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Abstract— Nano size Al/Fe,05 thermite system has been reported in the literature as metastable intermolecular composites
(MIC). Nano Al/nano Fe,O; MIC has been prepared in various proportions by ultrasonic method. A comparative study on
heat output and thermal behavior has been made on MIC using DTA (Differential Thermal Analysis), STA (Simultaneous
Thermal Analyzer) and bomb calorimeter. It has been observed that nano-size ingredients produce more heat output
compared to micron size ingredients. The ignition temperature also reduces in case of MIC indicating faster release of
energy at lower temperature. The impact of ignition of nano-thermite has been reported based on ignition DTA experiment.
DTA analysis also shows complete reaction in case of MIC where as micron size thermite showed an endothermic peak of Al
melting indicating incomplete reaction. The PXRD (Powder X-Ray Diffraction) data of combustion products has been used
to establish the combustion mechanism of MIC. The activation energy of MIC has been calculated using Kissinger, Ozawa
and Starink kinetic equations and compared with literature reported values.
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Abbreviations used

AH= heat of combustion (cal/g)

E.= activation energy (kJ/mol)

Tn= maximum peak temperature of DTA (K)

o = heating rate (K/min)

M= slope of the linear line

C. = intercept of the linear line and constant of Kissinger equation
C,= intercept of the linear line and constant of Ozawa equation

Z, and Z, = pre—exponential factor (frequency factor)

R= universal gas constant (8.314 J/K mol)

l. INTRODUCTION

The thermite systems give very high-temperature output and are prefered as heat source for several applications. The
Al/Fe,03 thermite system is a classical thermite system and can be used for welding of railway tracks (since 1898), cutting
and perforation of materials, to produce alumina liners insitu for pipes, a portable heat source, a high-temperature igniter, a
pyrotechnic heat producer as an additive to explosives [1] propellants [2], gas generating compositions [3], nanoenergetic
microelectromechanical systems (MEMS) platform for micro-propulsion system [4] and incendiary grenade [5]. This system
has also been investigated in environmental protection processes [6], namely for the treatment and recycling of zinc
hydrometallurgical wastes [7, 8] and for the treatment of by-products of steel industry [9]. Other recent applications of this
reactive system are the synthesis of ceramic reinforced metal-matrix composites [10, 11], of magnetic granular films [12], of
iron aluminides [13-15], of transition metal carbide/ nitrides [16], alloying/welding [17] and energetic hanocomposites [18-
20]. Al/Fe203 has been used for catalytic application of combustion of AP/HTPB system [21]. Recently fabrication of
hybrid nano-composite from Al/Fe203 system has been reported in the literature [22].

Recent developments in the preparation and production of nanomaterials have created a new kind of energetic materials
commonly known as nanoscale composite energetic materials, metastable intermolecular composites (MIC) or simply
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nanoenergetics. MIC's are also known as superthermites. In these materials, nanosized particles of ingredients are used to
produce dramatic changes in combustion behavior. Nanosized metals and metal oxides in the MICs have replaced the micron
sized constituents which are used in conventional thermites. The reduction of particle size with increased surface area
effectively enhances homogeneity of the mixture [23]. This change in particle size produces significant changes in the
kinetics and reaction propagation characteristics of the thermite. Generally, nano-particles on approaching towards molecular
size and intermixing at this level increase the characteristics of the thermite over micron size thermite mixtures [24, 25]. It is
considered that ignition is generally a melting of one of the two components followed by a diffusion-controlled reaction. The
melting point of aluminum is 660 °C whereas Fe,O3; begins to melt at 1565 °C. Nano-scale particles have been considered
highly reactive and melting point independent wherein the solid-solid physical contact may be sufficient for ignition [26].

A number of studies have been carried out on Al/Fe,O3 thermite for its reaction mechanism and kinetics. Sarangi et al [27]
investigated this system using different Al percent and studied its reaction kinetics. Duraes et al [28] studied the reaction
intermediate and final product characterization of Al/Fe,O5 system taking various molar ratio of both the constituents. Mei et
al [29] made an interesting investigation for the kinetics and combustion mechanism of the reaction as given in Eqg. 1 below.
Fan et al also studied the kinetics and combustion mechanism of the thermite reaction [30]. Bullian et al [31] investigated the
reaction kinetics of 38.6% Al and 61.4% Fe,O; thermite system. Weiser et al [32] investigated ignition of different
stoichiometric proportion of Al/Fe,O5; system for their product under pressure. Cheng et al [33] studied the Kinetics of
thermally initiated reaction of Al/Fe,O3 nanothermite. Wang et al reported Al/Fe,O3; thermite reaction mechanism based on
residue collected from DSC experiments at different temperature [34]. In this paper we have reported the reaction mechanism
based on combustion product analysis obtained from bomb calorimeter experiments for different thermites.

