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bstract

Heterogeneous reactions in the Al–CuO system were investigated using differential scanning calorimetry combined with structural and phase
nalyses of partially reacted samples. The dense nanocomposite 2Al + 3CuO powders used in this study were prepared by arrested reactive milling.
gnition experiments with the powders heated at different rates were also performed and compared to the results of thermal analysis. The results of
hermal analysis measurements were processed using isoconversion techniques and a multistep reaction mechanism was proposed to describe the
xperiments. The reaction between Al and CuO started at ∼400 K and was well described by four parallel reaction steps. The kinetic descriptions
f individual steps depend on the frequency factors specific for the powders used in this study and activation energies that should remain valid
or any Al–CuO composite materials. The values of the frequency factors and activation energies were determined as well as the specific reaction
echanisms describing each reaction step. The identified reaction steps were tentatively assigned to specific processes of CuO decomposition
ollowed by diffusion of reacting species through amorphous and then crystalline Al2O3 polymorphs. Ignition of the nanocomposite Al–CuO
aterials was shown to be driven primarily by the lower-temperature oxidation processes. It was shown that ignition of Al–CuO nanocomposite

owders can be described reasonably well using the proposed kinetics of Al–CuO heterogeneous reactions.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Unique nanostructured materials, including reactive nano-
omposite powders based on exothermic thermite reactions,
ave attracted a great deal of interest. Different types of reac-
ive nanocomposites have been synthesized, such as mixed
anopowders (also called metastable intermolecular composites,
r MIC) [1–3], porous nanocomposites produced by sol–gel syn-
hesis [4,5], multilayer nanofoils [6,7], and dense nanocomposite
owders produced by arrested reactive milling (ARM) [8–10].
espite different synthesis techniques and material types, the

ommon approach has been to increase the interface area avail-
ble for heterogeneous reaction between solid fuel and oxidizer
omponents. The ARM technique used in this work to prepare
anocomposite powders is derived from mechanical milling of

tarting components capable of highly exothermic reaction [11].
or such components, the reaction can be mechanically triggered
uring the milling and become self-sustained [12]. In ARM, the

∗ Corresponding author. Tel.: +1 973 596 3327; fax: +1 973 642 4282.
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illing is stopped just before the reaction is initiated [8]. The
roducts are micron-sized powders, which contain reactive com-
onents mixed on a nanoscale. The nanocomposites are nearly
00% dense, and their external surface is relatively small, unlike
hat of the nanocomposites produced from mixed nanopowders.
herefore, only a small fraction of metal oxidizes upon exposure

o air producing a thin external passivating oxide layer while bulk
f the metal remains reactive. ARM synthesis is a “top-down”
rocess, that is, the synthesis of nanocomposites by continu-
us refinement of micron-scale starting materials and is readily
calable. Thus, the ARM nanocomposites can be less expensive
han similar compositions produced using alternative, “bottom-
p” approaches, where nanoparticles or composites are grown
rom molecular precursors [1–5].

Among several types of reactive nanocomposites synthesized
y ARM [8–10], Al–CuO thermites are of particular interest.
he reaction is highly exothermic and its temperature can be
djusted to produce either molten or vapor-phase copper. Thus, a

road range of potential applications is possible including join-
ng compounds and energetic compositions enabling transient
as generation. Recently, Al–CuOx multilayer nanofoils were
roduced and characterized [6,7]. Differential thermal analysis

mailto:dreizin@njit.edu
dx.doi.org/10.1016/j.tca.2006.09.002
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Table 1
Nanocomposite powder samples prepared and used in this research (batch mass
3 g; ball to powder mass ratio 5; 5 mm steel balls)

Sample ID Hexane (ml) Milling time (min)

