
Thermochimica Acta 401 (2003) 1–7

Kinetics of theβ → δ solid–solid phase transition of HMX,
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine

R.K. Weesea,∗, J.L. Maienscheina, C.T. Perrinob
a Lawrence Livermore National Laboratory, Livermore, CA 94550, USA

b Chemistry Department, California State University at Hayward, Hayward, CA 94542, USA

Received 22 November 2001; received in revised form 2 August 2002; accepted 17 August 2002

Abstract

We apply differential scanning calorimetry (DSC) to measure the kinetics of theβ → δ solid–solid phase transition of
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, HMX. Integration of the DSC signal gives a direct measurement of degree of
conversion. Data is analyzed by first-order kinetics, the Ozawa method, and isoconversional analysis. The range of activation
energies found in this work, centering around 500 kJ/mol, is much higher than previously reported values by Brill and
co-workers [AIAA J. (1982)], 204 kJ/mol[1], and Henson et al. and Henson and co-workers [B. Henson, L. Smilowitz, B.
Asay, P. Dickson, Thermodynamics of the beta to delta phase transition in PBX-9501, in: Proceedings of American Physical
Society Topical Group on Shock Compression of Condensed Matter, American Institute of Physics, Atlanta, GA, 2001; L.
Smilowitz, B. Henson, J. Robinson, P. Dickson, B. Asay, Kinetics of the beta to delta phase transition in PBX-9501, in:
Proceedings of American Physical Society Topical Group on Shock Compression of Condensed Matter, American Institute of
Physics, Atlanta, GA, 2001; P.M. Dickson, B.W. Asay, B.F. Henson, C.S. Fugard, J. Wong, Measurement of phase change and
thermal decomposition kinetics during cookoff of PBX-9501, in: Proceedings of American Physical Society Topical Group
on Shock Compression of Condensed Matter, American Institute of Physics, Snowbird, UT, 1999], 200 kJ/mol[4]. We discuss
possible reasons for the higher activation energies measured here but do not identify the cause.
© 2003 Published by Elsevier Science B.V.
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1. Introduction

The chemical compound octahydro-1,3,5,7-tetra-
nitro-1,3,5,7-tetrazocine, HMX, is an high-perfor-
mance nitramine energetic material. HMX exists in
four solid phase polymorphs, labeledα, β, γ , δ-HMX
[5,6], each of which can reportedly be prepared by a
specific cooling rate of a reaction solution[7]. The β

phase of HMX has the highest density and is stable
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at room temperature; it is the form in which HMX is
normally produced and used. However, when heated
to temperatures above 435 K, theβ phase converts to
δ phase HMX[5,8–11].

This conversion of theβ phase (monoclinic lattice
structure) to theδ phase (hexagonal lattice structure)
involves a major disruption of the cohesive forces
in the HMX crystal lattice and a ring conformation
change fromβ (chair) toδ (chair–chair)[12,13]. The
electrostatic forces created within the HMX lattice
produce a potential energy barrier to overcome in the
transformation from theβ → δ phase[9]. The energy
to bring about the change from chair to chair–chair
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conformation has been reported by Brill[12] as
ring torsion and is essentially a normal mode of the
molecule that requires about 4 kJ mol−1.

The β and δ phases of HMX have quite different
behaviors. For example, the volume expansion asso-
ciated with theβ → δ phase transition (the density is
1.90 for β and 1.78 g/cm3 for δ) produces profound
perturbations to the mechanical and combustion char-
acteristics of HMX[8,9,14,15]. The higher density
material shows a higher rate of detonation and main-
tains greater stability towards shock. In sensitivity to
mechanical impact as assessed by a standard drop-
weight impact test such as described by Dobratz[16],
δ phase HMX is significantly more sensitive thanβ

phase HMX[5,14]. It is therefore desirable to know
the kinetic information associated with thisβ → δ

solid phase transition. Data have been reported by Brill
[9,17,18]and by Henson[2,3] using FTIR and second
harmonic generation, respectively, to monitor the tran-
sition extent. Their energies were observed to be 204
and 200 kJ/mol. Here we investigate the kinetics of the
β → δ solid phase transition in HMX using differen-
tial scanning calorimetry (DSC) and determine kinetic
rate parameters and an effective activation energy. Our
activation energy of∼500 kJ/mol is much higher than
previous values, and a possible reason is discussed.

