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1. Introduction 

Two of the primary goals in current energetic materials research are enhancing the performance 

and decreasing the sensitivity.  In recent years it has been suggested that nanometer-scale 

particles would provide faster energy release, more complete combustion, and better control over 

material properties (1–3).  In addition, studies have shown that the stability of 

cyclotrimethylenetrinitramine (RDX) crystals is affected by impurities, particle size, and sample 

preparation (4).  It has also been demonstrated that decreasing the particle size decreases the 

mechanical and thermal sensitivity of RDX (5–7).  The production of nano-RDX typically 

involves complicated experimental apparatus and/or difficulties in process scale-up, including 

sol-gel processing (8), aerosol jetting (9, 10), milling (11), rapid expansion of a supercritical 

solution (7, 12), and spray drying (13).  

Laser ablation provides a convenient tool for producing nanoparticles of a wide variety of 

materials, but predicting particle size, formation rates, and degree of aggregation from first 

principles is not yet possible (14).  Metallic nanoparticle formation by laser ablation has been 

studied by several groups and has been demonstrated to be dependent on laser pulse energy, 

duration, and wavelength (15–18).  Femtosecond lasers have been used to machine energetic 

materials for over a decade (19, 20), and several recent studies have investigated the resulting 

ionized fragment/cluster products using mass spectrometry (21, 22).  To our knowledge, 

however, no one has characterized the morphology of laser-ablated energetic materials.  The 

objective of this research was to produce and characterize the solid products produced from laser 

ablation of RDX, including nanoparticles, under a range of experimental conditions.  

Characterization of the products produced by laser ablation of RDX would also benefit 

applications such as the detection of explosives with laser-induced breakdown spectroscopy 

(LIBS) (23) and studies of the laser-induced plasma chemistry of RDX (24, 25). 

Two approaches to characterizing the ablated RDX were developed:  (1) imaging analysis of 

particles collected on a glass slide and (2) particle size analysis via direct sampling of the ablated 

material.  Scanning electron microscopy (SEM) was used to image the ablated particles; 

however, at higher magnifications, damage to the RDX crystals from the electron beam was 

observed so only micron-scale information about the particle morphology could be inferred from 

this technique.  The Scanning Mobility Particle Sizer (SMPS) was used to measure the size 

distribution of the ablated particles in the size range from 10 to 400 nm.  Together, these 

techniques enabled us to determine the effect of the laser pulse energy, wavelength, and duration. 
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2. Experimental Method 

2.1 Materials 

The energetic materials studied included an M43 propellant grain that consists of ~76% RDX, 

12% cellulose acetate butyrate (CAB), 8% plasticizer, and 4% nitrocellulose (NC) (26).  Class-1 

(<850 m) and class-5 (<45 m) military-grade and research-grade (i.e., purified to remove 

cyclotetramethylene tetranitramine, HMX) RDX powders were obtained from colleagues at the 

U.S. Army Research Laboratory (ARL).  Pressed RDX pellets (5-mm diameter, 2.5-mm width) 

were prepared from a 75% class-1 and 25% class-5 mixture of military-grade RDX; the samples 

were wet in methanol and pressed to ~95% theoretical maximum density (TMD).   

2.2 Lasers 

For the laser ablation of the RDX samples, the lasers in each experimental setup were focused 

onto the sample surface using a 10-cm focal length lens.  The lasers used in the study included an 

Nd:YAG Big Sky CFR200 laser (1064 nm, 12 ns) at 8, 75, and 200 mJ; an Nd:YAG Quantel 

Brilliant B laser with a third harmonic generator (355 nm, 5 ns) at 30 and 180 mJ; and a 

Ti:sapphire amplifier (Coherent Hidra-25) seeded by a femtosecond-pulsed oscillator (Coherent 

Vitesse, 800 nm, 100 fs).  A Nd:YLF pump laser (Coherent Evolution-15) amplified the output 

energy of the femtosecond laser to ~1 mJ, and an Nd:YAG pump laser (Continuum Powerlite 

Precision II 8000) further amplified the femtosecond pulse energy to ~20 mJ.  Femtosecond 

pulses at 900 J and 7 mJ were used to ablate the RDX samples.  For each of the experimental 

configurations, a laser-induced plasma lasting for hundreds of microseconds and consisting of 

highly excited atoms, ions, and free electrons was formed above the sample surface by the 

interaction of the laser with the RDX.  The shock wave from the focused laser pulse also resulted 

in the dispersion of ablated particles above the sample surface, primarily along the vertical axis 

(i.e., opposite the direction of the laser propagation).  The short duration of the pulsed lasers used 

in this work (<12 ns) was not sufficient to detonate any of the RDX samples. 

