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ABSTRACT

Nanocomposite thermites include a reactive metal, in most
cases aluminum, mixed on the nano-scale with a metal oxide.
The nano-scale mixing achieved by ball-milling produces
a highly developed and unusual inferface area between
reactive components. The high interface area assures a
high reaction rate, attractive for propellants, explosives, and
pyrotechnics. Development of a kinetic model for the initiation
mechanisms of nanocomposite thermites prepared by
arrested reactive milling (ARM) relies on differential scanning
calorimetry (DSC) and thermal gravimetry (TG). These
measurements identify and characterize multiple reaction
steps important for ignition of these materials. However, for the
ARM-prepared nanocomposites, interpretation of the DSC/
TG data is challenging because of substantial but poorly
resolved exothermic reactions occurring at low femperatures.
These low temperature reactions are expected to contribute
significantly to the processes that lead to ignition. Here, DSC
and TG measurements were complemented by isothermal
micro-calorimetry using TAM Il resolving and quantifying
these low temperature reactions. Based on the TAM I
results, the accelerated oxidation in the ARM-prepared
nano-thermites af low femperatures was affributed to
Cabrera-Mott reaction, where the growth of very thin oxide
layers is accelerated by electric field induced across such
layers. This enabled a reaction mechanism for a 2AI.3CuO
nanocomposite powder prepared by ARM to be developed
that included multiple oxidation steps starting with the CM
reaction followed by direct oxidative growth of and phase
changes in different alumina polymorphs.

INTRODUCTION

Nanocomposite  aluminum-based  reactive  materials
may be used as additives fo or main components of
propellants, explosives, and pyrotechnics [1, 2]. Fully-dense
nanocomposite powders prepared by Arrested Reactive
Milling (ARM) [3-6] support high reaction rates associated
with nano-scale mixing of reactive components, while offering
relative simplicity of handling and mixing of conventional
micron-sized powders.

Low temperature exothermic reactions may confribute
significantly to the processes that lead fo ignition of
nanocomposite thermites [7-9]. A mechanism for aluminum-
based materials accounts for polymorphic phase changes
in the growing alumina layer [10], similar to aluminum
oxidation in gaseous oxidizers [11]. However, the onset
of low-temperature redox reactions in the ARM-prepared
thermites occurs earlier than for Al oxidation in gas oxidizers

[12-14]. Our recent experiments employing TAM Il by TA
Instruments [8] quantified exothermic reactions occurring
at 303-373 K. Understanding and quantitative description
of such reactions is necessary to model ignition in such
nanocomposite materials.

For very thin oxide layers separating metal from gaseous
oxidizers, oxidation is described using Cabrera-Mott (CM)
model [15-16], in which mass transfer is accelerated
by electric fields formed across the growing oxide films.
This model may also describe reactions in condensed
heterogeneous systems [17]. Here, the kinetics of the ARM-
prepared Al-CuO thermites is studied and interprefed using
low-temperature micro-calorimetry and previous differential
scanning calorimetry (DSC) measurements [12].

EXPERIMENTAL

A stoichiometric, fully-dense 2AI-3CuO nanocomposite
powder was prepared by mechanical milling powders of Al
and CuO in Ar using hexane as a process confrol agent [12].
The heat release in the nanocomposite thermite was studied
using TAM Il under isothermal conditions at 303 - 413 K.

The results of TAM Il measurements are shown in Fig. 1. The
reaction rates are increasing with femperature. For a freshly
prepared sample, even at a relatively low femperature of 303
K. a quantifiable heat release is measured.
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Figure 1:TAM Ill and DSC measurements of fully-dense nanocomposite
Al-CuO powders. Upper plot: heat release rate, normalized by the
sample mass, in the femperature interval 303-413 K. Lower plot:
low femperature portions of DSC traces for fully-dense 2AI-3CuO
nanocomposite powders measured at different heating rates [12].
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Traces measured at 403 and 413 K, exhibit additional features
compared to fraces acquired at lower temperatures. Each
high-temperature trace includes two stages with a relatively
short fransition period observed after about 10 and 40 hours
for the samples reacting at 413 and 403 K, respectively.
Affer the transition, the reaction rates decrease. Most likely,
this tfransition is associated with a change in the structure
of the growing interfacial AI203 layer, e.g., from amorphous
fo y-crystalline, occurring when the layer grows above some
critical thickness, specific for each temperature.

It was assumed that the initial parts of traces measured
at 403 and 413 K are described by the same reaction
mechanism as the measurements performed at 303 and 323
K. This reaction mechanism was also assumed to be active
during early stages of the DSC experiments reported in ref
[12]; the respective portions of the DSC signals are shown in
Fig. 1. For all heating rates, a relatively sharp increase in the
reaction rate was observed to occur between 350 and 450 K.
As the temperature increased, the reaction rates stabilized or
decreased at a higher heating rate.

