni composites haveaatied attention due to their high
strength (266 MPa [9]), which is much higher thahatt of AI/PTFE
(polytetrafluoroethylene) (35 MPa [10]) and AlfCg (7 MPa [11]). However, the
heat of the intermetallic formation reaction in Ni-composites is relatively low
(1.38 kJ/g [12]) in argon, and is lower than thiaTNT (detonation heat: 4.1 kJ/g [13]
and enthalpy of combustion: 14 kJ/g [14]). In aibdit AI-Ni composites often
partially react under shock and impact loadingl®,17], leading to a further decrease
in their energy release performance and damagiiegtef Therefore, it is important
and significant to improve the energy release perémce of Al-Ni composites. It is
notable that the heat of combustion of Al can behah as 31 kJ/g [18]; thus,
improving the degree and rate of the intermetafbemation reaction and/or
combustion reaction of AI-Ni composites enhanceg #nergy release ability.

To reach this goal, efforts have been made, sut¢heaaddition of PTFE which



promoted the energy release ability of the compdsyt participating in the reaction,
but it severely impaired the mechanical properff§s Moreover, introducing pure
metals, including Cu, Mo, and Mg [9, 19], reduckd energy-releasing ability since
they cannot participate in the reaction and preagkdirect contact between the Al and
Ni particles. Therefore, it is necessary to developeffective method to improve the
energy release performance of AI-Ni composites.

It is well known that metal thermites, especialie tmixtures of Al and metal
oxides, have been broadly applied in propulsion wedmal batteries due to a high
theoretical heat of reaction [20]. The theoretieakrgy densities of the thermite
reaction for Al-CuO, AI-BiO;, and Al-MoQ are 4.07, 2.12, and 4.70 kJ/g,
respectively [18]. In addition, the burning ratésinconfined Al-CuO, Al-BiO3, and
Al-MoO3; nanocomposite mixtures (stoichiometric ratios) 246, 420 and 1000 m/s,
respectively [21], as measured by a high-speed @anmeder ambient pressure and
temperature conditions. Furthermore, the heat setban experiments involving the
Al-Ni system was affected by oxide additives. Fostance, Hashemabad et al.
reported that the heat of reaction in an Al-Ni casife increased as the CuO op®Gg
content increased [22]. However, there is a lackraferstanding of the mechanisms
responsible for this behavior. Importantly, Dearale{23] revealed that the reactions
in Al-Ni composites were hindered and even ceaségnwthe Mo@ content
increased to 10 wt.%. That is, the effect of metatles on the reactions in Al-Ni
composites is uncertain and requires addition&aes.

In this work, Al-Ni composites ( Al: Ni = 48 wt.%62 wt.%) were used. CuO
with mass fractions of= 0, 4, 6, 10, and 15 wt.% were added, hereinaétierred to
as (48AI-52Ni)pox(CuO). The microstructures, mechanical properties anerggn
release of the (48AI-52Nix(CuQ) composites were investigated in detail. The
effects of the metal oxide on the reaction behavadrthe Al-Ni composites and their
related mechanisms are revealed. An effective ndetihonodulate the performance of

Al-Ni composites as ESMs was determined and demaigst

2. Experimental procedures



The (48Al-52Ni)oox(CuO), composites were fabricated first by high-energy ba
milling Al (spherical, 5um, purity: 99.9%), Ni carbonyl (spherical, (Bn, purity:
99.8%), and CuO (flake-like, 2—10m, purity: 99.5%) powders. The ball-to-powder
mass ratio was approximately 10:1. The raw powdene mixed for 20 min at 250
r/min in argon to avoid mechanical alloying. To tohiguish this process from
mechanical alloying that is mostly generated byhkegergy ball milling, this
blending process is referred to as mechanical mixrthis work. A small amount of
ethyl alcohol was added into the mixtures to préeeitd welding. Importantly, Al, Ni
and CuO particles were mixed simultaneously to f@emposites with CuO. The
morphologies of the raw and mixed powders are shiowfig. S1. Subsequently, the
mixtures were dried for 2 h at 343 K in a vacuuneroand then pressed into a steel
mold with an inner cavity size of 50 mnd 30 mm & under a pressure of
600 MPa at 673 K for 2 h. The hot-pressed comp®siere machined into cylindrical
samples @10 mm X 10 mm) for subsequent experiments. Some |Isanwere
annealed at 770, 780, and 790 K for 10 min in skqlgrtz tubes in high-purity argon,
followed by quenching in water. In addition, diskel samples with a thickness of 0.3
mm prepared biiot-pressing were used for thermal analysis tests.

