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We have analyzed the results of thermal decomposition experiments
with HMX, performed with a simultaneous thermogravimetric
modulated beam mass spectrometry (STMBMS) apparatus, and
have created a reaction cycle that captures the physical processes
and chemical reactions that control its decomposition. The reaction
cycle is based on 9 different physical processes and 7 general
chemical reactions that play a significant role in controlling the decomposition of HMX. The reaction cycle captures both the main
reaction pathways and the interactions between the various pathways. In addition, we find that these physicochemical processes
lead to the emergence of several different types of morphological
structures within the HMX particles. These structures emerge during the early stages of the decomposition process and eventually
evolve as active components of the rate controlling processes. The
development of a mathematical model to characterize the reaction
cycle and the emergent phenomena is described.

INTRODUCTION
The desire to predict the response of explosives when exposed to fire has created an
interest in understanding the thermal decomposition processes in HMX at slow heating
rates. Previous work[1] on the thermal decomposition of HMX below its melting point
(~270°C) indicated that the nucleation and
growth of bubbles containing gaseous decom-

position products was important in the solid
phase. When this behavior is coupled with
current understanding of how increased sensitivity and violent combustion is associated
with the dramatic effect of microscopic defects, such as cracks, holes, and voids on the
combustion of the energetic materials through
localized phenomena such as jetting and shear
heating,[2-7] the importance of understanding
and characterizing the thermal decomposition
processes becomes apparent. The initial goal

of our research on HMX has been to identify
the chemical reaction mechanisms and the
physical processes that control its thermal decomposition and to understand how these
processes lead to the evolution of the morphological structure observed in our experiments.
Our current goal is to develop mathematical
models of our current understanding of the
physicochemical processes, parameterize
these models from our data collected with the
STMBMS apparatus, and provide predictive
models that can be used to assess the response
of HMX containing explosives in fires.
Over the years, thermal analysis studies using differential thermal analysis (DTA),[8]
differential scanning calorimetry (DSC)[9-11]
and thermogravimetric analysis (TGA)[12]
have been conducted with the aim of determining reaction kinetics of HMX. Reaction
kinetics for HMX derived from these types of
experiments assume simple reaction mechanisms in homogeneous materials. Since the
overall information content provided by these
methods is limited, it is not possible to deconvolve the effects of physical and morphological changes that occur in these materials as
they decompose or to the effect these changes
may have on the chemical reaction mechanisms and the overall rates of reaction from
the data. The results from our STMBMS experiments on HMX[1, 13-16] and RDX[1719] provide more information on the decomposition processes than standard thermal
analysis methods and allow us to gain more
insight into the underlying processes. Our
work on HMX has shown that several different reaction pathways control the decomposition process. Nucleation and growth processes, transport processes and emergent phenomena all play a role in the thermal decomposition of HMX in the solid phase. HMX
also undergoes significant morphological

changes that play a critical role in the overall
thermal decomposition process. The ramifications of these morphological changes are
twofold. First, the morphological changes
create microscopic defects that are associated
with increased sensitivity due to ‘hot spot’
effects. Second, the overall rates of reaction
are controlled by reactions in these localized
microscopic regions. Thus, the number density, size and interfacial processes in these
microscopic reaction regions all play a role in
the overall reaction process. Models of HMX
thermal decomposition based on homogeneous processes on a molecular level do not
provide a sufficient framework to describe the
slow thermal decomposition of HMX in the
solid phase.
In this paper we present an overview of the
information obtained from the STMBMS experiments, a qualitative model of the chemical
and physical processes that constitute the
HMX reaction cycle, and several aspects of
the emergence and evolution of the morphological features that are being incorporated
into a mathematical model of the decomposition process.

