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II. PROJECT DESCRIPTION 

A. Project Overview

Commonly available nonconventional energetic materials such as peroxides, ammonium nitrates (AN), and 
reactive materials (e.g., mixtures of metals and metal oxides), as well as conventional plastic explosives pri-
marily made of pentaerythritol tetranitrate (PETN), research department explosive (RDX), thermolysis of 
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), and triaminotrinitrobenzene (TATB) are often the 
materials of terrorist acts and become threats to homeland security. Thus, characterizing the thermochemi-
cal properties of these materials at the blast-relevant conditions of pressure, temperature, and composition 
is critical for developing chemical methods to mitigate the associated threats. Our goal is, therefore, to inves-
tigate phase and chemical stabilities of selected energetic materials at the blast-relevant pressure, tempera-
ture, and different chemical environments using Diamond Anvil Cells (DAC) and dynamic-DAC coupled with 
confocal micro-Raman spectroscopy and third-generation synchrotron X-ray diffraction. 
We have completed the investigation of chemical sensitivity of ammonium perchlorate (AP) and the main 
group I peroxides, including Li2O2 and Na2O2, adding to our previously studied H2O2. The experiments employ 
DAC, confocal micro-Raman spectroscopy, and third-generation synchrotron X-ray diffraction. The results on 
both AP and peroxides are signi icant not only to understanding fundamental properties of these high-value 
energetic materials, but also to gaining insights into what causes chemical sensitivity in energetic materials 
and inding the conditions limiting blast or detonation of AP and peroxides. In this year, we have also made 
signi icant progress on the development of time-resolved spectroscopic (TRS)/X-ray diffraction capabilities 
for dynamic properties of reactive materials – a class of newly emerging nonconventional explosives. 
The project has provided the opportunity for two graduate students to gain hands-on experience with cut-
ting-edge technologies and technical issues associated with fundamental research on energetic materials 
related to the Department of Homeland Security (DHS) and Department of Defense (DoD) programs, as well 
as two major technical manuscripts reporting the major indings: (1) “Phase Diagram of Ammonium Per-
chlorate,” recently published in The Journal  of Chemical Physics (2016); and (2) “Pressure-Induced Phase and 
Chemical Transformations of Lithium Peroxide (Li2O2)”, currently in review for publication in The Journal of 
Chemical Physics (2016). 
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B. Biennial Review Results and Related Actions to Address

The Biennial Review identi ied the strength of this project to address an important knowledge gap related to 
understanding the nature of explosives properties and what occurs during detonation, as well as that we pro-
vide fundamental data for various predictive codes such as the CHEETAH thermochemical code, which aids 
weapons designers and responders in the reactivity and stability of the materials of interest.  The review also 
recognized the signi icance of the methodology, such as micro-Raman spectroscopy and X-ray synchrotron 
spectroscopy, in our established, ongoing work with understanding explosive effects and properties. The 
review also pointed out that one of the potential weaknesses of the project is a lack of effective coordination 
with projects R1-A.1, R1-B.2, and R1-D.1, and suggested that we develop transition efforts with Los Alamos 
National Laboratory (LANL) and Lawrence Livermore National Laboratory (LLNL).  
In response to the Biennial Review comments, we have already transmitted our Equations of State (EOS) data 
on I2O5 to theory groups at LLNL (Dr. Larry Fried) for their incorporation into the CHEETAH code.  We are 
also collaborating with the LANL group (Dr. Dattelbaum) on time-resolved X-ray (TRX) diffraction on carbon 
products using a Linear Coherent Light Source (LCLS) at Stanford University. Work is also taking place with 
the LLNL group (Dr. Evans) for TRX diffraction on reactive materials in dynamic-DAC.  We will continue these 
collaborations with the LLNL and LANL groups in Year 4. 
The synergy between the R1 research efforts (projects R1-A.1, R1-A.2, R1-B.2 and R1-D.1) is indeed import-
ant, as the review pointed out. Thus, we plan to work with the R1 project investigators to identify a home-
made explosive (HME) material of common interest, and to characterize the material’s properties at high 
pressures and temperatures.