The microstructure of the composites was determinye-ray diffraction (XRD,
Smartlab 9KW) with Cu K radiation § = 1.5406 A) and scanning electron
microscopy (SEM, JSM-6490LV) augmented with enelpperse spectroscopy
(EDS). X-ray photoelectron spectroscopy (XPS) wadggmmed using an Escalab
Xi+ with Al K a rays (1486.6 eV). A binding energy of 284.8 eVttoe C1s peak was
used for calibration. Thermal analysis was accoshplil through thermogravimetric
and differential scanning calorimetry (TG-DSC) (SHAF3, Jupiter, NETZSCH).
The samples (approximately 6—-10 mg) were heatd®7@ K at a heating rate of 10
K/min in a high-purity argon atmosphere (40 mL/min)

Quasi-static compressive tests were performed uamgnstron 3369 testing
system at a strain rate of ¥@'. Ames [24] reported that the amount of released
energy can be calculated from the pressure chamgjdei a sealed container. The
energy release behaviors were measured by ballestis in this work (Fig. 1). The
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samples were fixed in nylon sabot and then embeddedsteel case (Fig. 1(a)), i.e.,
projectiles were fabricated. The projectiles weredf by a 14.5 mm caliber gun
placed approximately 15 m from the impact targebe Tpressure changes were
recorded by a pressure sensor (PCB 113B26) witloleage sensitivity of 1413

mV/MPa. The energy release phenomena were alsaredptvith a high-speed

camera with a framerate of 2000 fps.

(a) —a . (b)
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Figure 1. Schematic diagram of ballistic tests (a) projectitg ballistic tests.

3. Results

Fig. 2 presents the XRD patterns and backscatsestion (BSE) images of the
hot-pressed (48AI-52Nijox(CuQ) composites. Obviously, diffraction peaks
corresponding to Al, Ni, and CuO were observedim BE(a). The BSE images (Fig.
2(b—e)) and elemental mapping images (Fig. S2) shatthe Al particles underwent
significant plastic deformation and formed a comtins matrix, while the Ni and CuO
particles tended to connect with each other. lughbe noted that the microstructure

of the composites with different CuO contents way/\similar shown in Fig. 2(b—e).
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Figure 2. (a) XRD patterns and BSE images of the hot-pres@e&Al—
52Ni)100x(CuO) composites. ( (b= 0; (c)x=4; (d)x=6; (e)x = 10.

Fig. 3 shows the XPS data of the AgpNi2ps,, Ols, and Cu2p spectra from
the (48AI-52Ni)oox(CuO), composites after annealing at 703 and 803 K. & R0
two peaks at 72.8 eV and 74.6 eV, which were assiga AP (metal Al) [25, 26] and
Al®* (Al,03) [27, 28], respectively, can be seen in Fig. 3(#hen CuO was added,
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the relative intensity of the Apeak decreased, and the peak position shiftedrttswa
a higher binding energy. Similar trends were obseérn the Ni2p, spectrum. The
CuO additive also decreased the relative intersfitthe NP peaks (852.6 eV) [29]
and shifted the peak position of’Ni{854.1 eV) [30]. However, the relative intensity
and position of the Al2p, and Ni2p,, peaks did not obviously change as the CuO
content increased, as shown in Fig. 3(a) and (oyebVer, the Ols peaks also slightly
shifted towards higher binding energies when Cu® added. However, the Aand

Ni° peaks from the (48AI-52Nijox(CuO) composites disappeared after annealing at
803 K. The AF* and Nf* peaks from the composites £ 4, 10, and 15) shifted to
higher binding energies compared with those froendbmpositeX = 0). In addition,
CU** peaks disappeared and were replaced Byp€aks. There was a difference in the

charge distribution state of the composites andeati@03 and 803 K.
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Figure 3. XPS patterns of Al2gp, Ni2ps,, Ol1s, and Cu2p spectra of (48Al-
52Ni)100x(CuQ), composites after annealing at 703 and 803 K, cis@ty. (a—b)
Al2pgpz; (c—d) Ni2py2; (e—f) O1ls; (g-h) Cu2p.