2.3 SEM Analysis 

Round microscope cover glasses (no. 2, 12-mm diameter) were placed above the laser focus to 

collect the ejected particles (figure 1).  Since the 355-nm laser was absorbed by the glass, the 

slide was held at an angle adjacent to the laser-induced plasma for those experiments.  Multiple 

laser pulses (~5–100) were required to obtain sufficient surface coverage on the glass slides.  In 

general, samples in pelletized form and lasers with higher pulse energy required fewer laser 

pulses.  For comparison to the ablated samples, unablated samples of RDX were prepared 

directly for SEM analysis.  The RDX powder was simply transferred to the surface of an 

aluminum stud for analysis, while the RDX pellet samples were scraped off the pellet surface 

with a metal spatula.
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Figure 1.  (a) Experimental setup for collection of laser-ablated particles and (b) the 

glass cover slide with the collected particles for SEM analysis. 

An ISI-SS40 scanning electron microscope was used to analyze the RDX samples.  The glass 

slides were mounted on conductive (aluminum) studs using a conductive adhesive.  The samples 

were coated with a thin conductive film via “cold sputtering” (27).  The sample was placed in the 

instrument chamber, and a vacuum was applied.  Various images were taken using different 

working distances and voltages to determine the optimum image quality.  The working distance 

was set at 20 mm, and the voltage was 10 kV (except where noted).  Images were taken at 

approximate magnifications ranging from 150× to 6000×. 

2.4 SMPS Analysis 

Direct sampling of the aerosolized stream of ablated particles was achieved with a custom-built 

sample chamber and a particle size analyzer (figure 2).  The 5-cm-diameter aluminum sample 

chamber was designed with a 2-mm-diameter inlet and a 4-mm-diameter outlet to carry the 

stream of aerosolized particles to the particle sizer.  A sapphire window, which is transparent to 

the laser wavelengths, sealed the sample chamber.  Because the intake on the particle sizer was 

under vacuum, the inlet on the sample chamber was left open to the atmosphere (although a 

carrier gas could be used in future experiments to influence the size or composition of the ablated 

particles).  When a sheath flow rate of 6 liters per minute (lpm) and a sample flow rate of 0.6 lpm 

were used, the aerosolized particles were carried into the SMPS (TSI model 3936), where the 

electrostatic classifier (TSI model 3080) charged the particles to a known charge distribution and 

classified them according to their ability to traverse an electrical field in a differential mobility 

analyzer (TSI model 3081).  A condensation particle counter (TSI model 3010) counted the 

particles based on a laser light-scattering technique.  With our setup, the software enables 

scanning of particle sizes from 10 to 400 nm in 135 s.  The laser was fired continuously at 1 Hz 

for these measurements.
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Figure 2.  Experimental setup for in situ measurement of laser-ablated particle sizes. 

3. Results and Discussion 

3.1 Survey of RDX Samples 

SEM analysis of the M43 propellant grain ablated by 200 mJ at 1064 nm showed that significant 

melting of the binder (inert CAB polymer) occurred (figure 3).  Because of the difficulty in 

discriminating between RDX and the other components of the propellant, we decided to use only 

RDX samples. 

 

 

Figure 3.  SEM images of laser-ablated M43 propellant grain at (a) 150× magnification and (b) 500× 

magnification (working distance:  40 mm; voltage:  5 kV). 
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Figures 4 and 5 show the SEM images from pure, unablated research-grade RDX (class-1 and 

class-5 particle sizes, respectively).  Damage to the crystal surface from the electron beam 

(pitting and cracking) becomes visible at higher magnifications for the larger-grade RDX.   

Unfortunately, we were unable to obtain SEM images of the ablated research-grade samples 

because the shock wave from the ablation laser dispersed the loose powder too much.  Although 

the loose RDX could be affixed to double-sided sticky tape to improve the ablation efficiency, 

small amounts of the tape would also be ablated.  The SEM images of the unablated research-

grade RDX are included here for documentation purposes. 

 

Figure 4.  SEM images of unablated research-grade class-1 RDX at (a) 50× magnification, (b) 150× magnification, 

and (c) 500× magnification (working distance:  40 mm; voltage:  5 kV). 
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Figure 5.  SEM images of unablated research-grade class-5 RDX at (a) 50× magnification, (b) 150× magnification, 

and (c) 500× magnification. 

