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a b s t r a c t 

Aluminum (Al) fuel particles are used in a variety of energetic formulations yet harvesting their full 

chemical potential energy and increasing their energy release rate upon ignition have been a challenge 

and are key motivators to advancing energy generation technologies. One approach to improving combus- 

tion performance is to alter the mechanical properties of the Al particle by inducing an elevated stress 

state through prestressing. This study examines the combustion performance of prestressed nanoscale 

aluminum (nAl) particles that were annealed to temperatures ranging from 200 to 400 °C and quenched 

at slow (exponential) and faster (linear) cooling rates. Powder X-ray diffraction measurements show that 

prestressing nAl particles at 300 °C increases the strain by an order of magnitude. Constant volume com- 

bustion cell tests on nAl combined with copper oxide nanopowder (nAl + CuO) revealed higher peak 

pressures and pressurization rates for prestressed nAl + CuO composites compared to their untreated 

counterpart. High speed emission spectroscopy was employed to deduce condensed phase temperatures 

from the reaction confined within the combustion cell. Burn time measurements, obtained by integrat- 

ing the emission spectra, were observed to correlate inversely with generated pressure. High heating rate 

( ∼5 × 10 5 K/s) in-situ TEM results augment the combustion cell results. The results imply that prestress- 

ing mechanically alters the nanoparticles which subsequently accelerate the release of aluminum core 

through outward diffusion. This results in the rapid loss of nanostructure which was observed at the 

nanoscale through in-situ electron microscopy. The released aluminum thus reacts rapidly with the oxi- 

dizer in the condensed phase resulting in a faster and more violent reaction. Improved performance of 

prestressed nAl coupled with the simplicity of processing provides a low cost and scalable approach to 

improving metal fuel particle combustion. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Nanotechnology has facilitated significant developments in the

eld of metalized energetic materials, which have been histori-

ally plagued by poor reactivity and incomplete combustion [1] .

ith the objective of approaching the fast reactivity of traditional

onomolecular explosives, while maintaining the microstructural 

nd compositional tunability of a composite, a new class of

anoparticulate energetic materials termed ‘Metastable Intermolec-

lar Composites’ (MIC’s) was developed to harvest the exothermic

edox reaction in a condensed phase metal-oxidizer system. MIC
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esearch gained significant traction in recent years owing to their

igh energy density, tunability, and reactivity [2] , with reports

ighlighting a three order of magnitude improvement in burn rate

ver conventional micron scale materials. 

Aluminum is a fuel of choice owing to its availability, low cost,

igh energy density and environmentally benign reaction products

lthough other metallic fuels such as boron, titanium and tantalum

2] are also being investigated. Conventional wisdom advocates

hat the reactivity scales inversely with particle size, owing to a

eduction in the diffusion length scales for the reactants. Although

his hypothesis has proven true for metal particle combustion in

he micron scale [3] to early nanoscale (100 s of nm) [4] , further

eduction of the primary particle size in the nano-regime has pro-

uced diminished returns in terms of reactivity [5] . Nanoaluminum

nAl) naturally develops a 3–5 nm alumina shell [6] upon exposure

o oxygen, whose contribution to the total particle mass increases

s the particle size is reduced leading to reduced active aluminum
. 
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content at smaller particle sizes, contributing to the aforemen-

tioned reduction in reactivity [7] . Another reason for the reduction

in reactive potential is the role of inter-particle sintering whereby

at high temperatures, highly aggregated nanoparticles coalesce

rapidly on a time scale faster than energy release and effectively

reduce the advantage of employing nanoscale materials [8–10] . 

The role of the inert alumina layer on the overall reaction dy-

namics of nAl has been a subject of intense debate over the years

because the layer presents a barrier to the interaction of alu-

minum with the oxidizer [11] . Several theories have been pro-

posed to identify the dynamics of the core-shell interface and

its significance to the reactivity of the nano composite, with the

mechanochemical Melt Dispersion Mechanism (MDM) [12] and the

condensed phase diffusion mechanism being the most prominent.

