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Abstract

By using T-jump/FTIR spectroscopy, a “snapshot” simulation of the surface reaction zone is captured by a thin film of material heated rapidly
to temperatures characteristic of the burning surface. Additionally, the Pt filament is highly sensitive to the heat changes and thermochemical
reactions of the material, the time-to-exotherm (tx ) kinetics method derived from the control voltage trace of the Pt filament is introduced to
determine kinetics of the exothermic decomposition reaction of energetic materials. It yields kinetic parameters of flash pyrolysis of manganese
tris (carbohydrazide) perchlorate (MnCP) in the 343–388 ◦C range at 0.1 MPa Ar atmosphere: Es = 87.05 kJ mol−1, lnAs = 15.03. Value of
the activation energy determined herein is smaller than that of Kissinger and Ozawa–Doyle method, the T-jump/FTIR spectroscopy might be
more representative of the surface of explosion reaction and enable the pyrolysis surface to be incorporated into models of steady and possibly
unsteady combustion. The kinetics can also be profitably of great importance to the understanding of the behavior of energetic material in
practical combustion problems. Performance study shows that MnCP warrants further in-depth trials for the adoption in detonators and chemically
compatible primary explosives.
© 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Kinetic parameters for the rapid thermal decomposition of
solid energetic materials are of great importance to the under-
standing of many processes such as ignition, combustion, and
explosion. The rates of decomposition are frequently known
only in a temperature range where the rates are relatively slow
[1–3]. The kinetics is frequently not applicable to the high-
temperature regime that exists during combustion and explo-
sion. Consequently, we attempt to measure the kinetic processes
of decomposition reaction of energetic materials in the tempera-
ture range that more closely resembles surface of the explosives
during explosion. The strategy has been to use flash pyrolysis of
a thin film of material at a relatively controlled high temperature
as a snapshot simulation of the burning surface [4,5]. A rea-
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sonably well-defined method for the purpose is T-jump/FTIR
spectroscopy, which was described previously in details [6].

One method to determine the kinetics of flash pyrolysis
is to measure the rate of liberation of individual gas prod-
ucts by using rapid-scan FTIR spectroscopy. This approach has
been applied to flash pyrolysis of nonenergetic polymers by
T-jump/FTIR spectroscopy [7,8]. For energetic materials, this
kinetics method can also be employed [4], but the concentra-
tion fluctuation of the gas products makes it difficult to measure
the liberation rate accurately. Additionally, characteristics of the
control voltage trace of the Pt filament, which highly senses the
thermochemical changes of the condensed phase, might be used
to determine the kinetics. For example, the time-to-exotherm
(tx ) values of the film involving the heat release from the con-
densed phase could be used in conjunction with the theory of
thermal explosion to determine global kinetics and this method
was recently applied to several energetic materials [9,10], terms
of “activation energy”, “pre-exponential factor” are retained but
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Nomenclature

CHZ NH2NHCONHNH2, N,N′-diaminourea

MnCP manganese tris (carbohydrazide) perchlorate

T-jump/FTIR temperature jump/Fourier transform
infrared spectrum

HMX octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine
do not necessarily have the same meaning as in homogeneous
phase kinetics [4,11]. The rate of heat transfer between the sam-
ple and the filament appears to be fast enough to allow the heat
release of sample to be extracted from the change of the control
voltage of the Pt filament in T-jump/FTIR spectroscopy. In ad-
dition, casting a thin film of sample onto the filament increases
the heat transfer coefficient, thus enhances the success of the
kinetics experiment.

Manganese tris (carbohydrazide) perchlorate (MnCP) is an
energetic material, which decomposes at rapid but controllable
rate. Flash pyrolysis of MnCP liberates 12 IR-active gas prod-
ucts, which has been characterized [12] previously. Herein, the
time-to-exotherm (tx ) kinetics method is applied to determine
kinetics of flash pyrolysis of MnCP, which enables comparisons
to be made among the nonisothermal DSC kinetics methods and
T-jump/FTIR spectroscopy.

2. Experimental

2.1. Sample preparation

MnCP was synthesized by mixing the aqueous solution of
carbohydrazide and manganese perchlorate [13]. The obtained
crystal was purified with distilled water and dried in vacuum at
60 ◦C for 6 h prior to use.

2.2. T-jump/FTIR spectroscopy

The theory and practice of T-jump/FTIR spectroscopy have
been given in details previously [6]. Approximately 200 mg of
MnCP is thinly spread on the center of the Pt ribbon filament
and inserted into the spectroscopy cell. The cell is purged with
Ar gas and pressurized at any desired pressure up to 7 MPa.
A pressure of 0.1 MPa was used in present work. Heating oc-
curs at a chosen rate of about 2000 ◦C s−1 to a chosen tem-
perature by using the CDS analytical. Although the filament is
heated at 2000 ◦C s−1, MnCP sample is able to heat approxi-
mately 800 ◦C s−1 to the set temperature (Tf ) actually because
of the heat capacity of sample and heat transfer limitations be-
tween the sample and filament [14]. Tf can be maintained while
the gas products are analyzed by rapid-scan FTIR spectroscopy.
The fact that Tf is adjustable enables the products to be deter-
mined at selected temperatures including the expected burning
surface temperature.