STMBMS RESULTS
We have used STMBMS, optical microscopy and scanning electron microscopy
(SEM) to probe the thermal decomposition
processes in HMX and summarize our findings in this section. We have examined the
thermal decomposition of HMX over a temperature range from 175°C to 265°C. The
details of the STMBMS experimental methods,[20-22] the chemical reactions of HMX
and RDX,[1, 14, 17, 18, 23] and the morphological changes that occur during the thermal
decomposition of HMX[16] have been described in detail elsewhere.

can originate from reactions that occur at several different locations. These include: 1)
sublimation and unimolecular decomposition
of HMX in the gas phase, 2) bimolecular reactions between gaseous decomposition products and HMX in the gas phase, 3) decomposition in the solid particles, followed by release of gaseous products from the particles,
4) reactions at interfacial boundaries, such as
on the surface of the particles or at interfacial
regions formed by nucleation and growth
processes within the HMX particles, 5) decomposition of nonvolatile secondary products, and 6) on the walls of the reaction cell.

Figure 1. Cross section of reaction cell
used in STMBMS experiments.
A typical STMBMS experiment consists of
placing either a single HMX particle or a
sample of HMX powder in a reaction cell
(Fig. 1), leak-checking the seals and placing
the cell in the STMBMS apparatus. As the
sample is heated, a vapor is formed in the reaction cell, which may consist of both HMX
and its gaseous decomposition products. The
gaseous species flow through an orifice in the
top of the reaction cell, pass through a vacuum and are detected with a modulated beam
mass spectrometer. This data provides the
identity of the decomposition products. Simultaneously, the rate of force change (due to
mass loss and thrust produced at the exit orifice) is measured. Analysis of the mass spectrometry data coupled with the rate of force
change data provides the gas formation rate
and the partial pressure of each vapor species
in the reaction cell as a function of time.
The gaseous species that evolve from the
reaction cell in the STMBMS experiments

Data from a typical STMBMS experiment
with HMX, shown in Figure 2, illustrates how
insight into the various processes that control
the decomposition of HMX may be derived
from the results. Figure 2 shows the identities
and gas formation rates (GFR) of products
formed during the thermal decomposition of
HMX at 235°C. The main decomposition
products are: CH2O, NO, N2O, H2O and CO.
Note the unusual variation in the temporal
behaviors of the GFRs for the products in this
isothermal experiment. After the sample
reaches 235°C, there is a period of time, referred to as the induction period, in which the
rate of formation of the gaseous products is
relatively slow. This is followed by another
period of time, referred to as the acceleratory
period, in which the rate of evolution of the
products from the reaction cell increases.
This is followed by a third period, the late
stage, in which the rate of gas evolution from
the reaction cell decreases with time. This
type of temporal behavior has been observed
in over one hundred similar experiments used
to probe the decomposition process.[16]
From these results we have drawn the following general conclusions: 1) most of the products formed during the induction period arise
from sublimation of HMX and its decomposition in the gas phase, 2) the evolution of
gaseous products during the acceleratory
stage originates from the reaction and growth
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Figure 2. Gas formation rates of the decomposition products formed during the decomposition of a 1mg single particle of HMX in a reaction cell with a 25µm diameter orifice. The
temperature of the sample is shown in the upper left panel. The maximum pressure of the
gas products in the reaction cell is ~ 4 Torr. The three shaded regions denote the induction,
acceleratory and late stages of the decomposition process.
of bubbles within the HMX particles, 3) the
evolution of products during the late stage
originates from complex reactions involving
HMX and its gaseous and condensed phase
decomposition products.
To understand how the evolution of gaseous decomposition products is related to the
physical process occurring within the HMX
particles, STMBMS experiments were conducted in which the particles were partially
decomposed, removed from the reaction cell
and then examined with optical and SEM pictures. An SEM picture of the cross section of
a particle that underwent 30% decomposition
is shown in Figure 3. The central region of
the HMX particle, where HMX remains,
shows the granular structure formed when
HMX is heated. The outer region, where
HMX has been sublimed from the particle,

reveals the shell-like structure of the nonvolatile residue (NVR) formed during the decomposition process. Note the size and uniformity of the shell-like structure in the region
where the HMX has been removed by sublimation.
From the analysis of many similar experiments with HMX, we have found that the following physical processes play an important
role in controlling its rate of decomposition
and creating new morphological features: 1)
Sublimation of HMX from the surface of the
particle and its subsequent decomposition in
the gas phase. 2) Formation of a microscopic
granular structure and larger scale cracks
within the HMX particles as the sample undergoes the β Æ δ phase transition. 3) Decomposition of HMX at the inter-granular
boundaries during the earliest stage of de-