1 0 2
2
3
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races of these nanofoils when heated from ambient conditions
o 1673 K indicated that the reaction proceeded via two separate
xotherms occurring around 850–950 and 975–1275 K. These
vents were interpreted as reactions controlled by lateral growth
f Al2O3 nuclei and then by diffusion of oxygen through grow-
ng Al2O3 layers, respectively. It was suggested that the oxygen
iffusion through CuOx layers was not a rate-limiting process
or the observed reactions [7]. However, in our initial experi-
ents with Al–CuO dense nanocomposite powders produced by
RM, exothermic events were observed to occur at much lower

emperatures, staring from about 400 K [13]. Thus, the reaction
echanisms proposed in refs. [6,7] need to be expanded and

erified in order to be applied to a broader range of Al–CuO
anocomposites. The present study is aimed to develop a more
dequate description of Al–CuO thermite reactions. Further-
ore, the correlation of different processes occurring during

uch reactions and ignition of Al–CuO nanocomposites occur-
ing at high heating rates was of interest. Differential scanning
alorimetry (DSC), X-ray diffraction (XRD) and heated fila-
ent ignition experiments [14] were used to quantify the ignition

inetics and related reaction mechanisms.

. Experimental

.1. Preparation of nanocomposite powders

A shaker mill (8000 series by Spex CertiPrep) was employed
n this research. Flat-ended steel vials were used along with
mm steel balls. Starting blends were prepared in stoichiomet-

ic proportions from powders of elemental aluminum (99% pure,
325 mesh by Atlantic Equipment Engineers) and cupric oxide
uO (99% pure, 1–5 �m, by Atlantic Equipment Engineers).
ynthesis was carried out in argon environment. A small amount
f hexane (C6H14) was added as a process control agent (PCA)

o hinder the cold welding during milling. The process tempera-
ure was monitored using thermistors attached to the sides of the

illing vials and connected to a digital data logger. The instant
f reaction was marked by a sharp rise in the vial temperature.

c
l
fl
r

Fig. 1. Heated filament setup used fo
1 16
8 60

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

.2. Sample characterization

Morphology and composition of the composites were exam-
ned on a LEO 1530 field emission scanning electron micro-
cope (SEM) operated at 10 kV. The samples were embedded
n epoxy and cross-sectioned for examination. The phase com-
osition was determined for each sample by X-ray diffrac-
ion (XRD). The XRD was performed on a Phillips X’pert

RD powder diffractometer operated at 45 kV and 40 mA using
u K� radiation (λ = 1.5438 Å). Temperature-dependent struc-

ural transformations were determined by differential scanning

alorimetry (DSC) using a Netzsch Simultaneous Thermal Ana-
yzer STA409 PC. Alumina pans were used and the furnace was
ushed with argon at approximately 10 ml/min. DSC traces were
ecorded between room temperature and 1013 K with heating

r powder ignition experiments.
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ates varying from 5 to 40 K/min. The temperature is accurate
ithin ±1 K.

.3. Ignition experiments

The powders were ignited in air on the surface of an elec-
rically heated metal filament. Experimental details have been
escribed elsewhere [14,15], but are briefly summarized here for
ompleteness. A simplified diagram of the experimental set-up is
hown in Fig. 1. A 0.5 mm diameter Nichrome® wire mounted
n a controlled environment chamber was used as a filament.
he total length of the heated filament was 4.5 cm; however, the

ength of the powder coated portion was approximately 1 cm.
small amount of powder was mixed with hexane and a thin

ayer of the slurry was deposited on the filament surface using
soft paintbrush. The coating was completely dried before the
lament was electrically heated. To observe ignition, a silicon
hotodiode (DET110 by Thorlabs, Inc.) equipped with an iris
as aimed at the powder coating at a distance of 4–5 cm. The

emperature history of the heated filament was measured using
high-speed infrared pyrometer (DP1581 by Omega Engineer-

ng, Inc.). The pyrometer acquired data at a rate of 1000 data
oints per second. The pyrometer was focused on the uncoated
urface of the filament adjacent to the powder coating. Thus, the
emperature of the heated powder was not measured directly, but
nferred from the measured filament temperature [16]. The fila-
ent emissivity was set to ε = 0.75 at the pyrometer controller
nit; this is the average emissivity for nichrome in the temper-
ture range of 770–1270 K [17]. A new filament was used for
ach individual run. The filament heating rate was controlled by

T
t
t
i

ig. 3. Backscattered electron SEM images of the cross-sectioned Al–CuO sample
ample 3. The magnification is the same for all the images and is illustrated by the sc
ig. 2. Photodiode and temperature traces recorded during heated filament igni-
ion experiments of the Al–CuO nanocomposite powders.