2. Experimental method and calibration

The instrument used for making DSC measurements
in this work is a TA Instruments Model 2920[19].

The DSC was calibrated at each ramp rate for tem-
perature and heat flow and to reduce baseline drift.
Indium, lead, tin, and zinc were used for temperature
calibration, and the indium heat of fusion was used
for heat flow calibration. The instrumental error was
≤1.4◦C in temperature and≤2.0% in heat flow, typ-
ical for this type of measurement.

We recorded DSC data at heating rates of 1, 2, 5,
and 10◦C/min, with sample masses of about 1 mg. The
thermal ramp was extended to a temperature sufficient
to bring the phase conversion to completion, but was
stopped below the temperature where the HMX would
exothermically react. We made four runs at each heat-
ing rate. The lids of the DSC sample pans were perfo-
rated, to maintain the sample at atmospheric pressure.
All data reported with exotherm up.

The HMX used in these experiments was recrystal-
lized from standard-grade HMX, and was 99% pure
as measured by HPLC. The average particle size was
160�m with the central 80% being between 30 and
300�m, and the sample masses ranged from 0.81 to
1.29 mg, with most around 1.1 mg.

3. Results and discussion

Theβ → δ transition in HMX is endothermic, and
is readily measured by DSC. Typical data are shown
in Figs. 1–4for the different heating rates.

The data inFigs. 1–4have significant fine struc-
ture superimposed on the main thermal event, partic-
ularly at the lower heating rates. We conjecture that
this is due to uneven contact of the powdered sample
with the sample pan, with resulting variations in ther-
mal contact efficiency and therefore heat flow. This
would be expected from the change in crystal mor-
phology and density during the phase transition, with
different particles undergoing transition at slightly dif-
ferent times and thereby adding a random structure

Fig. 1. DSC data for 1◦C/min, heating rate, #99-896.01.

Fig. 2. DSC data for 2◦C/min, heating rate, #99-890.01.
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Fig. 3. DSC data for 5◦C/min, heating rate, #99-878.01.

to the overall thermal signature. The presence of this
fine structure does not preclude kinetic analysis of the
data, but could introduce noise in the isoconversional
analysis.

The DSC data can be converted to fractional con-
version by:

αt = �Ht

�Htot
(1)

whereαt is the reaction extent at timet; Ht the total
heat of reaction at timet, calculated by integrating
the DSC signal up to timet; Htot the total heat of
reaction, calculated by integrating the DSC signal over
the entire phase transition.

The reaction rate can then be written as:

dα

dt
=

(
d(�Ht)

dt

)
×

(
1

�Htot

)
= dQ

dt
×

(
1

�Htot

)

(2)

where dQ/dtis the heat flow given by the DSC signal.

Fig. 4. DSC data for 10◦C/min, heating rate, #99-872.01.

3.1. Calculation of Arrhenius parameters—first-order
assumption

The reaction rate may also be written, for a simple
nth-order reaction with Arrhenius kinetics, as:

dα

dt
= k(1 − α)n = Ae−EA/RT(1 − α)n (3)

wherek is the reaction rate constant (s−1); A the Ar-
rhenius pre-exponential (s−1); EA the activation en-
ergy (kJ/mol);n the reaction-order.

CombiningEqs. (2) and (3), we can calculate the
instantaneous rate constant as a function of tempera-
ture for a given DSC run by:

k = dQ

dt
×

(
1

�Htot

)
× (1 − α)−n (4)

We analyzed each DSC run in the following way.
First, we integrated the total phase transition signal to
determine the total heat of reaction. Then, the reac-
tion extent as a function of time was calculated using
Eq. (1). Finally, the reaction rate constant was calcu-
lated as a function of time for reaction extents using
Eq. (4), assuming first-order kinetics. A representative
plot of the rate constant as a function of time for one
run is shown inFig. 5. For each run, we calculated an
average rate constant near mid conversion. These mean
values are shown inTable 1, and plotted inFig. 5. The
resulting activation energy is 433±13 kJ/mol, and the
pre-exponential term is 2× 1048 s−1.

