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Incorporation of Al Nanopowder into NTO

K.-Y. Lee, J . E. Kennedy, P . D. Peterson, B . W Asay,
Dynamic Experimentation Division
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

e-mail: kvlee(ablanl .gov

ABSTRACT

Most insensitive high explosives have relatively low output and the user is forced to choose between
enhancing operational safety and meeting ordnance performance requirements . The goals of this project
are to investigate ways to incorporate Al nanopowder in NTO and to devise formulations that are
insensitive and that exhibit high performance . In this paper, the novel method for the preparation of
nanoNTO and its formulation with Al nanopowder will be presented, together with the characterization
test results . Data from minisandwich velocity test on NTO and NTO/Al mix and the techniques used to
verify the potential encapsulation of Al in NTO will also be presented .

INTRODUCTIO N

For applications requiring both operational safety and high ordnance performance, it is desirable to
have the design and formulation of IHE and enable the tuning of performance and sensitivity . NTO (5-
nitro-2,4-dihydro-3H- 1,2,4-triazole-5 -one) is an IHE of global interest . It was developed at Los Alamos
in 1985 ( ' ) and has been used extensively as the major ingredient in bomb fills, insensitive munitions
systems and the gas generant for azide-free formulation for inflatable vehicle safety device .(2"5) However,
as a typical IHE, NTO has relatively low output .

Incorporation of aluminum nanopowder in energetic materials has been demonstrated to increase
the burn rate of propellants and improve the detonation performance of some high explosives . (6-9 ) In an
earlier study, we have found that mechanical mixing of nano-aluminum powders with micron-size TATB
did not improve detonation spreading performance .(10) In a study to prepare HE-encapsulated aluminum,
Jigatch et al .(") emphasized that conventional mechanical mixing of micron-size explosive grains and Al
nano-powder will not give homogeneous Al particle distribution, and hence positive performance effect
will not be observed.

Our motivation in this work has been to investigate ways to introduce nano-aluminum particles in
NTO in such a way that the energy contributes significantly to the detonation output . In addition, it is our
desire to explore techniques that will verify the potential Al encapsulation in NTO. In this article, the
approach to incorporate nanoAl powders in NTO by crash precipitation will be described, together with
the small-scale sensitivity and output data of the resulting aluminized NTO composite . Reported in the
article are also the techniques used to verify the potential Al encapsulation in NTO .

EXPERIMENTAL
Our desire was to devise simple methods to incorporate Al nano-particles into NTO so that a

chemical mix and an increase in the interface between Al and NTO particles will be achieved. In
addition, efforts were also made to prepare NTO with particle size comparable to nanoAl powder .
Furthermore, it is our desire to prepare NTO-encapsulated Al . The 40-nm aluminum powder employed in
our study is from Technanogy, Inc . When received, it had surface area 49 .4 m2/g with 68.7 wt % Al and
1 .7-nm-thick oxide .



Preparation of submicron NTO (sm-NTO) and its formulation with nanoAlpowder by crash
precipitation

This approach of incorporating Al into NTO matrix is to precipitate a suspension of NTO
solution in THF with Al nanopowder from cold hexane. The idea here is that by crash precipitation of a
solution at high stirring speed and in cold solvent, the recovered materials will not only have nano
particles, but also an intimate mixing with the Al nanoparticles .
The overall procedures for the incorporation method are as following :
Step 1 . A cold hexane is prepared in a jacketed 3-neck round-bottom flask (1 0, equipped with an
overhead stirrer, a drying tube and an addition funnel . The temperature of the solvent is kept at 0°C .
Step 2 . In a separate flask, a suspension of NTO in THF with desired amount of Al nanopowder was
prepared. To achieve a better dispersion of the Al in the NTO solution, the suspension was sonicated for
5 minutes in an ultrasonic bath (Branson 2210) .
Step 3 . The well-mixed NTO-Al suspension was then quickly poured into the stirring cold hexane . The
stirring was continued for another 20 minutes . The recovered aluminized NTO composite was collected
by filtration, followed by drying in a vacuum oven for several hours at 40°C .

NTO without Al was prepared by the same approach as a control sample .

CHARACTERIZATION
Samples of sm-NTO and its formulation with Al (90/10 wt %) were subjected to small-scal e

sensitivity tests, thermal analysis by DSC and Henkin critical temperature test .
1 . Small- scale Sensitivity Tests

A total of three tests were performed, and the results from these tests indicated that the NT'O/Al
mix behaves similarly to neat NTO and is insensitive to impact, friction and human electrostatic discharge
(HESD) sensitivities . Representative tests data of sm-NTO and its formulation with nano-Al powder is
summarized in Table 1 . For comparison, the sensitivity data for the 40nm Al powder is also listed .

