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Abstract

Heterogeneous reactions in the AI-CuQ system were investigated using differential scanning calorimetry combined with structural and phase
analyses of partially reacted samples. The dense nanocomposite 2AIl + 3CuO powders used in this study were prepared by arrested reactive milling.
Ignition experiments with the powders heated at different rates were also performed and compared to the results of thermal analysis. The results of
thermal analysis measurements were processed using isoconversion techniques and a multistep reaction mechanism was proposed to describe the
experiments. The reaction between Al and CuO started at ~400 K and was well described by four parallel reaction steps. The kinetic descriptions
of individual steps depend on the frequency factors specific for the powders used in this study and activation energies that should remain valid
for any AI-CuO composite materials. The values of the frequency factors and activation energies were determined as well as the specific reaction
mechanisms describing each reaction step. The identified reaction steps were tentatively assigned to specific processes of CuO decomposition
followed by diffusion of reacting species through amorphous and then crystalline Al,O; polymorphs. Ignition of the nanocomposite Al-CuO
materials was shown to be driven primarily by the lower-temperature oxidation processes. It was shown that ignition of AI-CuO nanocomposite

powders can be described reasonably well using the proposed kinetics of AI-CuO heterogeneous reactions.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Unique nanostructured materials, including reactive nano-
composite powders based on exothermic thermite reactions,
have attracted a great deal of interest. Different types of reac-
tive nanocomposites have been synthesized, such as mixed
nanopowders (also called metastable intermolecular composites,
or MIC) [1-3], porous nanocomposites produced by sol-gel syn-
thesis [4,5], multilayer nanofoils [6,7], and dense nanocomposite
powders produced by arrested reactive milling (ARM) [8-10].
Despite different synthesis techniques and material types, the
common approach has been to increase the interface area avail-
able for heterogeneous reaction between solid fuel and oxidizer
components. The ARM technique used in this work to prepare
nanocomposite powders is derived from mechanical milling of
starting components capable of highly exothermic reaction [11].
For such components, the reaction can be mechanically triggered
during the milling and become self-sustained [12]. In ARM, the
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milling is stopped just before the reaction is initiated [8]. The
products are micron-sized powders, which contain reactive com-
ponents mixed on a nanoscale. The nanocomposites are nearly
100% dense, and their external surface is relatively small, unlike
that of the nanocomposites produced from mixed nanopowders.
Therefore, only a small fraction of metal oxidizes upon exposure
toair producing a thin external passivating oxide layer while bulk
of the metal remains reactive. ARM synthesis is a “top-down”
process, that is, the synthesis of nanocomposites by continu-
ous refinement of micron-scale starting materials and is readily
scalable. Thus, the ARM nanocomposites can be less expensive
than similar compositions produced using alternative, “bottom-
up” approaches, where nanoparticles or composites are grown
from molecular precursors [1-5].

Among several types of reactive nanocomposites synthesized
by ARM [8-10], AI-CuO thermites are of particular interest.
The reaction is highly exothermic and its temperature can be
adjusted to produce either molten or vapor-phase copper. Thus, a
broad range of potential applications is possible including join-
ing compounds and energetic compositions enabling transient
gas generation. Recently, AI-CuO, multilayer nanofoils were
produced and characterized [6,7]. Differential thermal analysis
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traces of these nanofoils when heated from ambient conditions
to 1673 K indicated that the reaction proceeded via two separate
exotherms occurring around 850-950 and 975-1275 K. These
events were interpreted as reactions controlled by lateral growth
of Al,O3 nuclei and then by diffusion of oxygen through grow-
ing Al,O3 layers, respectively. It was suggested that the oxygen
diffusion through CuO, layers was not a rate-limiting process
for the observed reactions [7]. However, in our initial experi-
ments with AI-CuO dense nanocomposite powders produced by
ARM, exothermic events were observed to occur at much lower
temperatures, staring from about 400 K [13]. Thus, the reaction
mechanisms proposed in refs. [6,7] need to be expanded and
verified in order to be applied to a broader range of Al-CuO
nanocomposites. The present study is aimed to develop a more
adequate description of AI-CuQO thermite reactions. Further-
more, the correlation of different processes occurring during
such reactions and ignition of AI-CuO nanocomposites occur-
ring at high heating rates was of interest. Differential scanning
calorimetry (DSC), X-ray diffraction (XRD) and heated fila-
ment ignition experiments [14] were used to quantify the ignition
kinetics and related reaction mechanisms.

