
F4-I: Advanced Materials and Structures for 
Explosive Blast/Shock Mitigation
ABSTRACT—The goal of this project is to develop a concept for advanced shock-resistive high-strength 
materials and material structures, which is critical for minimizing explosive damage. Our approach 
is to investigate the dynamic response of materials subjected to large strains and strain rates and 
mechanical deformation, model shock wave propagation, and develop the most effective structures to 
mitigate explosive-blast shock waves.  Our efforts have been focused on carbon species such as carbon 
nanotubes, which are ideal not only for understanding shock wave-matter interaction on an atomistic 
scale, but also for controlling strong shock wave propagation via its huge anisotropy in shock imped-
ance. In this year, we have made progress on (i) performing the first series of shock wave experiments 
on carbon species (both thin diamond and oriented CNT samples) and (ii) enabling technology devel-
opment of time-resolved synchrotron X-ray diffraction, capable of probing structural and chemical 
evolutions of energetic materials undergoing combustion-like reactions in a μs time resolution. 

I. PARTICIPANTS

Faculty/Staff
Name Title Institution Email Phone

Choong-Shik Yoo Prof Washington State 
University

csyoo@wsu.edu 509.335.2712

Minseob Kim PostDoc Washington State 
University

 M_kim@wsu.edu 509.335.1934

Jing-Yin Chen PostDoc Washington State 
University

 jychen@wsu.edu  509.335.2237

Haoyan Wei PostDoc Washington State 
University

hwei@wsu.edu 509.335.3442

Students
Name Degree 

Pursued
Institution Email Intended Year 

of Graduation
Ranga Dias Masters Washington State 

University
ranganath@wsu.edu 2012

William Bott Masters Washington State 
University

William.bott@email.wsu.edu 2015

II. PROJECT OVERVIEW AND SIGNIFICANCE

Understanding materials and structural responses under rapid dynamic shock and shockless compressions 
is fundamental to mitigating destructive explosive effects, via new materials and advanced structures. Such 
dynamic responses of materials encompass, but are not limited to, structural phase transitions, elastic and 
plastic deformation, fracture and failure, and thermo- and mechano-chemical reactions. Many of these trans-
formations occur in very complicated ways, specific to materials and structures, which in turn provide atom-
istic insights into how materials dissipate the rapidly rising thermal and mechanical energies into structural 



phase transitions, chemical reactions, and mechanical deformations over large spatial (nanoparticles, mi-
crograins, single crystals, etc.) and time (static, ramp, shock, etc.) domains.
An effective way to mitigate destructive shock wave propagation is through the use of oriented materials with 
high mechanical anisotropy in which the shock wave can be directed, dispersed, and dissipated to specific di-
rections in controlled ways.  A good candidate for such oriented materials are low-Z carbon species available 
in a wide array of allotropes (or structures), including zero-dimensional (OD) carbon fullerenes, 1D carbon 
nanotubes, 2D graphene, and 3D graphite and diamond. These carbon species exhibit greatly diverse me-
chanical, thermal, chemical, and electronic properties [1] that bear significance regarding basic sciences and 
technology applications. Importantly, these materials can be developed into high-strength shock-resistive 
thin layers or composites similar to those of fiber-enforced high-strength concretes, but to a substantially 
greater magnitude of shock resistance and a reduced weight [2]. Therefore, our efforts have been focused on 
carbon-based materials such as carbon nanotubes (CNT) and graphenes. These materials have high mechani-
cal anisotropy (or anisotropic shock impedence), providing opportunities to gain insights into shock-wave 
propagation on an atomistic scale as well as to develop novel high-strength shock-resistive (or shock-absorb-
ing or dissipating) structures.
Understanding the dynamic response of solids on an atomistic scale is not only a fundamental scientific quest 
and a basic research need in materials science, but is also critical to understanding shock-wave and matter 
interactions and developing novel shock-resistive materials and advanced structures that can minimize dam-
age from explosive blasts. However, obtaining an atomistic description of structural and chemical changes of 
solids under rapid heating and/or compression over a large temporal, spatial and energy range is challeng-
ing even for inert solids, and much more so for energetic materials.  In fact, there is no real-time atomistic 
diagnostic system available to date that is capable of probing the structural and chemical evolutions (not a 
“snapshot”) of single-event energetic processes. This is a major shortfall as related to DHS interests in both 
evaluating explosive blast effects and damage on materials or structures and developing/screening novel ma-
terials or structures that can control shock-wave propagation [3]. In this regard, a new capability of time-and 
angle-resolved X-ray diffraction method developed in this year is timely and significant in going beyond the 
present continuum measurements and engineering tests of shocked (energetic) materials.    

