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ABSTRACT

The activation energy of a high melting temperature sol-gel (SG) derived tantalum-
tungsten oxide thermite composite was determined using the Kissinger isoconversion
method. The SG derived powder was consolidated using the High Pressure Spark
Plasma Sintering (HPSPS) technique to 300 and 400°C to produce pellets with
dimensions of 5 mm diameter by 1.5 mm height. A custom built ignition setup was
developed to measure ignition temperatures at high heating rates (500 — 2000°C-min™).
Such heating rates were required in order to ignite the thermite composite. Unlike the
400°C samples, results show that the samples consolidated to 300°C undergo an
abrupt change in temperature response prior to ignition. This change in temperature
response has been attributed to the crystallization of the amorphous WOj3 in the SG
derived Ta-WO3 thermite composite and not to a pre-ignition reaction between the
constituents. Ignition temperatures for the Ta-WO3 thermite ranged from approximately
465 — 670°C. The activation energy of the SG derived Ta-WO3 thermite composite
consolidated to 300 and 400°C were determined to be 37.787 + 1.58 kJ-mol™* and
57.381 + 2.26 kJ-mol™, respectively.

INTRODUCTION
In 1895, German chemist Hans Goldschmidt patented the oxidation/reduction or redox
reaction between a metal and a metal oxide, a reaction which has been referred as

thermite [1]. A typical thermite reaction is between aluminum and iron oxide,



24l + Fe,05 — Al,05 + 2Fe + AH (1)

As indicated by Eq (1), thermite reactions are exothermic which can be self-sustaining.
Their mechanism and utilization have been described in detail elsewhere [2]. Because
of the high thermodynamic stability of its oxide (Al,0s, AH; =-1675.7 kJ-mol™ at 25°C)
and its low melting temperature (660°C), aluminum has been widely used as the fuel
metal in combination with various oxides such as Fe,03;, CuO, MoO3z and WOj3 [3-10].
Important kinetic parameters such as ignition and peak temperatures as a function of
heating rate are obtained from differential thermal analysis (DTA) and differential
scanning calorimetry (DSC) measurements. These temperatures may in turn be use to
determine the activation energy of the thermite as a function of a particular parameter of

interest (e.qg., particle size or distribution).

Determining the activation energy of thermite composites is an important parameter of
the ignition process. Such activation energy is defined as the minimum amount of
energy required to initiate the reaction between the thermite constituents. Studies have
been conducted to determine the activation energy of Al-based thermite composites
using isoconversion processing of heat flow data as a function of temperature for
various heating rates from DSC measurements [4, 11-13]. In other studies the
activation energy of Al-based intermetallic energetic materials was determined using
isoconversion methods from temperature versus time thermograms in laser ignition

experiments [14, 15].

The laser ignition of energetic materials is a nonisothermal analysis that supplies a
constant heat flux to the sample of interest. Such analysis assumes that the ignition
temperature corresponds to a fixed state of transformation of the compound from
reactants to products. This nonisothermal analysis may be applied to determine the
activation energy, Ea, of energetic materials as long as the thermograms are

reproducible and depict specific ignition temperatures [14].



There are a number of isoconversion methods [16-20] that have been applied to
determine Ea. According to the Kissinger isoconversion method [16], Ea may be
calculated from

d ln[ ]
lgn

where B is the heating rate, Tign is the ignition temperature, R is the universal gas

()

constant and T is the absolute temperature. The activation energy, Ea, is obtained from

the slope of an Arrhenius plot of In [} / Tzign] vs. 1/T.

As indicated above, several isoconversion methods have been employed to determine
Ea, for Al-based thermite reactions from DSC, DTA, and laser ignition measurements
[11-15, 21-23]. To our knowledge, we do not know of any studies done on the
determination of Ea for thermites with a high melting temperature (~ 3000°C) as a fuel
metal. Here we present results of an investigation on the activation energy of a sol-gel
derived Ta-WOj3; thermite reaction. The Kissinger isoconversion method was applied in
this study since it has also been previously used on laser ignition studies of intermetallic

energetic composites [14, 15].

