
R1-A.2: Characterization of Energetic Materials 
Under Extreme Conditions

Abstract— Commonly available, nonconventional energetic materials such as H2O2, ammonium 
nitrates (AN), as well as reactive materials (e.g., mixtures of metals and metal oxides), and con-
ventional plastic explosives primarily made of pentaerythritol tetranitrate (PETN), cyclotrimethyl-
ene trinitramine (RDX), cyclotetramethylene-tetranitramine (HMX), and triaminotrinitrobenzene 
(TATB), are often materials used in terrorist acts and become threats to homeland security. Thus, 
characterizing thermochemical 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.  In this year, we have completed the investigation of chemical sensitivity of AN 
and its mixtures with hexane (i.e., ANFO) and aluminum (Ammonal), and made signifi cant progress 
on main group I peroxides, including Li2O2 and Na2O2 – adding to the previously studied H2O2.  The 
experiments employ diamond anvil cells (DAC), confocal micro-Raman spectroscopy, and third-
generation synchrotron X-ray diffraction. The results on both AN and peroxides are signifi cant not 
only to understanding the fundamental properties of these high-value energetic materials, but also 
to gaining insights into what causes chemical sensitivity in energetic materials and fi nding the condi-
tions limiting blast or detonation of AN and peroxides.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Choong-Shik Yoo PI WSU csyoo@wsu.edu

Minseob Kim Research Scientist WSU M_kim@wsu.edu

Students

Name Degree Pursued Institution Month/Year of Graduation

Mihindra Dunuwille PhD WSU 12/2014

Young Jay Ryu PhD WSU 6/2016

II. PROJECT OVERVIEW AND SIGNIFICANCE

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, affects most strongly 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 thermochemi-
cal models describing energetic reactions. High-pressure polymorphism and phase transitions, on the other 
hand, have wide ranging consequences on basic properties of energetic materials, such as intermolecular 
interaction, chemical bonding, crystal structure, thermoelastic properties, and chemical sensitivity (Fig. 1 on 
the next page). Two different polymorphs of the same energetic material often display substantially differ-
ent properties and energetic behaviors in shock sensitivity and detonation chemistry. Importantly, the phase 
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transition in energetic materials often triggers the chemical reac-
tion leading to de lagration and detonation and, thus, is related to 
shock (or chemical) sensitivity in very fundamental ways. 
Characterizing thermochemical properties of energetic materi-
als at the blast-relevant conditions of pressure, temperature, and 
composition iscritical for developing chemical methods to mitigate 
the associated threats. Hence, our approach is to investigate phase 
and chemical stabilities of selected energetic materials at high pres-
sures and different chemical environments. This helps to character-
ize critical aspects of the energetic processes, such as de lagration 
and detonation, and to develop novel chemical mitigation methods 
that make it dif icult to formulate detonable quantities of explo-
sives. In this year, we have made signi icant accomplishments on 
two types of energetic materials: AN and AN mixtures (see section 
A.1) and the main Group I Peroxides (see section A.2).