Pressed RDX pellets with no binders or fillers were subsequently prepared to provide good 

starting material for the laser ablation experiments.  Because military-grade class-1 and class-5 

RDX was used to prepare the pressed pellets, we also obtained SEM images of the unpressed 

military-grade RDX powders (figures 6 and 7).  Unlike research-grade RDX, military-grade 

RDX can contain significant amounts of HMX (up to 5% for type-I RDX produced by direct 

nitration with the Woolwich process and up to 17% for type-II RDX produced by an acetic 

anhydride Bachmann process) (28).  Once ablated, SEM cannot differentiate between RDX 

particles and HMX particles, although a Fourier transform infrared microscope could be used to 

differentiate the particles.  The morphology of the military-grade RDX samples is quite different 

from the research-grade RDX.  Unfortunately, no information about the processing or treatment 

of the provided RDX samples was available. 
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Figure 6.  SEM images of unablated, unpressed military-grade class-1 RDX at (a) 14× magnification, (b) 50× 

magnification, and (c) 150× magnification. 
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Figure 7.  SEM images of unablated, unpressed military-grade class-5 RDX at (a) 50× magnification, (b) 150× 

magnification, and (c) 500× magnification. 

As shown in figure 8, the class-1 and class-5 military-grade RDX particle sizes (originally 

<850 and <45 m, respectively [28]) are significantly reduced after being pressed.  Based on the 

wide-field view of the distribution of the two particle sizes after being pressed into the pellet at 

3.3 × 10
4
 lb/in

2
 (figure 8a), it appears that figure 8b is a crystal of class-1 RDX that has been 

compressed in size by an order of magnitude or more.  The confinement of the RDX in pellet 

form significantly reduced the number of laser pulses needed to ablate a sufficient amount of 

material for analysis and prevented the need to move the RDX sample after each laser shot.  The 

analyses described in the following sections were based on ablation of the pressed military-grade 

RDX samples.
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Figure 8.  SEM images of unablated, pressed military-grade RDX (75% class 1, 25% class 5) at (a) 120× 

magnification and (b) 2000× magnification. 

3.2 SEM Analysis of Laser-Ablated RDX  

Laser ablation (1064 nm) of the pressed military-grade RDX sample resulted in smaller, more 

spherical RDX particles compared to the unablated particles shown in figure 8 (figure 9).  Higher 

laser pulse energy (200 mJ, compared to 75 mJ) produced significantly more submicron 

particles.  Absorption of the incident laser in the laser-induced plasma scales with the square of 

the wavelength (29).  Thus, when near-infrared wavelengths (1064 nm) are used, the coupling of 

the laser to the solid surface is reduced since more of the incident laser light will be absorbed by 

the laser-induced plasma (i.e., plasma shielding effect).  On the other hand, more of the 

ultraviolet (UV) laser (355 nm) will reach the sample surface since it is not as strongly absorbed 

by the plasma.  Figure 10 shows the SEM images from the laser ablation of RDX at 355 nm.  

Most energetic materials do not absorb near-infrared or visible light, but the UV laser is strongly 

absorbed by the RDX (30).  Ablation with only 30 mJ of UV laser energy was not very 

efficient—relatively few particles were collected on the glass slide.  At the higher UV laser 

energy (180 mJ), however, an agglomeration of smaller particles was observed.  The RDX-

ablated particles appear to be almost melted together.  These agglomerated RDX particles were 

easily damaged by an electron beam, even at lower magnifications.  
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Figure 9.  SEM images of pressed military-grade RDX ablated with a 1064-nm laser at 75 mJ:  (a) 1000× 

magnification and (b) 2000× magnification, and at 200 mJ:  (c) 1000× magnification and (d) 2000× 

magnification. 

Because it is desirable to have minimal thermal and mechanical effects during the production of 

nano-RDX, the ablation process should ideally be accomplished without coupling laser energy 

into the energetic material.  For nanosecond laser pulses, damage to the surrounding material 

occurs via thermal deposition, resulting in melting and boiling of the energetic material.  

Ablation of the RDX with a femtosecond laser presents a distinct advantage over nanosecond-

pulsed ablation.  The time scale for the absorption of the femtosecond pulse is so short that the 

energetic material is ablated with very little heat transfer to the surrounding material.  For this 

reason, femtosecond lasers have been used for cutting and machining energetic materials (19, 

20).  A 2003 paper by Roeske et al. (3, 20) showed that the surfaces of the cut energetic materials 

were undamaged, but they did not analyze the ablated material.  Figure 11 shows the SEM 

images for the RDX particles ablated by the femtosecond laser at low (900 J) and high (7 mJ) 

pulse energies.  Unlike the 1064-nm nanosecond laser ablation (figure 9), the femtosecond laser 

appears to produce a narrower size distribution of particles and agglomerated material, especially 

at 7 mJ.  A comparison of the SEM images for the low- and high-energy femtosecond laser 

pulses showed that the average particle size decreased about 28% (from 3.00 to 2.17 m in 

diameter) for the 7-mJ laser pulse compared to the 900-J pulse.
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Figure 10.  SEM images of pressed military-grade RDX ablated with a 355-nm laser at 30 mJ:  (a) 1000× 

magnification and (b) 6000× magnification, and at 180 mJ:  (c) 1000× magnification and (d) 6000× 

magnification. 