2. Experimental
2.1. Preparation of nanocomposite powders

A shaker mill (8000 series by Spex CertiPrep) was employed
in this research. Flat-ended steel vials were used along with
5 mm steel balls. Starting blends were prepared in stoichiomet-
ric proportions from powders of elemental aluminum (99% pure,
—325 mesh by Atlantic Equipment Engineers) and cupric oxide
CuO (99% pure, 1-5 um, by Atlantic Equipment Engineers).
Synthesis was carried out in argon environment. A small amount
of hexane (CgH14) was added as a process control agent (PCA)
to hinder the cold welding during milling. The process tempera-
ture was monitored using thermistors attached to the sides of the
milling vials and connected to a digital data logger. The instant
of reaction was marked by a sharp rise in the vial temperature.
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Table 1
Nanocomposite powder samples prepared and used in this research (batch mass
3g; ball to powder mass ratio 5; 5mm steel balls)

Sample ID Hexane (ml) Milling time (min)
1 0 2
2 1 16
3 8 60

Highly metastable energetic nano-composites were prepared by
arresting the milling before the spontaneous exothermic reac-
tion. When the amount of PCA added to the mixture was varied,
the milling times required to initiate the reaction changed. Three
different samples were prepared by varying both the amount of
PCA and the milling times, as shown in Table 1. When the mate-
rials were milled without any PCA, the reaction occurred within
2min. When 1 ml of hexane was added, the reaction was trig-
gered after 16 min of milling. When 8 ml of hexane was added,
the reaction did not initiate even after an hour of milling and
the metastable samples were prepared by stopping milling after
60 min. For each sample, several 3 g batches were prepared using
a ball to powder mass ratio of 5.

2.2. Sample characterization

Morphology and composition of the composites were exam-
ined on a LEO 1530 field emission scanning electron micro-
scope (SEM) operated at 10 kV. The samples were embedded
in epoxy and cross-sectioned for examination. The phase com-
position was determined for each sample by X-ray diffrac-
tion (XRD). The XRD was performed on a Phillips X’pert
MRD powder diffractometer operated at 45 kV and 40 mA using
Cu Ka radiation (A =1.5438 A). Temperature-dependent struc-
tural transformations were determined by differential scanning
calorimetry (DSC) using a Netzsch Simultaneous Thermal Ana-
lyzer STA409 PC. Alumina pans were used and the furnace was
flushed with argon at approximately 10 ml/min. DSC traces were
recorded between room temperature and 1013 K with heating
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Fig. 1. Heated filament setup used for powder ignition experiments.
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rates varying from 5 to 40 K/min. The temperature is accurate
within +1 K.

2.3. Ignition experiments

The powders were ignited in air on the surface of an elec-
trically heated metal filament. Experimental details have been
described elsewhere [14,15], but are briefly summarized here for
completeness. A simplified diagram of the experimental set-up is
shown in Fig. 1. A 0.5 mm diameter Nichrome® wire mounted
in a controlled environment chamber was used as a filament.
The total length of the heated filament was 4.5 cm; however, the
length of the powder coated portion was approximately 1cm.
A small amount of powder was mixed with hexane and a thin
layer of the slurry was deposited on the filament surface using
a soft paintbrush. The coating was completely dried before the
filament was electrically heated. To observe ignition, a silicon
photodiode (DET110 by Thorlabs, Inc.) equipped with an iris
was aimed at the powder coating at a distance of 4-5cm. The
temperature history of the heated filament was measured using
a high-speed infrared pyrometer (DP1581 by Omega Engineer-
ing, Inc.). The pyrometer acquired data at a rate of 1000 data
points per second. The pyrometer was focused on the uncoated
surface of the filament adjacent to the powder coating. Thus, the
temperature of the heated powder was not measured directly, but
inferred from the measured filament temperature [16]. The fila-
ment emissivity was set to £ =0.75 at the pyrometer controller
unit; this is the average emissivity for nichrome in the temper-
ature range of 770-1270K [17]. A new filament was used for
each individual run. The filament heating rate was controlled by
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Fig. 2. Photodiode and temperature traces recorded during heated filament igni-
tion experiments of the AI-CuO nanocomposite powders.

varying the dc voltage and using a set of resistors to adjust the
current. The heating rates used in these experiments were on
the order of 103-10* K/s. The specific heating rates achieved in
individual runs were determined from the recorded filament tem-
perature histories. Both the photodiode and pyrometer outputs
were recorded using a PCI-MIO-16E-4 DAQ board by National
Instruments, and a LabView-based digital oscilloscope.