arying the dc voltage and using a set of resistors to adjust the
urrent. The heating rates used in these experiments were on
he order of 103–104 K/s. The specific heating rates achieved in
ndividual runs were determined from the recorded filament tem-
erature histories. Both the photodiode and pyrometer outputs
ere recorded using a PCI-MIO-16E-4 DAQ board by National

nstruments, and a LabView-based digital oscilloscope.
Fig. 2 illustrates the ignition temperature measurements and

hows a temperature trace corresponding to a specific setting of
he electric circuit and two photodiode signatures recorded at this
etting for two different powder samples undergoing ignition.

he shaded portion of the plot shows the range of tempera-

ures for which the pyrometer was calibrated. For the diode
race labeled as sample 2 (cf. Table 1), the ignition resulting
n a sharp spike in the photodiode signal is observed at about

s embedded in epoxy: (A) starting material; (B) sample 1; (C) sample 2; (D)
ale bar in the image B.
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CuAl2, �-alumina and Cu9Al4 in addition to Al, CuO, Cu and
Cu2O 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.
S.M. Umbrajkar et al. / Therm

350 ms. At that time, the pyrometer output is within the cali-
rated temperature range and thus, the ignition temperature is
easured directly. Such direct measurements of ignition tem-

eratures were possible for both samples 1 and 2. However for
he sample 3 (see the respective trace in Fig. 2) the ignition
as observed at a lower temperature. In Fig. 2, the ignition
eak occurs at about 1250 ms and the temperature is too low
o measure directly from the pyrometer trace. Therefore, for
uch experiments the ignition temperature was evaluated using
numerical transient model of the filament heating [15]. The
odel considered the temperature-dependent resistance of the
lament, convective heat losses, electric voltage applied, and
onstant temperature boundary conditions for the filament ends
lamped to the massive electrodes. The predicted temperature
istory of the filament essentially coincided with the experimen-
al data for the range where the temperature measurements were
alibrated. Thus, the calculated temperatures corresponding to
he lower-temperature portion of the filament heating history
ould be used to evaluate the ignition temperature as illustrated
n Fig. 2.

. Results

.1. SEM analysis

Fig. 3 shows SEM images of the cross-sections of the start-
ng powder mixture and Al–CuO composites synthesized after

2, 16 and 60 min of milling. These images are produced using
ackscattered electrons and show phase contrast between Al
nd CuO-rich phases. It can be observed that the particle size
ecreases and morphology of the powder changes with increas-
ng milling times. For the starting mixture, (Fig. 3A) the bright
uO particles are well distinguished from gray Al and the dark
poxy background. After 2 min of dry milling (sample 1), the
l particles are flattened as shown in Fig. 3B. The CuO parti-

les are reduced in size and embedded in aluminum. Very large,
ense agglomerates are formed. Most of the CuO particles are
lose to the surface of aluminum and located on or between the
uctile aluminum layers. After 16 min of milling with 1 ml of
exane added (Fig. 3C, sample 2), the particle sizes of Al and
uO reduce drastically and some of the CuO particles become
mbedded in the Al matrix. However, unmixed particles of Al
nd CuO are still present. The particle sizes vary widely. The
ixing appears to be non-homogeneous throughout the sample.
roups of relatively coarse particles of Al and CuO represent-

ng loose agglomerates are visible in Fig. 3C. At the same time,
ome particles with a much finer mixing of components are also
resent. Fig. 3D shows that the increase in the milling time to
0 min, possible when 8 ml of hexane was added, resulted in fur-
her reduction of the particle sizes and in a more homogeneous

ixing. Fig. 4 shows an image of the same sample as shown
n Fig. 3D but at a higher magnification. Most of the particles
re nanocomposites of CuO inclusions in the aluminum matrix.

ine mixing of Al and CuO particles has been achieved. At the
ame time, several very bright and homogeneous particles are
isible. A close inspection shows presence of small spherical
oids inside such bright particles, which are identified as cop-
ig. 4. High magnification SEM image of cross-sectioned sample 3 embedded
n epoxy.

