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a  b  s  t  r  a  c  t

Forensic  identification  of homemade  explosives  is  critical  for  determining  the  origin  of  the  explosive
materials  and  precursors,  and  formulation  procedures.  Normally,  the forensic  examination  of  the pre-
and  post-blast  physical  evidence  lacks  specificity  for homemade-explosive  identification.  The focus  of
this investigation  was to use  a novel  measurement  technique,  referred  to  as  the  laser-driven  thermal
reactor,  to  obtain  the  thermal/chemical  signatures  of  homemade-explosive  precursor  materials.  Specif-
ically, nitromethane  and ammonium  nitrate  were  studied  under  a  variety  of  operating  conditions  and
protocols.  Results  indicated  that  liquid-fuel  saturation  of the  internal  pores  of  a  solid  particle  oxidizer
omemade explosives
orensic analysis
aser-driven thermal reactor
itromethane
hermal/chemical signatures

appear  to be  a  limiting  parameter  for  the  total  specific  heat  release  during  exothermic  processes.  Results
also indicated  that the  thermal  signatures  of these  materials  are  dependent  on  sample  mass  and  heating
rate,  for  which  this  dependency  may  not  be  detectable  by other commercially  available  thermal  analysis
techniques.  This  study  has  demonstrated  that  the  laser-driven  thermal  reactor  can  be  a  useful  diagnos-
tic  tool  for  characterizing  the  thermal  and  chemical  behavior  of trace  amounts  of  homemade-explosive
materials.
. Introduction

.1. Background and forensic needs

Homemade explosives (HME) (i.e., the synthesized chemical
roduct that is derived from precursor materials) are being used

ncreasingly by extremists and terrorists due to the widespread
vailability and easy accessibility of the precursors. This is a major
oncern expressed by the Federal Government [1] with regard to
mprovised explosive devices of which HMEs are an essential com-
onent. Accurate forensic information on HMEs is critical for (a)

dentifying the origin of the explosive materials and precursors,
nd (b) determining HME  formulation and synthesis procedures.
he forensic examination of the pre- and post-blast physical evi-
ence lacks specificity for HME  identification. Development of a
hermal-/chemical-signature database, obtained for pre-selected
ME  precursor materials, would assist in forensic processing and
nalysis of data recovered from HME  target locations (i.e., pre-

nd post-blast sites). A database would reduce HME  identification
ncertainty (e.g., mixture composition, preparation history, possi-
le precursor sources) and forensic processing time. The availability

∗ Corresponding author at: National Institute of Standards and Technology, Bldg.
21, Rm.  B310, 100 Bureau Dr., Stop 8320, Gaithersburg, MD 20899-8320, United
tates. Tel.: +1 301 975 2612.
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040-6031/$ – see front matter. Published by Elsevier B.V.
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Published by Elsevier B.V.

of accurate HME  data can be also used by the forensic science com-
munity to help law enforcement and military agencies disrupt or
discourage the manufacture of HME  chemical formulations, and
provide protocols for safe HME  disposal.

According to the Department of Defense [2], there is a need to
improve forensic capabilities by developing new (a) measurement
techniques to identify HME  chemical and physical signatures, as
well as observables characteristics, (b) methodologies to identify
HME  precursor sources, as well as their formation and handling
protocols, and (c) tools to identify the initial chemical components
from post-blast residue compositions. Two  of the more commonly
used HME  materials are ammonium nitrate and nitromethane. The
thermal behavior of ammonium nitrate (AN) is important from both
industry and national security perspectives. In agriculture, ammo-
nium nitrate is used mainly as a nitrogen fertilizer. There is also
an industrial use for ammonium nitrate as an explosive material
[3]. As a national security issue, extremists commonly use AN to
manufacture homemade explosives.

1.2. Thermal analysis methodologies

Thermal analysis methodologies are commonly used to analyze

the thermal changes of a sample due to heating and cooling. The
sample characteristics that are derived from thermal analysis
techniques include thermal (e.g., temperature, heat, enthalpy),
physical (e.g., mass, volume, strength), and chemical (e.g., chemical

dx.doi.org/10.1016/j.tca.2013.10.036
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
http://crossmark.crossref.org/dialog/?doi=10.1016/j.tca.2013.10.036&domain=pdf
mailto:cpresser@nist.gov
dx.doi.org/10.1016/j.tca.2013.10.036
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Nomenclature

A sample geometric cross-sectional area [m2]
cp(T) specific heat capacity [J g−1 K−1]
(dT/dt)  sample temperature–time derivatives [K s−1]
F(T,To) heat transfer term [W]
II intensity of the laser beam that heats the sample

[W m−2]
k coverage factor
m(t) sample total initial mass [g]
n number of samples
q(T) specific heat release rate due to chemical reaction

[W g−1]
Q total specific heat release (or absorption) [kJ g−1]
Rlh laser heating rate [K s−1]
R1(Tr) rate at which thermal energy is transferred from the

reactor to the sample [W]
R2(T) rate of thermal energy loss from the sample and

substrate [W]
s  standard deviation
t time [s]
T temperature [K]
Ta ambient temperature [K]
To steady-state sample temperature [K]
Tr reactor temperature [K]
T1, T2 sample temperatures at different laser fluences [K]
uc combined uncertainty
y, yo nitromethane/activated carbon mass ratio, initial

value

Greek symbols
ˇ(T) absorptivity
� laser wavelength [m]
�H  change in enthalpy [kJ g−1]
�m mass for the reactive portion of the sample [g]
�T change in temperature [K]
�t change in time [s]
�(T) temperature-dependent relaxation time [s]

Subscripts
sas sample and substrate

c
c
d
n
g
p
a
a
a

b
t
D
o
i
d
a
u
n
n
f

so substrate only

omposition of products) characteristics. There are a variety of
ommercially available measurement techniques that have been
eveloped and used to meet these needs. Thermal analysis tech-
iques, such as differential scanning calorimetry (DSC) and thermal
ravimetric analysis (TGA) are commonly employed in research to
rovide information on the material explosive/energetic content
nd other thermal properties (e.g., decomposition, heating value,
nd thermal stability), and also for composition identification of
n unknown explosive material.