composition (0 to 5%). 4) Nucleation and
growth of reaction regions within the HMX
grains, creating bubbles containing gaseous
decomposition products within the grains.
This process is important during the first 30%
of decomposition. 5) Formation of a nonvolatile residue by reaction between several

of the gaseous decomposition products (e.g.,
HCN and CH2O). This occurs in both intergranular regions during the earliest stage of
decomposition and in the bubbles that grow
within the grains. 6) Release of gaseous decomposition products from the bubbles within
the grains as they intersect the grain bounda-
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Figure 2. Scanning electron micrographs of the cross section through a partially decomposed HMX particle. To prepare the particle, it is heated to 235°C and held at this temperature until ~30% of the HMX has decomposed. Next, approximately half of the remaining
HMX is sublimed and then the particle is removed from the STMBMS and cut in half for
examination. The black line in A demarcates the boundary between the outer region,
where the residue formed in the decomposition processes has been uncovered through the
sublimation of part of the remaining HMX, and the inner region, where HMX remains.
Panels B and C show this boundary region more closely. Panel D shows the morphological
features of the residue that is formed during the thermal decomposition process.

ries. 7) Flow of gaseous decomposition products and gaseous HMX through the intergranular region, which is more dominant during the later stages of an experiment. 8) Reaction between HMX, the NVR and a subset
of the gaseous decomposition products. This
occurs on the surface of the NVR, leading to
growth of the NVR. 9) Decomposition of the
NVR to form gaseous decomposition products.
The main chemical reactions that occur in
conjunction with these physical processes and
lead to the emergence of new morphological
structures have been elucidated from our recent experiments with HMX as well as from
previous experiments with isotopically labeled HMX[14] and RDX[18]. The main reactions may be summarized as follows: 1)
Elimination of HONO from HMX resulting in
the formation of HCN and the subsequent reaction products of HONO: H2O, NO, and
NO2. In our experiments this reaction is primarily associated with decomposition of
HMX in the gas phase. 2) The formation of
the mononitroso analogue of HMX by the replacement of an NO2 group with NO. This
pathway was elucidated from decomposition
experiments using mixtures of 15N-labeled
HMX and 14N-labeled HMX in which scrambling of the N-NO bond in the mononitroso
product was observed.[14] 3) The formation
of the mononitroso analogue of HMX by the
abstraction of oxygen from the NO2 group in
a reaction between HMX and the NVR. This
was also determined from experiments with
mixtures of 15N-labeled HMX and 14N-labeled
HMX. In this case, as the amount of NVR
present in the sample increased, the amount of
mononitroso HMX product without N-NO
bond scrambling also increased, indicating
interaction with the NVR. 4) The decomposition of mononitroso HMX primarily to N2O,
CH2O several other minor products (this decomposition pathway is by analogy to a study
of the decomposition of the mononitroso analogue of RDX[24]). 5) The formation of a

NVR from the decomposition of the mononitroso analogue of HMX. 6) The decomposition of HMX on the surface of the NVR yielding N2O and CH2O as the primary products.
We find that some of the HMX is incorporated into the NVR leading to its growth. We
also find that this reaction is dependent on the
pressure of the confined gaseous decomposition products, indicating that this reaction
channel probably involves the NVR, HMX
and a subset of the gaseous decomposition
products. Further insight into this reaction
channel comes from our work with RDX in
which this reaction can be studied without the
complication of the physical processes that
occur during the decomposition of HMX. 7)
The decomposition of the NVR forms various
amides as decomposition products.
The nine physical processes and the seven
different chemical reactions have been identified and characterized from a wide range of
different STMBMS experiments on both
HMX and RDX. These results form the experimental basis for creation of a qualitative
model to describe these processes and a
mathematical model to capture the parameters
for the model from the STMBMS data and
provide a basis for predicting the behavior of
HMX over a range of heating conditions.