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

.2. X-ray analysis

Fig. 5 shows the X-ray diffraction patterns for the samples
–3. As seen earlier in Table 1, addition of hexane enables
ncreased milling time. As an overall trend, the increased milling
imes result in the decreased intensity of Al and CuO peaks. The
RD pattern of sample 1 shows only peaks of starting materials,
l and CuO. The XRD pattern of sample 2 indicates additional
resence of Cu and small amounts of Cu2O. These peaks arise
ue to the localized partial reaction that occurs during milling.
morphous or poorly crystalline Al2O3 polymorphs are also

ikely to be produced in this reaction, but are not detected from
RD. Extended milling time (60 min) for sample 3 gives rise to
Fig. 5. X-ray diffraction patterns of composite samples 1–3.



38 S.M. Umbrajkar et al. / Thermochimica Acta 451 (2006) 34–43

F
r
m

u
e
t
f

3

n
t
r
I
A
a
i
a
p
s
g

3

e
t
a
i
s
w
b
w
c

l
a
e
f

F
5
p

T
w
s
p
c
[

X
i
e
t
o
p

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., Cu2O, CuAl2, Cu9Al4 and �-Al2O3
ig. 6. Ignition temperatures measured for samples 2 and 3 at different heating
ates. The error bars represent the standard deviations from multiple measure-
ents.

SEM and XRD results indicated that sample 1 consisted of
nmixed particles of the starting material. Hence the ignition
xperiments and thermal analysis measurements were limited
o samples 2 and 3 in which nanocomposite structures were
ormed.

.3. Ignition

Fig. 6 shows the ignition temperatures of the Al–CuO
anocomposites as a function of heating rate. The filament igni-
ion experiments were performed in air at three different heating
ates varying in the range of 104 to 106 K/min (103 to 104 K/s).
n general it is observed that the ignition temperatures of the
l–CuO nanocomposites increase with increasing heating rates

s is expected for a thermally activated ignition mechanism. It
s also clear that ignition temperatures measured for sample 2
re higher than for sample 3. A decrease in the ignition tem-
erature for sample 3 can be attributed to a higher degree of
tructural refinement achieved at a longer milling time with a
reater quantity of liquid process control agent.

.4. Thermal analysis

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

orresponding to aluminum melting was observed around 933 K.
The DSC trace of sample 3 is characterized by a series of at
east 3 overlapping exothermic events, including the low temper-
ture events that were not observed for sample 2. The first, broad
xothermic event was observed between 350 and 600 K. It was
ollowed by a strong exothermic event between 600 and 800 K.

F
t
D

ig. 7. DSC traces of samples 2 and 3, recorded in argon at the heating rates of
, 20 and 40 K/min, respectively. Symbols are used to identify the exothermic
eaks.

he third exothermic event occurred between 825 and 930 K and
as similar to the exothermic peak observed for sample 2 in the

ame temperature range. In addition to the aluminum-melting
eak, endothermic peaks were observed around 820 and 860 K,
orresponding to the melting of CuAl2 and Cu9Al4, respectively
18].

To identify processes occurring during the exothermic events,
RD patterns were collected from powders obtained by quench-

ng sample 3 heated to intermediate temperatures bracketing
ach event. The sample was quenched by interrupting the power
o the DSC furnace, achieving effective cooling of 300–500 K
ver a period of 10–15 min. Fig. 8 shows the respective XRD
atterns.

The XRD pattern of the as-milled material is shown in Fig. 8
ig. 8. XRD patterns of the powders produced by heating sample 3 in argon
o and quenching at the temperatures bracketing exothermic events observed in
SC traces (Fig. 7).
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expected to occur at much higher temperatures, as compared
to the observed ignition temperatures. Note that the points rep-
ig. 9. DSC traces of samples 2 and 3, recorded in oxygen at the heating rates
f 5, 20 and 40 K/min, respectively. Symbols are used to identify the exothermic
eaks.

ncrease at higher temperatures. The main effect observed for the
ample heated to 598 K, is a substantial increase in intensity of
he Cu2O peaks. This increase continues throughout the heating.
he peaks of intermetallic phases, CuAl2, Cu9Al4 become fairly
trong at 598 and 773 K, but almost disappear at a higher tem-
erature. The intensity of peaks corresponding to both Cu2O and
u increases considerably at 1013 K. It was also observed that

he peaks become narrow as the temperature increases, which
mplies that crystallite sizes of the materials increase.