Vyazovkin et al. [4] investigated the gasification kinetics of
oth solid and liquid AN, and provided the chemical kinetics. The
hermal dissociation of solid and liquid AN was analyzed using
SC/TGA methods. The experimental measurements were carried
ut at low heating rates between 2.5 and 12.5 ◦C min−1. The result-
ng chemical kinetics mechanism was assigned to the process of
issociative sublimation/vaporization. Oxley et al. [5] carried out
n investigation using DSC to explore if this technique could be

sed as a benchmark for evaluating the explosivity of ammonium
itrate. In this study, thermal analysis was used to screen a large
umber of AN formulations in search of possible deterrents. They

ound that sodium, potassium, ammonium and calcium salts of
mica Acta 576 (2014) 60– 70 61

sulfate, phosphate, or carbonate, as well as certain high-nitrogen
organics, can enhance AN thermal stability. The need to improve
thermal analysis techniques was also emphasized by Desilets
et al. [6]. In this work, the thermal decomposition of urea nitrate
(UN) was  studied at higher temperatures. The UN non-isothermal
decomposition kinetics and products of reaction were analyzed
using a DSC/TGA instrument in conjunction with Fourier transform
infrared and mass spectroscopic instruments. Results indicated
differences in the exothermic values of UN thermal decomposition
when compared to a dedicated DSC. The above-mentioned studies
represent some of the relevant AN thermal analysis issues that
arise with commonly used DSC and TGA techniques.

The data obtained with these instruments may  underestimate
the explosive potential of a HME  material under certain conditions
[7,8]. The non-standard nature of the HME  chemical composition
and formulation/synthesis procedures can present a formidable
challenge for forensic analysis instrumentation. Thus, improved
techniques are required to provide data for adequate HME  foren-
sic identification, which may  not be accomplished reliably with
DSC and TGA. Development of a new methodology and database of
thermal and chemical signatures, along with other thermophysical
properties, of HME  materials is required for different compositions
and ambient conditions.

1.3. Investigation objectives

The objective of this investigation was to determine the ther-
mal  and chemical characteristics of selected homemade explosives,
using a novel measurement technique, referred to as the laser-
driven thermal reactor (LDTR), and to demonstrate its capability
to uniquely detect thermal-decomposition phenomena of HME
materials. The technique provides temporally resolved thermal
signatures (i.e., temperature versus time thermograms) of the
decomposition of HMEs for a variety of operating conditions, which
can uncover trends and characteristics unique to a particular chem-
ical substance. In addition, theoretical analysis of the thermal
signatures provides further quantitative information on HME  prop-
erties – all of which can be used for establishing a properties
database. This work has shown that the LDTR can uncover useful
information regarding the thermal and chemical behavior of trace
amounts of HME  material at decomposition temperatures (before
thermal degradation and depletion of the sample). An investigation
with samples of nitromethane and ammonium nitrate was carried
out under a variety of operating conditions and protocols.

2. Experimental arrangement

2.1. Brief facility description

The LDTR experimental facility and theory of analysis are
described in Nazarian and Presser [9]. Some of the salient details
are repeated for clarity, along with a description of the current
facility modifications for these experiments. The LDTR consists of a
sphere-shaped reactor mounted within a vacuum chamber, along
with integrated optical, gas supply, and computer-controlled data
acquisition subsystems, see Fig. 1. At the center of the reactor, the
sample material rests on a thermocouple. The reactor assembly is
heated from opposing sides by an infrared laser beam to achieve
nearly uniform sample temperature. The vacuum chamber allows
for control of the environment (e.g., gas pressure and composition)
that surrounds the sample. In general, measurements are carried

out at low pressure, which eliminates thermal convection within
the reactor sphere, and thus conduction and radiation are the dom-
inant modes of heat transfer. As a result, the theoretical analysis is
simplified significantly, and allows one to quantify the individual
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Fig. 2. Schematic of the LDTR reactor sphere. The reactor diameter is approximately
18.2 mm with an opening in the top and bottom. The insert details the sample
thermocouple located in the center of the reactor.

Table 1
Thermocouple time-response measurements.

Case Custom thermocouple time
response [s]

Thermocouple time response
[s] (Omega [12])

1 0.200
2  0.210
3  0.200
4  0.200
5  0.200
6  0.200
7  0.198
Fig. 1. Schematic of the LDTR control, optical, and gas systems.

odes of conduction and radiation heat transfer. The sample and
eactor wall temperatures are recorded with respect to time by the
ata acquisition system and this information is then processed for
he specified thermophysical and thermochemical information of
nterest. The mode of thermal analysis used for these experiments
nvolves heating the reactor at two different laser fluences (referred
o as the ‘heating-rate’ approach). Chemical kinetics parameters
i.e., endothermic and exothermic rate constants) of the chemical
rocesses are also deduced from this approach.

.2. Reactor design

The reactor is a small copper-foil sphere (with an outer diam-
ter of 18.2 ± 0.1 mm1 and thickness of 0.14 mm)  within which

 sample is placed at the sphere center, see Fig. 2. The spherical
eactor is fabricated by forming a thin piece of copper into a hemi-
phere; two pieces are then spot-welded together to form a sphere.
or these experiments, a metal-spinning technique was used to
mprove reactor wall smoothness. The technique spin stretches the
opper sheet over a precast stainless steel spherical dye. As a result
f the process, the original copper material becomes thinner, which
nhances the thermal conduction through the copper, decreases
he heat capacity and reactor response time, and increases the heat-
ng rates (which is reduced if the foil is too thick) for the given
aser power. The untreated copper foil is malleable, however, after
eing formed into a sphere the material is fairly rigid and does not
eform easily. An opening is cut in the top of the sphere (diameter
f ≈7.2 mm)  to place the sample and another opening is made in the
ottom (diameter of ≈4.0 mm)  to introduce a four-passage ceramic
ube that supports the wires and exposed beads (junctions) of two
hermocouples. The reactor and substrate are placed prior to use
n a small nonsooting methanol flame under ambient conditions
o generate a copper oxide, i.e., copper (II) oxide/CuO layer, which
mproves laser absorption and reduces beam scattering effects off
f their surfaces.