Heat of reaction of the thermite system described by Eq. 1 is sufficient to raise its temperature to very high values (~3000 K),
above the melting points or even the boiling points of reactants, intermediate and final products for the following reaction:

F3203 +2Al — 2Fe + A1203+ AH (1)

However, the ignition behavior of MIC’s based on nano Al and nano Fe,O3 has not been reported yet in the literature. An
attempt has been made to study the ignition behavior of MIC using DTA, STA and bomb calorimeter. The PXRD has been
used to study thermite reaction mechanism by the combustion product analysis.

1. EXPERIMENTAL

Nano sized a-Fe,Os; (70nm) was prepared through emulsion route as described in literature [35]. Nano Al (100nm) was
obtained from SIBTERMOCHIM Ltd, Russia. Other chemicals used for this work were: micron size (1.6 p) a-Fe,Os
(Cyanide & Pigment Ltd, Kolkota, India), and cyclohexane (Thomas Baker, India). The scheme for preparation of thermite is
described in Fig.1. Nano Al and Fe,O5; powder were mixed thoroughly with various weight ratio as given in Table-1. A
composition was prepared by adding 5g dry mix of nano Fe,Oz; and Al into 100ml cyclohaxane. The contents were
ultrasonicated for 20 min. to break the agglomerates. The contents were then poured into a watch glass and slightly heated to
allow evaporation of cyclohexane.

TABLE-1
COMPOSITION DETAIL.

T1 25 - 75
T2 15 85 -
T3 25 75 -
T4 35 65 -

* Batch size=5¢
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FIG. 1. SCHEME FOR MIC PREPARATION

Heat output (calorimetric value) of the MICs was measured using LECO AC-350 Bomb Calorimeter (USA make) in argon
medium at a pressure of 5 atm. Ignition temperature was measured using a DTA instrument (Stanton Redcroft, UK make) at
a heating rate of 40 °C/min at ambient condition. For kinetic study, thermal analysis experiments were carried out at different
heating rates of 20, 30 and 40 °C/min. Simultaneous thermal analysis (STA) experiments were carried out by purging
nitrogen at a flow rate of 100 mL/h using TA instruments (model SDTQ600 of USA make). Powder X-ray diffraction
(X’Pert pro, Panalytical, The Netherland) studies of the combustion products (residue obtained from bomb calorimeter
experiments) were carried out using Cu Ko radiation of wave length 1.5405A.

1. RESULTS AND DISCUSSION

3.1  Heat output

The heat output values of MIC obtained from bomb calorimeter experiment have been given in Table-2. The value for MIC
of 25:75 ratio of Al/Fe,O5 (T3) was 665 cal/g. The thermite composition with same percentage of Al & Fe,03 (T1) produced
515 cal/g heat output. This indicated that MICs provided efficient combustion compared to thermite. The heat output value
with 35% aluminium increased to 689 cal/g and with 15% Al heat output decreased to 210 cal/g. The decreasing trend in heat
output result with decreasing fuel percentage has also been reported in literature [36]. The variation in heat output result in all
the MIC was due to incomplete reaction which could be due to non availability of adequate oxidizer or fuel in the
composition. According to Eq. 1, for the stoichiometric reaction, 25:75 weight ratio is required for Al/Fe,O3 thermite system.
According to the result reported by Sarangi et al, [27] a complete reaction takes place for Al/Fe,O3 thermite system for the
ratio of 8:1. Bullian et al [31] studied Al/Fe,O3 thermite system with ratio of 38.6: 61.4.

TABLE-2
CALORIMETRIC VALUES OF THERMITE COMPOSITIONS.