C. State of the Art and Technical Approach

Static high-pressure properties such as melting, phase transitions, and crystal structures are important to 
gaining insight into chemical stabilities and reaction mechanisms of energetic materials, in general. Melting, 
for example, most strongly affects the chemical sensitivity and decomposition kinetics of energetic materi-
als, ranging from simple burn to de lagration and detonation. Unusual melt anomalies are often observed, 
yet theoretical predictions of melt curves are dif icult even for simple inert solids. Thus, the melt curves 
of energetic materials provide the most critical constraints for developing and validating reliable thermo-
chemical models describing energetic reactions. High-pressure polymorphism and phase transitions, on the 
other hand, have wide ranging consequences on the basic properties of energetic materials, such as intermo-
lecular interaction, chemical bonding, crystal structure, thermoelastic properties, and chemical sensitivity. 
Two different polymorphs of the same energetic material often display substantially different properties 
and energetic behaviors in shock sensitivity and detonation chemistry. Importantly, the phase transition in 
energetic materials often triggers the chemical reaction leading to de lagration and detonation and, thus, is 
related to shock (or chemical) sensitivity in very fundamental ways. The phase diagram provides the most 
concise and fundamental information to understand the static and dynamic responses of energetic solids, 
and to develop chemical methods to mitigate the associated threats. Hence, our approach is to investigate 
the phase and chemical stabilities of selected energetic materials at high pressures, help characterize critical 
aspects of the energetic processes, and develop novel chemical mitigation methods. This year, we have made 
signi icant accomplishments on two types of energetic materials: AP (described in C.1. on the next page) and 
the main Group I Peroxides (described in C.2. on the following page).  In addition, we have also made a major 
technology development, namely a fast (ns) time-resolved optical pyrometer, capable of the determination of 
chemical kinetics, energetics of metal combustions, and thermite and metathesis reactions (described in C.3. 
on the following pages). 
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C.1.  Phase diagram of AP

AP (or NH4ClO4) is the salt product of perchloric acid 
(HClO4) and ammonia (NH3). It is a powerful oxidizer 
and has long been of interest to the propellant com-
munity because of its wide-spread use in solid rocket 
motors [1]. Even though it is a widely-used energet-
ic material, AP is one of the least understood [2]. The 
presence of chlorine in AP makes it completely differ-
ent from other propellant and explosive ingredients, 
leading to further complications in its decomposition. 
Mixing AP with a fuel generates a self-sustained com-
bustion. Thus, when AP is mixed with a polymeric 
binder and aluminum powder, it forms a powerful 
propellant that is utilized in rocket launching [3]. Ex-
plosions involving AP have caused signi icant damage, 
demonstrating its disastrous effects [4]. 
In order to gain insight into AP’s reactivity and its sen-
sitivity to external stimuli, it is imperative to develop 
a single, concise, and complete account of AP, such as 
the phase diagram. Therefore, the present study has fo-
cused on investigating the phase diagram of AP in an 
extended region of pressures to 50 Gegapascal (GPa) 
and temperatures to 420°C, as presented in Figure 1.
The present phase diagram of AP underscores the stability of six solid polymorphs including two previously 
known phases (I and V) [5, 6] and four new phases (II, III, IV, and VI) found in this study, and presents the sol-
id-solid phase boundaries and the decomposition line, replacing the melting curve of AP. The Raman spectral 
evidence was used to infer the presence and stability region of each phase. Except for phase V, all the other 
solid phases are ordered by orientation.  With the limited data, it is interesting to note that the ordering tran-
sition from phase V to VI occurs in the pressure range of around 20-30 GPa above ~250°C, which makes the 
melt/decomposition line turn over.
The pressure-dependent Raman shifts indicate that the strength of hydrogen bonding increases across the 
phase I → II, III → IV, and III → V transitions, whereas it weakens across the phase II → III transition. Even 
though the hydrogen bonding weakens with pressure within the same phase as the pressure is increased, the 
high-temperature high-pressure phase VI shows evidence of maintaining similar hydrogen bonding strength 
with increasing pressure. It is very interesting that this high-pressure, high-temperature phase exhibits such 
consistent strong hydrogen bonding. In contrast, the high-temperature phase V shows weakening of hydro-
gen bonding with increasing temperature. The presence of different initial phases at increasing pressures 
and at low temperatures could also have an effect on the transition dynamics. 
Combining the present observations together with those in literature at low pressures [7], we propose the 
reaction scheme for the decomposition of AP. As the intermolecular interactions between and units 
are signi icantly weaker in phase V, it is possible to have relatively mobile units diffusing through a ma-
trix of slowly rotating ions [8]. Thus, there is a transfer of protons to the latter, forming NH3 and HClO4, 
initiating the AP decomposition [9]. Further oxidation of both NH3 and HClO4, similar to AN [7, 10], leads to 
the decomposition products. 
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C.2.  Structural phase transitions in the main group I peroxides