Fig. 2 illustrates the ignition temperature measurements and
shows a temperature trace corresponding to a specific setting of
the electric circuit and two photodiode signatures recorded at this
setting for two different powder samples undergoing ignition.
The shaded portion of the plot shows the range of tempera-
tures for which the pyrometer was calibrated. For the diode
trace labeled as sample 2 (cf. Table 1), the ignition resulting
in a sharp spike in the photodiode signal is observed at about

Fig. 3. Backscattered electron SEM images of the cross-sectioned Al-CuO samples embedded in epoxy: (A) starting material; (B) sample 1; (C) sample 2; (D)
sample 3. The magnification is the same for all the images and is illustrated by the scale bar in the image B.
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2350 ms. At that time, the pyrometer output is within the cali-
brated temperature range and thus, the ignition temperature is
measured directly. Such direct measurements of ignition tem-
peratures were possible for both samples 1 and 2. However for
the sample 3 (see the respective trace in Fig. 2) the ignition
was observed at a lower temperature. In Fig. 2, the ignition
peak occurs at about 1250 ms and the temperature is too low
to measure directly from the pyrometer trace. Therefore, for
such experiments the ignition temperature was evaluated using
a numerical transient model of the filament heating [15]. The
model considered the temperature-dependent resistance of the
filament, convective heat losses, electric voltage applied, and
constant temperature boundary conditions for the filament ends
clamped to the massive electrodes. The predicted temperature
history of the filament essentially coincided with the experimen-
tal data for the range where the temperature measurements were
calibrated. Thus, the calculated temperatures corresponding to
the lower-temperature portion of the filament heating history
could be used to evaluate the ignition temperature as illustrated
in Fig. 2.

3. Results
3.1. SEM analysis

Fig. 3 shows SEM images of the cross-sections of the start-
ing powder mixture and Al-CuO composites synthesized after
~2, 16 and 60 min of milling. These images are produced using
backscattered electrons and show phase contrast between Al
and CuO-rich phases. It can be observed that the particle size
decreases and morphology of the powder changes with increas-
ing milling times. For the starting mixture, (Fig. 3A) the bright
CuO particles are well distinguished from gray Al and the dark
epoxy background. After 2min of dry milling (sample 1), the
Al particles are flattened as shown in Fig. 3B. The CuO parti-
cles are reduced in size and embedded in aluminum. Very large,
dense agglomerates are formed. Most of the CuO particles are
close to the surface of aluminum and located on or between the
ductile aluminum layers. After 16 min of milling with 1 ml of
hexane added (Fig. 3C, sample 2), the particle sizes of Al and
CuO reduce drastically and some of the CuO particles become
embedded in the Al matrix. However, unmixed particles of Al
and CuO are still present. The particle sizes vary widely. The
mixing appears to be non-homogeneous throughout the sample.
Groups of relatively coarse particles of Al and CuO represent-
ing loose agglomerates are visible in Fig. 3C. At the same time,
some particles with a much finer mixing of components are also
present. Fig. 3D shows that the increase in the milling time to
60 min, possible when 8 ml of hexane was added, resulted in fur-
ther reduction of the particle sizes and in a more homogeneous
mixing. Fig. 4 shows an image of the same sample as shown
in Fig. 3D but at a higher magnification. Most of the particles
are nanocomposites of CuO inclusions in the aluminum matrix.
Fine mixing of Al and CuO particles has been achieved. At the
same time, several very bright and homogeneous particles are
visible. A close inspection shows presence of small spherical
voids inside such bright particles, which are identified as cop-
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Fig. 4. High magnification SEM image of cross-sectioned sample 3 embedded
in epoxy.

per. Therefore, at the extended milling time and large amounts of
the PCA used, the thermite reaction occurred locally, but did not
propagate through the entire sample. This suggestion is further
confirmed by XRD as described below.

