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Explosive Detection by Microthermal
Analysis
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Differential scanning microcalorimetry at high heating
rates of �300�C=s was performed on 30- to 100-mm-size
explosive particles using two MEMS-based thermal con-
ductivity gauges in air and under N2. The gauges consist
of a thin-film Si3Nx membrane with a centrally located
Al thin-film heater, which is surrounded by six thin-film
Si=Al junctions, creating a temperature-sensitive thermo-
pile (�1.3mV=K) with an effective sensitive area of ca.
200� 200 mm. Heating was carried out by applying a linear
voltage ramp during 1.6 s. The measurements were per-
formed in a specially designed exposure chamber having
a transparent glass lid that enabled optical observation
of the thermal process.

Besides explosives (TNT, RDX, picric acid, urea nitrate,
and TATP) we have studied nonexplosive materials, organic
and inorganic, in order to see whether the explosives have a
unique response. The materials we studied were oxygen-poor
and -rich organic compounds (polyethylene and sugars,
respectively), sea sand, and iron flakes.
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Clear, well-resolved exotherms were obtained at mod-
erated temperatures (�250�C) for all types of explosive
materials tested by us. In addition, all explosives exhibited
a melting endotherm preceding the exotherm. Sea sand
and iron showed no peaks at the heating temperature
range. Polyethylene showed an endotherm representing
its melting. The sugars showed an endotherm but also
an exotherm when heated to elevated temperatures
(>370�C). The thermogram of each material depends on
its properties and is characterized by a unique pattern.
This pattern may enable the detection and identification
of explosive particles using this technology.

Keywords: explosive detection, MEMS, micro-calorimeter,
thermal analysis

Introduction

An important technological challenge for homeland security is
the detection of concealed explosive charges. For this purpose,
controlling and monitoring actions are performed at check-
points located in airports, harbors, border crossings, and term-
inals, using ‘‘sniffers’’ of various kinds. The sniffers may utilize
the following technologies: ion mobility spectrometry (IMS),
chemiluminescence (CL), electron capture detector (ECD),
surface acoustic waves (SAW) [1,2] and quartz crystal microba-
lance (QCM) [3]. All of these technologies track specific
chemical properties of the various explosives.

We suggest an alternative approach for explosive detection
in which we use a property that is common to all types of explo-
sives and distinguishes them from nonexplosive materials. This
differentiation is based upon the thermal analysis profile of the
suspected material. Chen et al. had stated that ‘‘Explosives are
high energy, low stability compounds which exothermally
decompose with heat in the absence of air. In contrast, stable
compounds decompose endothermally’’ [4]. It was also claimed
in that paper that sugars, which are oxygen-rich organic com-
pounds, will decompose endothermally upon heating in the
absence of gaseous oxygen like all other stable compounds [4].
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Recent developments in DSC (differential scanning calorimetry)
and DTA (differential thermal analysis) allow considering
DSC=DTA for rapid and highly sensitive detection of trace
amounts of all energetic compounds. An example of such an
apparatus is model 2990mTA Micro-Thermal Analyzer of TA
Inst. Inc., Newcastle, Delaware, which Chen et al. [4,5] used
for microthermal analysis of explosives (submicron-size
grains). The analyzer is based on a Wollaston-wire probe,
which acts simultaneously as heater and thermal sensor and
is usually used for thermal conductivity scanning in atomic
force microscopy. An important conclusion from their work is
that all explosives, of any character or composition, can readily
be detected by thermal analysis. Moreover, since thermal ana-
lysis has an inherent capability for detection of any and all
explosives, no modification of the analyzer will be required
for new explosives. However, the mTA Micro-Thermal Analy-
zer used for the study is unsuitable for field applications being
mechanically sensitive, complicated, and probably expensive.
For this application, a simple, robust, and low-cost system
is required.

Micro-electro-mechanical systems (MEMS) have ample
advantages for the fabrication of a miniature calorimeter that
might be used for the detection of explosive particles. MEMS
technology allows manufacturing of ultra-lightweight heating
elements and temperature sensors. By utilizing MEMS techni-
ques, an integrated microcalorimeter comprising a low thermal
mass might be designed and fabricated resulting in a fast and
accurate calorimeter. This miniature device will allow measur-
ing small temperature differences induced by heating tiny
amount (theoretically, at the picogram range) of the tested
sample, therefore providing the speed and sensitivity required
for field analysis of trace amounts of explosives. An example
for an ultra-lightweight heating elements fabricated utilizing
MEMS techniques is a micro-hot plate (MHP) [6]. The MHPs
are usually comprised from a heating resistor deposited on a
0.5-mm-thick silicon nitride membrane. Due to its small mass,
the heating and cooling rates can be very high (up to tens of
thousands degrees per seconds). Recently, Adamovski et al. [7]
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and Adamovski and Schick [8] had used a commercially
available thermal conductivity gauge (TCG 3880 by Xensor
Integration) as a thin-film microcalorimetric device for scan-
ning microcalorimetry of polyethylene at high cooling rates.