MDM predicates on the catastrophic spallation of the molten core

upon failure of the shell at very high heating rates ( ∼10 6 –10 8 K/s),

resulting in the released aluminum clusters undergoing a kineti-

cally limited reaction with the oxidizer. The diffusion mechanism,

contrarily, proposes the condensed phase transfer of Al ions across

the phase transformed alumina shell as the reason for fast reac-

tivity [11,13] . Recent high spatio-temporal resolution experiments

on nanoscale aluminum with copper oxide (nAl + CuO) reaction in

a dynamic Transmission Electron Microscope (TEM) revealed the

predominance of a condensed phase diffusion mechanism where

the reactant moieties were observed to rapidly coalesce ( < 1 μs) to

larger characteristic dimensions resulting in an increase in diffu-

sion length scales and thereby not achieving complete combustion

[14–16] . 

Attempts at improving the reactivity of nanoscale energetic ma-

terials (NEMs) can be broadly classified into either altering the

mesoscale architecture/assembly of fuel and oxidizer moieties (im-

proved mixing) [17,18] or altering the performance/properties of

the fuel to facilitate more rapid introduction of fuel. The lat-

ter method, the focus of this work, has been aided by the re-

cent development in synthesis routes leading to the production of

intermetallic fuels [19] , multi-metal fuels [20,21] , oxide free nAl

passivated with carboxylic acids [22] and surface functionalized

nanoparticles with oxidizers [23] . With the objective of accelerat-

ing the participation of aluminum in reaction, this work focuses

on another strategy where commercial nAl powder is annealed and

quenched to alter the dilatational strain and stress at the core-shell

particle interface in order to expedite the release of aluminum dur-

ing reaction. Prestressing involves annealing the nAl powder at a

fixed temperature followed by quenching at a preset cooling rate.

This strategy affords the use of commercially available nanoparti-

cles and has the advantage of bulk processing as opposed to the

wet chemistry techniques that usually have poor yield [24] and

significant impurities [25] . 

Recent experiments demonstrated the advantages of prestress-

ing micron scale aluminum powders (5 μm diameter) where flame

speeds improved by ∼25% for samples annealed at 300 °C [26] .

No significant dependence on cooling rate was observed in that

study, although cooling rates studied were rather slow for tra-

ditional metallurgical processing. Through X-Ray diffraction mea-

surements, the heightened flame speed was correlated to an order

of magnitude increase in the dilatational strain of the aluminum

core which may have led to larger grain sizes and reduced hard-

ness [26,27] . Other studies used nAl powder and revealed 30% im-

provement in flame speed when nAl combined with molybdenum

trioxide (nAl + MoO 3 ) composites were annealed at only 105 °C in

argon. The improvement was theoretically explained to be the re-

sult of the prestressing procedure introducing compressive stress

in the alumina shell and tensile stress in the aluminum core (i.e.,

opposite to what is manifested upon heating) thereby delaying

shell fracture and resulting in faster release of molten aluminum

clusters [28] . For these nAl composites, the adopted quench regime
emonstrated a noticeable effect on flame speed with a 14% im-

rovement reported when the cooling rate was increased from

.06 °C/s to 0.13 °C/s. At even higher cooling rates (0.33 °C/s), the

Al powder that was annealed with MoO 3 was observed to spon-

aneously ignite, highlighting the drastic improvement in reactivity

29] . 

High resolution hot stage TEM experiments conducted on

anoscale aluminum particles revealed that the aluminum core

t room temperature exists in a pre-expanded state and that it

asses through a zero-strain state at ∼300 °C, with further in-

rease in temperature leading to an almost unconstrained expan-

ion of the core [30] . The 300 °C zero-strain state measurement in

Al particles coincides well with theory for stress relief of residual

tress. Timoshenko and others [31–33] suggest that significant mi-

rostructural changes take place that promote stress relief at about

wo-thirds the temperature at which the stresses were formed. In

he case of nAl particles, the amorphous alumina shell begins to

orm at temperatures as high as 440 °C (i.e., when oxygen is intro-

uced into the inert gas stream as molten Al droplets solidify and

t temperatures favoring amorphous alumina formation) [34,35] .

herefore, annealing temperatures should at least be 293 °C to

liminate residual stress within particles prior to the introduction

f more favorable stress (that can be induced with quenching).

eyond 300 °C the unconstrained expansion of the core was at-

ributed to the inhomogeneous crystallization of the amorphous

lumina, which prevented pressure build up from an expanding

ore [30] thereby aiding the aluminum to leak through imperfec-

ions in the inhomogeneous shell. The results were corroborated

ith high resolution images depicting the release of aluminum and

oss of nanostructure with increasing temperature. 