.3. Thermocouple design

At the center of the reactor, the sample rests on extended

hermocouple wires from near the bead of one K-type fine-wire
hermocouple, i.e., ‘sample’ thermocouple, see insert in Fig. 2. If
eeded, a disk-shaped substrate (of copper or gold-plated copper

1 Estimation of the measurement uncertainty for this study is determined from
tatistical analysis of a series of replicated measurements (referred to as Type A
valuation of uncertainty), and from means other than statistical analysis (referred
o  as Type B evaluation of uncertainty) [10]. The Type A uncertainty is calculated
s  kuc , where k is the coverage factor and uc is the combined standard uncertainty.
he value for uc is estimated statistically by sn−1/2, where s is the sample standard
eviation and n is the number of samples. For n = 50, k = 2.01, representing a level of
onfidence of 95%.
8  0.198

Average 0.200 ± 0.002 0.280

with a diameter of approximately 5 mm and thickness of 0.14 mm)
is used to support the sample on the extensions. The wire exten-
sions are arranged so that the thermocouple bead is in direct contact
with the sample/pan. It has been demonstrated that the pan has
negligible influence on the results [11]. The reactor inner wall is in
contact with a second thermocouple (i.e., ‘reactor’ thermocouple),
which is bent from the central ceramic tube (i.e., through the bot-
tom port of the reactor) to the reactor inner wall surface and is flush
with the wall at a vertical distance of approximately 4.5 mm from
the bottom of the sphere. The thermocouples were customized in-
house using spot-welding technology. The bead diameter for both
thermocouples was 0.25 mm.  Additionally, the sample wire bead
is flattened to ensure the secure placement of the substrate. The
sample thermocouple time response was calibrated using a man-
ufacturer’s test protocol [12]2 in a similar environment as that

of commercially available thermocouples. The results of this cal-
ibration are given in Table 1, which shows a 40% improvement
(as compared to commercial thermocouples with the same size

2 Certain commercial equipment or materials are identified in this publication to
specify adequately the experimental procedure. Such identification does not imply
recommendation or endorsement by the National Institute of Standards and Tech-
nology, nor does it imply that the materials or equipment are necessarily the best
available for this purpose.
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Fig. 3. Calibration of the nitromethane (NM) mass loss during sample preparation
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with activated carbon (AC) as the substrate). A) Variation of the NM/AC mass ratio
ith time for different initial mass ratios. B) The NM/AC mass ratio normalized to

o = 0.1.

ire) in the thermocouple time response at 63.2% of an instan-
aneous temperature change. The resulting sample thermocouple
ime response was considered sufficient for carrying out the mea-
urements (at a data acquisition rate of three samples s−1).

.4. Heating source

The reactor is positioned near the center of a 5 L vacuum
hamber with five viewing ports and a manually operated linear
raverse to enable reactor accessibility (see Fig. 1). The top of the
hamber provides access to the reactor and is sealed with an o-
ing. Each viewing port includes a vacuum-sealed 76 mm diameter
uartz window, which is suitable for transmission of laser beams
o the reactor. The source of the laser beams is a 250 W multi-

ode, continuous-wave Nd:YAG laser, operating at a wavelength of
.064 �m.  Some advantages of using laser heating over other heat-

ng methods, such as electrical resistance heating, include higher
eating rates, direct reactor heating to the sample to eliminate con-
ective heating of the surrounding gases, and measurement of the
otal thermal loss (including both thermal and chemical contrib-

tions) with direct sample heating. The infrared laser beam heats
he reactor from opposing sides using concomitant optics to direct
he beam to the reactor, as shown in Figs. 1 and 2. Different tem-
erature regimes can be interrogated by changing the laser fluence.
mica Acta 576 (2014) 60– 70 63

Substances that can be analyzed include solids, liquids, and var-
ious multiphase and multicomponent inhomogeneous substances.
The laser beam is expanded with a lens to about the diameter of
the sphere to reduce the temperature variation over the reactor
surface [9,11]. The large thermal conductivity of the thin-walled
copper sphere helps smooth out effects due to non-uniformity of
the multimode laser beam intensity. The sample is heated via radia-
tive transport from the inside surface of the reactor sphere. The
high thermal conductivity of the copper sphere, and radiation heat
transfer between the interior sphere surface and the sample within
the sphere, was measured to provide nearly uniform sample tem-
perature [9,11]. This uniformity in sample temperature depends
on the relative dimensions of the sample and reactor sphere, laser
beam width, and reactor thermal conductivity. The effects of tem-
perature on thermal conductivity and specific heat of copper are
taken into account.

Heating rates on the order of several hundred Kelvin per sec-
ond can be achieved, depending on the maximum achievable laser
power, sample size, and time response of the thermocouple. The
apparatus can analyze sample masses from a milligram up to a few
grams. The surrounding environment can handle a variety of gas
compositions and pressures. In this study, nitrogen was  used (sup-
plying a nonreactive inert gas to the sample surface) at chamber
gauge pressures between 1.3 and 6.7 kPa.

2.5. HME  precursors

The HME-precursor nitromethane is a liquid energetic mate-
rial (propellant) that can be used as a fuel to mix  with a solid
(powdered) oxidizer like ammonium nitrate. In this investigation,
nitromethane (NM) and ammonium nitrate (AN) were studied indi-
vidually to isolate and characterize the individual compounds. In
addition, the use of such chemicals required modification of the
reactor to ensure its safe and reliable operation. The issue of pos-
sible thermocouple and reactor-material oxidation was  addressed
by gold-plating the inner surface of the copper reactor sphere and
substrate. Also addressed were issues regarding evacuating safely
the gas by-products after each experiment.