QUALITATIVE MODEL
We have created a reaction cycle that captures the physical and chemical processes that
control the thermal decomposition of HMX
and leads to the emergence of new morphological features. The reaction cycle is shown
in Fig. 4.
The reactions start with the reactants in the
solid phase (upper left) and proceed to the
main exit products shown on the right. The
main reactive processes that control the rates
of reaction are captured in the reactions and
reaction cycles shown in the center of the diagram. The bold circles show the main

Figure 4. Reaction scheme showing the physical and chemical processes that control the thermal
decomposition of RDX and HMX.
reaction cycles. The smaller arrows indicate
how the reactive intermediates move between
the different reaction cycles and how the exit
products evolve from the reactions and reaction cycles. The exit products, listed in Fig. 4,
are classified as either non-reactive or reactive. The non-reactive products undergo no
further reactions under the conditions of our
thermal decomposition experiments. The
reactive products decompose in the reaction
cell, as well as evolve through the reaction
cell orifice. The relative rates of decomposition and evolution of the reactive products are
determined by the experimental conditions,
with the diameter of the reaction cell orifice
having the most significant effect. The minor
products that evolve during the decomposition
process are shown in the box at the lower left.
Although the minor products represent only a

small fraction of the total products formed
during the decomposition process, their identities and the temporal behaviors of their rates
of evolution provide insight to the different
cycles in the overall reaction mechanism.
The solid-phase reaction cycle is encountered first by the reactants. The importance of
this cycle is determined by the heating rate of
the sample. If the heating rate is sufficiently
rapid, then the length of time spent in this cycle is short and the sample will liquefy before
extensive reaction has occurred in the solidphase. However, if the heating rate is slow
and the sample is maintained at a temperature
between 160°C and its melting point, then
reactions are observed in the solid phase.
These reactions are complex and nonlinear
with respect to the reactant. Processes involv-

ing grain formation, nucleation and growth of
reactive sites, bubble formation, and nonlinear
reactions between the reactant and its nonvolatile secondary products are observed in
the decomposition of HMX.
Thermal decomposition of liquefied RDX
or HMX is also a complex process. The main
reaction pathways of
this process have
OH
O
been described preN
N
N
N
viously for the case
N
N
of RDX.[17, 18]
V
One pathway involves the elimination of HONO and HON from RDX, leading
to the formation of oxy-s-triazine (OST -- V).
HONO and HON undergo further reaction,
forming H2O, NO, and NO2. This reaction
was found to be first order in RDX, with all
atoms constituting OST originating from a
single RDX molecule. This is the only reaction pathway, observed in our experiments
with RDX and HMX, that is first order in the
reactant, with the rate of formation of the
gaseous products being proportional to the
amount of RDX remaining in the sample.
OST is not observed in the decomposition of
HMX or in the decomposition of RDX under
higher gas confinement conditions. Under
these conditions HCN appears in place of
OST.
Since HMX decomposes at temperatures
well below its melting point, it reacts via a set
of more complicated pathways. This is depicted in Fig. 4 by the NO, nitroso and nonvolatile residue (NVR) reaction cycles. Isotopic scrambling experiments have shown that
reaction between NO and RDX[18] or
HMX[14] results in the formation of the
mononitroso analogue of the reactant. Thus,
one of the reaction cycles involves the reaction of NO, which may be generated in several of the different reaction cycles, with the