3.3 SMPS Analysis of Laser-Ablated RDX 

In addition to the SEM analysis of the micron-scale features of the ablated RDX, the nanoparticle 

size distribution of the ablated RDX was measured with the SMPS instrument.  Near-infrared, 

nanosecond pulsed laser ablation of the pressed RDX pellet was compared at three different laser 

energies (8, 75, and 100 mJ).  As seen in figure 12, the 200-mJ pulse produced the highest 

concentration of nano-RDX, although the 75-mJ pulse produced a similar particle size 

distribution.  The mean particle size was ~64 nm for both energies, with a mode (i.e., the particle 

size that occurs most frequently in the distribution) of ~50 nm.  The 8-mJ laser pulse produced 

the lowest concentration of nano-RDX, and the distribution was skewed to larger particle sizes 

(~86 nm).  Table 1 summarizes the statistics for the particle size results (three separate 

measurements at 75 mJ were averaged together). 
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Figure 11.  SEM images of pressed military-grade RDX ablated with a 100-fs laser pulse (800 nm) at  

900 J:  (a) 1000× magnification and (b) 6000× magnification, and at 7 mJ:  (c) 1000× 

magnification and (d) 6000× magnification. 

 

Figure 12.  Histogram of particle sizes produced using three different laser ablation energies on the 

pressed military-grade RDX.
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Table 1.  Statistics for RDX particles produced by three different laser ablation energies (10- to  

400-nm particle sizes measured).  (From data in figures 12 and 13.) 

Laser Energy 

(mJ) 

Mean 

(nm) 

Mode 

(nm) 

Total Concentration 

(#/cm
3
) 

8 85.7 76.4 5.06 × 10
5
 

75 64.2 ± 2.6 50.8 ± 2.8 3.78 ± 0.28 × 10
6
 

75
a
 91.9 61.5 1.38 × 10

7
 

200 64.3 49.6 5.52 × 10
6
 

aLaser focus lowered into RDX pellet. 

 

In addition to laser pulse energy, wavelength, and pulse duration, another important experimental 

parameter to consider is the position of the laser focus.  Increasing the height of the RDX pellet 

relative to the laser focus increased the number of RDX particles produced but also skewed the 

distribution of ablated particles to larger sizes (figure 13).  Lowering the laser focus into the 

center of the pellet, rather than on the surface, decreases the laser fluence (energy density) at the 

surface and prevents air breakdown above the sample surface.  Air breakdown results in a 

distortion of the laser beam and loss of ablation energy. 

 

Figure 13.  Comparison of particle size distributions as a function of laser focus position relative to the pressed 

military-grade RDX pellet surface. 
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4. Conclusions 

We have successfully demonstrated, for the first time, the production of nano-RDX particles 

(~64 nm) via laser ablation.  In addition, the effects of laser pulse energy, wavelength, and 

duration on the ablated RDX have been studied.  In general, higher-energy laser pulses produce a 

larger concentration of ablated particles since more mass is removed from the sample with each 

laser pulse.  UV laser ablation of RDX results in the formation of agglomerated RDX particles 

because more of the laser energy is absorbed by the RDX.  Femtosecond laser ablation 

efficiently removes the RDX with minimal damage to the surrounding material.  While the 

femtosecond laser appears to produce smaller (agglomerated) particle sizes on the micron scale, 

we could not perform SMPS analysis of the femtosecond ablation because the sapphire window 

on the sample chamber converts the light from the femtosecond pulse to a “white-light 

continuum” or “supercontinuum.”  The sapphire window was chosen because of its high 

transmittance over a broad wavelength range; however, when a femtosecond pulse is focused 

through a transparent medium, nonlinear effects give rise to extreme spectral broadening (31).  

Because of the increased experimental complexity resulting from the use of femtosecond laser 

pulses, it may be more advantageous to use the near-infrared nanosecond laser for ablation of 

RDX particles. 

Ultimately, the technique demonstrated here could be used to study the chemistry and 

mechanical properties of nano-RDX.  The differential mobility analyzer on the particle sizer can 

be used to produce an aerosolized stream of uniformly sized nano-RDX particles for further 

experimental studies.  By controlling the experimental parameters for laser ablation of RDX, we 

could potentially produce RDX particles with specific morphologies in support of 

microstructural experiments for the Multiscale Response of Energetic Materials mission 

program. 
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