Cal val (cal/g) 515 210 665 689

3.2 Ignition of thermite and MIC using DTA

The ignition behavior of T1 and T3 mixture was measured with the help of DTA at a heating rate of 40 °C/min (Fig. 2). In
case of thermite mixture T1 (micron size Fe,03), a very smooth and broad exothermic peak at 615 °C was observed. Whereas
a strong and sharp ignition peak at 605 °C could be seen for the MIC T3 (with nano Fe,03). However, T4 mixture showed
similar ignition behavior. The DTA data indicated that T3 and T4 mixture provided faster heat release as compared to
thermite mixture T1.
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Sarangi et al [27] reported that the reduction reaction in air always took place at 890 °C and could not be ignited in inert
atmosphere. Mei et al [27] has mentioned that the combustion reaction takes place in two stages, Fe,Os first completely
decomposes to Fe;0,4 and O, at 960 °C, and then Al reacts with Fe;O,4 to produce Al,O5 at 1060 °C. Wang et al [37] reported
that first exothermic peak appears at 853 °C at a heating rate of 10 °C. They also observed an endothermic peak near 660 °C
for the melting point of Al. Cheng et al [33] reported the ignition temperature of different Al/Fe,O3 nano thermite system in

the range of 686-1036 °C.
i 615 °C
1 ™

AT

605 °C
T3 T

0 ' 21'10 ' 41'10 ' GIIJO ' allzo
T(°C)
Fi1G. 2. DTA GRAPH AT 40 °C/MIN FOR MIC.

However, it has been observed the ignition behavior of MIC T3 with a strong and sharp exotherm at 605 °C (Fig. 2), which is
lower than the earlier reported values. The alumina crucibles after the DTA experiments are shown in this Fig. 3. The
crucible remained intact after experiment in case of sample T1 (Fig. 3a and 3b). However, it has been observed that crucibles
were broken after experiments (Fig. 3c and 3d). The vigorous exothermic reaction for nano sized MIC seems to be of high
impact with much faster release of heat energy. Due to this very high impact upon ignition the crucible got broken.

FIG. 3. CRUCIBLES USED BEFORE (A) AND AFTER DTA EXPERIMENTS. (B) FOR THERITE T1AND (C) AND
(D) FORMIC T3.
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In the present study, no any endothermic peak was observed in MIC and thermite composition. However, a sharp exothermic
peak was obtained at nearly 605 °C before ignition. It may be due to the melting of nano Al. Soon after melting, reaction of
nano Al with nano Fe,03 continues followed by fast combustion reaction. Due to nano-sized particles, the distance between
fuel and oxidizer particles is reduced. The sharper ignition peak of MIC than for micron size thermite (T1) may be
understood based on the explanation given by Plantier [26]. Thermite reactions are diffusion controlled and hence decrease in
the diffusion distance causes reduction in ignition time and increased reaction rate of the mixture. Because of the contact
distance of both the constituents (fuel and oxidizer) is reduced almost to the molecular dimension, these reactions are capable
of producing higher rates of energy release and resulting in enhanced reactivity [38-40]

3.3 Thermogravimetric and Differential Thermal Analysis

STA measurements were carried out at a heating rate of 20 °C/min (Fig. 4 and Fig. 5). The details of STA results have been
given in Table-3. DSC curve showed the exothermic peak between 616-621 °C for all the three samples (T1, T3 and T4). The
peak intensity/area under the curve was found maximum in case of T4 as compared to T1 and T3. The peak area under the
curve is proportional to enthalpy change (AH) of the material. Hence from the graph and Table-3, the values of AH was
higher in case of T4 (906 J/g) and T3 (821 J/g) as compared to T1 (597 J/g). Along with exothermic peak, there was an
endothermic peak at 654 °C in the DSC curve of T1, which was due to the melting of unreacted Al remained after ignition.
This peak was not observed in case of T3 and T4. XRD data confirmed that No unreacted residual Al was left in case of T3
and T4.

The TGA experiment was carried out at a heating rate of 20 °C/min. Continuous weight gain was observed at a true onset
temperature of 550 °C (Fig. 5a). Similar behavior has been reported for nano Alex by Jones et al. [41]. They have explained
that the weight gain is due to nitridation on the surface of nano Al or of the un-reacted Al core [42] which is described as
follows (Eq. 2)

2A1(s) + N, (g) = 2AIN(s) 2
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F1G. 4. DSC CURVES FOR MIC T1, T3 AND T4 AT AHEATING RATE OF 20 °C/min. INSERT IS THE
ENLARGEMENT OF ENDOTHERMIC PEAK FOR T1

TABLE-3
DATA OBTAINED FROM STA ANALYSIS.