Fig. 9 shows the DSC traces of samples 2 and 3 heated at 5,
0 and 40 K/min in oxygen. The traces shown were baseline-
orrected by subtracting the signals recorded during the second
eating of the same sample. DSC traces generally similar to
hose recorded for the same samples heated in argon, as shown

n Fig. 7. However, the positions of the low-temperature exother-

ic events observed for sample 3 in oxygen are slightly shifted
ompared to those in argon.

ig. 10. XRD patterns of the powders produced by heating sample 3 in oxygen
o and quenching at the temperatures bracketing exothermic events observed in
SC traces (Fig. 9).
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Similar to the treatment described above for the samples
eated in argon, the powders produced by heating sample 3 in
xygen and quenching at several intermediate temperatures were
ollected and analyzed by XRD. Fig. 10 shows the respective
RD patterns. Unlike results shown in Fig. 8, the peak inten-

ity of CuO increases at increased temperatures, while the peak
ntensity of Al decreases as in Fig. 8. Only a small increase in
he peak intensity for Cu2O at 773 K is observed followed by a
ecrease at 1013 K. Similar to results shown in Fig. 8, the inten-
ity of the peaks of intermetallic phases is at a maximum at the
ntermediate temperature of 773 K. Also similar to Fig. 8, the
eak intensity of Cu increases considerably at 1013 K and all
he peaks become narrow at increased temperatures indicating
n increase in the crystallite sizes.

. Reaction kinetics

The thermal analysis data were initially processed using an
soconversion method by Kissinger [19]. A plot of ln(β/T2) ver-
us the reciprocal temperatures 1/T of the DSC peaks, where β

s the heating rate in K/min, is shown in Fig. 11. In addition, the
esults of the ignition temperature measurements are presented
n the same coordinates, corresponding to a much higher range
f heating rates. The slopes of the straight lines corresponding to
ach group of data points represent the values for the respective
ctivation energies. Results of DSC experiments obtained for
amples 2 and 3 in argon are shown in Fig. 11. Table 2 summa-
izes the activation energies obtained by the Kissinger method
or the exothermic peaks observed for both samples 2 and 3
eated in both argon and oxygen environments.

Fig. 11 shows that when the heating rates approach the range
f those used in ignition experiments, the stronger exother-
ic events (labeled as (�) and (�) in Figs. 7 and 11) are
esenting the strong peak labeled as (�), for sample 2, nearly
oincide with the points representing the strong peak labeled as

ig. 11. Comparison of ignition temperatures measured at different heating rates
n air and exothermic peak positions observed in the DSC traces for samples 2
nd 3 heated in argon. The hollow and solid symbols represent data for samples
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
description/respective symbol in
Figs. 7 and 9

EA (kJ/mol) DSC
environment

Argon Oxygen

Sample 2 Strong peak � 277 268

Sample 3 Broad peak � 70 119
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Fig. 12. Activation energy as a function of reaction progress, α. The dotted lines
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Strong peak � 80 91
Strong peak � 260 259

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

The following discussion will be only related to sample 3, for
hich ignition occurred at lower temperatures and appeared to
e most directly affected by low-temperature Al–CuO reactions
f interest in this paper. Because of the higher level of refine-
ent (cf. Figs. 3–5), sample 3 best represented nanocomposite
l–CuO materials of interest to practical applications.
A useful correlation between the thermal analysis results

nd ignition experiments can only be established if the reaction
inetics representing the exothermic events observed in DSC
re described quantitatively. As a first step to obtaining such a
escription, the DSC traces for sample 3 were processed to deter-
ine the activation energy as a function of reaction progress, α,

ccording to the method after Ozawa [20], and Flynn and Wall
21]. This processing was based on evaluation of temperatures
orresponding to a constant reaction progress observed at differ-
nt heating rates. Calculations of the reaction progress involved
easurements of partial areas under the DSC curves, which

equired detailed reconstruction of the temperature-dependent
aselines. Because the temperature ranges used in the experi-
ents were broad, the baselines were neither well-constrained,