From Fig. 5, we see that the rate constant during a
DSC run is not linear. This could be due to a couple
of effects. First, the temperature is not constant during
the course of the run, so the rate constant would be
expected to increase exponentially. The data inFig. 5

Fig. 5. Rate constant calculated fromEq. (4) for run 878.01 at
5◦C/min.
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Table 1
Mean rate constants and temperatures for each thermal ramp rate

Ramp rate (◦C/min) k (s−1) T (K)

1 0.208 463.1
2 0.363 465.4
5 0.843 468.7

10 1.41 471.3

The values represent averages of four runs at each ramp rate.

span about 1 min or 5 K. Applying the activation en-
ergy of 433 kJ/mol to the minimum and maximum
temperatures represented inFig. 5, 466.2–471.2 K, we
calculate that the rate constant should vary by a factor
of 3.3. This is a significant portion of the overall vari-
ation of a factor of 6.5, but does not account for all of
the variation. A changing rate constant indicates that
the reaction is not a simple first-order reaction. Nucle-
ation reactions would have a greater increase over the
interval, and they may be appropriate for this transfor-
mation. Our method of using the rate constant at the
peak of the endotherm is therefore an approximation,
and our kinetic constants calculated in this manner
must therefore be considered estimates.

3.2. Calculation of Arrhenius parameters—Ozawa
method

An alternate method of calculating kinetic parame-
ters is the method of Ozawa, wherein the thermal ramp
rate as a function of the peak temperature is used for
conventional Arrhenius analysis[20,21]. This gives di-
rectly an estimate of the activation energy. The ramp
rate and peak temperature data are shown in Arrhe-
nius form inFig. 6. The activation energy, 510 kJ/mol,

Fig. 6. Arrhenius plot of kinetic data fromTable 1. Activation
energy is 433 kJ/mol, and the pre-exponential term is 2×1048 s−1.

Fig. 7. Ramp rate vs. 1/T(K) × 1000.

is significantly higher than that calculated above from
the actual reaction rate data.

3.3. Calculation of Arrhenius
parameters—isoconversional analysis

The above methods for calculating activation en-
ergy assume an unchanging reaction mechanism with
first-order reaction. Similar analyses can be made with
different reaction-orders that lead to different kinetic
parameters; it is often difficult if not impossible to de-
termine which is the appropriate reaction-order from
this type of analysis[21]. Furthermore, if the reaction
mechanism changes during the course of the reaction,
the above methods can only give a global average that
may not truly represent any of the actual mechanistic
steps.

Fig. 7 is the natural logarithm of the ramp rate and
inverse peak temperature data, with a linear fit for
calculating activation energy.

Isoconversional analysis is an alternate method of
kinetic analysis that avoids these problems[22–25]. In
isoconversional analysis, data from several different
ramp rates are required. For each ramp rate, the reac-
tion rate and temperature is determined for different
extents of reaction; then the Arrhenius parameters are
calculated from the set of temperature-rate data at each
reaction extent. Changes in the activation energy with
reaction extent indicate changes in reaction mecha-
nisms. The pre-exponential parameter lumps together
all reaction-order effects, and so its behavior also
may give insight into the actual mechanisms. There
is no assumption of reaction-order inherent in iso-
conversional analysis[26], so the activation energies
should be representative of the actual reactions taking
place.
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Fig. 8. Reaction rates as a function of temperature at reaction
extents of 0.2 (square) and 0.8 (circle).

Steps in the isoconversional analysis were: (1) cal-
culate the reaction extent from integration of the DSC
data, using evenly-spaced temperature data over the
same temperature range for each run at given ramp
rate; (2) interpolate the temperature/reaction extent
data sets to give temperature/reaction extent data at
evenly spaced reaction extent values ranging from 0.01
to 0.99; (3) calculate the reaction rate for each re-
action extent value from the temperature/reaction ex-
tent/ramp rate data; (4) for each reaction extent, use
rate/temperature data from the four ramp rates to cal-
culate Arrhenius parameters as a function of reaction
extent. Typical results at reaction extents of 0.2 and 0.8
are shown inFig. 8, and the resulting Arrhenius acti-
vation energy and pre-exponential values are shown in
Figs. 9–12for reaction extents from 0.05 to 0.95. Aver-
age activation energy of 488 kJ/mol−1 was observed, a
standard deviation of 23 kJ/mol−1 was determined for
this data set, approximately 5% difference. Typically
errors associated with measurements of this type are
two parts in 100. Systematic errors of this type may

Fig. 9. Reaction extent vs. temperature at 1◦C/min.