3.2. X-ray analysis

Fig. 5 shows the X-ray diffraction patterns for the samples
1-3. As seen earlier in Table 1, addition of hexane enables
increased milling time. As an overall trend, the increased milling
times result in the decreased intensity of Al and CuO peaks. The
XRD pattern of sample 1 shows only peaks of starting materials,
Al and CuO. The XRD pattern of sample 2 indicates additional
presence of Cu and small amounts of Cu,0. These peaks arise
due to the localized partial reaction that occurs during milling.
Amorphous or poorly crystalline Al,O3 polymorphs are also
likely to be produced in this reaction, but are not detected from
XRD. Extended milling time (60 min) for sample 3 gives rise to
CuAly, y-alumina and CugAly in addition to Al, CuO, Cu and
Cu,0 peaks. Increase in the milling time also leads to broaden-
ing of peaks as a result of decrease in the crystallite size of both
Al and CuO.
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Fig. 5. X-ray diffraction patterns of composite samples 1-3.
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Fig. 6. Ignition temperatures measured for samples 2 and 3 at different heating
rates. The error bars represent the standard deviations from multiple measure-
ments.

SEM and XRD results indicated that sample 1 consisted of
unmixed particles of the starting material. Hence the ignition
experiments and thermal analysis measurements were limited
to samples 2 and 3 in which nanocomposite structures were
formed.

3.3. Ignition

Fig. 6 shows the ignition temperatures of the AI-CuO
nanocomposites as a function of heating rate. The filament igni-
tion experiments were performed in air at three different heating
rates varying in the range of 10* to 108 K/min (10° to 10* K/s).
In general it is observed that the ignition temperatures of the
Al-CuO nanocomposites increase with increasing heating rates
as is expected for a thermally activated ignition mechanism. It
is also clear that ignition temperatures measured for sample 2
are higher than for sample 3. A decrease in the ignition tem-
perature for sample 3 can be attributed to a higher degree of
structural refinement achieved at a longer milling time with a
greater quantity of liquid process control agent.

3.4. Thermal analysis

Thermal analysis was performed in both argon and oxygen
environments for several heating rates. Fig. 7 shows the DSC
traces of samples 2 and 3 collected at 5, 20 and 40 K/min in
argon. The traces shown were baseline-corrected by subtract-
ing the signal recorded during the second heating of the same
sample. Heating of sample 2 from room temperature to 1013 K
was accompanied by a broad and very weak exothermic event
between 350 and 800 K. In addition, a strong exothermic peak
was observed between 825 and 930 K. A weak endothermic peak
corresponding to aluminum melting was observed around 933 K.

The DSC trace of sample 3 is characterized by a series of at
least 3 overlapping exothermic events, including the low temper-
ature events that were not observed for sample 2. The first, broad
exothermic event was observed between 350 and 600 K. It was
followed by a strong exothermic event between 600 and 800 K.
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Fig. 7. DSC traces of samples 2 and 3, recorded in argon at the heating rates of
5, 20 and 40 K/min, respectively. Symbols are used to identify the exothermic
peaks.

The third exothermic event occurred between 825 and 930 K and
was similar to the exothermic peak observed for sample 2 in the
same temperature range. In addition to the aluminum-melting
peak, endothermic peaks were observed around 820 and 860 K,
corresponding to the melting of CuAl, and CugAly, respectively
[18].

To identify processes occurring during the exothermic events,
XRD patterns were collected from powders obtained by quench-
ing sample 3 heated to intermediate temperatures bracketing
each event. The sample was quenched by interrupting the power
to the DSC furnace, achieving effective cooling of 300-500 K
over a period of 10-15 min. Fig. 8 shows the respective XRD
patterns.

The XRD pattern of the as-milled material is shown in Fig. 8
for reference as well and is identical to that shown in Fig. 5 for
sample 3. As a general trend, the peak intensities for starting
materials Al and CuO, decrease, whereas the peak intensities of
the reaction products, e.g., Cu,0, CuAly, CugAly and y-Al,03
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Fig. 8. XRD patterns of the powders produced by heating sample 3 in argon
to and quenching at the temperatures bracketing exothermic events observed in
DSC traces (Fig. 7).
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Fig. 9. DSC traces of samples 2 and 3, recorded in oxygen at the heating rates
of 5, 20 and 40 K/min, respectively. Symbols are used to identify the exothermic
peaks.

increase at higher temperatures. The main effect observed for the
sample heated to 598 K, is a substantial increase in intensity of
the Cu,0O peaks. This increase continues throughout the heating.
The peaks of intermetallic phases, CuAl,, CugAly become fairly
strong at 598 and 773 K, but almost disappear at a higher tem-
perature. The intensity of peaks corresponding to both Cu,O and
Cu increases considerably at 1013 K. It was also observed that
the peaks become narrow as the temperature increases, which
implies that crystallite sizes of the materials increase.