Based on existing results, there is merit in annealing aluminum

articles prior to combustion for enhanced performance. In this

tudy we embark on a systematic analysis of the combustion per-

ormance of nAl annealed to various temperatures and quenched at

wo different rates. The model composition employed is nAl com-

ined with copper oxide nanopowder (nAl + CuO), which is a highly

nvestigated nanothermite. In fact, nAl + CuO has been shown to

roduce significant quantities of gaseous oxygen due to the decom-

osition of CuO, leading to a proposed two-stage reaction mecha-

ism where condensed phase ion transport is responsible for igni-

ion followed by gas phase reaction of aluminum with oxygen [36] .

n this study, we employ high speed emission spectroscopy and

ressure measurements to quantify the combustion performance

f prestressed nAl composites and use high heating rate in-situ

EM to mechanistically augment the combustion results. Addition-

lly, the strain associated with selected prestressed nAl particles is

easured with powder X-ray diffraction in order to aid the mech-

nistic discussion associated with reactive performance. 

. Experimental 

.1. Materials and preparation 

Commercial aluminum nanopowder (Novacentrix, Austin, TX)

ith a primary particle diameter of ∼80 nm and active aluminum

ontent of ∼ 80 wt.% was used in this study. The nanoparticles

re manufactured using inert gas condensation following plasma

eating of the target material [37] . During synthesis, the generated

anoparticles are exposed to a controlled oxygenated environment

hich results in the development of a ∼4 nm thin amorphous ox-

de shell, as shown in the supplemental section (Fig. S1). The as-

urchased aluminum was prestressed by subjecting it to a highly

ontrolled thermal environment using a Q800 Dynamic Mechani-

al Analyzer (DMA, TA instruments). Three sample batches at an-

ealing temperatures of 20 0, 30 0 and 40 0 °C were prepared with

he samples heated at 10 °C/min to the annealing temperature and
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eld at the annealing temperature for 15 min in an inert nitrogen

nvironment. Once annealed, two different cooling routines were

mployed to gauge the effect of cooling rate on reactivity, as out-

ined in [6] but summarized below. It is noted that the annealing

nd quenching process does not appear to alter the size distribu-

ion of the powders [38] . 

The first cooling condition (called exponential cooling) approxi-

ated lumped capacitance cooling governed by Eq. (1) . 

 = T a + ( T 0 − T a ) exp ( −At ) (1)

In Eq. (1) T is the temperature of the sample, T a is the ambi-

nt temperature (25 °C), T o is the annealing temperature, t is time,

nd A governs the exponential decay from the lumped capacitance

odel. In all cases, A is constant at 0.0078 s −1 . 

The second cooling condition (called linear cooling) was a linear

ate from the annealing temperature governed by Eq. (2) . 

 = T o − Bt (2)

In Eq. (2) , T, T o , and t are defined the same as for the lumped

apacitance case, while B is the linear cooling rate. For each an-

ealing temperature, B is held constant at 3.33 °C/s (200 °C/min),

hich is the maximum cooling rate the DMA could supply. 

Detailed description of the preparation of nanothermite com-

osites can be found elsewhere [39] . Briefly, a known amount of

opper oxide nanopowder (Sigma Aldrich, < 100 nm) was dispersed

n a vial containing 10 ml of isopropyl alcohol (IPA, Pharmco-Aaper,

9.9%) and sonicated in an ultrasonic bath for 1 h. To this mixture,

 stoichiometric amount of the prestressed or untreated aluminum

anopowder was added to make 200 mg of total mixture mass, and

he slurry was further sonicated for 1 h. The IPA acts as a process

ontrol agent (PCA) which disperses the nanoparticles in solution

o achieve intimate mixing, while also preventing accidental igni-

ion. The sonicated mixtures were dried in a fume hood for 24 h

o evaporate the solvent. The resulting dry mixture was broken up

sing a grounded spatula to achieve fine consistency. The combus-

ion performance of the prestressed nAl combined with CuO was

ested and compared to the baseline combustion performance of

ntreated nAl-CuO. 