Experimental

Thermal conductivity gauge was used as microcalorimeter for
the thermal analysis. The thermal conductivity gauge is a sen-
sor closely related to the traditional thermocouple gauge and
the Pirani gauge. The sensor chip consists of a silicon rim of
2.50� 3.33mm, 0.3mm thick, surrounding a silicon-nitride
membrane. The membrane dimensions are 1.5� 2mm, 0.5mm
thick. Underneath the membrane there is a thicker silicon mesa
that connects to the four corners of the silicon rim. An Al thin-
film heater is located in the center of the membrane. The heater
is surrounded by six serially connected thin-film Si=Al hot junc-
tions, creating a temperature-sensitive thermopile around the
center of the membrane with an effective sensitive area of about
200� 200mm. The cold junctions of the thermopile are located
on the thick silicon rim. The thermopile sensitivity is approxi-
mately 1.3mV=K [9]. Figure 1 shows a scheme of the thermal
conductivity gauge.

The thermal conductivity gauge is normally used as a
vacuum sensor. A constant voltage is applied to the heater, and
the voltage generated by the thermopile, which is a direct mea-
sure of their temperature, is affected by heat conduction by air,
which is pressure dependent. In our application we have ramped
the voltage of the heater and monitored the temperature change
of the loaded membrane.

Two thermal conductivity gauge sensors were mounted and
wire-bonded to a Kyocera LCC-68 Leadless Chip Carrier (68
pins, 25� 25 mm), of Kyocera, Inc., Japan. One TCG was used
for sample measurement while the other served as a reference.
From the thermopile voltage differences between the loaded and
reference TCG one could derive the net heat flow at different
temperatures. The microcalorimeter was housed in an aluminum
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chamber 8 cm� 6cm� 3cm. The chamber had an inlet and outlet
to allow its use under vacuum, air, or nitrogen. It was sealed with a
9-mm-thick glass window to allow optical monitoring.

The power supply to the heaters (0–5V) and the recording
of the voltage change of the thermopiles were provided by a
Semiconductor Parameter Analyzer, model 4145A of Hewlett-
Packard (HP). A scheme of the experimental setup is shown
in Fig. 2.

Typically, the voltage (0–5V) was supplied in 1.6 s, result-
ing in rates up to 3.125V=s. Roughly, the temperature of the
heater is proportional to the square of the applied voltage.
The deviations from this relation occur due to changes in the
device heat capacity, changes in heat loss rate with tempera-
ture, and changes in heater resistivity with temperature
(TCR). The voltage supplied to the heater reflects the supplied
heat (power) rather than the sample temperature.

The thermopile temperature as a function of the heater voltage
is shown in Fig. 3 for two cases: (1) bare (unloaded) heater and
(2) heater that is loaded with 50-mm sand grains. The thermogram
shows a subparabolic behavior as discussed above. Obviously, the
temperature of the loaded device is lower than the empty one. This
effect relates to the heat capacity of the sample material.

Figure 1. Scheme of the thermal conductivity gauge sensor.
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Thus, the abscissas of the thermograms in this article
are expressed in terms of heater applied voltage instead of the
temperature.

The thermograms that represent temperature differences
induced by the sample material were obtained by subtracting
the temperature of an empty sensor (reference) from a loaded
sensor. No attempt was made in this study to affect a linear
change of temperature.

The testing chamber was placed on a Signatone hybrid
probe station under an Olympus stereo-microscope model SZ-
STB1 equipped with a digital video camera (iSC-2050, i-Sight,
Haifa, Israel). The optical monitoring of the samples enabled us
to correlate the thermal peaks with visual physical changes
such as melting, explosion, movement, etc.

Explosives used in this study were TNT, RDX, picric acid,
urea nitrate, and TATP. All the explosives used in our study
were in the form of fine powder (grain size in the range of

Figure 2. Scheme of the experimental setup (not to scale).
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10–200 mm) or flakes (TNT). Sugars used in our study were
trehalose-dihydrate and agarose (both obtained from Sigma-
Aldrich, Israel). The sugars were ground to ca. 50-mm particles.