reactant to form the mononitroso analogue of
HMX. The next reaction cycle involves decomposition of the mononitroso analogue. To
understand the reaction mechanism of the
mononitroso analogue, mononitroso RDX
(MNRDX) was independently synthesized
and its decomposition process studied by
STMBMS methods.[24, 25] The references
provide details on the complex decomposition
behavior of MNRDX. It was found that
ONDNTA decomposes in two different temperature ranges. One is between 110-145 °C
and the other is between 155-210 °C. Isothermal experiments in the lower temperature
range show that the fraction of the sample that
decomposes in this channel is limited, and the
fraction depends on the pressure of the gaseous decomposition products contained with
MNRDX in the reaction cell. Higher pressures of the gaseous decomposition products
result in larger fractions of the MNRDX decomposing in the lower temperature channel.
Above pressures of ~ 1atm all of the MNRDX
decomposes in the lower-temperature channel. The temporal behaviors of the rates of
formation of the products in the higher temperature channel show that a nonlinear “autocatalytic-like” process plays a significant role
in the reaction mechanism for this channel. A
nonvolatile residue is formed during the decomposition of MNRDX in both temperature
channels. The products formed in the decomposition of ONDNTA are NO2, CO/N2,
CH2O, N2O, NO and the minor products
shown in Fig. 4. The NO2, CH2O, NO and
NVR are involved in other reaction cycles in
the decomposition process. Observation of
the mononitroso analogue of HMX
(MNHMX), plus the presence of the same
decomposition products associated with the
decomposition of MNRDX, provide firm evidence that the nitroso reaction cycle is important in the decomposition of HMX.

Figure 5. Illustration of morphological features that play a role in the decomposition of
HMX.
The nonvolatile residue reaction cycle is
most dominant under experimental conditions
characterized by the presence of higher pressures of the gaseous decomposition products.
This reaction cycle initially involves the creation of a NVR via reactions of secondary
products from the HMX decomposition. As
the amount of NVR present in the sample increases, this reaction cycle becomes the main
rate-controlling process. The reaction between the reactant and the NVR results in part
of each HMX molecule being released as
gaseous products and the remainder being incorporated into the NVR. Thus, the rate of
HMX decomposition that is controlled by the
NVR reaction cycle increases as the amount
of NVR present in the sample increases. The
NVR is not completely stable at the temperatures of the experiments. During an experiment, the NVR grows through reaction with
RDX or HMX and decomposes thermally,
releasing the minor products shown.
The reaction cycle shown in Fig. 4 provides the basis for creating mathematical
models to describe the decomposition of
HMX.

DEVELOPMENT OF MATHEMATICAL MODELS
Our initial attempt to develop a mathematical model describing the decomposition
of HMX was reported previously.[26] While

Figure 6. Illustration of growth of bubbles
within grains.
this model captured the features of the chemical reactions, more recent experimental results have shown that nucleation and growth
processes and emerging morphological features play a major role in controlling the decomposition process. Mathematical representations of these processes are being developed
for use in new mathematical models of the
HMX decomposition cycle.
Models of the morphological features associated with rate controlling processes are
being developed. The different types and
relative scales of these features are illustrated
in Fig. 5. The illustration represents a particle
of HMX. Heating the particle through the
βÆ δ phase transition creates a grain structure
composed of flat “platelet-like” grains. The
newly formed grain boundaries provide new
interfaces where decomposition occurs during
the initial stage of an experiment. Within the
grains, reaction centers nucleate and grow
forming bubbles within the grains. Both
gaseous and nonvolatile reaction products
form within the bubbles. The NVR contained

within the bubbles opens a new reaction
pathway at the NVR interface where reactions
with HMX and the gaseous decomposition
products may occur. When the surface of a
growing bubble intersects a grain boundary,
the gaseous products flow into the intergranular region and may exit from the particle
and pass into the free volume of the reaction
cell. The NVR from the bubble is no longer
exposed to the high-pressure gas conditions
associated with the bubble, but is now in the
reaction environment associated with the inter-granular region and the free volume of the
reaction cell. This leads to the final type of
morphological structure observed in our experiments, flakes of NVR. The flakes are
formed during the later stages of decomposition and probably originate from the reaction
of HMX and one of the gaseous decomposition on the surface of the NVR. We suspect
that the “flake-like” structure arises from the

flow conditions of the HMX and the decomposition products through the inter-granular
region of the particle where it reacts with the
NVR, resulting in the growth of the NVR in
the flow paths.
We have created mathematical representations of these processes and illustrate the approach with a model for the nucleation and
growth of the bubbles within the grains. The
geometrical aspects of the model are illustrated in Fig. 6. The model assumes that the
nucleation centers are all present at time zero
and uniformly distributed throughout the
grain. This is consistent with the experimental results and suggests that the nucleation
centers may be formed during the βÆδ phase
transition. For one reaction scenario, we may
assume the reaction occurs at the surface of
the bubble (e.g., at the interface between the
NVR and the solid HMX at the boundary of