Fig. 4 shows the DSC and TG curves of the (48AIHbb(CuO) composites
in argon. The composit £ 0) exhibited two overlapping exothermic peaks and
endothermic peak between 600 and 1200 K (Fig. 4{d&¢ onset temperature of the
exothermic reaction was 766 K. As CuO was addemltimt composites, only a sharp
exothermic peak was observed (Fig. 4(b—c)). Thectima onset temperatures
increased to approximately 820 K as the CuO contentased to 4 and 6 wt.%. That
is, the exothermic reactions in the composite vekskayed by the addition of CuO.
Moreover, the heat flow was greatly enhanced atter introduction of CuO, as
indicated by the shift in the energy release pedlkhke composites from 7.5 mW/mg
to 80 mW/mg. In particular, compared to the behawbthe compositex(= 0), a
shortened reaction temperature interval and higkat flow for the composite € 4)
did not impair the heat of reaction, although tbaction onset temperature increased.
The sharply increasing heat flow is likely indie&tiof the temperature runaway and
thus of the reaction proceeding without temperatcoatrol. This phenomenon
implies that the reaction mechanism of the compesitith CuO is different from that
of the composite without CuO.

In addition, TG traces of the composites=(0 and 6) are shown in Fig. 4(d).
Compared to the mass of the composites (0), the mass of the composite< 6)
decreased significantly at 550-870 K, suggestiaf)tthe compositex(= 6) was prone

to thermal decomposition and/or the formation datite matter.



12 100 —
(a) =0 (b) B
o & Tp=840K
£ 9F Tp;=816K § 2y
= Tpy=897K
g P2 % -]
o,
2 5 T
2 E 40F
E 5 AH=1252 J/g
g =
3 g 20r T,,-823K [
451 Al3Ni melting —» z o Ty=8065K
3 " X i i N 0 i f ! L I
600 700 800 900 1000 1100 1200 600 700 800 900 1000 1100 1200
Temperature (K) Temperature (K)
50 101.0
(c) Tp=860K x=6 (d)

I~
=]
T

100.5 |

[9%)
<
T

TG (%)
2
f)

AH=1079 I/g

—_
[=3
T

95T

Exothermic up (mW/mg)
rJ
=
e

= Tf =895K

<
T

x=6

_]0 " 1 i 1 i 1 M 1 i 1 i 99‘0 1 L 1 L 1 1 1
600 700 800 900 1000 1100 1200 400 300 600 700 800 900 1000 1100 1200
Temperature (K) Temperature (K)

Figure 4. DSC curves of (48AI-52Ni}ox(CuO), composites ((a% = 0; (b)x = 4; (c)
x=6) and (d) TG curves of the composites O, 6).

To further investigate the effect of CuO on thetbromic reaction behaviors in
Al-Ni systems, the (48Al-52Nigox(CuO) composites were quenched at 770, 780,
and 790 K, which are higher than the reaction oteeiperature of the composite
(x=0) (Fig. 4(a)). Fig. 5(a—e) presents the micraidtmes of the quenched (48Al-
52Ni)100x(CuOQ) composites. As shown in Fig. 5(a), the composit®) completely
reacted at 770 K, and the reaction products weeatified as AINi and AkNis.
However, a large amounts of Al, Ni, and CuO wereecked in the XRD patterns of
the compositex=6) after annealing at 770 K. Similar results webserved in the
BSE images. All constituents of the (48AI-52{4iX(CuQ), composites X=6)
remained separate when annealed at 770 K (Fig), 3(h)le the reaction between Al
and Ni occurred at an annealing temperature of R3(QFig. 5(c)). Certain
intermetallic compounds formed, includingsNi, (region B) and AINi (region C),
whereas Al (region D) and Ni (region A) metal peles remained. Moreover, CuO