Lithium peroxide (Li2O2) is a prototypical alkali metal peroxide that crystallizes into an ionic solid at am-
bient conditions [11]. The strong ionic character in alkali metal peroxides is in contrast to its isoelectronic 
counterpart H2O2, that crystalizes in a covalent lattice. Furthermore, unlike H2O2, strong hydrogen bonding is 
absent in alkali metal peroxides. Nevertheless, all peroxides, including Li2O2, are strong oxidizers, because of 
the unusually weak peroxy (O–O) bonds and the comparatively unstable oxidation state (-1) of oxygen atoms 
[11, 12]; thus, they can explode upon contact with organic materials or other reducing agents [13], similar to 
H2O2 that even detonates with a detonation velocity of ~ 6.7 km/s [14]. 
Both alkali metal oxides and peroxides are oxygen-rich compounds that are used in applications as oxygen 
sources, such as in various electrochemical fuel cells [15, 16]. Of those, Li2O2 has the highest theoretical active 
oxygen content (34.8 wt.%). It is also a compound that has good thermal stability and is non-hygroscopic 
[11]. Therefore, Li2O2 has received notable attention in rechargeable lithium battery applications, which are 
based on its decomposition mechanics [17].  Li2O2, for example, is one of the main products of oxygen reduc-
tion reaction in Li/O2 electrochemical cells, together with Li2O and LiO2 [6]. Interestingly, Li2O2 crystals in 
these reaction mixtures are often found in various crystalline and amorphous structures, which deviate from 
the crystal structure of Li2O2 at ambient conditions [18-20]. Neither the crystal structures and stabilities of 
these discharged solids, nor the crystal chemistry associated with the decomposition process, are well un-
derstood. In this regard, high-pressure studies of Li2O2 can provide insight into the potential crystal structure 
in solid phases and the decomposition mechanism at various thermodynamic conditions and, thus, help in 
the development of Li/O2 (or air) electrochemical cells.  
Despite numerous studies on alkali oxides and alkali per-
oxides at ambient conditions, little is known about 
high-pressure behaviors of Li2O2 and alkali metal perox-
ides, in general.  Therefore, the goal of this study was to 
investigate the crystal structure and stability of Li2O2 to 
63 GPa using DACs, confocal micro-Raman spectroscopy 
and synchrotron X-ray diffraction. The Raman data 
showed the emergence of the major vibrational peaks as-
sociated with O2 above 30 GPa, indicating the subsequent 
pressure-induced chemical decomposition in dense 
Li2O2. The X-ray diffraction data of Li2O2, on the other 
hand, showed no dramatic structural change, but re-
mains well within a P63/mmc structure to 63 GPa. Nev-
ertheless, the Rietveld re inement indicated a subtle 
change in the structural order parameter z of the oxygen 
position O (⅓, ⅔, z) at around 35 GPa, which can be con-
sidered as a second-order, isostructural phase transition. 
The nearest oxygen-oxygen distance collapses from 1.56 
Å at ambient condition to 1.48 Å at 63 GPa, resulting in a 
more ionic character of this layered crystal lattice, (see Fig. 2). This structural change, in 
turn, advocates that Li2O2 decomposes to 2Li and O2, further augmented by the densi ication in speci ic molar 
volumes.
The major inding of this work is currently in review for publication in The Journal of Chemical Physics (2016) 
[21].
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C.3.  Major technology development of a fast (ns) time-resolved optical-pyrometry to determine chemical 
kinetics of particle combustion. 