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

A.1  Ammonium Nitrate (AN) and AN mixtures 

Ammonium Nitrate (AN–NH4NO3), which is produced through an exothermic reaction between nitric acid 
(HNO3) and ammonia (NH3), is extensively used in the agricultural industry as a nitrogen source to improve 
crop yield [1]. Yet, it is a strong oxidizer, which has been used as an explosive ingredient in mining indus-
tries. Slight additions of organic substances, such as fuel oil (often termed as ANFO) and inorganic materials, 
such as Al powder (known as Ammonal) make AN a powerful secondary explosive [2]. AN became readily 
available following World War I, as large stocks were released for agricultural uses. Because of its relatively 
low price, easy access and strong oxidizing properties, AN has often been subjected to uses in Improvised 
Explosive Devices (IEDs) in addition to its common use in the mining industry. Even though AN by itself is 
not considered an explosive, some industrial disasters caused by AN and AN gravel explosions show that the 
hazardous nature of AN should not be underestimated [3].  
While the energetic process of nitrates (including AN, ANFO and Ammonal) is mediated through the nitro-
groups, the origin of enhanced chemical sensitivity in impure AN (or AN mixtures) is not well understood, 
posing signi icant safety issues in using AN. To remedy the situation, we have carried out an extensive study to 
investigate the phase stability of AN and its mixtures with hexane (ANFO – AN mixed with fuel oil) and Alumi-
num (Ammonal) at high pressures and temperatures, using diamond anvil cells and micro-Raman spectros-
copy, which has been completed in this year.  The major indings include the spectral evidence for con irming 
the presence of phase IV′ in a wide range of thermal and chemical conditions, providing new constraints for 
the phase diagram of AN, and demonstrating the enhanced chemical reactivity of ANFO and Ammonal. The 
phase diagram of AN was mapped out to 450°C and 50GPa, consisting of well-de ined phase boundaries for 
phase IV, II, I, and IV′ and the melt-decomposition line. We proposed three possible mechanisms for AN de-
composition (Fig. 2 on the next page); an ionic model for phases I and II below 3GPa and a radical model for 
phases IV and IV′ above 3GPa. We presented the spectral evidence showing the enhanced stability of phase 
IV in ANFO, resulting in the lower decomposition temperatures. Hence, this is exactly what makes ANFO and, 
to an extent, Ammonal more reactive than pure AN.
We have reported these indings in three peer-reviewed papers [4-6]: J. Chem. Phys. (2012), J. Chem. Phys. 

Figure 1: A main chemical concept used in 

this study to exploit a detonability of small 

quantity energetic materials under static 

high pressures in DAC.
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(2014), and J. Phys. Conf. Ser. (2014).  As such, the data can be used 
for developing thermochemical models for AN at elevated pressures 
and temperatures and for gaining insight into chemical reactions of 
AN, including the detonation observed in ANFO. The spectral signa-
tures reported in this study are also useful for characterizing various 
polymorphs of AN arising in a wide range of thermal and chemical 
conditions and, therefore, to develop novel methods that can mitigate 
the chemical threat in fundamental ways.

A.2 Main group I peroxides

Like nitrates, peroxides are strong oxidizers also often used in IEDs. 
Their chemical sensitivities can be greatly altered in various ther-
mochemical conditions. Ammonium nitrate (AN), for example, when 
mixed with a small amount of fuel oils (ANFO) becomes an explosive, 
arising from an enhanced chemical reactivity in the nitro functional 
group (as described above). The absence of such nitro groups in the 
main group I peroxides (X2O2 where X=H, Li, Na), on the other hand, 
makes them unique in terms of understanding the chemistry related to explosive behavior of energetic ma-
terials, in general. 
The main group I peroxides are simple molecules, yet their properties are rather complicated arising from 
strong hydrogen bonding and high ionization potential. The latter makes hydrogen peroxide a strong oxidizer 
and dif icult to obtain at high purity. In fact, pure (or highly concentrated) hydrogen peroxide is stable but 
highly reactive with many materials it comes in contact with at the ambient condition and it will detonate 
under the right conditions (and is therefore a high explosive) [7].  The in inite-diameter detonation velocity 
of highly concentrated (>97.5wt%) H2O2 is estimated to be ~ 6.7 km/s [8] and is even higher than that of neat 
nitromethane, 6.26 km/s [9]. H2O2 has also been shown to be detonable in mixtures with simple alcohols 
[7,9] , with detonation velocities in the range of 5.5-6 km/s.  Due to the highly reactive nature of highly con-
centrated H2O2 solutions, most studies have been on diluted H2O2 water solutions [10] or at low temperatures 
[11] – not on pure H2O2 at high pressures.  This is unfortunate considering the fact that the structure and 
stability of H2O2 are not known at high pressures, static and dynamic alike.
Therefore, during the phase I of this project, we have studied the pressure-induced phase transition and 
chemical decomposition of hydrogen peroxide and its mixtures with water to 50 GPa, using confocal micro-
Raman and synchrotron X-ray diffraction [12]. We found that pure hydrogen peroxide crystallizes into a te-
tragonal structure (P41212), the same structure previously found in 82.7% H2O2 at high pressures and in 
pure H2O2 at low temperatures. The tetragonal phase (H2O2-I) is stable to 15 GPa, above which transforms 
into an orthorhombic structure (H2O2-II) over a relatively large pressure range between 13 and 18 GPa. In-
ferring from the splitting of the νs(O-O) stretching mode, the phase I-to-II transition pressure decreases in 
diluted H2O2 to around 7 GPa for the 41.7% H2O2 and 3 GPa for the 9.5%. Above 18 GPa H2O2-II gradually 
decomposes to a mixture of H2O and O2, which completes at around 40 GPa for pure and 45 GPa for the 9.5% 
H2O2.  Upon pressure unloading, H2O2 also decomposes to H2O and O2 mixtures across the melts, occurring at 
2.5 GPa for pure and 1.5 GPa for the 9.5% mixture. At H2O2 concentrations below 20%, decomposed mixtures 
form oxygen hydrate catharses at around 0.8 GPa – just after H2O melts. The compression data of pure H2O2 
and the stability data of the mixtures seem to indicate that the high-pressure decomposition is likely due to 
the pressure-induced densi ication, whereas the low-pressure decomposition is related to the heterogeneous 
nucleation process associated with H2O2 melting.
In this year we have extended our previous studies on H2O2 to other main group IA peroxides such as Na2O2 
and Li2O2 to understand the pressure-induced chemical decomposition in these main group I peroxides and 