.2. Constant volume pressure cell and high-speed emission 

pectrometer 

Detailed description of the diagnostics used in this work can be

ound in a recently published article [39] . Briefly, ∼25 mg of the

anothermite composite is loaded into a constant volume com-

ustion cell ( ∼20 cc free volume) and ignited using a nichrome

ire. The combustion cell is placed in an inert argon environ-

ent to minimize the influence of atmospheric oxygen on com-

ustion. The various ports on the cell are coupled separately to a

igh frequency pressure transducer (PCB Piezoelectric), a broad-

and PMT (Hamamatsu R13456), and a high speed 32 channel

mission spectrometer, as shown in Fig. S2. The pressure trans-

ucer and the broadband PMT are terminated to an oscilloscope

Teledyne LeCroy WaveSurfer 30 0 0) which measures the pressure

nd optical emission from the reacting composite with a temporal

esolution of 200 ns. The spectrometer (Acton SP 500i) collects and

isperses the emission spectra over a band of 464–867 nm using a

50 groove/mm grating, which is subsequently imaged onto a 32

hannel PMT (Hamamatsu H7260) and sampled at ∼385 kHz us-

ng a high-speed data acquisition system (Vertilon IQSP 580). The

avelength and intensity calibration was performed as outlined

n [39] , following which the corrected spectra was fit to Planck’s

aw incorporating a grey body assumption to obtain the condensed

hase flame temperatures with an error threshold of ±350 °C
40,41] . Channels overlapping with significant molecular emission

pecies (such as Na doublet, AlO bands, etc.) were removed using a
ustom-built MATLAB [42] fitting routine. Each sample was tested

n quadruplicate to ensure repeatability, out of which any signif-

cant outliers ( > 3 × standard deviations) were removed from the

ata analysis. 

.3. In-situ high heating rate electron microscopy 

Owing to the fast reactivity of these composites, high heating

ate diagnostics are paramount to probe the underlying initiation

ynamics of these materials subjected to ignition. Accordingly, the

restressed nAl particles that demonstrated the best performance

n the combustion cell tests were tested in a transmission electron

icroscope (TEM, JEM 2100 Lab6) to obtain high resolution images.

he samples were tested in-situ using a specially designed probe

Protochips Aduro) capable of sustaining a rapid thermal pulse at

ery high heating rates ( ∼5 × 10 5 °C/s), commensurate with the

ynamics of an actual reaction front [43] . The nAl slurries (without

xidizer) were drop cast onto custom made TEM grids and sub-

ected to a thermal ramp up to 1200 °C. The modularity of the

robe allows a choice of final temperatures as well as hold time,

nd high-resolution images were captured before and after heating

o compare and draw conclusions about the reaction mechanism. 

.4. Powder X-ray diffraction 

Because the internal stress manifested after annealing and

uenching are important to understand the reactivity of pre-

tressed nAl particles, X-ray diffraction was employed to examine

he best performing nAl samples. A Bruker D5005 X-ray diffrac-

ometer was used (with a 0.5 mm divergence slit, a 0.1 mm receiv-

ng slit, Cu K α radiation at 40 kV and 30 mA, and a sample diam-

ter of 2.54 cm), and each sample was scanned at 0.01 0 steps and

t 30 s/step. Only the 111, 200, and 220 peaks were probed and

nalyzed because they are the most expressed. 

. Results 

.1. High speed pressure and temperature measurements 

The performance of the various composites in the combustion

ell is presented in Fig. 1 , where the effect of prestressing on

ombustion performance is shown as a function of annealing tem-

erature and quench regime. The pressurization rate was measured

y dividing the first prominent pressure peak (10% prominence) by

he time elapsed from ignition. Figure 1 a show the peak pressure

easured for these samples as a function of the prestressing and

t can be seen that all prestressing conditions result in improved

eak pressure compared to untreated nAl composites, with the

ost prominent improvement occurring for samples annealed to

00 °C and linearly cooled ( ∼30% improvement in peak pressure).