Time-resolved temperature information is critical to understanding the chemical kinetics and energetics of 
metal combustion. For example, in a “global” kinetic model, assuming an adiabatic approximation and an 
Arrehnius-type reaction rate, the combustion process can be described in terms of the ignition temperature, 
representing the energetics of overall chemical reactions, and the burn rate, representing the reaction rate 
of overall chemical species. Therefore, to determine the time evolution of temperatures of reactive/energetic 
metal particles undergoing metal combustions, intermetallic reactions, and thermite and metathesis reac-
tions, we have developed a fast (ns) time-resolved pyrometer using a six-channel optical pyrometer. A typical 
temperature pro ile measured from this technique (see Fig. 3) will show the global kinetics and energetics 
governing combustion. As such, after a brief, low-temperature induction period, the temperature rises rap-
idly to ~80-90% of peak value (the slope ΔT/Δt is de ined as the burn rate), then slowly to the peak value (the 
burst temperature, TB) for the next few 100 microseconds (the burn time, tB). Apparently, the heat generation 
rate in exothermic reactions of metal particles surpasses the rate of combined heat dissipation through a 
conductive loss to the cold unreacted portion of metal particles and a convective loss to air, in this primary 
combustion period. After the temperature peaks, it gradually decreases over the entire combustion period 
(~1.5 microseconds) as the metal oxides cool, and the unreacted materials are depleted in the secondary 
combustion period. 
The experiments proposed above will provide quantitative information regarding: (1) Characteristics of met-
al particles including particle size, particle distribution, burn time, and mass burn rate as a function of parti-
cle size; and (2) Kinetics and energetics associated with metal particle combustion including the burn rates, 
burst temperature, burn time, and induction period. These data can be used to provide critical constraints to 
thermo- and mechano- chemical models used in various chemical hydro-codes. We will use this technique to 
examine the dynamic responses of emerging nonconventional explosives, such as thermite mixtures, reactive 
metals and alloys, and nano-energetics.

D. Major Contributions

The fundamental research outlined here will also result in scienti ic discoveries and technological innova-

Figure 3: (a) The schematic drawing shows the experimental setup of the six-color spot pyrometer based on six pho-

tomultiplier tubes. (b) The time-resolved global temperature (dark and gray lines) of a group of metal particles in 

combustion (the left y-axis). The corresponding PMT outputs at the six selected wavelengths are indicated in diff erent 

colors (the right y-axis).
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tions of great value to defense research needs and, thus, enable DHS to respond to both short- and long-term 
national needs in the areas of explosive characterization and evaluation. Major contributions of this project 
to the overall ALERT research program are as follows: 
Year 1: 
• Completion of the investigation of chemical sensitivity of AN mixtures at high pressures and tempera-

tures, including ANFO and Ammonal. 
• Work in progress on the systematic studies of main group I peroxides, in comparison with H2O2. 
Year 2:
• Completed the phase diagram of AP over the extended region of pressures and temperatures. 
• Accomplished the systematic understanding of high-pressure-temperature behaviors of the main group 

I peroxides.
Year 3:
• Completed the investigation of AP and Li2O2 under static conditions over a wide range of pressure tem-

perature regimes.
• Developed a fast time-resolved six-channel pyrometer for the investigation of reactive metals and com-

posites undergoing energetic metal combustions and thermite and metathesis reactions. 
• Currently examining high-pressure behaviors of nitromethane under dynamic conditions using 

dynamic-DAC.  

E. Milestones

In Year 3, we have completed the phase diagram and melting/decomposition studies of AP and Li2O2 under 
static high pressures, and developed a fast time-resolved optical pyrometer for the investigation of reactive 
metals (Al, Ni, thermites, and nano-energetics) and composites (such as aluminized AP and AN) in Year 4.  In 
the coming years, we will focus on a newly-emerging class of energetic materials, such as reactive materials, 
energetic composites, and thermite mixtures, in coordination with the other R1 projects’ efforts. We will 
investigate these materials in both static and dynamic conditions. The dynamic conditions will be accom-
plished by using dynamic-DAC, coupled with the TRS probes, and TRX diffraction probes – the technique 
developed in support of DHS. These objectives will be accomplished according to the following milestones:
• Determine static properties of a selected set of energetic materials of common interest to the R1 projects, 

especially nonconventional energetic materials such as triaceton triperoxide (TATP) -- the explosive used 
in the recent terror attacks in Paris and Brussels -- with the three R1-A.1, R1-B.1, and R1-C.2 URI projects, 
aluminium-nickel (Al-Ni)- based thermite explosives with the R1-C.1 Texas Tech project, and reactive 
composites with the R1-B.2 Purdue group.  

• Determine the dynamic responses of energetic materials, including nitromethane and TATP, in dynam-
ic-DAC, capable of precisely controlling pressure and compression rates that can bridge the gap between 
conventional DAC and shock wave experiments.