EXPERIMENTAL METHODS

A. Materials Synthesis

A Ta-WOj3; thermite composite powder was prepared using sol-gel techniques. The
synthesis of the reactive composite is described in detail elsewhere [24]. Here we
provide a brief description of the process, 14.76 g (43.5 mmol) of WOCI, (F.W. = 339 g
mol™; 98% from Sigma-Aldrich, Milwaukee, WI) were dissolved in 125 mL ethanol/H,O
solution with a 95/5 vol % composition. After filtering the solution, 9.2 g (52.2 mmol) of
capacitor grade Ta metal powder (H.C. Starck; average particle size 5 um and 99.99%
pure) was added to the filtered solution to make a composite mixture. While stirring the

mixture, 20 g (235 mmol) of 3,3,-dimethyloxetane (DMO) (98% pure from Sigma-



Aldrich, Milwaukee, WI) was added to the mixture. Shortly thereafter, a gelation of a
uniform composite occurred. This method provides an energetic composite that
incorporates immobilized micrometric tantalum in a three-dimensional nanostructured

tungsten oxide gel with a 6:5 (Ta:WO3) mole ratio as shown in Eq. (3).
6Ta + 5W03 - 3Ta,05 + 5W (3)

B. Consolidation of Sol-Gel Ta-WO3

The consolidation of the sol-gel Ta-WOj3; energetic composites was performed using the
high-pressure spark plasma sintering (HPSPS) method. Details on this technique are
presented elsewhere [25, 26]. It is similar to hot-pressing with the distinct difference
that the heating is effected by a pulsed DC current applied to the sample and the
graphite die. The graphite die assembly is made up of several internal components that
allows for the application of pressures as high as 1 GPa. Graphite dies with a 5 mm
inner diameter were used to consolidate the samples at 300 and 400°C. An initial
pressure of 150 MPa was applied to the samples which were heated from room
temperature to 200°C at approximately 50°C-min™. In order to remove any residual
solvents or physically adsorbed water, the samples were held at 200°C for 2 min.
During the 2-min hold, the pressure was increased to 300 MPa and the temperature
increased at a rate of approximately 100°C-min™ to the desired final temperature. Once
at temperature, the sample was held there for 3 min. The average sample weight and
dimensions were 0.225 + 0.005 g and 5 £ 0.1 mm diameter by 1.5 + 0.3 mm height.

C. Ignition Setup

The development of a custom built ignition setup was necessary since conventional
DSC apparatus were not capable of generating the required heating rates to initiate the
thermite reaction and since experimental problems were encountered during laser
ignition experiments. Laser ignition experiments have been previously applied to the
ignition of intermetallic energetic composites [14, 15], therefore Ilaser ignition
experiments were attempted to ignite the Ta-WO;3; thermite reaction. The laser



experiments generated the required heating rates and initiated the composite, but after
many attempts we were not able to obtain reproducible data. We found that the
thermite sample spalls and disperses away during the laser ignition experiments making
it difficult to monitor the temperature profile of the sample. As a result, we developed
an in-house custom designed apparatus which provided the required heating rates (500
— 2000°C-min™) and generated reproducible data. In our experimental setup a laser is
not used to provide a constant heat flux, instead the sample is exposed to a constant
radiant heat flux provided by filament wires capable of generating reproducible
thermograms and specific ignition temperatures.