2.5.1. Nitromethane
Measurements were carried out to characterize the change

in nitromethane mass during the experimental preparation (see
Fig. 3). The NM vapor pressure is 3.6 kPa at 20 ◦C and evaporation of
the liquid occurs continually at ambient conditions. Nitromethane
was isolated from chemically reacting with powdered oxidizer
during these experiments by using a preformed piece of porous
activated carbon (AC). The AC acts as an inert medium to retain
the liquid and provides a large surface area (as with a powdered
oxidizer). Since AC is porous, the liquid nitromethane maximizes
contact surface area by filling the internal pores and coating the
external surface. Experiments were performed in an inert nitrogen
environment; it was confirmed that the AC did not react with the
nitrogen or nitromethane by measuring its mass before and after
each experiment. Nitromethane was also compared to a set of data
from prior experiments to establish measurement repeatability.

2.5.2. Ammonium nitrate
Ammonium nitrate of 99.8% purity was used with no further

treatment or purification. The samples formed 2 mm  clusters of
smaller particles. The particle size was greater than 500 �m,  as
measured by using an optical/digital microscope. Sample was a bulk
chemical composed of irregular shaped particles. Fig. 4 presents an

image of a typical AN sample consisting of 200–500 �m size par-
ticles aggregated into 2–3 mm size clusters. For each experiment,
sample was  retrieved from the container and carefully placed on
the substrate. The substrate mass was measured before and after
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ig. 4. Ammonium nitrate sample consisting of 200–500 �m primary particles
ggregated in a 2–3 mm sized cluster.

dding the AN sample. If needed, additional AN was  added to the
ample to achieve the targeted mass for the experiment.

Ammonium nitrate has been studied extensively in the past
4,5,7,13–19]. Most of this work has focused on understanding its
hermal stability and addressing safety issues for storage and trans-
ortation of AN-based fertilizers. For explosive applications, AN has
lso been investigated extensively for many years. A summary of
ossible chemical reactions that describe the thermal decomposi-
ion of AN under various conditions is presented in Table 2 [20]. For
N heated at atmospheric pressure, thermal decomposition occurs
t 230 ◦C and deflagration occurs at 325 ◦C. The boiling point of the
ure material is 210 ◦C.

. Theoretical considerations of the methodology

.1. Thermal energy balance

The theoretical model is based on a representation of the heat-
ng process associated with the above-mentioned experimental
rrangement. The theoretical model is representative of samples
ith a small Biot number (<0.1). In this limit, the assumption of

 thermally lumped sample temperature is appropriate (i.e., no
nternal temperature gradients within the sample [11]). Additional
etails are given by Nazarian and Presser [9], and Nazarian [21]. The
ollowing thermal energy balance governs the heating process:

m(t) cp(T) dT

dt
=  R1(Tr) − R2(T) = IIAˇ(T, �) − F(T, To) + �m(t) q(T)

(1)

here the rate of change of sample internal thermal energy is given
y the term on the left side of Eq. (1), R1(Tr) is the rate at which
eat is transferred from the reactor at temperature Tr to the sam-
le, and R2(T) is the rate of heat loss from the sample, T is the sample
emperature, cp(T) is the sample specific heat capacity at the sam-
le temperature, m(t) is the sample mass with respect to time t.
he first term on the right side of the Eq. (1) is the thermal energy
bsorbed by the sample, where II is the laser beam incident radi-
tion intensity that heats the sample, A is the sample geometric
ross-sectional area, ˇ(T,�) is the sample hemispherical absorptiv-
ty at temperature T and laser wavelength �. The heat transfer term,

(T,To), represents the sample thermal energy losses due to con-
uction, convection, and radiation throughout the arrangement.
he parameter To is the sample temperature at steady state. Ther-
al  energy losses due to chemical reaction and vaporization are
Fig. 5. Schematic indicating the selection of the sample temperatures for evaluating
the  relaxation time (�) expression, given by Eq. (4).

considered if there is a detectable mass change, �m(t),  after heat-
ing the sample, with q(T) defined as the specific heat release rate
due to chemical reactions (i.e., the rate at which thermal energy is
released or absorbed by a substance per unit mass during chemical
reactions).

3.2. Analysis protocol

An exponentially decaying expression for the rise in tempera-
ture of the form:

T − To = (Ta − To)e(−t/�) (2)

is assumed since it fits satisfactorily the experimental data in the
regions of interest [11]. The term Ta is the ambient temperature,
and � is the temperature-dependent relaxation time. Taking the
derivative of Eq. (2) with respect to time results in the expression:

dT

dt
= −(T − To)

�
(3)

An analytical expression is derived for � from Eqs. (2 and 3),
which is based on obtaining the sample temperature for two dif-
ferent laser fluences (without the reactive sample) from a common
value of the reactor temperature, Tr (see Fig. 5), and is given by:

�(T) = T2 − T1(
dT/dt

)
1

−
(

dT/dt
)

2

(4)

where T1 and T2 are the sample temperatures at time t, and (dT/dt)1
and (dT/dt)2 are the sample temperature–time derivatives (cor-
responding to T1 and T2), for the two  different laser fluences,
respectively. To compare the sample temperature obtained at the
two different heating rates, the reactor temperature must remain
unchanged. To accomplish this, a reactor temperature is chosen
(with sufficient sensitivity to determine the temperature–time
derivatives). Then the two sample temperatures (T1 and T2) and
corresponding sample temperature-time derivatives are obtained
by extrapolation to the appropriate curves, as illustrated in Fig. 5.
The value of � is determined from Eq. (4) without the sample (i.e.,
with only the AC substrate) and thus it is assumed that the thermal
energy balance equation for the sample (see Eq. (1)) is the sum of
a nonreacting and chemical reacting expression, and that the dif-
ference in thermograms between the two  experiments (i.e., with

and without sample) will be similar. This value of � will remain
unchanged for a particular sample and sample temperature. It can
be shown that the inverse of the relaxation time with respect to the
sample temperature is a linear relationship, as shown in Fig. 6 for
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Table 2
Ammonium nitrate decomposition reactions [20].