particles also participated in the reaction, amgrain amount of GO formed at the

10



boundary of CuO patrticles, as shown in Fig. 5(dhew the annealing temperature
reached 790 K, the Al and Ni in the composite6) completely reacted to form
intermetallics, and some Cu dissolved into thetatlse intermetallic compounds, as
shown in Fig. 5(e). However, CuO, &y and Al were found in the Al-CuO

composite after annealing at 790 K (Fig. S3).
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Figure 5. Microstructural features of (48Al-52Ngpx(CuQ) composites. (a)
XRD patterns of the composites=(0, 6) annealed at 770 K; (b) BSE image of the
composite (x= 6) annealed at 780 K; (c—d) BSE image of the ausitp & = 6)
annealed at 780 K; (e) BSE image of the composite§) annealed at 790 K.
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Fig. 6 presents the energy release behavior ofdhgosites during the ballistic
tests. As shown in Fig. 6(a—d), once the compositgsacted a steel target and
penetrated into the tested chamber, a bright eomissas captured, indicating that a
large amount of heat was generated from impacingadloreover, an increase in the
guasi-static pressure inside the sealed tested hdraraccurred, indicating an
increased temperature caused by an energy reléasshown in Fig. 6(e—g), all
guasi-static pressure curves of the composites difftarent CuO contents sharply
increased to a maximum within ten milliseconds, #meh gradually decreased to
ambient pressure due to a venting effect causethdprojectile penetration of the
target [31]. However, the peak pressures and pressicrease rates of these
composites were different. As the CuO content iaeeel from O to 15 wt.%, the peak
pressure increased from 0.106 to 0.191 MPa, raspbctThe pressure increase rate
calculated from the early linear stage (approximyafe-10 ms) of the quasi-static
pressure curves, increased from 0.014 to 0.029 mi$at 1400 m/s, as shown in Fig.
6(h).

Fig. 7 presents the XRD patterns and BSE imagehetecovered fragments
collected from inside the test chamber after impatctt400 m/s. In general, the
recovered fragments included unreacted (Fig. S&}ighly reacted, and fully reacted
particles. As shown in the XRD patterns (Fig. 7(A)3Ni and AkNi, were detected,
and some Al and Ni remained. Moreover, weak diffoacpeaks identified as 4D
and a broad hump at approximatel§ 2 20° were identified as nylon. Similar
phenomena were observed in the BSE images. As shiowg. 7(b), AgNi, Al3Niy,
and Ni were found in the composite=0). In contrast, in the composite=4) (Fig.

7(c)), only AgNi and AkNi, intermetallics were found, and the Ni metal dissgpd.
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14



(a) A Al3Nip» 2~ Ni
v Al3Ni v Al
¢ AlLO3

4B

Intensity (a.u.)

10 20 30 40 50 60 70 80 90
2 Theta (degree)

Element A B ) D E

Al(at.%) 3.96 7492  63.84 6489  73.86
Ni(at.%)  96.04 2508  36.16 3321  23.68
Cu (at.%) - - - 1.90 1.45

Phase Ni ALNi  Al3Ni;  Al3Niy  ALNi

Figure 7. (a) XRD patterns of recovered fragment at 1400 rfiisc) BSE
images of reacted recovered fragments for the ceitggo withx = 0 and 4,
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4. Discussion

According to previous reports, Al can react with &ihigh temperatures and
finally form certain intermetallic compounds [3d]he reaction onset temperature of
the AI-Ni system is approximately 913 K [33, 34h kddition, the ignition
temperature of Al-CuO thermite is dependent on ghdicle size, interface and
external conditions. For micron-sized AI-CuO thdani the reaction onset
temperatures of the thermite with a layered stmec{Al: ~1 um, CuO: <5um) and

15



mixture of powders (Al: 44um, CuO: 5um) were beyond 770 K, as measured by
DSC at a heating rate of 5-15 K/min under an argtmnosphere [35, 36]. These
reaction onset temperatures are higher than therkeesing temperature (673 K).
Therefore, the reactions between the Al-Ni systerd Al-CuO thermite in the
hot-pressed composites were suppressed. The prepamngposites only consisted of
Al, Ni, and CuO, as shown in the XRD patterns an8EBimages (Fig.2). The
microstructure of the composites hardly changednmMie CuO content increased
from O to 10 wt.% due to the absence of a chemmeattion. Thus, the similar
microstructures of the (48AI-52Ngpx(CuO) composites caused similar mechanical
properties, even though they had different CuO exaist(Fig. S3).