Figure 2: The decomposition mechanism 

of AN via (a) ionic mechanism, (b) free 

radical (hemolytic) mechanism, and (c) 

simple thermal dissociation.
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the effect of hydrogen bonding (see Fig. 3).  The results show similar pressure-induced phase transitions and 
associated chemical decomposition to O2 and X2O (where X=H, Li, Na).  However, the transition pressures 
are quite different: ~18 GPa in H2O2, ~19 GPa in Na2O2, and ~40 GPa in Li2O2 -- presumably resulting from a 
delicate balance between hydrogen bonding and covalent bond strengths.   

B. Major contributions

The fundamental research outlined here will also result in scienti ic discoveries and technological innova-
tions of great value to defense research needs and, thus, enables DHS to respond to both short- and long-term 
national needs in the areas of explosive characterization and evaluation. Major contributions for this project 
to the overall ALERT research and education program are: 
1. Completion of the investigation of chemical sensitivity of ammonium nitrate mixtures at high pressures 
and temperatures, including ANFO and Ammonal.  
2. Work in progress on the systematic studies of main group I peroxides – Li2O2 and Na2O2, in comparison 
with H2O2.

C.  Future plans

1. Continue to characterize the pressure-induced physical and chemical changes in Li2O2 and Na2O2 .
2. Determine static properties of other energetic materials of high value to DHS – including perchlorates.
3. Determine dynamic properties of reactive materials, which are emerging threats to homeland security – 
including reactive metals and composites.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

We are training two Ph.D. graduate students with hands-on experience in the state-of-the-art high-pressure 
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.
The efforts in the previous phase of this project have also contributed to yield a new PhD scientist in this year: 
• Dane Tomasino, PhD in Chemistry, May 2014, WSU on Chemical and Physical Transformations of Simple Mo-

Figure 3: The integrated intensity of raman vibrons characteristics to low (open symbols) and high (half-fi lled symbols) 

pressure phases, together with that of oxygen vibron, signifying the decomposition induced by the pressure-induced 

phase transition.
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lecular Systems under Extreme Pressures and Temperature (PhD thesis, WSU, 2014). He has recently awarded 
with the Agnew Fellowship at LANL (Fig. 4).