Fig. 9 shows the DSC traces of samples 2 and 3 heated at 5,
20 and 40 K/min in oxygen. The traces shown were baseline-
corrected by subtracting the signals recorded during the second
heating of the same sample. DSC traces generally similar to
those recorded for the same samples heated in argon, as shown
in Fig. 7. However, the positions of the low-temperature exother-
mic events observed for sample 3 in oxygen are slightly shifted
compared to those in argon.
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Fig. 10. XRD patterns of the powders produced by heating sample 3 in oxygen
to and quenching at the temperatures bracketing exothermic events observed in
DSC traces (Fig. 9).

Similar to the treatment described above for the samples
heated in argon, the powders produced by heating sample 3 in
oxygen and quenching at several intermediate temperatures were
collected and analyzed by XRD. Fig. 10 shows the respective
XRD patterns. Unlike results shown in Fig. 8, the peak inten-
sity of CuO increases at increased temperatures, while the peak
intensity of Al decreases as in Fig. 8. Only a small increase in
the peak intensity for CuyO at 773 K is observed followed by a
decrease at 1013 K. Similar to results shown in Fig. 8, the inten-
sity of the peaks of intermetallic phases is at a maximum at the
intermediate temperature of 773 K. Also similar to Fig. 8, the
peak intensity of Cu increases considerably at 1013 K and all
the peaks become narrow at increased temperatures indicating
an increase in the crystallite sizes.

4. Reaction kinetics

The thermal analysis data were initially processed using an
isoconversion method by Kissinger [19]. A plot of In(8/T2) ver-
sus the reciprocal temperatures 1/T of the DSC peaks, where 8
is the heating rate in K/min, is shown in Fig. 11. In addition, the
results of the ignition temperature measurements are presented
in the same coordinates, corresponding to a much higher range
of heating rates. The slopes of the straight lines corresponding to
each group of data points represent the values for the respective
activation energies. Results of DSC experiments obtained for
samples 2 and 3 in argon are shown in Fig. 11. Table 2 summa-
rizes the activation energies obtained by the Kissinger method
for the exothermic peaks observed for both samples 2 and 3
heated in both argon and oxygen environments.

Fig. 11 shows that when the heating rates approach the range
of those used in ignition experiments, the stronger exother-
mic events (labeled as (A) and (@) in Figs. 7 and 11) are
expected to occur at much higher temperatures, as compared
to the observed ignition temperatures. Note that the points rep-
resenting the strong peak labeled as (A), for sample 2, nearly
coincide with the points representing the strong peak labeled as
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Fig. 11. Comparison of ignition temperatures measured at different heating rates
in air and exothermic peak positions observed in the DSC traces for samples 2
and 3 heated in argon. The hollow and solid symbols represent data for samples
2 and 3, respectively. The aluminum melting point is shown for reference.
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Table 2
Activation energies of exothermic peaks observed in argon and oxygen for sam-
ple 3 calculated using Kissinger method [19]

Sample ID  Exothermic peak Ea (kd/mol) DSC
description/respective symbol in environment
Figs. 7and 9
Argon Oxygen
Sample 2 Strong peak A 277 268
Sample 3 Broad peak ] 70 119
Strong peak ([ J 80 91
Strong peak A 260 259

(a) for sample 3. Note also that ignition of sample 2 occurs at
temperatures that are weakly dependent on the heating rate and
are very close to the melting point of Al (cf. Fig. 6). The kinetics
of the low-temperature, relatively weak and broad exothermic
event labeled as (M), seems to project to a temperature range
close to, but slightly lower than that observed for ignition of
sample 3 (cf. Fig. 11).

The following discussion will be only related to sample 3, for
which ignition occurred at lower temperatures and appeared to
be most directly affected by low-temperature AI-CuO reactions
of interest in this paper. Because of the higher level of refine-
ment (cf. Figs. 3-5), sample 3 best represented nanocomposite
Al-CuO materials of interest to practical applications.