MODEL AND DATA PROCESSING
Reaction kinetics model

The nanocomposite material was assumed to include mono-
sized spherical CuQO inclusions in Almatrix [8], see Fig.2.Based
on SEM images of particle cross-sections, inclusion diameters
were taken as 100 nm. Reduction of CuO at relatively low
temperatures offen results in formation of metallic Cu, without
formation of infermediate phases [18]:

3Cu0 +241 - 3Cu + ALO, M

Reaction (1) was considered in the model. The inclusion
diameter was being corrected assuming that all Cu formed
as a result of reaction (1) remained inside the inclusion.
The CuO/Cu core was surrounded by a growing Al,O, shell
separating it from the Al matrix. The reaction rate is assumed
fo be limited by transport of reacting components through
the shell.

Figure 2: Core-shell geometry considered in the reaction model.

The rate of reaction was described by the CM model for the
core-shell geometry [7, 8]:

an _ Kexp £ n ey
di k,T rh

where k; is the Boltzmann constant, T is femperature, r; and
r, are the radii of the CuO core and Al,O, shell, respectively,
h is the thickness of ALLO, shell: h=r,r,, and K is described
by an Arrhenius expression with the activation energy E, and
preexponent k:

K =k exp(-E, / RT) 3

The relation between radii, r;, and r, is defined using a
parameter z = Isnei, where o and a.,_, are the respective

core shell
core

volume changes of the core and shell [7, 81:

3 3 3 3 3 3
r = (-1 ) =z(r* 1) O)

where r,, and r,, are the initial core and external shell radii,
respectively.

The parameter E, of the CM model reflecting the effect of
Mott potential on the rate of mass transfer may increase with
temperature [19] as:

E,(T)=a+bT (5)
where a and b are constants.

Four unknown parameters were used in the model (1)-(5): k,.
E,. a, b.They were found from joint processing of the results of
DSC and TAM lll measurements.

Data Processing

Both TAM Il and DSC curves were interpreted to calculate
changes inr, and h. The measured gravimetric rafes of heat
release, q,,,,. were first transferred into mass changes, m, for
individual components in reaction (1):

. 1 .
Doy = EEAmef ©)

where subscript i stands for Al, ALLO,, CuO and Cu; AH, is the
specific enthalpy of formation of a respective component
at the experimental temperature [20], and M is the fotal
mass of material. Once the mass changes for individual
components were calculated, the values of r, and h were
found accounting for the component densities. For the
time-dependent TAM lll fraces g (1), the femporal changes
in the radii r,(1), r,(), and thickness h(t) were then inserted
in the system of equations 2-5 to find the best fit values for
K, E,, a. and b. All traces were fitted simultaneously using a
customized procedure [9].This allowed the determination of
the kinetic parameters shown in Table 1.

Average Range
ks, nmis 2.1x10? 25x10%° 1.8
E;, J/mol 44000 28000 61000
Es, 1022 J-nm | -1502 + 5,527 | -2088 + 7.45T | -917+3.59T

Table 1: Kinetic parameters obtained from processing TAM il and
DSC measurements.
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RESULTS

Samples used in DSC experiments aged for several months.
The aging fime was estimated using the initial oxide
thickness and kinetic parameters found. Values for the
inifial thicknesses of alumina shell h, found as adjustable
parameters from fitting the DSC curves vary in the range of
0.77 -1.04 nm.The freshly prepared samples were assumed to
have h,=0.39 nm [?].The time required fo age such samples
at room femperature fo grow 0.77 and 1.04 nm-thick oxide
layers were calculated fo be 3 and 12 months, respectively.
There is also good correlation between the calculated and
measured DSC traces (Fig. 3). In particular, the calculated
curves predict the observed increase followed by a relatively
constant heat flow.
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Figure 3: Experimental and theoretical DSC curves and oxide thickness
at various heating rates. Initial thickness of Al,O, at 303 K is 0.88 nm.

For TAM Il traces shown in Fig. 4 (upper plot), experimental
and calculated results overlap. Each TAM Il frace starts with
a specific h, while h,=0.39 nm was used as a starting point
for all calculations. The final result obtained in fitting the
model tfo the DSC traces is shown in Fig. 4 (lower plot). The
model couples a previously derived CM mechanism and an
aluminum oxidation model including formation of different
alumina polymorphs. The main features of the DSC curves
are well described.
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Figure 4: Upper plot: comparison of the alumina oxide thickness inferred
directly from TAM lll measurements (symbols) and that predicted using
the identified reaction kinetics (lines). Lower plot: experimental and
calculated DSC curves for 2Al1-3CuQO at heating rates of 5, 20, and 40
K/min.

CONCLUSION

Simultaneous processing of the experimental data from
DSC and microcalorimetry enabled us to determine the
parameters for the CM kinetics describing redox reaction in
the ARM-prepared AI-CuO thermite.The parameters specified
inTable T enable one to describe the initial portions of the DSC
curves (up to 600 K) measured at different heating rates as
well as microcalorimetry traces recorded in the temperature
range of 303 - 413 K. Infroduced reaction kinetics enables
one to predict how such materials are aging. This model
describes initial stages of thermal initiation of such reactive
materials subjected fo heating, including conditions with high
heating rates experienced in many practical systems.The CM
mechanism was successfully coupled with reaction kinetics
describing processes occurring at higher temperatures, such
as thermally activated diffusion-imited oxidation, polymorphic
phase changes in the growing oxide layers, and consumption
of oxygen from condensed phase oxidizers.
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