Although the addition of CuO did not obviously afféehe microstructures or
mechanical properties of the (48AI-52Ni(CuO) composites, it did alter the
charge distribution of the pure metal. As is knovaoth Al and Ni have strong
reducibility, i.e. they readily lose electrons. Vlh€uO was added into the AI-Ni
composites, some electrons left the Al and Nidattiand moved into the CuO lattice,
as demonstrated by the shift in the Aj2pand Ni2p, peak positions to higher
binding energies in Fig. 3. Then som& ®as excluded from the CuO lattice sites to
maintain electric neutrality and were reduced tat@ms, manifesting as a blueshift
(i.e., the Ols peaks shifted to a higher bindingrgy after the introduction of CuO).It
should be noted that the charge transfer procabewian external electrical field is a
short-range migration and mainly occurred at the€AD and Ni/CuO interfaces, i.e.,
the number of transferred charges directly depewnaetie contact area of the Al/CuO
and Ni/CuO interfaces. A larger interfacial ardawaéd additional charge transfer. As
the CuO content increases, the Al/CuO and Ni/Cuérfiacial contact area inevitably

increases if the CuO particles are distributed hgeneously in the composite.
However, CuO aggregated in the composites hergishawn in Fig. 2(e), resulting

in only a slightly increased interfacial contacear This means that increasing the
CuO content did not significantly increase the gearansfer in the composites and

then did cause a stable peak position in the XP&ctgpn for the (48Al-
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52Ni)100x(CuOQ) composites witkx = 4-15.

Chemical reactions are essentially charge trarfecesses. A change in the
charge distribution should affect the reactions the (48AI-52Ni)gox(CuO)
composites. In the (48AI-52Nipx(CuQ) composites, the potential reactions in an
argon atmosphere include an Al-Ni intermetallionfation reaction and an Al-CuO
thermite reaction. In general, the characterisbésa chemical reaction can be
described by the activation enerds), which can be expressed as [37]:

2 dingk)

E. =R e (1)

wherek is the rate constant, is the temperature, arlis the universal gas constant.
An obvious exothermic phenomenon can be detecteshWtequals a critical value
(k). Under the same conditions, a smalgrindicates that a lower temperature is
required ifk; is a constant. It was assumed that the temperaturesponding té; is
the reaction onset temperature obtained from DS@eraxents, i.e., a lower
activation energy means a lower reaction onset éeatpre.

According to previous reports, the activation ememf the intermetallic
formation reaction between Al and Ni is 160 kJ/rf8]. For AI-CuO thermite, the
thermite reaction was divided into the Al-CuO (HdaAl-CuO (ll) stages, with
activation energies of 80 and 260 kJ/mol, respebtiy38]. Thus, the AI-CuO ()
reaction, which has the lowest onset temperatu@ngrthe compounds, should occur
first in the (48Al-52Nijoox(CuO) composites, followed by Al-Ni reactions, and then
the AI-CuO reaction (ll) stage should occur, théoadly. However, the activity of the
Al was decreased by the formation ob®@4 on the surfaces, which can be observed in
Fig. 3(a). Importantly, due to the electron trandietween CuO and Al and Ni, as
discussed above, there were free oxygen atomsthathiree state in the CuO lattice
that easily vaporized as,OThus, the thermal decomposition expressed in(EQ.
occurred first in the (48AI-52Nijox(CuQ), composites, resulting in a decrease in the

sample mass (Fig. 4(d)) and the generation eOQ#rig. 3(h) and Fig. 5(d)):

CuO - 0,+Cu,0 (2)
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Second, due to its lower binding energy, Al generads a higher diffusion rate
than Ni, which allows the Al atoms to readily gatla¢ the interface between the Al
and Ni particles, where the intermetallic formatr@action occurs. Thus, the primary
intermetallic formed by the AI-Ni reaction shoul& RI3Ni, and the secondary
reaction product should be Ali,. This should be followed by the thermal
decomposition of CuO, and the AI-Ni reactions ire t#8AI-52Ni)oox(CuO)

composites should take place in the following grdsrshown in Fig. 5(c):

Al+Ni - Al,Ni (3)

AlNi+Ni - AlNi, (4)

Finally, when the temperature is high enough tbate the AI-CuO (lI) reaction,

the complete aluminothermic reaction as Eq. (5ukhoccur, as shown in Fig. 5(e).