The IR beam was focused about 3 mm above the Pt filament.
IR spectra of the gas products were recorded at 4 cm−1 resolu-
tion, 0.25 s intervals on a Nicolet 20SXB FTIR spectrometer
with an MCT detector.

The Pt filament is an element of a very rapidly responding
and sensitive bridge circuit. The control voltage of the circuit
linearly responds to the Pt resistance during the programmed
heating step and maintains a constant resistance once Tf is
reached. The temperature of the filament is calibrated and is
determined by the resistance as in a Pt thermometer. The con-
trol voltage increases or decreases very rapidly to maintain Tf

in response to endothermic or exothermic events of the sample.
Therefore, monitoring the control voltage as a function of time
uncovers these sequential events.

2.3. Determination of the kinetic parameters

k(T ) = Ase
−Es/RT (1)

Flash pyrolysis leads to amounts of gas, volatile and non-
volatile intermediate products, followed by many time-depen-
dent chemical and physical processes in the condensed phase.
Despite the complications, major temperature segments of
the decomposition regime follow Arrhenius behavior, Eq. (1).
Es , is the surface activation energy, As is the frequency factor,
and k is linear regression rates at various surface tempera-
tures T :

ln(1 − α) = k(T )t (2)

It is widely agreed that the overall process is modeled by
a first-order rate expression [15,16] (Eq. (2)), where α is the
amount of sample decomposed at time t . Attempts to measure
k(T ) are usually made under adiabatic or isothermal conditions
whose relationship to k(T ) for a first-order process is given by
the heat balance Eq. (3) [17]. λ is the thermal diffusivity, Cp

is the specific heat capacity, Q is the heat of reaction and can
be derived from DSC measurement. The first term of Eq. (3)
accounts for heat loss to the surroundings, the second term is
the heat accumulated by the explosive. The sum of these two
terms equals the heat generated by the thermal decomposition:

−λ∇2T + ρCp(dT/dt) = ρQA(1 − α)e−Ea/RT (3)

Eq. (3) cannot be solved under nonisothermal, nonadiabatic
conditions. Under adiabatic conditions (λ∇2T = 0), such as
time-to-explosion or time-to-exotherm experiments [15,18], the
activation energy can be calculated from Eq. (4), where tx is
the time-to-exotherm value at temperature T . Under isother-
mal conditions (dT/dt = 0 in Eq. (3)), such as is achieved by
evolved gas products and DSC methods, Arrhenius constants
are obtained from Eq. (1). The intercept, γ , is not the conven-
tional Arrhenius preexponential factor A, but is assumed to be
about − lnAs [19]. Values of Es and lnAs are chosen to give
the cumulative decomposition rate. They do not refer to a spe-
cific reaction or event:

ln tx = (Es/RTs) + γ (4)
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2.4. Sensitivity characterization

The impact sensitivity was determined on impact machine
using drop weight test method (0.8 kg drop weight) according
to Bruceton Staircase approach. The results were reported in
terms of height of 50% probability of explosion (h50%). The
friction sensitivity was determined on CGY-1 type friction ma-
chine (made in China); the load was increased in increments
till there was no explosion/ignition in five consecutive experi-
ments.

2.5. Performance evaluation

350 mg MnCP was placed in the standard detonator No. 27
tube and pressed at 7 MPa with dwell time of 45 s gently.
20 cm length safety fuse was inserted into the tubular detona-
tor touching the MnCP layer and crimped softly. The humidity
(RH < 55%) was ensured in the process room throughout fill-
ing operation. The MnCP-filled tubular detonator was vertically
held on a 3 mm lead plate and the safety fuse was initiated by
the safety match.

3. Results and discussion

Fig. 1 shows IR spectra of the gas products when MnCP
is heated at 0.1 MPa Ar to the temperature given, these IR
modes are assigned to the corresponding molecules based on
close match of the frequencies. It can be seen that CO2 and
H2O are the two major gas products, content of other gas prod-
ucts such as CO, HCN and so on is slightish. MnCP appears to
produce volatile metal carbonate upon flash pyrolysis in view
of 1200–1000 cm−1 absorption peak, occurrence of volatile
metal-containing compounds raises the possibility that subse-
quent reactions in the gas phase might produce small particles,
which dampen high-frequency acoustic oscillations in the com-
bustor. It suggests that MnCP may be used for detonator ap-
plications. Additionally, both temperature and pressure have
effect on flash pyrolysis of most energetic materials, so the
species and concentration-time change curves of the gas prod-

Fig. 1. IR spectrum of the gas products from flash heating of MnCP to 358 ◦C
under 0.1 MPa Ar.
ucts change under different experimental conditions to a certain
extent [12].