Our experimental setup consisted of placing a 50 mm diameter quartz tube in a tube
furnace operating at temperatures ranging from 800 to 1000°C depending on the
desired heating rate. One end of the tube furnace was capped with a fitting to allow
inert gas to flow through the tube. The other end of the tube remained open to allow for
the insertion of a smaller (~ 25 mm diameter) quartz tube assembly (see Figure 1 (a)).
The smaller tube (Figure 1 (b)) was likewise capped on one end by a fitting to hold the
25 mm quartz tube in place, fasten an alumina tube and allow for inert gas to flow
during the ignition experiments. The sample was assembled by attaching a 0.127 mm
K-type thermocouple to the top surface of the sample using conductive silver ink (Alfa
Aesar, Ward Hill, MA). The sample was then covered with a 0.6 mm thick zirconia
blanket to moderate the heat flow to the sample (Figure 1 (c)). The thermocouple with
the attached sample and zirconia blanket were then inserted through an alumina tube
containing two ports for each of the thermocouple leads. Argon gas was purged at 300
mL-min™ during the experiment. Figure 1 (d) shows a schematic of a fully assembled

experimental setup.

At least 10 samples at each consolidation temperature (300 and 400°C) were tested
using the described experimental setup. Temperature versus time data were collected
at an average rate of 36 us per data point using an Agilent 34970A Data
Acquisition/Switch Unit. Heating rates varied from 500 to 2000°C-min™.



RESULTS AND DISCUSSIONS

A. Ignition Thermograms and Activation Energy

Typical thermograms of samples consolidated at 300 and 400°C by the HPSPS method
are presented in Figure 2. It can be observed that the temperature profile for the
sample consolidated at 300°C is different from that of the sample consolidated at
400°C. The sample consolidated at 300°C shows a shoulder in the temperature profile
prior to the final rise associated with the ignition of the reaction. In contrast, the sample
consolidated at 400°C does not show a similar change in the temperature profile prior to

ignition.

The heating rates and the ignition temperatures for each sample were calculated and
determined using their corresponding thermograms. Since the 300°C samples
displayed a shoulder in the temperature response prior to ignition, two heating rates and
two ignition temperatures were calculated and determined for each sample. The first
heating rate was calculated for the temperature rise from room temperature to the
beginning of the temperature shoulder (labeled as Slope 1 in Figure 2). The first ignition
temperature was determined from the intersection of a tangent line between Slope 1
and Slope 2 (Slope 2 represents the initial part of the shoulder, as shown in Figure 2).
The first heating rate and ignition temperature for the 300°C samples in Figure 2 were
calculated and determined to be approximately 588°C-min™® and 478°C. From
herethereafter we will refer to this as the 1% ignition data for the 300°C thermograms.
The second heating rate was calculated from Slope 3 as indicated in Figure 2. The
second ignition temperature was determined from the intersection of a tangent line
drawn between Slope 3 and Slope 4. The second heating rate and ignition temperature
for the 300°C samples in Figure 2 were determined to be approximately 927°C-min™*
and 533°C. From herethereafter we will refer to this as the 2" ignition data for the
300°C thermograms.

The same methodology was applied to calculate and determine the heating rate and

ignition temperature for the 400°C samples. The difference between the 300°C and the



400°C samples is that for the 400°C samples only one heating rate and one ignition
temperature were determined. Such distinction was necessary since these samples do
not undergo a distinct change in temperature response prior to ignition. The heating
rate and ignition temperature for the 400°C samples in Figure 2 were calculated to be
about 505°C-min™ and 551°C.

Heating rates generated from our in-house experimental setup to initiate the Ta-WO3
thermite reaction ranged from about 500 to 2000°C-min™ and the ignition temperatures
ranged from approximately 465 to 670°C. All of the resulting heating rates and ignition
temperatures were applied to the Kissinger isoconversion method to determine the
activation energy, Ea, of the samples consolidated at each temperature. Table 1 shows
the activation energy values for SG derived Ta-WO3; samples consolidated at 300 and
400°C.

It can be seen from the root mean square values, the uncertainty in the calculated
activation energy for the first ignition data is high. We postulate that this uncertainty
may be related to complex pre-ignition reactions between the constituents. Pre-ignition
reactions have been verified by previous observations in intermetallic energetic

composites [27].