V.   RELEVANCE AND TRANSITION

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

 A. Relevance of your research to the DHS enterprise 

• Providing fundamental data for energetic materials libraries and thermochemical models over a wide 
range of phase space – critical to develop a predictive capability.

• Providing high-pressure data of energetic materials in relation to shock sensitivities and detonabilities 
for other efforts of ALERT and DHS related research programs.

• Timely and “small-scale (<1 mg)” 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. Anticipated end-user technology transfer

• Fundamental data to chemical data libraries to improve/validate thermochemical models in integrated 
hydro-codes used by DHS.

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

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

VI. LEVERAGING OF RESOURCES

The present project has been leveraged through an extramural funding for ARO to investigate Dynamic Re-
sponses of Reactive Materials in this year.

Figure 4: D. Tomasino (PhD in 2014, WSU) with setup for on time-resolved Raman spectroscopy, which he has worked 

for his PhD thesis research.
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VII. PROJECT DOCUMENTATION AND DELIVERABLES

 A. Peer reviewed journal articles

1. Mihindra Dunuwille and Choong-Shik Yoo, Phase Diagram of Ammonium Nitrate, J. Chem. Phys. 139, 
214503 (2013).

 Pending-
1. Minseob Kim and Choong-Shik Yoo, Phase Transitions in I2O5 at High Pressures: Raman and X-ray 

Diffraction Studies, J. Chem. Phys. (2013) in review.

B. Peer reviewed conference proceedings

1. Young Jay Ryu and Choong Shik Yoo, Physical and Chemical Transformation of Iron Pentacarbonyl, J. 
Phys. Conf. Ser. 500, 022011 (2013).

2. M. Dunuwille and C. S. Yoo, Phase Diagram of Ammonium Nitrate, J. Phys. Conf. Ser. 500, 022011. 
(2013).

3. Jing-Yin Chen, Minseob Kim, Choong-Shik Yoo, and William Evans , Time-resolved X-ray Diffraction 
Across Water-Ice VI/VII Transformations using Dynamic-DAC, J. Phys. Conf. Ser. 500, 142006 (2014).

C. Other presentations

1. Seminars
a. C. S. Yoo, Chemistry under Dynamic Strains, an invited talk to the Carnegie-DOE Academic Alli-

ance Center, Advanced Photon Source, Argonne National Laboratory, Sep. 16-17, 2013
b. C. S. Yoo, Mbar Chemistry a Plenary talk at Canadian Chemical Society Meeting, May 26-31, 2013
c. C. S. Yoo, Barochemistry in Highly Compressed Solids, a Colloquium lecture at Chemistry Depart-

ment, University of North Dakoda, Feb. 28, 2014.
d. Dane Tomasino and Choong-Shik Yoo, Phase Diagram of Ramp-Heated Nitrogen, an invited talk 

to Deep Carbon Observatory, Stanford University, Palo Alto, California, Dec. 6-7, 2013.
e. Ranga Dias and Choong-Shik Yoo, Superconductivity in Disordered Dense Carbon Disul ide, an 

invited talk to 2013 APS-SCCM and AIRAPT, Seattle, Washington, July 7-12, 2013.
f. Dane Tomasino and Choong-Shik Yoo, Dynamic Study of Simple Molecular Systems, a contribut-

ing talk to 2013 APS-SCCM and AIRAPT, Seattle, Washington, July 7-12, 2013
2. Poster sessions

a. Mihindra Dunuwille and Choong-Shik Yoo, Thermochemical stabilities of non-conventional en-
ergetic materials: nitrate and peroxide chemistry at high pressures and temperature, an invited 
poster to Gordon Conference on Energetic Materials Research, Newry, Maine, June 15-20, 2014.

b. Dane Tomasino and Choong-Shik Yoo, Phase Transitions of Ramp Heated Nitrogen at High Pres-
sures, an invited poster at the SSAAP symposium, Washington, D.C., Feb. 19-20, 2014 -- selected 
for a Best Poster Award
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