The samples were manually placed on the heater in the
center of the thermal conductivity gauge by means of a flexible
fiber. The testing chamber was sealed with the glass lid using a
silicone rubber gasket and was flushed for 5min with the
desired gas (air or N2) prior to testing.

Results and Discussion

Some characteristic cases of microthermal analysis of different
materials are discussed below. For representatives of innocent
materials we chose sea sand, polyethylene, and sugars. Sand,
which chemically represents a common dust, is a high melting
temperature inorganic material. Polyethylene (PE), which is
a widely used polymer, is an organic material that contains
hydrogen and carbon but not oxygen. PE has a melting point

Figure 3. Thermopile temperature against heater applied vol-
tage as obtained in unloaded heater (straight line) and heater
loaded with sea sand grain (dotted line).
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of about 133.5�C [7]. Sugars are organic compounds that have
high oxygen content and therefore are potentially combustible.
Two sugars were tested: trehalose (dihydrate) and agarose,
which have distinct melting points (98 and 260�C, respectively).
The explosive materials that we used were both standard
(TNT, RDX, and picric acid) and improvised explosives (urea
nitrate and TATP). TNT (2,4,6-trinitrotoluene) is the most
widely used military explosive. Its main features include low
melting point, stability, low sensitivity to impact, and relative
safe methods of manufacture [1]. RDX (1,3,5-trinitro-1,3,5-
triazacyclohexane) is one of the most important military explo-
sives used today. Its explosive power is greater than that of
TNT; however, it is more susceptible than TNT to shock and
thermal detonation [1]. Picric acid is a standard explosive but
with limited use. Urea nitrate is a common fertilizer, which
can be used as an improvised explosive (e.g., the 1993 terror
attack in the underground parking lot of the World Trade
Center). TATP (triacetone triperoxide) is a powerful improvised
explosive that is commonly used by terrorists due to its simple
preparation procedure from readily available precursors. TATP
is an unstable compound and has a high vapor pressure [1].

Figure 4 shows the thermogram of a grain of sand in air at a
heating rate of �300�C=s. The measured thermogram is a
smooth line without a visible endotherm or exotherm. The
baseline of the differential temperature dips due to the heat
capacity of the sand sample compared to the reference (empty)
microcalorimeter. During the heating no visual change of the
sample was observed.

Figure 5a shows the thermogram of an iron chip that is also
similar to the thermogram of sea sand grain in Fig. 3, and actu-
ally for any large, high melting point sample. Figure 5b shows
the thermorgram of the same iron chip removed by a magnet
(at heater applied voltage of 2.25V). The effect of mass removal
is expressed in the thermogram with the fast return of the base
line to zero.

Figure 6 shows the thermogram of polyethylene (PE) in air.
The baseline dips from the beginning of the measurement due
to the heat capacity of the sample. The thermogram shows also
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a clear endotherm at an applied voltage of 2.12V, which repre-
sents the melting of the PE sample. The melting was also
visually observed. Adamovsky et al. [7] had measured the
crystallization of PE by DSC and obtained a melting
temperature of 406.5K (133.5�C).

Figure 5. Microcalorimeter thermograms of iron chip (left)
and the same iron chip removed by a magnet (right).

Figure 4. Microcalorimeter thermogram of sea sand grain in
air atmosphere (�300�C=s).
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Figure 7a shows the thermogram of a 50-mm (�100 ng) RDX
particle in air. An endothermic peak due to melting is visible at
2.55V. Immediately after melting, an explosion of the particle
was observed, which registered on the thermogram as a sharp
exotherm at a heater voltage of about 3 V.

Figure 7b shows the thermogram of urea nitrate in air. A
sharp endothermic peak is shown at applied voltage of about
2.1V. Immediately after that, a low-amplitude exothermic peak
is observed at heater voltage of about 2.5V. Assuming that the
sample’s mass is similar to the other tested materials shown in
Fig. 5, this result may indicate that the explosion power of this
improvised explosive is lower compared to standard explosives.

Figure 7c shows the thermogram of TNT in air. For this
explosive an endotherm (melting) occurred at applied voltage
of 1.4 V and an exotherm (explosion) occurred at 2.1 V. Two
more exothermic peaks are visible at applied voltages of 2.6
and 4.6V. The secondary peaks probably occur due to the large
temperature difference between the melting to the initiation

Figure 6. Microcalorimeter thermogram of polyethylene in air
atmosphere (�300�C=s).
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temperatures of TNT. The melt had sufficient time to spread on
the heater and then to flow to the surrounding membrane. In
this situation the material is not concentrated at one point
but is rather spread over a large area. The heat supplied by
the heater propagates laterally from the heater in the center
to the surrounding membrane, and the material at the far
end can reach the initiation temperature with some delay from
the first explosion. Higher heating rates, and probably a well-
shaped heater, may solve the problem. Indeed, preliminary
results at higher heating rates (500�C=min) have proved that
only one exothermic peak has appeared.