A useful correlation between the thermal analysis results
and ignition experiments can only be established if the reaction
kinetics representing the exothermic events observed in DSC
are described quantitatively. As a first step to obtaining such a
description, the DSC traces for sample 3 were processed to deter-
mine the activation energy as a function of reaction progress, «,
according to the method after Ozawa [20], and Flynn and Wall
[21]. This processing was based on evaluation of temperatures
corresponding to a constant reaction progress observed at differ-
ent heating rates. Calculations of the reaction progress involved
measurements of partial areas under the DSC curves, which
required detailed reconstruction of the temperature-dependent
baselines. Because the temperature ranges used in the experi-
ments were broad, the baselines were neither well-constrained,
nor expected to be linear. This was confirmed by initial estimates
using straight-line baselines between start and end points of the
DSC signal, which resulted in substantially different reaction
progress corresponding to the positions of the same exothermic
peaks at different heating rates. To reconstruct a more accu-
rate temperature dependent baseline, it was assumed that the
degree of conversion was the same for all heating rates when
the third, strongest peak occurred in the DSC signals. The ini-
tial and final slopes of the DSC curve recorded at 5 K/min were
used to construct a smooth initial baseline for this measurement
and determine the respective degree of conversion correspond-
ing to the position of the 3rd peak. This degree of conversion
corresponded to 90%, and it was used consistently to adjust the
baseline representing the weighted averages of the initial and
final slopes for other used heating rates.

Using the reconstructed baselines, the activation energy was
calculated as a function of reaction progress as shown in Fig. 12.
The temperatures corresponding to the reaction progress of 20,

300

T FgzEsct

B=5Kimin, T=620K  T=653K T=712K T=873K

N

a

(=]
T

200
1501

.«Mm/ﬂm

0 20 40 60 80 100
Alpha (o), %

Activation Energy, KJ/mol

—

o

(=]
T

Fig. 12. Activation energy as a function of reaction progress, «. The dotted lines
indicate the reaction temperatures corresponding to the respective values of « at
the heating rate of 5 K/min.

40, 60, and 90% for the heating rate of 5 K/min are also shown
in Fig. 12 for reference.

The initial value of the activation energy remains close
to 80kJ/mol until a reaction progress of about 30%. This
is followed by a segment with an activation energy close
to 100 kJ/mol. After about 70% of the overall reaction is
completed, the activation energy increases to about 265 kJ/mol.
The dependency of activation energy on the reaction progress
indicates that at least three different reaction steps need to
be considered. This is consistent with the overall DSC signal
shape indicating at least three overlapping exothermic events
as discussed above. The values of activation energies are also
roughly consistent with those shown in Table 2, found from the
peak position processing using the Kissinger method. Following
this initial assessment, the reaction was assumed to comprise
three separate steps with the respective activation energies
defined from the flat portions of the curve shown in Fig. 12. This
initial assumption was explored using Netzsch Thermokinetics
software [22]. A sequence of calculations was performed in
which the activation energies of the three steps remained fixed
but the reaction mechanisms and frequency factors were allowed
to change to match the experimental results at different heating
rates. In addition, the reaction scheme was varied starting with
three independent parallel reactions and including different
combinations of interdependent reactions occurring in series or
in parallel. After a number of calculations, it was found that a
close match of the shape of the low-temperature portion of the
DSC trace could not be achieved. Thus, it was further assumed
that the broad, low-temperature exothermic event corresponding
to o up to about 30% consists of two overlapping reaction
steps with close activation energies, but different frequency
factors and, possibly, reaction mechanisms. A second set of
calculations with four reaction steps was therefore performed
in which, as described earlier, various combinations of reaction
mechanisms and reaction models were considered. As before,
the activation energies remained restricted in the three narrow
ranges, as implied by the three levels observed in Fig. 12. While
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Table 3

Kinetic parameters for the reaction steps used to describe DSC traces for sample 3

No. Approximate Reaction type Kinetic expression f{a) n E, (kd/mol) log(A) (s71)
temperature range (K)

1 350-550 Avrami-Erofeev n-dimensional nuclear/growth n(e — 1) In(1 — o)(n=Din 0.6 78 6.68

2 450-650 nth order 1-a)y 3.9 79 5.15

3 600-800 nth order (1—a) 2.6 102 5.03

4 850-1000 Avrami-Erofeev n-dimensional nuclear/growth n(e — 1) In(1 — )e=Din 0.75 266 13.3

the results were quite sensitive to the selection of individual
reaction mechanisms and frequency factors, no significant
improvement could be achieved assuming complex interdepen-
dent reaction schemes as opposed to the simplest assumption of
four independent, parallel reactions. Thus, it was finally found
that a reaction mechanism including four independent parallel
reactions as described in Table 3 provides an adequate match
of the experimental DSC traces at different heating rates. The
first, low temperature step was modeled as an Avrami—Erofeev
n-dimensional nucleation/growth controlled reaction [23]
with n=0.6. The second and third steps were modeled as "
order reactions with n=3.9 and 2.6, respectively. The fourth
step was modeled with an Avrami-Erofeev n-dimensional
nucleation/growth controlled reaction with n=0.75.