No. Reaction Comments

1 NH4NO3 → HNO3 + NH3 This reaction occurs at a temperature above the melting point of ammonium nitrate
2  NH4NO3 → N2O + 2H2O This reaction occurs in the temperature range of 180–200 ◦C when ammonium nitrate is

unconfined. Oxides other than N2O form at 203–285 ◦C
3  NH4NO3 → H2 + 1/2O2 + H2O This reaction occurs when ammonium nitrate is heated under strong confinement or when

initiated by a detonation
4  NH4NO3 → NO + 1/2N2 + 2H2O This reaction occurs during incomplete detonation (at a pressure of 4860 kg cm−2 and temperature

of  approximately 518 ◦C)
5  NH4NO3 → 1/2HN3 + 3/4NO2 + 1/4NO + 1/4N2 + 5/4H2O Decomposition reaction that occurs when ammonium nitrate is under confinement at 200–260 ◦C.

This endothermic reaction is followed (at 260–300 ◦C) by an explosion of the gaseous reaction
products

6  3NH4NO3 → 2N2 + N2O3 + 6H2O This reaction cannot take place alone because N2O3 exists only in the dissociated state as NO + NO2

7 4NH4NO3 → 2NO2 + 3N2 + 8H2O This reaction occurs during incomplete detonation
8  4NH4NO3 → 3NO2 + 5H2O + N2 + NH3 + NO This reaction is similar to the endothermic reaction (7). If the gaseous reaction products are

heated, an explosive exothermic reaction takes place
9  5NH4NO3 → 2HNO3 + 4N2 + 9H2O This reaction occurs under certain conditions such as in the presence of spongy platinum and

gaseous HNO3

10 8NH4NO3 → 16H2O + 2NO2 + 5N2 This reaction occurs during incomplete detonation

T  for so
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he values for the heat liberated are at ambient pressure and temperature (18 ◦C)
hese  reactions occur as a single reaction, but are always accompanied by other rea

itromethane and ammonium nitrate. The data for both samples
gree to within 15% of the linear fit. One can then interpolate from
ig. 6 values of [�]−1 for different measured sample temperatures.

Once the relaxation time is known, separate experiments can
e carried out at a particular laser fluence, i.e., one with only the
C substrate (baseline), and a second with the sample (either NM
r AN) and substrate. The equations representing these two  exper-
ments are:

With both the sample and substrate

m(t)cp(T)dT

dt
= IIAˇ(T, �) − F(T, To) + �m(t)q(T) (5)

Without the sample (substrate only)

m(t)cp(T)dT

dt
= IIAˇ(T, �) − F(T, To) (6)

We  assume that msas ≈ mso ≡ m,  cp,sas ≈ cp,so ≡ cp, and

sas ≈ ˇso ≡  ̌ (where the subscript ‘sas’ refers to the combined
ample and substrate in Eq. (5) and the subscript ‘so’  refers to the
ubstrate only in Eq. (6)) since the mass of the sample is small
ompared to the substrate mass. Subtracting Eq. (6) from Eq. (5),

ig. 6. Variation of inverse relaxation time with sample temperature for
itromethane (NM) and ammonium nitrate (AN). Linear data regression results

n  following relationships: [�]−1 = −0.075 + 0.163 (T [K]/300) [s−1] for NM,  and
�]−1 = −0.166 + 0.227 (T [K]/300) [s−1] for AN.
lid ammonium nitrate with all decomposition products in gaseous form. None of
. The predominate reactions are: Reaction Nos. 2, 7, and 8.

substituting into Eq. (4), and rearranging terms results in the
following expression for the specific heat release rate, q(T), due to
chemical reaction:

q(Tsas) = cp(Tsas)m(t)
�m(t)

[
Tsas − Tso

�
+ dT

dt

∣∣∣
sas

− dT

dt

∣∣∣
so

]
(7)

where one can estimate all of the terms to determine the value of
q(T). Note that Eq. (7) is independent of the laser beam incident radi-
ation intensity. Integration of Eq. (7) with respect to time (for the
entire experiment, which includes the combination of endothermic
and exothermic processes) results in an expression for the total spe-
cific heat release, Q = ʃq(T) dt,  which in turn is equal to −�H (where
�H  is the change in enthalpy of a chemical reaction) [9]. One can
then compare the measured change in enthalpy to calculated val-
ues, which are derived from the set of possible overall chemical
reactions (i.e., as obtained from the literature). The most probable
reaction is assumed to be the one with a calculated value of �H
that is similar to the measured value.

3.3. Thermogram correction

As described earlier, the LDTR methodology relies on com-
parison of two  data sets of time-dependent temperature profiles
(thermograms), i.e., each set includes a reactor and sample temper-
atures thermogram. One set is with the reactive sample (for which
endothermic/exothermic processes occur) and the second is a base-
line measurement (i.e. without sample). For each set, initiation of
the laser heating may be different during data acquisition of the
temperature readings. To address this issue, the reactor tempera-
tures profiles should be similar because the laser fluence is the same
for both the sample and baseline runs. Thus, an adjustment of the
starting point on the time (abscissa) scale of one dataset is carried
out so that the two reactor-temperature thermograms overlay one
another. This then allows for comparison and analysis of the two
sample-temperature thermograms, i.e., with and without (base-
line) the reactive material. Further analysis of the thermograms
to extract the specific heat release rate during selected portions of
the heating process is detailed by Nazarian and Presser [9].