Figure 7d shows the thermogram of picric acid under the
same conditions. An endothermic peak at 2.1V followed by a

Figure 7. Microcalorimeter thermogram of RDX (a), urea
nitrate (b), TNT (c), and picric acid (d) in air atmosphere
(�300�C=s).
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sharp exothermic peak at 2.8V was recorded. Similarly to TNT,
the exothermic peak appears together with some secondary
exothermic peaks (e.g., at 4.6V). This similarity makes sense
due to relatively large difference between the melting and initia-
tion temperatures of picric acid, as reflected from its thermogram,
and due to the chemical and physical similarity to TNT.

Figure 8a shows a thermogram of a 50-mm TATP sample. At
applied voltage of about 1.5 V a sharp endothermic peak was
recorded; however, no explosive characteristic exothermic peak
can be seen. The absence of an exothermic peak for TATP is
surprising considering the fact that this is a very sensitive explo-
sive. A possible explanation might be that this happened due to
complete evaporation of the TATP before reaching the initia-
tion temperature. It is therefore necessary to reach the initiation
temperature by heating TATP at higher rate than its evapora-
tion rate. Due to limitation of our experimental setup we could
not work at higher heating rate. We then repeated the measure-
ment with a larger TATP grain. The result is shown in Fig. 8b.
Here the endothermic peak appears at a voltage of 2.2V and an
exotherm is visible at 2.6V. However, note that the baseline
dips strongly and the melting endotherm shifts toward higher
voltages due to the large heat capacity of the sample.

Figure 9a shows the thermogram of trehalose dihydrate in
air, which has a melting point of 98�C. A spiky endotherm that

Figure 8. Microcalorimeter thermogram of small (a) and large
(b) grain of TATP in air atmosphere (�300�C=s).
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represents the melting event is observed at a heating voltage in
the range of 1.8–3V. A sharp exothermic peak is also present at
a voltage of about 4 V. By visually monitoring the measure-
ment, we observed a long melting process associated with the
endotherm and a sudden release of a vapor cloud associated
with the exotherm peak. The spiky endotherm is attributed
to the fact that the complete melting process, under the condi-
tions of the measurement, is relatively slow due to either poly-
crystallinity, low thermal conductivity of the sample, and=or
poor thermal contact between the trehalose sample and the
microcalorimeter. Indeed, slower heating rate allows obtaining
of sharp endotherm rather than the wide and spiky endotherm
that is shown here. No doubt that the appearance of an

Figure 9. Microcalorimeter thermogram of trehalose in air (a)
and under N2 atmosphere (b); agarose in air (c) and under N2

atmosphere (d) (�300�C=s).
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exothermic peak for sugars is surprising at first glance since
stable compounds are expected to decompose endothermally
[4]. Since the measurement was carried out in air it can be
argued that the presence of oxygen may result in ignition of
the organic material at elevated temperatures. This process is
exothermic. Similar measurements were therefore conducted
under N2 atmosphere. The thermogram of trehalose under N2,
as shown in Fig. 9b, reveals, however, a similar pattern: a wide
and spiky endotherm that is related to the melting, at about 2–
3V, and an exothermic peak at about 4V. The measurements
in these conditions were repeated several times and similar
thermograms were obtained, even when the chamber was
flushed with nitrogen several times to ensure the removal of
oxygen residues from the chamber.

It is noted that the measurements performed by Chen et al.
were limited to heating up to 300�C, while the measurements in
this study may reach 530�C as shown in Fig. 3. The peak at
applied voltage of 4 V approximately equals a temperature of
370�C.

It is therefore argued that the exothermic peaks that appear
in the thermograms are due to internal presence of oxygen in
the system. The origin of the oxygen can be the two water mole-
cules that are part of the crystal, oxygen or water adsorbed in
the pores, or due to the molecular oxygen content of the sugar.
Similar thermograms were recorded when trapped gases from
the sample were removed by preheating the trehalose sample
under N2 to the melting point, cooling it, and then repeating
the same experiment while keeping the chamber under N2.
The exotherms are apparently due to the molecular oxygen
content of the sugar.