III. RESEARCH AND EDUCATION ACTIVITY

Carbon — abundant in nature, fundamental in chemicals – adapts a wide array of chemical bonds that in-
clude the sp, sp2, and sp3 hybridized covalent bonds at ~1.1 – 1.5 Å as well as non-bonding of van der Waals 
(vdW) type at ~3.0 – 3.5 Å. Such variety of carbon bonds gives rise to a wide range of carbon structures, rang-
ing from the three-dimensional (3D) network structure of diamond, the 2D layer structures of graphite and 
graphene, the 1D carbon nanotubes, and the 0D carbon fullerenes and anions. These carbon species exhibit 
greatly diverse, yet rather unique mechanical, thermal, chemical, and electronic properties that are of sig-
nificance to basic science and technology applications.  For example, graphene is extremely strong with a re-
ported breaking strength of about 40N/m and a Young’s modulus of about 1 TPa [4]. But it also exhibits flex-
ibility (it can crinkle and bend) and brittleness (it can shatter like glass) [5]. Strains in graphene can induce a 
pseudo-magnetic field greater than 300 Tesla [6] and greatly alter its electronic structure [7]. Understanding 
the response of graphene subjected to hydrostatic and non-hydrostatic pressures can help us gain insights 
into these remarkable properties, which can be developed into shock-resistive (or healable) materials. 
Therefore, our research effort has been to determine the mechanical strengths of carbon-based materials 
such as graphene and CNT under various stress conditions, to investigate the dynamic responses of these 
materials under large strains, strain rates, and deformations, and to develop effective structures for mitigat-
ing blast/shock damage. In this year, we have made major progresses on (i) investigation of carbon samples 
(both thin diamond and oriented CNT) under shock wave compression and (ii) investigation of chemical 
processes and kinetics associated with metal combustions (or blasts). The scientific, technological, and edu-



cational accomplishments on these efforts are described as follows: 

A.	 State-of-the-Art	and	Technical	Approach

Shock Compression on oriented CNT: Shock initiation governs the energetic process of explosive, regard-
less of whether it is detonation, deflagration, combustion, or even simple burning. Because of the irreversible 
nature of shock compression, stronger shock compression results in larger energy deposition, this in turn 
drives the explosive to go off violently. Therefore, a potential way of reducing the explosive damage is first to 
minimize the energy deposition during the initial shock compression and then to dissipate shock wave from 
propagation. In this regard, the oriented carbon nanotube (CNT) with highly anisotropic shock impedance 
is a good candidate to temper and dissipate the shock 
wave propagation.  Furthermore, its nm-scale structure 
of CNT provides the opportunity to study the continuum 
shock wave – matter interaction in an atomistic scale 
and ultimately to control the shock wave propagation in 
solids.
This year, we have completed developing eight samples 
of large oriented CNT grown on Si-substrates for shock 
compression experiments in collaboration with Dr. Lee 
at the Fusion Technology Center at Hanyang University 
in Korea. These CNT samples were then mounted on the 
projectiles for gas-gun experiments (see Fig. 1).  We also 
made several samples of thin diamond, for comparison. 
The total of five shock wave experiments have been per-
formed to date: two for the diamond samples (36 and 50 
μm thick) and three for the oriented CNT samples (all 
30 μm thick), all impacted on LiF windows.  The particle 
velocities were then measured at two different positions 
of the sample-LiF interface for comparison, as shown in 
Fig. 2. The results show a nice shock-wave reverberation 
in the diamond sample (Fig. 2 left) as expected from the 
CTH calculation (right), yet the shock wave propagation 
in CNT (center) is entirely different.  It shows a substan-
tially lower particle velocity as expected from lower den-