B. Ignition Quench of Consolidated 300°C Sol-Gel Ta-WO3

To investigate if pre-ignition reactions do occur in the samples consolidated at 300°C,
partially converting of the reactants of the SG derived Ta-WO3; powders to products or
intermediate phases, quenching experiments were carried out. Figure 3 shows the
XRD patterns of (a) the starting SG derived Ta-WO3 powder mixture, (b) the sample
consolidated at 300°C, (c) consolidated at 400°C, and (d) a non-consolidated (as-
received) powder mixture of a commercially available WO3; and Ta. The x-ray diffraction
patterns show that the WOg3; in the SG derived Ta-WO3; composite is amorphous as the
pattern only shows Ta peaks. In contrast and as expected, the XRD pattern of the
powder mixture of the commercially available WO3 and Ta shows that both constituents



are crystalline. In addition, the sample consolidated at 300°C shows minor peaks of
tantalum suboxide indicative of pre-ignition reaction between the constituents. The Ta
suboxide that best fits these peaks is in the form of TaOy as presented by Brauer, et. al
[28]. Furthermore, Figure 3 (c) shows that the WO3; remains amorphous. In contrast,
the XRD of the sample consolidated at 400°C shows a higher degree of pre-ignition
reaction between the Ta and the WOg3; as can be seen by the intensity of the tantalum
suboxide peaks, Figure 3 (c). In this case, there is evidence of the initiation of the
crystallization of the amorphous WOg; as depicted by the two peaks labeled WOs3 in the
XRD pattern (Figure 3 (c)).

To investigate the sequence of phase formation in the thermite reaction, samples were
guenched by rapidly removing them from the tube furnace prior to ignition. Figure 4
shows typical thermograms of the sample sintered at 300°C. Curve 1 is the typical
temperature profile for an unquenched sample while curve 2 shows a thermogram of
the quenched sample. The quenching (quick removal of the sample from the hot zone)
resulted in the avoidance of the main combustion reaction. The approximate heating
and cooling rates for this sample were 590°C-min™ and 335°C-min™, respectively. To
be used as a reference point, Figure 5 (a) shows the XRD pattern of the SG derived Ta-
WO3; sample consolidated to 300°C. It can be observed that it is composed of
crystalline Ta, TaOx and amorphous WOg3. Figure 5 (b) presents the XRD pattern of the
guenched SG derived Ta-WO3 sample consolidated to 300°C. XRD analysis of the
guenched sample showed evidence of crystallization of the amorphous WO3; as
depicted by the two peaks labeled as WO3, but no significant evidence of pre-ignition

reaction, as seen in Figure 5 (b).

Furthermore, when the quenched sample (curve 2, Figure 4) was exposed to the same
heat conditions for a second time and allowed to ignite (curve 3, Figure 4), it becomes
apparent that the thermogram does not have a distinct temperature shoulder prior to
ignition as the 300°C samples typically show. It is important to point out that the ignition
time of the quenched sample (curve 3, Figure 4) is about 0.2 min (12 sec) longer than



the unquenched sample (curve 1, Figure 4). We postulate that the crystallization of the
amorphous WO3 is an exothermic event that acts as an internal heat source for the
reaction to initiate. The rapid increase in temperature shown in the thermogram (curve
1, Figure 4) during the crystallization of the WO3; decreases the ignition times of an
unquenched sample (curve 1, Figure 4) in comparison to a quenched sample (curve 3,
Figure 4). Therefore, it is important to note that abrupt change in temperature response
(or temperature shoulder) prior to ignition observed in the thermograms for 300°C Ta-
WOj3; samples is not due to a pre-ignition reaction between the Ta and the WO3, but
instead is due to the crystallization of WO3 as shown by the x-ray diffraction patterns in
Figure 5 (b).