621 1
T1 654 | 597 4.01
T3 616 1 821 471
T4 620 1 906 8.53

1- exo, |-endo
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FIG.5.(B) TG PLOTSFOR T1, T3 AND T4 AT A HEATING RATE OF 20 °C/MIN

Nitridation leads to exotherm in DTA graph. But due to lower peak temperature and higher heating rate it did not appear on
corresponding DTA graph. The DTA peak at around 660 °C was due to melting of un-reacted core Al. In TG graph of MIC
T1, T3 and T4 (Fig. 5b) weight gain was observed in two steps for sample T1. Step 1 (weight gain =4.01%) was due to
nitridation along with thermite reaction and step 2 was due to melting of un-reacted Al. In case of T3 and T4 sharp weight
gain was observed. This is due to the much faster ignition reaction of nano size MIC than micron size. This result is in
agreement with DSC and ignition DTA peaks. More weight gain, observed in case of T4 (8.53%) as compared to T3
(4.71%), was due to the presence of more amount of Al undergone nitridation.

3.4  Combustion Kinetics

Based on DTA plot at a heating rate of 20, 30 and 40 °C/min, kinetics of the combustion parameters were studied. Three
different methods have been applied for the calculation of activation energy (E,) for comparison. Those are (a) Kissinger
method, (b) Ozawa method and (c) Starink method.

3.4.1 Kissinger Method

According to Kissinger “during the rise in temperature the reaction passes by a maximum before decreasing”[43]. It is based
on the equation below

a E,
In (ﬁ) = — E + Cl (3)
Ci=ln (- (4)
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The plot of 1000/T,, and In(a/T,2) gives a straight line (Fig. 6) and from the slope M activation energy can be calculated as

E, = —RM (5)
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9.9 - 1.6 -
-10 - 1.55 -
101 - E, =129 kJ/mol 15 - 2 =132 kJd/mol
= O [
=102 - 145 1
§_10_3 l N S 14 -
(=
T 104 - 1.35 1
-10.5 - 13 1E, =164 kJ/mol O [
E, =157 kJ/mol - 1.25 -
-10.6 - >
1.2 T T T
-10.7 ; ; ;
1.06 1.08 1.1 1.12 1.14
1.06 1.08 1.1 1.12 1.14 1
1000/T,, (K 1000/T,, (K2)

FIG. 6. PLOT OF 1000/T, and In(a/Ty?) USING
KISSINGER’S METHOD
3.4.2 Ozawa Method

FIG. 7. PLOT OF 1000/T, and log a USING OZAWA’S
METHOD

Ozawa proposed the following kinetic equation for the determination of activation energy [44]
Eq
Ina = -t C, (6)
The plot of 1000/T, and log o gives a straight line (Fig. 7) and from the slope M activation energy can be calculated as
E, = —2.19R.M @)
3.4.3 Starink Method

A new method for the derivation of activation energies is proposed by Starink [45]. According to him
TT}IB _ Eq
In (7) = sz‘i' C3 (8)
Z, = 1.0070 — 1.2x 1075 E, 9)
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The plot of 1000/T,, and In(T,%0) produces a straight line (Fig. 8). From the slope M and A, activation energy can be

calculated as

TABLE-4

ACTIVATION ENERGY (E,) of MIC in kd/mol.

(10)

T3 157 164 157

T4 129 132 125
Ref 28 - - 145
Ref 29 - 248 -

Activation energies estimated by Kissinger, Ozawa and Starink methods are tabulated in Table-4. E; is found to be 157, 164
and 158 kJ/mol for MIC T3 and that of 129, 132 and 126 kJ/mol for MIC T4 respectively. Fan et al [28]reported that the
value of E, by Starink method was 145 kJ/mol for the thermite reaction. Bulian et al [31].found the nearest value of 247.76
kJ/mol for the similar nano thermite reaction applying Ozawa method.

3.5 Combustion Mechanism

The thermite compositions and the products obtained after heat of combustion experiments of the compositions were
analyzed by powder XRD. The XRD patterns of compositions and the combustion products have been shown in Fig. 9 and
10. The phases present in the products after combustion have been presented in Table-5. The corresponding Miller planes
have been shown against their peaks of both Al and a -Fe,0s.