Figure 1.  Schematic diagram for shock compression 
experiments of oriented carbon nanotube or diamond 
on silicon subtracted, mounted on the projectile (shown 
in the inset at the top).  The sample is impinge onto the 
Al-coated LiF window and the shock wave propagation 
is measured by dual VISARs. The oriented CNT samples 
were prepared by the international collaboration with 
Dr. Lee (at Hanyang University, Korea) and the shock-
wave experiments were performed in collaboration with 
Dr. S. Sheffield at LLNL.

Figure 2. Dual VISAR records for 36 μm-thin diamond  on LiF (Left) and 30 μm-thin CNT on LiF (Center).  The shock-
wave reverberation in diamond is consistent with the CTH calculation (Right), but not in CNT.  Note that the particle 
velocity of CNT is substantially lower and the reverberation is substantially smeared.



sity of CNT than diamond and, interestingly, 
the shock-wave reverberation is smeared out 
substantially.  Clearly, these results indicate 
that carbon nanotube layer is not stiff like 
diamond and does not ring-up as sharply.  On 
the other hand, the question remains if such 
softening of the particle velocity and shock 
reverberation is due to shock wave dissipa-
tion through the CNT sample. To answer this, 
we will need more experimental data and 
to model the experiments with a distended 
material model in a wave program like CTH.   
This is exactly what we are currently work-
ing on.
Technology Developments: New method-
ology to evaluate the blast effect; e.g., time-
resolved synchrotron X-ray for probing struc-
tural/chemical evolution behind blasts. This 
development was leveraged by the produc-
tive collaboration with the scientists at the Lawrence Livermore National Laboratory and Advanced Photon 
Source at Argonne National Laboratory (See Fig. 3) and resulted in several recent publications [8-11].
Training Students: Through the present project, we are training two graduate students (1 Masters and 1 
Ph.D.) and two post-docs with basic defense research critical to the DHS missions and cutting-edge technolo-
gies such as third-generation synchrotron X-ray diffraction, static and dynamic capabilities, and optical Ra-
man spectroscopy.

B.	 Major	Contributions

Major contributions of this project to the overall ALERT research and education program are: 
Year 4:
• Determined mechanical strength of CNT and graphene,
• Prepared eight large samples of oriented CNT on Si for shock wave measurements in collaboration with 

Dr. Lee at the Technology Fusion Center at Hanyang University in Korea.
• Conducted for the first series of shock wave experiments in collaboration with Dr. S. Sheffield at the LANL.
 o Two shots on thin diamond reference
 o Three shots on oriented CNT
 o More experiments are in progress
Year 3:
• Found high compressibility on the c-axis, potentially a shock absorbing or self-healing material
• Characterized the crystal structure of diamond-like carbon in various stress conditions
• Found high structural stability of graphene to 50 GPa, even greater than CNT (35 GPa)
• Developed time-and angle-resolved X-ray diffraction for investigation of energetic materials
• Developed six-targets of highly oriended CNT samples for shock wave experiments in this year
Year 2: 

Figure 3. the collaborating team to develop the time-resolved 
synchrotron X-ray diffraction for investigation of chemical 
kinetics with metal combustions – the data critical to evaluate the 
blast effects of nonconventional energetic materials.  The team 
in picture includes, from the left, J. Chen and C.S. Yoo (WSU); J. 
Smith, Y. Xiao, G. Shen (APS); W. Evans (LLNL); H. Wei (WSU). 