Al+Cu, O - Al,0,+Cu (5)

It should be noted that the Cu produced during¢taetion can dissolve into the
Al3Ni and AkNi; intermetallic lattice and replace Ni due to thenedattice structure
(face-centered cubic) and similar atomic radii (Ou,28 nm; Ni, 0.125 nm) [39].
Therefore, the ANi, and AENi reaction products, along with some Cu, were deté
in Fig. 5(e).

Importantly, when CuO was added to the Al-Ni conmigoshe free electrons in
the Al and Ni metals decreased, the reaction agtigf the Al-Ni intermetallic
formation reaction decreased, and the reaction totesaperature increased. In
addition, during the thermal decomposition of theOC free oxygen atoms readily
diffused through the Al/Ni, AI/CuO and Ni/CuO intaces because of interface
defects and were likely to react with Al and Niadéng to slight oxidation of the
metals. The potentially weak AI-O and Ni—O bondstubed the electron
distributions in the Al and Ni compared with thexgqmosite without the additional free
oxygen atoms. Therefore, the free oxygen atoms dhiginated from the lattice
oxygen in the CuO also reduced the number of fleetrens in the Al and Ni. As a

result, the onset temperature of the intermetétlimation reaction further increased.
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The intermetallic formation reaction between theaAt Ni is actually the process of
the formation of metal bonds and covalent bondsvéetn Al and Ni. That is, the
activity, or the driving force for the intermetallformation reaction, decreases as the
number of free electrons in the metal decreases.

As shown in Fig. 4(a) and Fig. S3, there was aetkfice in the onset
temperatures between the Al-Ni reaction (766 K.(B{@)) and the AI-CuO reaction
(>790 K (Fig. S3)). This difference separated tHeNA reaction and the Al-CuO
reaction. Their released heat did not impact eablkrocausing the heat flow (the
intensity) of each reaction to only depend on fits&hen the onset temperature of the
Al-Ni reaction increased as CuO was added, thereifice in the onset temperatures
between the Al-Ni and AI-CuO reactions decreased tlhe heat released by the Al-
Ni intermetallic formation reaction induced the BHO thermite reaction effectively.
It thus decreased the apparent onset temperaturineofAl-CuO reaction. The
increased onset temperature of the Al-Ni reactiahthe decreased onset temperature
in the Al-CuO reaction jointly caused the exothern@mperature zones of the two
reactions to overlap, greatly enhancing the inatadus reaction intensity and
reaction rate, which can be represented by theehigjieat flow and the shorter
reaction temperature region, respectively, as shaviag. 4(b—c).

The reaction intensity and reaction rate played aemmportant role in the
energy release behavior of ESMs during high-spegghct than the total amount of
released heat. The highly reactive metals Al andcah oxidize quickly during
high-speed impact in air. Thus, the energy releasethe (48AI-52Nijoox(CuQ)
composites during high-speed impact in air includedtributions from the Al-Ni
intermetallic formation reaction and AI-CuO themniteaction, as well as the
oxidation of the Al and Ni, as indicated by thegmece of an AD; diffraction peak
in Fig. 7(a). For the former two reactions, theitadd of CuO greatly enhanced the
reaction intensity of the Al-Ni system by introdugi the thermite reaction and
decreasing the difference in the onset tempergtaesliscussed above. In fact, the
oxidation of the Al and Ni was also affected by tiroduction of CuO; more
precisely, it was impacted by the increased intgnsaused by the introduction of
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CuO. According to the Arrhenius equation, the otiaa rate of a metal mainly
depends on the environmental temperature. Th#thesincreased intensity caused by
the overlap of the Al-Ni and Al-CuO reactions fnrtlaccelerated the oxidation of the
Al and Ni, resulting in a very elevated energy aske and quasi-static peak pressure,
which was manifested by an increase in the peasspre and pressure increase rate
with increasing CuO content (Fig. 6(h)). It should noted that although some
gaseous oxygen was released during the annealingess of the (48Al-
52Ni)100x(CuO) composites, as discussed above, its contributiothé pressure
during high-speed impact was slight and can beeotgfl. (A detailed discussion can

be seen in the supplementary information.)