4. Results and discussion
Homemade explosives are often composed of mixtures of both
solid oxidizer (e.g., AN) and liquid fuel (e.g., NM). The oxidation
of the fuel is heterogeneous, and the rate of reaction will depend
on the contact surface area between the fuel and oxidizer. It is
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ocumented (e.g., [22]) that extremists often grind porous solids
nto powders to increase surface area and improve the total
xothermic energy release. Porous surfaces can be thought of
eing composed of an internal surface (i.e., network of pores) and
xternal outer surface. The large internal solid surface absorbs,
etains, and augments the oxidizer contact area with the liquid
uel to exploit chemical reactions. Vaporization and dripping occur

ore readily on the external surface. Thus, oxidizer porosity and
article size are critical parameters for HME  explosive applications.

To this end, experiments were carried out to study the thermal
ecomposition of nitromethane and ammonium nitrate. In gen-
ral, nitromethane is an additive to ammonium nitrate; however,
esults for isolated nitromethane and ammonium nitrate will be
mportant for evaluating the thermal degradation of such mixtures
n the future. The thermal energy release and chemical kinetics
nformation were obtained for both substances at different tem-
eratures, sample masses, and heating rates. Analyses were carried
ut to identify substance thermal behavior, i.e., exothermic and
ndothermic processes. The endothermic behavior is assumed to
e attributed to organics (if present), water vaporization, melting,
olid phase transition, and/or chemical/thermal decomposition,
hile exothermic behavior is attributed to the occurrence of chem-

cal reactions and possibly the presence of accelerated rates of
hermal energy release (which may  be indicative of uncontrolled
eaction rates due to the energetic nature of the material).

.1. Change in nitromethane mass during the experiment
reparation

As mentioned earlier, the specific heat release rate is determined
t different stages of reaction (i.e., endothermic or exothermic) and
he total specific heat release is compared to literature values of
he change in enthalpy for the various possible chemical reactions.
ince activated carbon is a porous material, the heterogeneity of the
iquid NM as it wets the AC surface will influence its vaporization
fter sample preparation, and consequently its mass and determi-
ation of the specific heat release rate. Care was therefore taken
o account for the changes in mass during preparation of the sam-
le and experimental condition (i.e., sample vaporization increases
hile under vacuum), and during the initial heating of the sam-
le (i.e., detection of an endothermic phase in the thermograms).
ig. 3 presents the mass ratio of nitromethane to activated carbon
ith respect to time, with the data at time t = 0 representing an ini-

ial sample mass ratio. Sample was placed in the reactor and the
xperiment prepared to the point prior to laser heating (i.e., under
acuum). The sample was then removed, reweighed and the time
oted.

The data were normalized to obtain an empirical mathemati-
al expression that was based on the initial NM/AC mass ratio and
ample preparation time (i.e., time from coating the activated car-
on with nitromethane to the moment prior to laser heating of the
ample within the vacuum chamber). The variation of the NM/AC
ass ratio with time was determined for different initial NM/AC
ass ratios (see Fig. 3A). Three AC samples were prepared with

ample sizes of 22.9, 31.2, and 55.1 mg.  The nitromethane liquid
as gradually added to the AC using a pipette and then reweighed.

ach of the three NM/AC samples was placed in the vacuum cham-
er, and the air gradually evacuated to a vacuum pressure of about
.3 kPa. Vacuum pressures of less than 6.7 kPa are generally used
o ensure negligible convective heat transfer during experiments.
fter remaining in the vacuum chamber for different lengths of
ime, each sample was retrieved and the mass re-measured. The
esults are normalized to Yo = 0.1 where Yo is the initially prepared
M/AC mass ratio, and are presented in Fig. 3B. The resulting curve
t to the data is Y = Yo (0.4 + 0.6e−t/4.78) where Y is the NM/AC mass
imica Acta 576 (2014) 60– 70

ratio, and t is the change in time between the initial and final sample
mass readings.

The resulting figure is a calibration curve for the evaporation
rate of nitromethane, but more so the results indicate that when
liquid is coating the external surface (for an initial NM/AC mass
ratio of about 0.3 gNM g−1

AC), the rate of vaporization increases. This
is attributed to the liquid on the external surface evaporating more
readily than the liquid within the activated carbon pores. Thus,
keeping the mass ratio such that there is little liquid coating the
external surface can provide consistent results and a more precise
assessment of the initial nitromethane mass when initiating laser
heating. One can then obtain the sample mass change by extract-
ing and weighing the sample after completion of the experiment.
With a more precise estimate of the initial and final sample mass,
evaluation of the thermograms then enabled quantification of the
total exothermic energy release for nitromethane decomposition.
The measured change in enthalpy was determined and compared
with the calculated change in enthalpies from chemical reactions
available in the literature, as given in Table 3. Three out of seven
possible reactions (Reactions 3, 4, and 5) in Table 3 are considered
likely candidate reactions taking part in the chemical degradation
of nitromethane, since the calculated change in enthalpies com-
pares well with the measured value.

4.2. Effect of sample mass and laser heating rate on ammonium
nitrate decomposition

Experiments with ammonium nitrate were conducted to eval-
uate the measurement sensitivity of the thermal response (i.e., the
endothermic and exothermic nature of the reactions), and other
thermogram features (e.g., melting point), which might provide
useful information for forensic thermal analysis. The effect of the
initial sample mass and laser heating rate on the AN thermal
behavior were evaluated with all other experimental parameters
remaining unchanged. Measurements with AN were carried out for
following conditions: pressures of 4.7 ± 2.0 kPa in nitrogen for dif-
ferent sample masses ranging between 2.3 ± 0.1 and 8.0 ± 0.1 mg,
and heating rates (Rlh) of 30, 47, 60, 80, and 85 K s−1. The values
for Rlh were derived by determining the slope of the near-linear
temperature-rise portion of the baseline thermogram (see Fig. 5)
for different laser power control settings. A power meter was  not
used to distinguish between the settings because of the uncer-
tainty in knowing how much of the beam intensity actually impacts
the sample. The measurement uncertainty was  estimated to be
less than 10% of the stated values. Different segments of the ther-
mograms were identified as being endothermic or exothermic by
comparing the sample temperatures to the baseline (i.e., with-
out AN) thermogram. Results for the temperature difference and
temperature-time derivative with respect to time were analyzed
to enhance the measurement sensitivity of the small temperature
changes that are associated with the thermograms. The measured
change in enthalpy was  also compared to values (from correspond-
ing chemical reactions) found in the literature.