• Perform TRX diffraction experiments on reactive metal composites including Ni and Al composites with 
boron, nitrogen, AN and AP, using the nation’s brightest hard X-ray source at the Advanced Photon Source 
(APS). This will provide quantitative information on the chemical and structural evolution of reactive 
materials undergoing metal combustions, intermetallic reactions, and thermite reactions.

• Transmit the fundamental materials data to various energetic materials libraries, including the CHEETAH 
code, where the fundamental thermochemical data are limited for nonconventional energetic materials 
and metal thermites reactions. 
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• Publish the main indings in peer-reviewed journals. 
We expect to accomplish these milestones within the next two years and, thus, achieve the inal goal to mea-
sure fundamental thermoelastic properties under both static and dynamic conditions.

F. Future Plans

Continue to characterize the static properties of non-conventional energetic materials as we have done in the 
past years. We plan to investigate the dynamic properties of energetic and reactive materials, such as reactive 
metal particles, thermites, and aluminized AN and AP, in the coming year, utilizing dynamic-DAC, TRX, and 
spectroscopic methods. 

III. RELEVANCE AND TRANSITION

The present project is signi icant in understanding the fundamental properties of energetic materials of high 
value to DHS interests: melting, phase transition, chemical stabilities, EOS, etc.  These data are critical to de-
velopments in: 
• Predictive capabilities for explosive initiation.
• Improved EOS models for better assessment of blast effects.
• Blast-/shock-mitigating materials and methodologies.
• Related basic science needs for materials in extreme conditions.

A. Relevance of Research to the DHS Enterprise

Our project addresses the scienti ic and technological challenges to detect, evaluate, and mitigate the blast 
effects of nonconventional energetic materials by
• Providing fundamental data for energetic materials libraries and thermochemical models over a wide 

range of phase space – critical to developing a predictive capability.
• Providing high-pressure data of energetic materials in relation to shock sensitivities and detonabilities 

for other efforts within ALERT, as well as other defense programs in DoD and the Department of Energy 
(DOE).

• Timely and “small-scale (<1 μg)” evaluation of detonability and sensitivity of newly developed and/or 
emerging energetic materials, prior to more elaborate shock-wave experiments, without incurring safety 
concerns associated with large-scale synthesis.

B. Potential for Transition

Products of this project with the potential for transition include:
• Fundamental data to chemical data libraries to improve/validate thermochemical models, such as 

CHEETHA and Reactive Models developed by our collaborators (Drs. Fried and Tarver) at LLNL.  These 
codes are used in integrated hydro-codes such as AL3D, SHAMRC, etc. used by DHS.

• Laser spectroscopic and X-ray diffraction methodologies to detect and characterize reactive materials in 
extreme conditions.

• Forensic (<1 μg) evaluation of energetic materials under dynamic conditions.

C. Data and/or IP Acquisition Strategy

Fundamental data describing (1) Thermal and chemical stabilities, and (2) Chemical kinetics and energet-
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ics of high impact explosives, will be produced in the project and then used to develop and/or validate the 
relevance chemical models used in CHEETHA and reactive materials hydro-codes.  These materials data and 
information obtained in the project will also be published in scienti ic journals to evaluate the signi icance 
and accuracy of results via the peer-reviewed processes and for a greater level of distribution.

D. Transition Pathway

The major transition pathway of the present research is through scienti ic publications, student training for 
the future homeland security and defense workforce, the data incorporation into the energetic materials data 
library, and the database of various thermo-mechanical and chemical codes. 

E. Customer Connections 

The relevant technologies, such as fast TRX diffraction and dynamic-DAC, are of great interest to the scientists 
at DOE and DoD laboratories, including our collaborators at LANL (Dr. Dattelbaum) and LLNL (Drs. Evans and 
Zaug).

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. We are training two PhD students with hands-on experience in the state-of-the-art high-pres-

sure and spectroscopic and structural diagnostics. The expertise being developed in the present 
project will help enhance the future workforce needed for fundamental defense research within 
DHS, DoD and DOE.

2. Training to Professionals or Others 
a. This project provided technical training for one post-doctoral scientist on fundamental research 

programs of the DHS and DoD needs.  

B. Peer Reviewed Journal Articles 
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