or expected to be linear. This was confirmed by initial estimates
sing straight-line baselines between start and end points of the
SC signal, which resulted in substantially different reaction
rogress corresponding to the positions of the same exothermic
eaks at different heating rates. To reconstruct a more accu-
ate temperature dependent baseline, it was assumed that the
egree of conversion was the same for all heating rates when
he third, strongest peak occurred in the DSC signals. The ini-
ial and final slopes of the DSC curve recorded at 5 K/min were
sed to construct a smooth initial baseline for this measurement
nd determine the respective degree of conversion correspond-
ng to the position of the 3rd peak. This degree of conversion
orresponded to 90%, and it was used consistently to adjust the
aseline representing the weighted averages of the initial and

nal slopes for other used heating rates.

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

i
m
t
r

ndicate the reaction temperatures corresponding to the respective values of α at
he heating rate of 5 K/min.

0, 60, and 90% for the heating rate of 5 K/min are also shown
n Fig. 12 for reference.

The initial value of the activation energy remains close
o 80 kJ/mol until a reaction progress of about 30%. This
s followed by a segment with an activation energy close
o 100 kJ/mol. After about 70% of the overall reaction is
ompleted, the activation energy increases to about 265 kJ/mol.
he dependency of activation energy on the reaction progress

ndicates that at least three different reaction steps need to
e considered. This is consistent with the overall DSC signal
hape indicating at least three overlapping exothermic events
s discussed above. The values of activation energies are also
oughly consistent with those shown in Table 2, found from the
eak position processing using the Kissinger method. Following
his initial assessment, the reaction was assumed to comprise
hree separate steps with the respective activation energies
efined from the flat portions of the curve shown in Fig. 12. This
nitial assumption was explored using Netzsch Thermokinetics
oftware [22]. A sequence of calculations was performed in
hich the activation energies of the three steps remained fixed
ut the reaction mechanisms and frequency factors were allowed
o change to match the experimental results at different heating
ates. In addition, the reaction scheme was varied starting with
hree independent parallel reactions and including different
ombinations of interdependent reactions occurring in series or
n parallel. After a number of calculations, it was found that a
lose match of the shape of the low-temperature portion of the
SC trace could not be achieved. Thus, it was further assumed

hat the broad, low-temperature exothermic event corresponding
o � up to about 30% consists of two overlapping reaction
teps with close activation energies, but different frequency
actors and, possibly, reaction mechanisms. A second set of
alculations with four reaction steps was therefore performed

n which, as described earlier, various combinations of reaction

echanisms and reaction models were considered. As before,
he activation energies remained restricted in the three narrow
anges, 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
temperature range (K)

Reaction type Kinetic expression f(α) n Ea (kJ/mol) log(A) (s−1)

1 350–550 Avrami–Erofeev n-dimensional nuclear/growth n(α − 1) ln(1 − α)(n−1)/n 0.6 78 6.68
2 450–650 nth order (1 − α)n 3.9 79 5.15
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3 600–800 nth order
4 850–1000 Avrami–Erofeev n-dimensional nuclear/g

he results were quite sensitive to the selection of individual
eaction mechanisms and frequency factors, no significant
mprovement could be achieved assuming complex interdepen-
ent reaction schemes as opposed to the simplest assumption of
our independent, parallel reactions. Thus, it was finally found
hat a reaction mechanism including four independent parallel
eactions as described in Table 3 provides an adequate match
f the experimental DSC traces at different heating rates. The
rst, low temperature step was modeled as an Avrami–Erofeev
-dimensional nucleation/growth controlled reaction [23]
ith n = 0.6. The second and third steps were modeled as nth

rder reactions with n = 3.9 and 2.6, respectively. The fourth
tep was modeled with an Avrami–Erofeev n-dimensional
ucleation/growth controlled reaction with n = 0.75.