In case of thermite (T1), as shown in Fig. 10, the products obtained were cubic-Al,Os, cubic-Fe and cubic-FesAl. The later
one FezAl, an intermetallic phase, was detected with higher intensity in the products of sample. The intermetallic phase peak
coincided with Fe phase. As from DSC graph (Fig-4), the presence of FesAl phase was confirmed by the observation of
endothermic peak for Al melting. In case of MIC’s T2 and T3, hercynite (cubic-Al,FeO, which is Fe+2Al,O4) was widely
identified as an intermediate product of the thermite reaction [24]. In case of T2, other than hercynite, cubic-FeO phase was
found. Along with hercynite, rhombohedral-a-Al,O3 and cubic-Fe phases were found in MIC T3. Formation of Fe phase in
this case may be due to reduction of FeO to Fe. Fig-10 revealed the presence of rhombohedral a-Al,O3; phase along with low
intensity peak of cubic-Fe for the combustion of T4. No other products were found is in this case.

TABLE-5
FINAL COMBUSTION PRODUCT OF MICs (BASED ON XRD ANALYSIS).

T1 AlLO;3, Fe, FezAl

T2 Al FeQy(i.e. Fe+2Al,0,), FeO
T3 Al O3, Fe, Al,FeO,

T4 Al,O3, Fe
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FIG. 9. XRD PATTERNS MICs (a) T1, (b) T3 and (c) T4. THE PHASES INDICATED IN THE PATTERNS ARE 1-
Fe,O3; (Rhombohedral), 2-Al (Cubic) WITH THEIR CORRESPONDING PLANES.

The probable mechanism for the micron size thermite reaction (for T1) can be discussed on the basis of the above results and
literature review. Fe—Al intermetallic phases produce when Fe phase obtained product is in contact with melted aluminum
[11, 13-14]. Due to the presence of nano Al, the reaction proceeds in case of T1 as nitridation followed by melting of Al and
then reaction with Fe,0O3 to form Al,O3 and FeAls. Micron size iron oxide could not get reduced completely, But in case of
MIC’s, a violent reaction (also recognized by DTA) occurs among the nano reactants as the ignition point reached and
energy release is much faster than thermite. In case of T2, excess of oxidizer turned out to FeO. Sample T3 showed
intermediate product hercynite. Similar products have been reported in the literature also [34]. The difference in reaction
mechanism for thermite and MICs can be explained as reduction of thermite fuel and oxidizer particle size from the micron
regime to nano-scale dimensions has been shown to produce more favorable combustion behavior. Such fine-sized particles
make greater intermixing and reduced diffusion distance between fuel and oxidizer. As discussed earlier, because of diffusion
controlled molecular level reactions, decrease in the contact distance among the fuel and oxidizer could decrease ignition

time and higher energy release rate.
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FIG. 10. XRD PATTERNS FOR COMBUSTION PRODUCTS OF (a) T1, (b)T2, (c) T3 and (d) T4 THE PHASES

INDICATED IN THE PATTERNS ARE 1-Al,O3; (Rhombohedral), 2-Fe (Cubic), 3-Al,O3 (Cubic), 4-Al,FeO,
(Cubic i.e. Fe+2Al,0,4) 5-FeO (Cubic), 6-Fe;Al (Cubic)
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V. CONCLUSION

Nano thermite compositions (MICs) were prepared by ultrasonic method using nano Al and nano iron oxide of different
weight percentage which were found to be more efficient than micron size thermite composition. Heat of combustion
obtained by bomb calorimeter increased upon increasing Al content. Ignition temperature measured by DTA of MICs was
lower than micron size thermite composition and combustion reaction was very fast with faster release of thermal energy. In
the thermo-gravimetric analysis, two transitions were observed, one for nittridation ignitation with exo followed by melting
of Al with endo peak for thermite. MIC showed only one nitridation ignitation with exo peak. The activation energy was
calculated using Kissinger, Ozawa and Starink kinetic equation and found to be 164, 157 and 158 kJ/mol. MIC’s are more
efficient in energy release than micron size thermite composition. The mechanism of the combustion reaction was
investigated by XRD of combustion products. Micron size thermite composition produced byproducts such as Al,O3 and
FeAl;, whereas in case of MIC’s, hercynite was the intermediate product along with FeO and with increasing Al content in
MIC, formation of Fe phase took place along with Al,O3.
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