To demonstrate the measurement responsiveness to laser heat-
ing rate and its importance for characterizing substance decom-
position, Fig. 7 (taken from Nazarian and Presser [9]) presents
the temperature difference (between the sample and reactor tem-
peratures) with respect to time, using activated carbon pellets at
three different heating rates. In this case, the AC consisted of two
major components (i.e., carbon and organic volatile matter) and the
experiment was carried out in an oxidizing environment (i.e., air).
For a heating rate of 3 K s−1 and an operating temperature of about

400 K, the results indicate the presence of two  peaks that form pref-
erentially with time. The earlier peak is attributed to the thermal
decomposition of the volatile matter and the later peak is attributed
to the thermal decomposition (i.e., combustion) of the carbon. Both
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Table 3
Calculated and measured change in enthalpy (or negative value of the total specific heat release) for all known nitromethane chemical reactions during thermal decomposition
[26].

No. Reaction Calculated change in enthalpy [kJ g−1] Measurement change in enthalpy [kJ g−1]

1 CH3NO2(l) → CO2(g) + 3/2H2(g) + 1/2N2(g) 4.602 5.3 ± 0.5
2  CH3NO2(l) → CO(g) + H2O(g) + 1/2H2(g) + 1/2N2(g) 3.927
3  CH3NO2(l) → 1/4CO2(g) + 3/4C(g) + 3/2H2O(g) + 1/2N2(g) 5.709
4  CH3NO2(l) → 1/2CO(g) + 1/2C(g) + 3/2H2O(g) + 1/2N2(g) 5.002
5  CH3NO2(l) → 5/8CO2(g) + 3/4H2O(g) + 3/8CH4(g) + 1/2N2(g) 5.614
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(DTA) [23,24]. The LDTR heating rate was  about 200 times faster
than that of the DTA, which resulted in a much stronger signal
with respect to time. The LDTR result also denoted clearly impor-
tant thermal-related features for ammonium nitrate, such as the
6  CH3NO2(l) + 7/4C(g) → 2CO(g) + 3/4CH4(g) + 1/2N2(g) 2.6
7  CH3NO2(l) + 2C(g) → 1/2C2H6(g) + 2CO(g) + 1/2N2(g) 2.4

re exothermic processes yet triggered at different threshold tem-
eratures. Although not examined, the DSC would not be expected
o resolve the earlier peak at the given operating temperature
ecause of the relatively low DSC heating rate. At a higher heating
ate of 15 K s−1 and operating temperature of about 600 K, essen-
ially one peak forms, and is attributed to thermal decomposition
f all volatile matter and the immediate transition to combustion
f the carbon. This result demonstrates how the heating rate can be
djusted (optimized) based on the composition of an HME  to reveal
ifferent thermal and chemical reaction phenomena.

A dependency of ammonium nitrate thermal behavior was
ound for both increasing heating rate (see Fig. 8) and sample mass
see Fig. 9). Fig. 8 presents the sample temperature–time derivative
ith respect to sample temperature (Fig. 8A) and time (Fig. 8B) for
ifferent heating rates of 30, 47, 60, 80, 85 K s−1. Each curve repre-
ents an independent experiment for measurements carried out
t the same conditions (i.e., in nitrogen at a pressure of 6.7 kPa
nd for a sample mass of 2.3 ± 0.1 mg). A change in the deriva-
ive as temperature increased was found for Rlh = 47, 60, 80, and
5 K s−1, but not for Rlh = 30 K s−1. This result indicates that there is
ome transition in the manifestation of chemical reactions, which
ccurs between Rlh = 30 K s−1 and Rlh = 47 K s−1, and does not change
urther for the higher heating rates.

A similar feature was found for the change in sample mass at
onstant operating conditions; see the sample temperature–time

erivative with respect to sample temperature in Fig. 9A and time

n Fig. 9B. Each curve again represented an independent experi-
ent. The operating conditions were for a nitrogen environment

t a pressure of 6.7 kPa and heating rate of 30 K s−1. The different

ig. 7. Variation of the difference in temperature between the reactor and sample
ith time for activated carbon pellets at three different laser heating rates (Rlh).
sample masses were 2.3, 3.5, and 8.0 ± 0.1 mg.  For this case, the
results indicate that there is some transition in the occurrence
of chemical reactions, which occurs between a sample mass of
2.3 ± 0.1 and 3.5 ± 0.1 mg,  and does not change further for the
larger mass.

Fig. 10 presents a typical ammonium nitrate thermal signature
from the LDTR and a conventional differential thermal analyzer
Fig. 8. Variation of the temperature–time derivative (dT/dt)  with A) sample tem-
perature, and B) time, for ammonium nitrate, different laser heating rates (Rlh), and
a  sample mass of 2.3 ± 0.1 mg. Rlh (1) = 30 K s−1, Rlh (2) = 47 K s−1, Rlh (3) = 60 K s−1, Rlh

(4) = 80 K s−1, Rlh (5) = 85 K s−1.
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Fig. 9. Variation of the temperature–time derivative (dT/dt)  with A) sample tem-
perature, and B) time, for ammonium nitrate, different sample masses and a laser
h
n

m
t
m
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Fig. 10. A typical ammonium nitrate (AN) thermal signature from the LDTR
and  a conventional differential thermal-analysis (DTA) technique [23,24]. The
LDTR insert is an example of a thermal signature, which compares the baseline
(without sample) measurement with that of the AN sample for Rlh (2) = 47 K s−1.