n general, peak pressures exhibit a dependence on the cooling

egime with faster, linear quenching resulting in the composites

ttaining a higher peak pressure. Although there is significant

verlap of the 95% confidence bounds in the data presented in

ig. 1 a, the statistical significance of improved performance with

restressing has been examined and is presented in the supple-

ental section for brevity. The pressurization rate ( Fig. 1 b) for

amples annealed at 200 and 300 °C was nearly identical (average

alues within 5%) and showed only slight improvement for faster

uench rates. For the samples annealed at 400 °C, the pressure

etrics were significantly diminished compared to 300 °C case

ith the peak pressure values being similar ( ∼1.1 ×) to that of the

ntreated case. The pressurization rate, although lower than the

00 °C samples, was still ∼6 times that observed for untreated

amples. The lower pressure metrics at 400 °C annealing suggest

 shift in the reaction mechanism given that the shell may begin
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Fig. 1. Pressure cell data showing effect of prestressing (a) on peak pressure and (b) on pressurization rate. Error bars represent 95% confidence interval; (c) on temperature; 

and (d) on burn time. Note that prestressing conditions on the x-axis are indicated by the annealing temperature in °C followed by the quenching rate shown as exponential 

(Exp) or Linear (Lin) corresponding to slower and faster quenching, respectively. Also note that vertical lines encompassing data points indicate one standard deviation in 

the measurements. 
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to fracture or become phase-inhomogeneous at annealing tem-

peratures beyond 300 °C. It is unlikely that the active aluminum

content of the nAl particles deteriorated during prestressing, given

that annealing was performed in nitrogen. But, previous TGA

results on nAl reactions in air demonstrate the nAl reaction onset

could be as low as 450 °C [44] . In this case, particles with frac-

tured shells subsequent to prestressing may heal when exposed

to an ambient air environment such that the active aluminum

content may diminished. 

Temperature measurements (in K) made during the constant

volume combustion of the composites are shown in Fig. 1 c. The

light emission from the reaction was fit to Planck’s law with grey

body assumption. The peak temperatures approach ∼3800 K, which

can be expected from the combustion of aluminum in gaseous oxy-

gen, given that CuO decomposes to Cu 2 O and oxygen [36] . The

peak temperatures were thresholded to the highest admissible er-

ror ( ±350 K), which made meaningful mechanistic interpretation

difficult. The average temperatures, on the other hand, have much

lower error compared to peak temperatures, and with prestress-

ing, the average temperatures are slightly lower than for the un-

treated samples. Further discussion about the ramifications of the

temperature dependence can be found in a later section. For the

400 °C annealing condition, the peak and average temperatures

were lower than for the other samples, which in conjunction with

the poor pressure metrics, reinforce the detrimental effects on the

active content that may result from jeopardizing the integrity of

the alumina shell. The full width half max (FWHM) burn time

obtained from the integrated emission spectra during reaction is

shown in Fig. 1 d, where the samples annealed to 200 and 300 °C
show faster burn times compared to the untreated and 400 °C
samples. Also evident is the inverse correlation between burn time

and peak pressure measurements, which would imply that the
 s  
amples annealed to 200 and 300 °C achieve a more complete re-

ction given that they attain higher peak pressure and faster com-

ustion despite having the same composition [6] . 