Figure 9c shows the thermogram of agarose under air
atmosphere. A spiky endotherm, which represents the melting
event, is observed at heater voltages between 4.3 and 4.8V.
A sharp exothermic peak is shown at about 5 V. Similarly to
trehalose dihydrate, visual monitoring of the measurement
correlated between the physical changes in the sample
(melting and a sudden releasing of vapor cloud) and the mea-
sured thermogram. The thermogram of agarose under N2
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atmosphere, as shown in Fig. 9d, reveals a similar pattern: an
endotherm that represents the melting event is observed at
4.1 V. The apparently high melting point temperature can
be related to different reasons such as low thermal conductiv-
ity of the sample, poor thermal coupling of the sample to the
heater, etc. A sharp exothermic peak is shown at 4.1V. A
practical conclusion from the last thermograms is that some
innocent materials may show an exothermic peak when they
are heated to sufficiently high temperatures. It should be
noted that the results for all tested materials are not affected
by the presence of air.

The results shown above demonstrate the fundamental suit-
ability of the microcalorimeter to be used for explosive identifi-
cation by microthermal analysis. The distinguishing between
explosives and innocent materials is based upon obtaining char-
acteristic exotherms for explosive materials at moderate tem-
perature (�250�C) even when working in oxygen-containing
atmospheres. The nonexplosive materials are characterized by
endothermic peaks only or no peak at all at the moderate tem-
perature range, but exothermic peak may appear at elevated
temperatures (�400�C). The difference in melting point can
be a criterion for material identification; however, since the
melting point is dependent on the size of the particle, other cri-
teria such as difference in locations between the endotherms
and exotherms might be applied. In addition to the exotherms,
all tested explosives exhibited a melting endotherm before the
detonation exotherm. For practical reasons, the ability to work
under air atmosphere as demonstrated in this study is an
advantage and a preferred option. This can be done by perform-
ing the measurement under 300�C, a temperature range that all
the examined explosives have shown exotherms. In the thermo-
gram of RDX (Fig. 7a) the signal-to-noise ratio was �30. By
assuming that the sensor response is linear with the particle
mass the minimum detectable level is estimated to be in the
low nanogram range. Improving the electronic circuitry used
for measuring the microcalorimeter temperature as well as
understanding the relationship between the particle mass and
the sensor response is ongoing.
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Practically, the microcalorimeter should be coupled to a
particle collecting and classifying unit that will control the size
and mass of the analyzed particles and will direct the particle to
the desired location on the heater.

More quantitative results will be shown in the near
future when upgrading of the measurement system will be
completed.

Conclusions

A feasibility study of explosive detection analyzer based on
microthermal analysis was carried out. A thermal conductiv-
ity gauge was used as microcalorimeter. The measurements
were performed in air and under N2 atmosphere. Different
materials were studied: standard and improvised explosives
(TNT, RDX, picric acid, urea nitrate, and TATP) as well
nonexplosive compounds (sea sand, polyethylene, trehalose,
and agarose). Clear, well-resolved exotherms were obtained
for all types of explosive materials when heating to moderate
temperature (�250�C). In addition to this exotherms, all
explosives exhibited a melting endotherm prior to the
exotherm. Sea sand showed no peaks at the heating tempera-
ture range, which is up to 520�C. Polyethylene showed an
endotherm representing its melting. The sugars showed an
endotherm but also show an exotherm when heated to
elevated temperature (>370�C). These exotherms appear
under both air and N2 atmosphere. The thermogram of each
material depends on its physical and chemical properties
and is characterized with a unique pattern. This pattern
might enable the detection and identification of explosive
particles. It is suggested that microcalorimetry can be used
for the development of a field-portable explosive detector.

While the characterization of explosive particles by micro-
thermal analysis looks possible, a great challenge is by bringing
the particle from the external world to the sensor. The
microcalorimeter device should therefore be coupled to a parti-
cle sampling unit that will collect and guide the particles to the
microcalorimeter. The development of this unit is ongoing.
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Assuming that each micrometric size particle is made of
pure material, the sampling process will yield particles of not
only explosives but also interfering, or masking, materials such
as inorganic and organic dust. By measuring each particle sepa-
rately, using an array of microcalorimeters, the nature of each
particle will be determined. The detection of even one explosive
particle will be alerted by the system as an indication for the
presence of explosive.

By meeting the real-world requirements of low cost and
minimal use of consumables, the system should allow multiply
measurements ability. For this purpose, a cleaning and refresh-
ment procedure for the microcalorimeter array should be
developed. This study is also ongoing.
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