C. Ignition Quench of Sol-Gel Amorphous WO3;

To verify that the temperature shoulder response in the 300°C SG Ta-WO3; samples was
due to the crystallization of WO3, several sol-gel amorphous WO3; samples were
consolidated (300°C) using the HPSPS to compare to the SG Ta-WO3 samples. From
such consolidation runs, it was learned that such WO3; samples are difficult to
consolidate and crystallize during consolidation, hence we are not able to compare the
SG derived Ta-WO3; samples to sol-gel amorphous WOg3; under similar consolidation
conditions. However, quenching a pressed (25°C) sol-gel amorphous WO3; sample is
acceptable since the sample remains amorphous and we are able to obtain cylindrical
samples. Figure 6 shows the thermograms of the quenched SG Ta-WO; with a cooling
rate of 335°C-min™ and the sol-gel amorphous WO5; sample with a cooling rate of
225°C-min™. It can be observed that both samples were quenched at the same

temperature; therefore we are able to compare their crystal structure.

It is important to note that the difference in heating rate between the SG derived Ta-
WO3; composite and the amorphous WOg3; in Figure 6 may be attributed to differences in
thermal conductivity of each sample. During the experiment, the WO3; will respond

slower to the heating as it lacks the thermal response of the Ta. Moreover, the
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difference may be attributed to the fact that the WOj3; is a porous three-dimensional
nanostructure network whose convective heat transfer will be the rate limiting factor.
The XRD pattern of the quenched WO3; shows that the WO3 has began to crystallize as
shown in Figure 5 (c), this pattern is very similar to the one presented for the quenched
Ta-WOg3 in Figure 5 (a). This supports the idea that the temperature shoulder on the
300°C samples may be due to the crystallization of WO3; and not a pre-ignition reaction

between the reactants.

D. Consolidation and Ignition of Ta-WO3; powder mixture with Crystalline WO3

To further explore the idea that the temperature shoulder on the 300°C SG derived Ta-
WO;3; samples, several attempts were made to consolidate a Ta-WO;3; energetic
composite compose with crystalline WO3 instead of the amorphous WO3. In five
attempts, only two Ta-WO3; samples with crystalline WO3 with similar masses as the
samples made with the amorphous WO3; were produced under similar consolidation
conditions. Therefore, from a consolidation point of view, the composite with the
amorphous WO3; consolidates much better than the composite with the crystalline WOs3.
The composite with the amorphous WO3 always produces good samples after each
consolidation run. Since consolidating the Ta-WO3; composite with the crystalline WO3
was difficult, ignition experiments were performed with smaller mass samples (< 0.1 g
instead of the common 0.225 g). It was found that such samples react, but do not ignite
under the lowest heating setting (furnace at 800°C). Instead in order to ignite these
samples the furnace was set to 1000°C, which is the highest temperature setting used

in these ignition experiments.

Ta-WO3 samples with crystalline WO3 of approximately 0.225 g where ignition tested
while setting the furnace to 1000°C. Results show (as seen in Figure 7) that the ignition
of the Ta-WO3 with crystalline WO3; does not exhibit the abrupt change in temperature
response prior to ignition as previously observed in the SG derived Ta-WO3; samples

consolidated to 300°C. It is believed that since the WOg3 is already crystalline, it does
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not undergo the amorphous to crystalline transformation as the SG derived Ta-WO3;

samples do. Hence the absence on the temperature shoulder in the thermogram.

These results further support the notion that the abrupt change in temperature response
prior to ignition in the Ta-WO3 samples with the amorphous WOj3; crystallizes prior to
ignition. Furthermore, Figure 7 shows that the ignition of the Ta-WO3 with the crystalline
WOj3; occurs at about 800°C which is about 150°C higher than the Ta-WOs3 with
amorphous WO3 under similar heating conditions. In addition, it is important to note that
the ignition time for both samples is very similar. This indicates that at under these
heating rates, the amount of heat required to ignite these thermite composites is about

the same regardless of the crystal structure of the reactants.