Fig. 13 shows a comparison of experimental and calculated
SC traces for different heating rates. Curves illustrating indi-
idual reaction steps, as described in Table 3 are also shown. In
ddition, the predicted DSC signal, or the calculated rates of heat
elease are presented for the higher heating rates approaching
hose realized in the ignition experiments. Because of differ-

nt activation energies, the shapes of the traces change and it
ecomes increasingly difficult to distinguish between contribu-
ions from individual reaction steps.

ig. 13. Comparison of experimental (solid lines) and calculated DSC traces
dashed lines) for different heating rates. Thin dashed lines show individual reac-
ion steps. Predicted heat flows are also shown for high heating rates approaching
he experimental conditions for ignition tests.
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(1 − α)(n 2.6 102 5.03
h n(α − 1) ln(1 − α)(n−1)/n 0.75 266 13.3

. Discussion

The experimental DSC data for different samples were
bserved to be somewhat different. The results for sample 2,
or which the level of structural refinement was relatively low,
ere similar to the earlier results [6,7] presented for multi-

ayer Al–CuOx nanofoils. The first well resolved exothermic
eak occurred in the vicinity of 900 K. The activation energy
or this peak was estimated to be around 270 kJ/mol (Table 2),
hich compares well with the value of about 280 kJ/mol reported

n ref. [7]. The low-temperature processes resulted in a small,
ow-temperature exotherm that was clearly detected but poorly
esolved for sample 2. On the other hand, these low-temperature
vents were well resolved for sample 3, which had the same
hemical composition as sample 2, but was prepared with a bet-
er refinement and a more uniform nanomixing between Al and
uO. Thus, the analysis of the reaction kinetics presented above

or sample 3 describes the generic thermite reaction 2Al + 3CuO,
ith a higher reaction rate due to the very high reactive inter-

ace area. In terms of thermally activated reaction models, the
escription obtained by processing specific DSC signals for sam-
le 3 will have values of pre-exponents (or frequency factors)
pecific for that sample, while the rest of the model should be
pplicable to any Al–CuO thermites. The quantitative correla-
ion of the frequency factors with the specific sample morphol-
gy was beyond the scope of this project but is planned in the
uture.

The differences observed between the DSC signals recorded
or both samples 2 and 3 in oxygen and argon are insignificant.
he analysis of intermediate reaction products shows that the

eactions in argon start from decomposition of CuO to Cu2O.
he bulk of the released oxygen must have oxidized aluminum in
rder to explain the observed significant exothermic effect. Thus,
t is suggested that amorphous or poorly crystalline aluminum
xide polymorphs were produced even though they were not
ell visible from the XRD patterns.
For both samples, the initial exothermic effect was nearly the

ame in oxygen, as it was in argon while the formation of Cu2O
as not detected from XRD for the samples heated in oxygen.
his can be interpreted suggesting that the produced Cu2O
uickly re-oxidized interacting with the ambient oxygen. This
ifference in the reaction products explains the small differences
n the reaction kinetics (cf. Table 2). Thus, the reaction kinetics
easured for experiments in oxygen represents an additional
rocess of re-oxidation of the produced Cu2O that is unlikely
or the rapid processes occurring in practical applications and
n the performed here ignition experiments. Therefore, the
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eterogeneous reaction kinetics applicable for use in ignition
odels needs only to describe the reactions in the Al–CuO

ystem, without adding reactions with external oxygen. Such
kinetic model was developed above (cf. Table 3) considering

he DSC results produced by heating sample 3 in argon.
The proposed model involving four independent parallel

eaction steps describes consistently the experimental thermal
nalysis data. It is interesting to consider which specific reactions
ould be tentatively assigned to the four steps that were intro-
uced. The comparison can be now made between the kinetic
arameters identified in Table 3 and those reported in the liter-
ture for related reactions in the Al–CuO systems.

Relatively low activation energies were reported for the
rocesses involving decomposition of CuO. The activation
nergy of reduction of CuO in the presence of hydrogen was
ound to be 60 kJ/mol [24]. In another report, the reaction
CuO → 2Cu2O + O2 taking place via a moving phase bound-
ry and rate limited by oxygen diffusion along the Cu2O grain
oundaries, was found to have an activation energy of 106 kJ/mol
25]. On the other hand, activation energies in a broad range have
een reported for the aluminum oxidation that is rate-limited by
iffusion through growing Al2O3 scales. A sequence of Al2O3
olymorphs including amorphous → � → � → � phases was
eported to be produced upon aluminum heating in oxygenated
ases [26]. This sequence is expected to be modified by the pres-
nce of other condensed phases, such as CuOx, but the overall
cheme of aluminum oxidation including a sequence of tran-
ition alumina phases leading to the formation of the stable �-
l2O3 should remain. The related activation energies for the con-

equent oxidation steps of aluminum powders in oxygen were
dentified in ref. [27] as 120, 227, and 306 kJ/mol for the growth
f amorphous, �- and �-alumina polymorphs, respectively.