Fig. 10. Reaction extent vs. temperature at 2◦C/min.

Fig. 11. Reaction extent vs. temperature at 5◦C/min.

have contributed to the noise in the data that caused
the errors associated with the activation energy.

As a check of the validity of the values, we used
these parameters to calculate the reaction extent as a
function of temperature for the four experimental ramp
rates, and then compared the calculated values with
the experimental data. This is shown inFig. 8. The
agreement is excellent, with the calculated reaction
extent fitting well within the envelope of experimental
results for each ramp rate. We note that to achieve the

Fig. 12. Reaction extent vs. temperature at 10◦C/min.
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degree of agreement some of the Arrhenius parame-
ters derived fromFig. 9 were adjusted to the nearest
0.5 kJ/mol or s−1. The adjustments were small in all
cases, and the adjusted parameters are still consistent
with the data shown inFig. 9.

Figs. 9–12show the reaction extents of the phase
transition. ForFigs. 9–12all measured values—solid
lines. Calculated from Arrhenius parameters-thick dot-
ted line. Each plot is for the thermal ramp rate shown
on the plot.

From the data available we cannot determine a
mechanistic scheme.

The activation energies for the different steps in the
reaction are quite high—465–538 kJ/mol. These val-
ues are consistent with those from our simpler anal-
yses presented earlier—433 kJ/mol for the first-order
assumption and 510 kJ/mol using the Ozawa method,
showing a general agreement among the three meth-
ods of analysis.

3.4. Comparison with literature

With pure HMX and using FTIR spectroscopy to
monitor theβ → δ phase transition, Brill et al. ob-
served first-order kinetics and determined activation
energy of 204 kJ/mol[23]. Henson et al. studies HMX
mixed with estane and nitroplasticizers (PBX-9501),
using second harmonic generation of reflected light to
measure the reaction extent[2,3,25]. He built a model
for the transition based on a nucleation and growth
mechanism with a first-order nucleation step and a
second-order growth step; activation energies were on
the order of 200 kJ/mol for each step.

Our results show that the reaction is not a simple
first-order reaction. First, the range of activation ener-
gies that we find, around 500 kJ/mol, are significantly
higher than those found by Brill and by Henson and
are too high to be physically reasonable. Second,
the reaction profile is even narrower than predicted
by the 500 kJ/mol energy. The reasons for this are
not fully understood. The most likely explanation
is that the results are influenced by the thermody-
namics of the phase change. In the limit of a pure
thermodynamic control, the peak in the reaction pro-
file would be independent of heating rate as long as
heat transfer contributions were properly accounted
for. That would lead to infinite activation energy
by both the Ozawa and isoconversional methods. In

a mixed thermodynamic-kinetic regime, the appar-
ent activation energy would be higher than the true
value.

4. Conclusions

We have monitored the reaction progress of the
HMX β → δ phase transition using differential scan-
ning calorimetry and pure HMX, and analyzed the
results using three methods—assuming first-order ki-
netics, the Ozawa method, and isoconversional analy-
sis. Although the three methods used for determination
of the activation energy were in agreement, agreement
does not guarantee validity—there is still the question
of whether this is truly a chemical kinetic measure-
ment.

The activation energies with different analyti-
cal methods are all around 500 kJ/mol, significantly
higher than reported in the literature. As discussed
above, this may be the result of thermodynamic in-
fluences on the reaction rates.

ReportedEA energies for solid–solid transition are
typically on the order of 125–150 kJ/mol and the ac-
tual reaction mechanisms of some solid-state reactions
may be too complex to be described by the kinetic
triplet [26].
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