.2. Hot stage, high heating rate in-situ microscopy 

Select aluminum particles (without oxidizer) were tested in a

igh heating rate TEM where the samples were drop cast onto spe-

ial microscopy grids and were subsequently ramped from room

emperature (RT) to 1200 °C at a rate of 5 × 10 5 °C/s. The heat-

ng rate and temperatures were selected to mimic actual experi-

ental conditions, where reaction time scales are observed to be

n the order of 100 μs ( Fig. 1 c). The results for untreated nAl are

hown in Fig. 2 a–c whereas for the nAl annealed at 300 °C-Exp

re shown in Fig. 2 d–f. Samples prior to heating pulse, as shown

n Fig. 2 a,d for nAl and 300 °C-Exp samples respectively, exhibit

 fairly aggregated structure. Upon being subjected to the rapid

eating ramp, the morphology of the 300 °C annealed sample

 Fig. 2 e) is observed to undergo significant changes, with the alu-

inum in the core appearing to diffuse out of the shell, leading to

 reduction in the boundaries that clearly demarcated the individ-

al nanoparticles prior to heating. No violent spallation/ejection of

he core material is observed. Figure 2 f shows a magnified image of

he nanoparticles after the heating pulse showing heterogeneities

n the shell leading to a more corrugated structure [43] . In con-

rast untreated nAl is observed to undergo no significant morpho-

ogical changes post the rapid heating pulse ( Fig. 2 b), with some

anoparticles in the image undergoing contrast change, probably

ue to crystallization or healing of the defects in the shell at the

igh temperature. In order to force a morphological change as seen

or the annealed samples, the nAl samples were subjected to a

econd heating ramp with a 1 s hold at 1200 °C, which resulted
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Fig. 2. High heating rate TEM results for untreated nAl (a) prior to heating, (b) after RT- 1200 °C ramp @ 5e5 K/s, (c) after RT- 1200 °C second ramp @ 5e5 K/s and hold for 

1 s; and for 300 °C Exp nAl (d) prior to heating, (e) after RT- 1200 °C ramp @ 5e5 K/s, (f) magnified image of (e) showing the shell structure. 

Table 1 

Strain measurement on Al core for nAl parti- 

cles annealed to 300 °C and quenched at ex- 

ponential and linear rates. 

Strain, ε (x10 −4 ) 

Untreated 300 °C Exp 300 °C Lin 

0.69 ± 0.04 6.66 ± 1.34 5.56 ± 0.90 
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n significant morphological changes to the aggregate structure.

esults in Fig . 2 imply that in case of prestressing, there is a

reater propensity for the aluminum core to diffuse out of the shell

hen compared to that of the untreated Al samples. 

.3. X-ray diffraction 

In order to quantify the internal strain in the particles after an-

ealing, the nAl powder with 300 °C anneal condition was evalu-

ted by powder X-ray diffraction analysis. For the 111, 200, and 220

luminum reflections, a Pseudo - Voight profile was fit to an R 2 value

reater than 0.995 from which the center point was extracted to

btain the lattice parameter. Comparison to the unstrained, theo-

etical value at standard conditions gives the strain produced in the

ample, as shown in Table 1 . There is an order of magnitude differ-

nce in strain compared to the untreated sample for both cooling

onditions. 

. Discussion 

Results presented in Fig. 1 demonstrate the benefits of pre-

tressing nAl particles prior to combustion, with the prestressed

Al + CuO composites achieving higher peak pressure, higher pres-

urization rates and faster burn times compared to the untreated

Al + CuO. Bachmaier and Pippan [27] demonstrated a signifi-

ant reduction in hardness when consolidated pellets of micron

luminum particles (1.3 μm) were annealed above 200 °C and

ttributed the reduction in hardness to the onset of grain growth

etermined through microscopy measurements. Recent results on

restressed micron aluminum revealed significant increase (an

rder of magnitude) in the measured dilatational strain in the
luminum core when annealed at 300 °C, which would imply that

he expanded aluminum core is inducing an elevated stress state

ith the core-shell structure [26] . The shell is amorphous and XRD

easurements of the strain and stress within the shell are not

ossible, but the core is crystalline, and Table 1 shows that for nAl

articles annealed to 300 °C, the strain is an order of magnitude

igher than the untreated nAl. Similar results corroborating the ex-

anding nAl core were also observed in hot stage TEM experiments

nd concluded that the untreated aluminum core was initially

xpanded at room temperature under tension and passes through

 zero-strain state at ∼300 °C, followed by an unconstrained

xpansion above 300 °C. This was facilitated by the inhomo-

eneities developed in the shell due to phase changes in alumina

nd/or penetration of Al ions that modifies its microstructure [30] .

olecular dynamics simulations [10] on nAl particles revealed

he presence of induced electric fields at the core-shell interface

Cabrera Mott mechanism) that aid the transfer of aluminum

ons across the shell, culminating in softening of the nanoparticle

hell. The softened shell is postulated to melt at a lower tempera-

ure which combined with the softer aluminum core (due to grain

rowth during annealing) could lead to faster release of aluminum,

s exemplified by the TEM results in Fig. 2 , where a significant

oss of nanostructure is observed under reduced thermal load for

he annealed samples as opposed to the untreated nAl samples. 