Fig. 13 shows a comparison of experimental and calculated
DSC traces for different heating rates. Curves illustrating indi-
vidual reaction steps, as described in Table 3 are also shown. In
addition, the predicted DSC signal, or the calculated rates of heat
release are presented for the higher heating rates approaching
those realized in the ignition experiments. Because of differ-
ent activation energies, the shapes of the traces change and it
becomes increasingly difficult to distinguish between contribu-
tions from individual reaction steps.

1000 K/s = 60,000 K/min 575

exo -
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= = = = Sum of the model peaks
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Heat flow, mW/mg
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Temperature, K

Fig. 13. Comparison of experimental (solid lines) and calculated DSC traces
(dashed lines) for different heating rates. Thin dashed lines show individual reac-
tion steps. Predicted heat flows are also shown for high heating rates approaching
the experimental conditions for ignition tests.

5. Discussion

The experimental DSC data for different samples were
observed to be somewhat different. The results for sample 2,
for which the level of structural refinement was relatively low,
were similar to the earlier results [6,7] presented for multi-
layer AlI-CuO, nanofoils. The first well resolved exothermic
peak occurred in the vicinity of 900 K. The activation energy
for this peak was estimated to be around 270 kJ/mol (Table 2),
which compares well with the value of about 280 kJ/mol reported
in ref. [7]. The low-temperature processes resulted in a small,
low-temperature exotherm that was clearly detected but poorly
resolved for sample 2. On the other hand, these low-temperature
events were well resolved for sample 3, which had the same
chemical composition as sample 2, but was prepared with a bet-
ter refinement and a more uniform nanomixing between Al and
CuO. Thus, the analysis of the reaction kinetics presented above
for sample 3 describes the generic thermite reaction 2Al + 3CuO,
with a higher reaction rate due to the very high reactive inter-
face area. In terms of thermally activated reaction models, the
description obtained by processing specific DSC signals for sam-
ple 3 will have values of pre-exponents (or frequency factors)
specific for that sample, while the rest of the model should be
applicable to any AI-CuO thermites. The gquantitative correla-
tion of the frequency factors with the specific sample morphol-
ogy was beyond the scope of this project but is planned in the
future.

The differences observed between the DSC signals recorded
for both samples 2 and 3 in oxygen and argon are insignificant.
The analysis of intermediate reaction products shows that the
reactions in argon start from decomposition of CuO to Cu,O.
The bulk of the released oxygen must have oxidized aluminum in
order to explain the observed significant exothermic effect. Thus,
it is suggested that amorphous or poorly crystalline aluminum
oxide polymorphs were produced even though they were not
well visible from the XRD patterns.

For both samples, the initial exothermic effect was nearly the
same in oxygen, as it was in argon while the formation of Cu;0
was not detected from XRD for the samples heated in oxygen.
This can be interpreted suggesting that the produced Cu,O
quickly re-oxidized interacting with the ambient oxygen. This
difference in the reaction products explains the small differences
in the reaction kinetics (cf. Table 2). Thus, the reaction kinetics
measured for experiments in oxygen represents an additional
process of re-oxidation of the produced Cu,O that is unlikely
for the rapid processes occurring in practical applications and
in the performed here ignition experiments. Therefore, the
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heterogeneous reaction kinetics applicable for use in ignition
models needs only to describe the reactions in the Al-CuO
system, without adding reactions with external oxygen. Such
a kinetic model was developed above (cf. Table 3) considering
the DSC results produced by heating sample 3 in argon.

The proposed model involving four independent parallel
reaction steps describes consistently the experimental thermal
analysis data. Itis interesting to consider which specific reactions
could be tentatively assigned to the four steps that were intro-
duced. The comparison can be now made between the Kinetic
parameters identified in Table 3 and those reported in the liter-
ature for related reactions in the AI-CuO systems.