Interestingly, the initial process of growth of the amorphous
lumina has the activation energy comparable to that of CuO
ecomposition. However, the activation energy increases sig-
ificantly upon formation of crystalline alumina polymorphs at
igher temperatures.

Comparing the activation energies reported in the literature
or CuO decomposition and alumina growth with the values
resented in Table 3, it can be suggested that the initial steps of
he Al–CuO reaction are controlled by CuO decomposition. This
uggestion is supported by the XRD patterns analyzed for the
amples quenched from intermediate temperatures. At higher
emperatures, the rates of these decomposition processes are
upplemented by the growth of amorphous alumina that could
ot be detected by XRD. The above processes can be assigned for
he introduced steps 1–3 which all have relatively low activation
nergies. An increase in the activation energy in step 4 signals
hat the growth of crystalline Al2O3 polymorphs becomes the
ate-limiting reaction step.

Because the four events were assumed to be independent of
ne another, the total heat release of thermite reaction can be
ound simply as a sum of the heats released in each event
˙ total =
4∑

i=1

Q̇i (1)
a
(
E

ig. 14. Comparison of ignition experiments and thermal analysis data at
elected levels of reaction progress with the lines of constant reaction progress
alculated according to the introduced kinetic model.

onsidering specific expressions and parameters of individual
erms, Q̇i, described in Table 3, the heat release as a function
f temperature and heating rate for the overall Al–CuO thermite
eaction can now be described. As noted above, the frequency
actors are specific for the particular sample morphology used
n this research and one needs to re-determine their values for
ifferent nanocomposite materials. The overall reaction mech-
nism, however, is expected to remain valid for any Al–CuO
omposites.

In order to use the proposed reaction mechanism for quantita-
ive description of ignition experiments, a detailed heat transfer

odel needs to be developed describing the ignition experi-
ent and including the term given by Eq. (1), using the specific

inetic parameters presented in Table 3. Such a model was out-
ide the scope of this project. Instead, the validity of the proposed
echanism was assessed by relating thermal analysis to ignition

xperiments via an isoconversion approach. This assumes that
gnition occurs at a constant degree of reaction progress α (see
ig. 12). Fig. 14 shows an Arrhenius diagram where a group of
urves representing constant reaction progress are superimposed
n the experimentally observed ignition temperatures. The plot
uggests that ignition occurs when approximately 4% of the total
eaction enthalpy is released. The temperatures where 4% reac-
ion progress is observed in the thermal analysis experiments
ave been determined and are also shown for reference. These
xperimental points correlate well with the calculated lines of
onstant reaction progress, which is to be expected considering
he good match between the experimental and calculated DSC
urves shown in Fig. 13. This indicates that ignition indeed can
e described adequately by the overall reaction kinetics model
eported here.

. Conclusions
The highly exothermic heterogeneous reaction between Al
nd CuO was found to start at relatively low temperatures
∼400 K) and is well described by four parallel reaction steps.
arlier measurements did not resolve the low-temperature
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xothermic events and focused on the strongest, fourth reaction
tep. However, ignition of the nanocomposite Al–CuO materi-
ls was shown to be driven primarily by the lower-temperature
xidation processes.

Specific mechanisms and kinetic parameters were deter-
ined to describe the individual reaction steps for the prepared

anocomposite powders. These mechanisms include the fre-
uency factors specific for the powders used in this study and
ctivation energies that should remain valid for any Al–CuO
omposite materials. The identified reaction steps were ten-
atively assigned to specific processes of CuO decomposition
ollowed by diffusion of reacting species through amorphous and
hen crystalline Al2O3 polymorphs. It was shown that ignition
f Al–CuO nanocomposite powders can be described reason-
bly well using the proposed kinetics of Al–CuO heterogeneous
eactions. Future work will focus on development of a complete,
uantitative ignition model.
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