Owing to the observed loss in nanostructure, we believe the

reviously postulated condensed phase exothermic reactive sinter-

ng mechanism, aided by species diffusion, is dominant in these

restressed nAl composites [45] . The mechanism is predicated on

he reactant moieties attaining significant mobility in the con-

ensed phase such that they diffuse rapidly toward each other

esulting in a reaction interface. The heat generated at the inter-

ace is transmitted through the sample, leading to further melting

f the unreacted samples. The molten reactants are subsequently

ransferred toward the interface through capillary forces which

ropagate the reaction. High resolution TEM and macro scale prod-

ct collection techniques have revealed the presence of such reac-

ion interfaces within the composite [14,15] . Also, the strain man-

fested in prestressed samples are an order of magnitude larger

han the untreated case ( Table 1 ), which corresponds to a ten-

ile stress in the aluminum core. The TEM images in Fig. 2 show
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Fig. 3. Pressure-temperature and emission data for (a) untreated nAl and (b) 300C linear nAl; NIR vs AlO channel profile for (c) untreated nAl and (d) 300C linear nAl. 
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that aluminum release occurred faster in the prestressed samples,

which is likely a consequence of the larger internal stresses gener-

ated from annealing and quenching compromising the shell, lead-

ing to its failure. This idea is further corroborated by the mor-

phological changes experienced by the untreated sample during

its second heating pulse. It is likely that the first pulse weak-

ened the oxide shells (either through crack formation of inhomo-

geneous crystallization), and the second pulse allowed aluminum

to leak out of the particles after an extended hold at elevated

temperature. 

A faster release of aluminum for the prestressed samples is

reflected in temporal combustion behavior, as demonstrated in

Fig. 3 a,b, where the pressure, emission and temperature (with

grey error bars) from the reaction in the combustion vessel is

plotted temporally for untreated and 300 °C annealing condition

with faster (linear) quenching. The time axis is truncated at 0.5 ms

because the emission intensity is observed to drop significantly

beyond 0.5 ms resulting in high errors in measured temperatures.
s can be clearly seen in Fig. 3 a, for untreated samples, the

ressure profile is oscillatory whereas for the 300 °C (Lin) sample,

n Fig. 3 b, the initial pressure is violent spike with a rapid decay

mplying a more rapid reaction. This qualitatively can also be

een from the emission profile which is clearly narrower for the

restressed material. In Fig. 3 a, the temperature fits (with grey

rror bars) are also shown where, upon ignition, the sample

emperature is observed to increase followed by a rapid drop

o ∼2900 K just before peak emission. With the adiabatic flame

emperature of Al + CuO calculated to be 2967 K [46] , this region

hould correspond to the combustion of the bulk of the composite

ollowing which the temperature is observed to rise to ∼3500 K.

he temperature profile superimposed on the normalized emission

ntensity of two channels of the spectrometer is shown in Fig. 3 c

Untreated nAl) and Fig. 3 d (300 °C Lin), respectively. The channels

ere specifically chosen to compare the thermal component of

mission with that of AlO (B 

2 �+ - > X 

2 �+ �v = 0 band) [47] .

or the thermal component, the channel covering a band from
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32–843 nm (NIR) was chosen, devoid of any molecular emission.

or the AlO channel, a band of 4 81–4 92 nm was chosen. 

Qualitatively, the normalized spectral emission from the afore-

entioned channels show no significant deviation from each other

uring peak emission, which would suggest the predominance of

hermal events during this time scale. At longer durations, as the

mission intensity decreases, significant deviations between the

mission profiles are observed for both the untreated ( Fig. 3 c) and

00 °C Linear ( Fig. 3 d) samples, which would suggest significant

ontributions from molecular emissions of AlO. This is expected

iven that CuO has the propensity to decompose into gaseous

xygen [36] which could react with aluminum in the gas phase.