Relatively low activation energies were reported for the
processes involving decomposition of CuO. The activation
energy of reduction of CuO in the presence of hydrogen was
found to be 60kJ/mol [24]. In another report, the reaction
4CuO — 2Cu,0 + O3 taking place via a moving phase bound-
ary and rate limited by oxygen diffusion along the Cu,O grain
boundaries, was found to have an activation energy of 106 kJ/mol
[25]. Onthe other hand, activation energies in a broad range have
been reported for the aluminum oxidation that is rate-limited by
diffusion through growing Al,O3 scales. A sequence of Al,O3
polymorphs including amorphous — vy — 6 — « phases was
reported to be produced upon aluminum heating in oxygenated
gases [26]. This sequence is expected to be modified by the pres-
ence of other condensed phases, such as CuO,, but the overall
scheme of aluminum oxidation including a sequence of tran-
sition alumina phases leading to the formation of the stable «-
Al,O3 should remain. The related activation energies for the con-
sequent oxidation steps of aluminum powders in oxygen were
identified in ref. [27] as 120, 227, and 306 kJ/mol for the growth
of amorphous, y- and «-alumina polymorphs, respectively.

Interestingly, the initial process of growth of the amorphous
alumina has the activation energy comparable to that of CuO
decomposition. However, the activation energy increases sig-
nificantly upon formation of crystalline alumina polymorphs at
higher temperatures.

Comparing the activation energies reported in the literature
for CuO decomposition and alumina growth with the values
presented in Table 3, it can be suggested that the initial steps of
the Al-CuO reaction are controlled by CuO decomposition. This
suggestion is supported by the XRD patterns analyzed for the
samples quenched from intermediate temperatures. At higher
temperatures, the rates of these decomposition processes are
supplemented by the growth of amorphous alumina that could
not be detected by XRD. The above processes can be assigned for
the introduced steps 1-3 which all have relatively low activation
energies. An increase in the activation energy in step 4 signals
that the growth of crystalline Al,O3 polymorphs becomes the
rate-limiting reaction step.

Because the four events were assumed to be independent of
one another, the total heat release of thermite reaction can be
found simply as a sum of the heats released in each event
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Fig. 14. Comparison of ignition experiments and thermal analysis data at
selected levels of reaction progress with the lines of constant reaction progress
calculated according to the introduced kinetic model.

Considering specific expressions and parameters of individual
terms, Q;, described in Table 3, the heat release as a function
of temperature and heating rate for the overall AI-CuO thermite
reaction can now be described. As noted above, the frequency
factors are specific for the particular sample morphology used
in this research and one needs to re-determine their values for
different nanocomposite materials. The overall reaction mech-
anism, however, is expected to remain valid for any Al-CuO
composites.

In order to use the proposed reaction mechanism for quantita-
tive description of ignition experiments, a detailed heat transfer
model needs to be developed describing the ignition experi-
ment and including the term given by Eq. (1), using the specific
kinetic parameters presented in Table 3. Such a model was out-
side the scope of this project. Instead, the validity of the proposed
mechanism was assessed by relating thermal analysis to ignition
experiments via an isoconversion approach. This assumes that
ignition occurs at a constant degree of reaction progress « (see
Fig. 12). Fig. 14 shows an Arrhenius diagram where a group of
curves representing constant reaction progress are superimposed
on the experimentally observed ignition temperatures. The plot
suggests that ignition occurs when approximately 4% of the total
reaction enthalpy is released. The temperatures where 4% reac-
tion progress is observed in the thermal analysis experiments
have been determined and are also shown for reference. These
experimental points correlate well with the calculated lines of
constant reaction progress, which is to be expected considering
the good match between the experimental and calculated DSC
curves shown in Fig. 13. This indicates that ignition indeed can
be described adequately by the overall reaction kinetics model
reported here.

6. Conclusions

The highly exothermic heterogeneous reaction between Al
and CuO was found to start at relatively low temperatures
(~400K) and is well described by four parallel reaction steps.
Earlier measurements did not resolve the low-temperature
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exothermic events and focused on the strongest, fourth reaction
step. However, ignition of the nanocomposite AI-CuO materi-
als was shown to be driven primarily by the lower-temperature
oxidation processes.

Specific mechanisms and kinetic parameters were deter-
mined to describe the individual reaction steps for the prepared
nanocomposite powders. These mechanisms include the fre-
quency factors specific for the powders used in this study and
activation energies that should remain valid for any Al-CuO
composite materials. The identified reaction steps were ten-
tatively assigned to specific processes of CuO decomposition
followed by diffusion of reacting species through amorphous and
then crystalline Al;03 polymorphs. It was shown that ignition
of AI-CuO nanocomposite powders can be described reason-
ably well using the proposed kinetics of AI-CuQ heterogeneous
reactions. Future work will focus on development of a complete,
quantitative ignition model.
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