AN Thermal Properties [20] Temperature [K] Reaction Type

Phase Transition (PT) 357–398 Endothermic
Melting point (MP) 443 Endothermic

T
C

eating rate (Rlh) of 30 K s−1. Baseline represents experiment without ammonium
itrate (substrate only).

elting, boiling, and thermal-decomposition temperatures (see the
able in Fig. 10). Furthermore, the slower heating rate of the com-

ercial instrument resulted in depletion of the sample (due to
oiling and evaporation) before reaching the threshold tempera-
ure of the exothermic process.

The value of the measured change in enthalpy is important for

roviding a better understanding of the overall chemical reaction
f an HME explosive blast, and defining mitigation strategies.
able 4 presents the calculated change in enthalpy for various
ossible reactions of ammonium nitrate, and Table 5 presents the

able 4
alculated change in enthalpy for all known ammonium nitrate chemical reactions durin

No. Reaction C

1 2NH4NO3(s) → 4H2O(g) + 2N2(g) + O2(g)

2 NH4NO3(s) → 2H2O(g) + N2O(g)

3a NH4NO3(s) + 2CH3NO2(l) → 5H2O(g) + 2N2(g) + 2CO(g) 1
3b NH4NO3(s) + 2CH3NO2(g) → 5H2O(g) + 2N2(g) + 2CO(g) 1
4 NH4NO3(s) → NH3(g) + HNO3(g)

5 NH4NO3(s) → NH4NO3(g) −
6 NH4NO3(s) → 2H2O(g) + N2(g) + O(g)

* Lide [26].
** Irikura [27].
Boiling point (BP) 483 Endothermic
Thermal Decomposition (TD) 503 Exothermic
Deflagration (D) 598 Exothermic

AN total specific heat release measured at different laser heating
rates. The calculation of the total specific heat release was  obtained
by dividing by the initial total mass, with corrections for the mass
loss during the endothermic portion of the thermal decomposition
process. Vaporization-energy data from Linstrom [25] were used
to assess the effect of vaporization on the sample mass. The results
indicate that for the given sample mass there is no change in the
value of �H with respect to the laser heating rate. This may  be
attributed to the fact that the dominant chemical reaction during
thermal decomposition is Reaction 4 (see Table 4), and is consistent
with the data presented in Table 2 [20]. Table 4 also presents values
for the change in enthalpy of an AN/NM mixture (Reactions 3a and
3b), as opposed to the other reactions listed in Table 4 for AN alone.
It is noted that this value is about five times larger than the other
AN reactions, indicating that the behavior of the AN/NM mixture
is significantly different than for AN (and NM)  alone.

Fig. 11 presents the total specific heat release for the ther-
mal  decomposition of ammonium nitrate at different laser heating

rates and sample sizes. Experiments were performed using two
substrates, i.e., uncoated and gold-plated copper. By using two dif-
ferent materials, it was possible to assess the presence of chemical
interaction between sample and substrate. The results indicate no

g thermal decomposition.

alculated change in enthalpy [kJ g−1] Reference/Comment

1.474 Standard state (298.15 K)*

0.455 Standard state (298.15 K)*

0.5 Standard state (298.15 K)*

1.3 Standard state (298.15 K)*

2.120 Standard state (298.15 K)*

1.687 Standard state (298.15 K)**

1.639 Akhavan [3]
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Table 5
Measured change in enthalpy (or negative value of the total specific heat release) for ammonium nitrate at different laser heating rates.

Case Sample mass [mg] Laser heating rate [K s−1] Measured change in enthalpy [kJ g−1] Substrate material

1 3.5 ± 0.1 30 1.41 Copper
2  2.2 ± 0.1 40 2.3 Copper
3  8.0 ± 0.1 20 1.89 Copper
4  2.3 ± 0.1 30 2.56 Copper
5  2.2 ± 0.1 60 1.86 Copper
6  2.2 ± 0.1 80 2.35 Copper
7  2.4 ± 0.1 85 2.17 Copper
8  2.2 ± 0.1 47 2.30 Copper
9  1.9 ± 0.1 33 2.16 Gold-plated
10  1.3 ± 0.1 35 

11  2.0 ± 0.1 75 

Average  

F
t
m

s
e

5

t

59–65.
ig. 11. Variation of the total specific heat release (Q) from ammonium nitrate due
o  thermal decomposition for different (A) laser heating rates (Rlh) and (B) sample

asses (for two substrates).

ignificant contribution of the substrate to the release of thermal
nergy.
. Conclusion

The laser-driven thermal reactor was shown to be an impor-
ant diagnostic tool for characterizing the thermal and chemical
2.03 Gold-plated
2.11 Gold-plated
2.10 ± 0.22

behavior of trace amounts of HME  material at decomposition
temperatures (before thermal degradation and depletion of the
sample). Results indicate that the type of mixing (i.e., internally
or externally) of liquid HMEs (i.e., nitromethane) with a porous
material (or powder) may  affect measurement repeatability. The
liquid-fuel saturation of the solid internal pores appears to be
a limiting parameter for the total specific heat release during
exothermic processes. The contribution of the external-surface liq-
uid fuel to the total specific heat release is negligible during thermal
oxidation and vaporization due to the relatively quick liquid mass
change. For this study, the threshold (i.e., when the internal sur-
face is essentially saturated) occurs for a value of the NM/AC mass
ratio at about 30%. This threshold will change depending on the
physical properties (e.g., internal surface area) of the solid oxi-
dizer. Results indicate a dependency of sample mass and laser
heating rate on the thermal signatures of ammonium nitrate, which
was undetectable by other commercially available thermal analysis
techniques (e.g., DSC and TGA). Further development of the exper-
imental arrangement, analysis protocol, and theoretical analysis
for HME  substances can ultimately result in an important mea-
surement capability and reference database for the HME  forensics
community.
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