Figure 7. Illustration of the growth of bubbles within grains of HMX and the resulting rates of
HMX decomposition (B), formation of NVR (C), rate of gas release from the grains (D).

the bubble). This implies that the radius of
the bubbles grow as a linear function of time,
r(t) = k t, and the maximum radius is limited
to h/2, half the thickness of the grain.
The number of bubbles that have released
their gaseous products as they intersect the
grain boundaries is given by
r(t )

∫2ρ

nr (t) =

n

l w dr = 2 l w ρ n r (t)

(1)

0

and the number remaining confined within the
grains is given by
ng (t) = ρ n l w (h − 2 r(t) )
(2)

where ρn is the density of nucleation sites and
the other parameters associated with the dimensions of the grains are defined in Fig. 6.
Corresponding expressions can be derived to
describe amounts of HMX that has been converted to products and has been either released (Vv) or remains (Vg) in the bubbles
Vr(t) =

r( t )

∫

4
3

π r3 2 ρn l w dr = 23 π ρ n l w r (t)4

0

Vg (t) = π r (t ) 3 ρ n l w ( h − 2 r (t ) )
Furthermore, the corresponding terms representing the surface area of the NVR that
forms at the bubble interface which either remain confined in the bubble environment (Ag)
or is transferred to the inter-granular environment (Av) is given by
Ag (t) = 4 π r (t )2 ρ n l w (h − 2r (t ) )
4
3

r(t )

Ar (t) =

∫ 4πr

2

ρ n l w dr =

8
3

π ρ n l w r (t ) 3

0

respectively.
A model of this behavior for decomposition of particle is shown in Figure 7. The dimensions of the grains are set at 10µm x
10µm x 1µm. A Gaussian distribution of
grain heights is assumed with an average
height of 1.0µm and a width of 0.5µm. Fig.
7A shows the linear growth of the radius of
the bubble with time. Fig. 7B shows, the volume of HMX that has decomposed and whose

gaseous products have been released from the
bubbles, the volume of HMX that has decomposed but whose gaseous products still remain
within the bubbles in the grains, and the volume of the remaining HMX. Fig. 7C shows
the surface area of the NVR in bubbles that
are still growing within the grains and the
NVR from the bubble that have released their
gas, resulting in an increase of NVR in the
inter-granular region. This NVR is now
available to react with the HMX and gaseous
products flowing out from the particle and
may provide the initial NVR that grows into
flake-like structures. Finally, Fig. 7D shows
the rate of gas release from the grains of
HMX. Comparison of the temporal behavior
rate of gas release with the data shown in Figure 2 shows how this relatively simple nucleation and growth model captures the general
behavior the decomposition of HMX through
the acceleratory stage.
Future work will incorporate the other
morphological features, as well as the chemical reactions, into a mathematical model that
can be used to characterize the entire HMX
reaction cycle.

CONCLUSIONS
The decomposition of HMX in the solid phase
at slow heating rates is controlled by a complex set of coupled physical and chemical
processes. These physicochemical processes
lead to the emergence of distinct morphological and chemical features in a sample that are
incorporated into the rate controlling reaction
processes as the reaction progresses. Analysis
of the data from STMBMS experiments over
a wide range of conditions has provided the
basis for creation of a reaction cycle that describes the processes that control the thermal
decomposition of HMX. The reaction cycle
summarizes 9 physical processes and 7 general chemical reactions that play a major role
in controlling the thermal decomposition of
HMX. Mathematical representations of these

processes are under development with the ultimate goal of creating predictive models that
can be used to characterize the type and extent of damage created in HMX based explosives that have been exposed to fires.
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