Typical control voltage traces of the Pt filament under
0.1 MPa Ar are shown in Fig. 2. The temperature 343–388 ◦C
range chosen is about 60–100 ◦C above the decomposition tem-
perature measured by differential scanning calorimetry (DSC)
and thermogravimetric analysis (TGA) methods [13]. The time
before detection of the release of heat is determined primarily
by the rate of heat buildup in the sample as opposed to the rate
of heat transfer to the filament sensor. An exotherm process pro-
duces a sharp spike in the control voltage trace, which marks the
time-to-exotherm (runaway reaction, ignition, or explosion),
thus we can get the tx values (tx is the time to the maximum
of the spike) of flash pyrolysis of MnCP at different tempera-
tures. tx is the average value of five identical experiments, the
relative error is not exceeding 1.0%.

The experimental measurements of tx were then plotted
versus 1/T (shown in Fig. 3) to obtain the surface activa-
tion energy Es and lnAs , which yield Es = 87.05 kJ mol−1

and lnAs = 15.03 respectively, the correlation coefficient R is
0.994 and the root-mean-square deviation SD is 0.057.

Es = 87.05 kJ mol−1 determined experimentally here for
the exothermic decomposition reaction of flash pyrolysis of

Fig. 2. Difference control voltage traces of the Pt filament of flash pyrolysis of
MnCP under 0.1 MPa Ar.

Fig. 3. The Arrhenius surface activation energy Es determined by the tx values.
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MnCP under 0.1 MPa Ar by using T-jump/FTIR spectroscopy
is much smaller than Ea = 180.4 kJ mol−1 given previously by
Kissinger method [13] (Ea = 180.2 kJ mol−1 given by Ozawa–
Doyle method [13]). This trend is also observed with many
other energetic materials such as HMX and RDX [20]. Rate of
diffusion, vaporization, nucleation, and reaction, together with
the measurement and analysis methods all contribute to the Ar-
rhenius parameters for the surface reaction zone [11]. Change in
the heating rate can affect the relation between evaporation and
decomposition, high heating rate reduces the “cooking” chem-
istry that takes place at low heating rate. Additionally, sample
of the explosive in the flash pyrolysis experiments is very small
and, therefore, the thermal explosion is very sensitive to heat
losses. This is the main reason for the observed strong differ-
ence from data of DSC experiments. The kinetics determined
in this article should enable the surface pyrolysis to be incorpo-
rated into steady combustion modelling.

In fact, starting with Merzhanov and Dubovitskii [21],
a number of authors [22,23] have shown that r2 is related to
the Arrhenius parameters of bulk-phase chemical decompo-
sition. Eq. (5) shows this relationship for many propellants,
where T0, d and Cp are the initial temperature, thermal diffu-
sivity, and specific heat of the propellant, respectively. Q is the
heat released in the surface layer. According to Eq. (1) and (5),
Es < Ea :

r2 = dRT 2
s Ae−Ea/RTs

Ea(Ts − T0 − Q/2Cp)
(5)

Indeed, the values of Es are usually small compared to the
strength of the weakest bond in energetic molecules and the
global Arrhenius parameters for decomposition of HMX and
RDX [23] that are derived from DSC, TGA and manometry.
lnAs = 15.05 determined herein by using T-jump/FTIR spec-
troscopy is almost of the same value with that lnA = 15.21
reported for MnCP derived from DSC method [12].

Sensitivity results show that MnCP is friction insensitive up
to 1 kg. Impact sensitivity test data reveal h50% of the low value
of 28 cm. It suggests the overall safe nature of MnCP for the
detonator applications compared with such energetic materials
as HMX and lead azide [24]. The initiation of explosives by
the impact and friction stimuli is a complex phenomenon, and
depends on the molecular structure, crystal hardness, shape and
size as well as on thermal conductivity.

The performance evaluation of the filled detonators bring
out that the extent of damage is comparable to the damage
caused by the standard detonator containing azide, styphynate
and aluminium metal composition. The occurrence of volatile
metal-containing compounds raises the possibility that subse-
quent reactions in the gas phase might produce small particles,
which dampen high-frequency acoustic oscillations in the com-
bustor; it suggests that MnCP may be used for detonator appli-
cations. Additionally, flash pyrolysis of MnCP produces large
amounts of CO2 and H2O, only a small amount of toxic and
oxidative-reductive gas products produces, it warrants further
in-depth trials for the adoption in detonators and chemically
compatible primary explosives.
4. Conclusions

By simultaneously recording the control voltage trace and
the rapid-scan IR spectra of the gas products near the surface
zone, one learns considerable detail about the chemical mech-
anism relevant to combustion of energetic material by using
T-jump/FTIR spectroscopy. MnCP appears to produce volatile
metal carbonate and large amounts of CO2 and H2O upon flash
pyrolysis. Kinetic parameters can also be obtained from the
time-to-exotherm (tx ) values of the control voltage trace of
T-jump/FTIR spectroscopy. The resultant surface activation en-
ergy of Es = 87.05 kJ mol−1 herein is smaller than that given
previously by DSC method.

T-jump/FTIR spectroscopy is the most promising approach
to gaining key information about how the composition of an
energetic material relates to its combustion characteristics. This
can, thus, be used profitably to understand the behavior of bulk
energetic materials in practical combustion problems, such as
energy production, propulsion, and explosion. The kinetics de-
termined by using T-jump/FTIR spectroscopy should enable the
surface flash pyrolysis to be incorporated into models of steady
and possibly unsteady combustion.
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