5. Conclusions

In this work, the effect of CuO on the reaction d&éabrs of an Al-Ni system was
systematically studied through DSC, heat treatmand, ballistic tests. When CuO
was added into the Al-Ni system, the microstrucamed mechanical properties of the
composites exhibited little change due to the ehssof CuO particles. Moreover, the
presence of CuO decreased the number of free @hscin the Al and Ni. The
decreased number of free electrons, as well asvdak metal-oxygen bonds at the
Al/Ni interfaces caused by the thermal decompasitmf CuO, postponed the
intermetallic formation reaction, and thereby desexl the difference in the onset
temperatures between the AI-Ni intermetallic fororatand Al-CuO thermite
reactions. The heat from the intermetallic formati@action ignited the thermite
reaction and then accelerated the oxidation of #d &li, leading to an increased
energy release during the heat treatment and tialiests. Therefore, the addition of
CuO enhanced the reaction intensity of the Al-Nnposite. Importantly, this work
demonstrated that the addition of a metal oxide@dadimproved the performance of
the Al-Ni composite system as an ESM by alterirgdlectron distribution as well as

the reaction onset temperatures and reaction itie=s1s
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Appendix A. Supplementary information

Supplementary materials include the morphologiethefraw powder (Fig. S1),
elemental mapping images of the hot-pressed congsogFig. S2), quasi-static
compressive properties (Fig. S3), XRD pattern ef A-CuO composite annealed at
790 K (Fig. S4), microstructure of the unreacteabfments (Fig. S5) and effects of

CuO thermal decomposition on pressure change.
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Figure captions:

Figure 1. Schematic diagram of ballistic tests (a) projec(itg ballistic tests.

Figure 2. (a) XRD patterns and BSE images of the hot-pres&48iAl—
52Ni)100x(CuO) composites. ( (y = 0; (c)x=4; (d)x= 6; (e)x = 10.

Figure 3. XPS patterns of Al2p, Ni2ps2, Ols, and Cu2p spectra of (48Al-
52Ni)100x(CuQ), composites after annealing at 703 and 803 K, ocism@ty. (a—b)
Al2pgp; (c—d) Ni2py2; (e—f) Ols; (g-h) Cu2p.

Figure 4. DSC curves of (48Al-52Niyox(CuO) composites ((ax=0; (b) x=4; (c)
x=6) and (d) TG curves of the composites(, 6).

Figure 5. Microstructural features of (48AI-52Nghx(CuQ) composites. (a) XRD
patterns of the composites=0, 6) annealed at 770 K; (b) BSE image of the
composite X=6) annealed at 780 K; (c—d) BSE image of the casitpg=6) annealed

at 780 K; (e) BSE image of the compositeq) annealed at 790 K.

Figure 6. Energy release behaviors under high-speed impactirlg. (a—d) Light
emission captured by a high-speed camera for thgposite k=4) at 1400 m/s{e—Q)
Quasi-static pressure inside test chamber for thmaposites withx= 0, 4 and 6,
respectively; (h) Relationship between peak pressand the CuO content at 1400

m/s.

Figure 7. (a) XRD patterns of recovered fragment at 1400 Khis¢) BSE images of

reacted recovered fragments for the compositesxwithand 4, respectively.
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Highlights
The energy release performance of Al-Ni composites be great enhanced by
controlling the electron distribution.
The influence mechanism of metal oxide on the gneztpase behaviors of Al—
Ni composites is firstly investigated from the étea distribution.
The reaction onset temperature of Al-Ni composgeaffected by CuO, which
facilitates to lose electrons of Al and Ni.
The reaction intensity of Al-Ni—-CuO composite isfeefively tailored by

simulating intermetallic-forming and thermite raans simultaneously.
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