48] Owing to the low resolution of the spectra, no direct fits to

he molecular emission could be made to infer gas phase tem-

eratures, but owing to the strength of the AlO emission, tempo-

al comparisons can be used to make inferences on the reaction

echanism. Although the reaction temperatures are similar for the

wo samples shown in Fig. 3 , it can be qualitatively observed that

or the untreated nAl case, the emission profile is observed to be

ider than for the 300 °C (Lin) sample. Moreover, for the untreated

amples ( Fig. 3 a), the temperature is observed to attain maxima

 ∼3700 K) simultaneously with the net emission, whereas for the

restressed case, the peak temperature is observed after signifi-

ant reduction in the total emission ( Fig. 3 b). Such high tempera-

ure peaks also correspond to local deviations between the NIR and

lO channels as shown in Fig. 3 c–d, suggesting the presence of gas

hase reactions, which is plausible given that shock tube measure-

ents have shown that aluminum nanoparticles burn at ∼3500 K

n high pressure, high oxygen environments [49] . Moreover, such

igh temperatures also resemble micron aluminum combustion

emperatures in ambient environments, which may suggest that

he nanoparticles are coalescing into larger ( > 80 nm) droplets and

ubsequently reacting with the oxygen [50] . The observation that

he reaction temperature of prestressed samples are closer to the

diabatic flame temperature of the Al-CuO reaction for significant

ortion of the total emission suggests a higher contribution of the

hermite reaction as opposed to aluminum reacting with gaseous

xygen from CuO decomposition. In both cases, the AlO channel

s observed to decay slower than the NIR channel. Although the

oise level in the AlO channel is high, it highlights the late gas

hase combustion between aluminum and oxygen with the alu-

inum presumably larger ( > 80 nm) droplets. 

Upon further increase in the annealing temperature to 400 °C,

he pressure response of the sample deteriorates significantly (see

ig. 1 a). A possible reason for this behavior could be imperfections

nduced within the alumina shell due to phase transitions or frac-

uring, which could affect the integrity of the shell. Diminishing

he integrity of the shell could lead to multiple effects on reac-

ivity, for example, without a pristine shell to constrain expansion

f the core the stress level of the particle would not be ele-

ated to levels observed for the 300 °C annealing conditions (see

able 1 ). The elevated stress state may catalyze the diffusion

echanism by promoting mass transfer or perhaps an electro

otential difference (Cabrera Mott) that contribute to accelerated

iffusion. Without an elevated stress, these mechanisms may not

e activated. Also, cracks in the shell may heal once the powder

s exposed to ambient air conditions and could influence reduced

ctive aluminum content. The measured temperatures of the

Al 400 °C annealing conditions are also slightly lower than the

ther samples ( Fig. 1 b), which could possibly be the result of the

omposite being fuel lean owing to loss of active aluminum after

restressing. Although direct estimation of the governing factors in

ombustion of prestressed nAl could not be made, there is merit in

restressing nAl particles for improving reactivity and is a strategy

orth exploring owing to its simplicity and ease of scale up, given

hat commercially manufactured material could be directly used. 
. Conclusions 

We observe that prestressing nanoaluminum (nAl) powder is an

pproach to altering the mechanical properties of the core-shell

article structure that influences combustion. This study focused

n examining the reactivity of prestressed nAl with copper oxide

owder (nAl + CuO). Results show that prestressing results in in-

reased peak pressure and pressurization rate compared with un-

reated nAl. Annealing at 300 °C with linear (faster) quenching

esulted in the most optimal combustion performance. Annealing

t 400 °C diminished material reactivity and it is theorized that

nhomogeneities generated within the alumina passivation shell

uring annealing inhibit stress formation that accelerates the re-

ction mechanism. Flame temperatures measured were consistent

etween all samples but burn times were measurably reduced for

restressed nAl with 300 °C annealing conditions, suggesting an

ncrease in reactivity without changing the reaction mechanism.

igh heating rate hot stage TEM analysis revealed significant mi-

rostructural changes and loss of nanostructure at lower thermal

oads for prestressed nAl composites. The analysis revealed that re-

ctive sintering may be aided by core aluminum attaining greater

obility in the condensed phase due to softening of the core re-

ulting from higher tensile strain sustained by the core during pre-

tressing. The measured strain is an order of magnitude greater

or prestressed nAl particles annealed to 300 °C compared to un-

reated nAl. These results suggest that mechanical manipulation of

uel particles may offer interesting opportunities to tune energy re-

ease profiles. 
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