• Determined mechanical strength of CNT in various stress conditions
• Discovered a new form of extended carbon by compressing CNT in various stress conditions
• Developing highly oriented, large-size CNT sample for shock compression experiments
Year 1: This project started in Year 2.

IV. FUTURE PLANS

Our research activities for the rest of the period will focus on completing shock compression experiments 
on diamond and oriented CNT samples and gaining atomistic insights into how shock wave propagates and 
dissipates through long chains of CNT. 

V. RELEVANCE AND TRANSITION

The present project is significant in understanding shock-wave interactions with novel materials and de-
veloping advanced materials and materials structures that can dissipate, absorb, or retard the shock wave 
propagation. Therefore, it is in strong relevance to the DHS mission for protecting structures and personnel 
from explosive blasts.  
The fundamental materials data obtained in this project are critical to developments of blast/shock-mitigat-
ing materials and methodologies as well as predictive constitutive materials models.  Yet, the cutting-edge 
real-time technologies such as time-resolved X-ray diffraction developed in this project enable the investiga-
tion of dynamic responses of materials under extreme conditions - fundamental defense research critical 
to the DHS and DoD, and DOE programs. Thus, the success in this effort will vitalize the related research in 
defense and industrial sectors through transitioning new technologies and materials developments. 
The education and training of students and post docs in the present project will help address future DHS 
workforce needs. The collaborative efforts developed with the Fusion Technology Center and National Labo-
ratories (LANL and LLNL) will provide students with hands-on experiences in state-of-the-art nano-technol-
ogies and large-scale multi-disciplinary research needed for the integrated nature of DHS challenges.   

VI. LEVERAGING OF RESOURCES

The present project has been leveraged by our collaborations with the Fusion Technology Center in Korea for 
developing oriented CNT samples for shock compression experiments and the national laboratories (both 
LANL and LLNL) for dynamic gas-gun and time-resolved X-ray diffraction, respectively. The time-resolved 
spectroscopy and high-speed microscopy setups were also developed under the support of the DARPA proj-
ect, but have also been used for this project. Based on the time-and angle-resolved X-ray diffraction devel-
oped in this project, we are currently working on developing new project(s) for investigation of dynamic 
responses of solids under extreme conditions. 
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B.	 Technology	Transfer	(by	the	PI,	all	invited)

1. Chemical Stability of Energetic Materials at High Pressures, an invited talk to 2012-Chemistry under Ex-
treme Conditions, Los Alamos National Laboratory, Jan. 18-20th, 2012, Santa Fe, New Mexico.

2. Dynamic Structural and Chemical Responses of Energetic Solids, an invited talk to 2011 Fall-MRS Meet-
ing, Nov. 29 - Dec. 2, 2011, Boston, Massachusetts. 

3. High Pressure Kinetic Studies using Dynamic-DAC: Metastable Ices of H2O, an invited talk to AIRAPT-23, 
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4. Time and Angle-resolved X-ray Diffraction (TARXD): Probing Structural and Chemical Evolutions, an in-
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C.	 Technology	Transfer

The present project contributed to scientific and technological exchanges made in the symposium that the PI 
co-organized in this year: Riad Manaa, Evan Reed, Choong-Shik Yoo, and Michael Strano, Advances in Ener-
getic Materials Research in Fall 2011 MRS Meeting , Nov. 28 – Dec. 2, 2011, Boston, MA

D.	 Seminars,	Workshops	and	Short	Courses

1. Organized the focused session in the 2011 MRS Fall Meeting on Advances in Energetic Materials Re-
search, Nov. 28 – Dec. 2, 2011, Boston, MA, co-organized by Riad Manaa, Evan Reed, Choong-Shik Yoo, and 
Michael Strano. 

2. Participated in the workshop: Chemistry at Extreme Conditions: Recent Data and Future Perspectives, an 
invited talk to 2012-Chemistry under Extreme Conditions, Los Alamos National Laboratory, Jan. 18-20th, 
2012, Santa Fe, New Mexico.
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