CONCLUSIONS

The activation energy of a high melting temperature tantalum-tungsten oxide thermite
composite has been determined using the Kissinger isoconversion method. Powder
samples were consolidated using the High Pressure Spark Plasma Sintering (HPSPS)
technique to 300 and 400°C. A custom built ignition setup was developed to measure
ignition temperatures at high heating rates (500 — 2000°C-min™). Such heating rates
were required in order to ignite the thermite composite. Unlike the 400°C samples,
results show that the samples consolidated to 300°C undergo an abrupt change in
temperature response prior to ignition. This change in temperature response has been
attributed to the crystallization of the amorphous WOs3; in the sol-gel derived Ta-WO3
thermite composite and not to a pre-ignition reaction between the constituents. Ignition
temperatures for the Ta-WO3; thermite ranged from approximately 465 — 670°C. The
ignition of Ta-WO3 with amorphous WO3 generally occurs at lower temperatures than
the Ta-WO3; composite with the crystalline WO3. It is postulated that the crystallization
of the amorphous WQOj3; provides sufficient energy to ignite the 300°C samples at lower
temperatures. Moreover, it was found that the amorphous WO3 used in this study,
crystallizes while consolidating the powder under the same conditions as the Ta-WO3;
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thermite composite. This indicates that the consolidation mechanism of the Ta-WO3
and the sol-gel amorphous WO3; are different. In contrast to the Ta-WO3; with
amorphous WOg3;, in which a good pellet is produced after each consolidation run, the
Ta-WOg3 with crystalline WO3 is difficult to consolidate under the same conditions.
Therefore, from a large production point of view, one may suggest to use the sol-gel
derived Ta-WOgs instead of the Ta-WO3 with crystalline WOs3.
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Table 1 Apparent activation energy values determined by the Kissinger isoconversion method to SG derived Ta-
WO; samples consolidated at to 300 and 400°C

Consolidation Activation Energy Root
Temperature [°C] [kJ-moI'l] Mean Square

300 1st Ignition Data 7.544 + 5.36 0.021

2nd Ignition Data 37.787 £ 1.58 0.847

400 57.381 + 2.26 0.943
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Figure 1. Schematic representation of experimental setup.



1200

1000 A

800 -

600

Temperature [ C ]

300°C

Slope 4 400°C

N

Slope 3
2nd Heating Rate

Slope 2\

Slope 1

gﬁ

ign

400 7: 1st Heating Rate 1st Tign
200 +
0 025 05 075 1 125 15  1.75

time [min ]

16

Figure 2. Shows a typical thermogram for Ta-WO; samples consolidated at 300 and 400°C. It also presents a
schematic on the how the heating rate and the ignition temperature where determined with respect to the
thermogram
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Figure 3. XRD patterns of (a) the starting SG derived Ta-WO; powder, (b) a 300°C as-consolidated SG Ta-WO;
ground powder sample, (c) a 400°C as-consolidated SG Ta-WO; ground powder sample and (d) a non-

consolidated (as-received) powder mixture of a commercially available WO; and Ta. The 300 and 400°C were
consolidated using the HPSPS.
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Figure 4. Thermograms for (1) a typical ignition for a 300°C SG Ta-WOj;, (2) ignition quench of a 300°C SG Ta-WO;

and (3) the ignition of the quenched 300°C SG Ta-WO;sample.
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Figure 5. XRD patterns of (a) as-consolidated 300°C SG derived Ta-WO3 pellet using the HPSPS to 300 MPa (b)
quenched as-consolidated 300°C SG derived Ta-WO3 pellet using the HPSPS to 300 MPa and (c) a quenched sol-
gel amorphous WO; pellet pressed at 25°C and 300 MPa.
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Figure 6. Quenched thermograms of (1) SG Ta-WO; and (2) sol-gel amorphous WO;. The SG Ta-WO; sample was
pressed to 300°C using the HPSPS and the sol-gel amorphous WO; was pressed at 25°C. Both samples were
pressed to 300 MPa.
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Figure 7. Typical ignition thermograms of (1) SG derived Ta-WO; composite and (2) Ta-WO; powder mixture
with crystalline WO3 when the furnace temperature is set 1000°C. Both samples were consolidated using the
HPSPS to 300°C and 300 MPa.