Table 1 . Small-scale Sensitivity Data

Impact Sensitivity Friction Spar k
Samples h50 (cm) (type 12a) Sensitivity Sensitivity(HESD )

(kg) @0.36 j

sm-NTO >320 >36 >0.36

sm-NTO/Al Mi x
(90/10 wt % Al) 157 >36 >0.36

40nm Al powder >320 >36 >0.36

2. Therma l Analysis by DSC
A TA Instruments Differential Scanning Calorimeter (DSC) 2920 with the modulated option was

used to study the thermal behavior of both neat NTO and aluminized NTO composite samples . About 1
mg sample material crimped in an aluminum pan was heated from 0 to 350°C at 5°C miri' . Data from
this study indicated that the presence of aluminum has no effect on NTO thermal stability . The fast
decomposition temperature for a 10 wt % NTO/A1 mix was only 3° C lower than that observed for neat
NTO. Table 2 compares the DSC results of both UF-NTO and the aluminized NTO composite samples .
A typical DSC of aluminized NTO mix (90/10 wt %) is shown in Fig . 1 . It can be seen that the mix is
very stable until reaching the exotherm temperature .



Samples

UF-NTO

NTO/Al Mix
(90/10 wt %)

Table 2 . Comp a
Onset of

Decomposition

(°C)

239.5

238

of DSC results

Fast
Decomposition

(°C)

262

259

Melting Point

(°C)

262

25 9

3 . Henkin Critical Temperature Tes t
Samples of NTO and aluminized NTO composite (90/10 wt %) were characterized for their

critical temperatures (Tm) using the modified Henkin test. The critical temperature is defined as the
lowest temperature at which a sample of energetic materials of known geometry will self-heat to
explosion . The test apparatus is a heated vessel that contains molten (-200 - 400°C) Wood's metal .
Small amount of energetic material (<1 g) is pressed into an aluminum casing that is inserted into the
test apparatus and lowered remotely into the Wood's metal . The experimenter records whether he
sample explodes or not, and the time necessary for the explosion to occur . A critical temperature is
then established from the data . Table 3 illustrates the critical temperatures for both NTO and NTO/Al
mix. It can be seen that the critical temperature of the aluminized NTO mix is only 5 .5°C lower than
that of neat NTO .

Table 3 . Henkin Critical

Critical Temperatur e

1 . NTO 243 . 3
2 . N'TO/A1 Mix 237 . 8
(90 /1 0 wt %)

Slab Geometry
Thickness (mn
0.77

0.84

4. Surface Structure by Scanning Electron Microscop y
Samples of both sm-NTO and its formulation with nano-Al powder were examined by Scanning

Electron Microscope LEO 1525 . As shown in Figure 2, the average particle size of NTO in the
aluminized NTO mix obtained by crash precipitation is about 300 nm and the nanoalurninum particles
appear to be fused into the NTO matrix .

of NTO and NTO/Al mix
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PERFORMANCE EVALUATIO N
In Table 4 we use results published in the LLNL Explosives Reference Guide to compare the performance
of NTO with that of TATB, using a HMX-based explosive, LX-14 as a reference . The comparison
indicates that NTO performs quite similarly to TATB, and not nearly as strongly as LX-14 . We chose to
compare the performance of neat NTO with that of NTO/nanoAl 90/10, as a basis to see whether we
whether we would realize a performance increment or decrement due to addition of the nanoAl to the
NTO. The performance results cited in Table 4 are based upon cylinder tests .

Mini-sandwich tes t s
We performed small-scale performance tests, and used the Gurney velocity is the metric, since

that is relevant for many types of applications. Since we were able to produce high-density samples only
in pressed-pellet configurations, pellets were used in an "open-sandwich" configuration to drive metal
plates . The test configuration is sketched in Fig . 3. The transit time for a 1-mm-thick aluminum plate to
be driven across a 2 .85-mm-thick gap was measured by streak photography. Initiation was accomplished
by use of a 0 .127-rnm-thick aluminum flyer plate, driven by a detonating PETN pellet that was 4 mm i n

Table 4. Comparison of NTO and TATB performance

EXPLOSIVE LX-14 LX-17 TATB NTO
Components HMX/Estane TATB/Kel-F 800, Neat Neat

5702-Fl, 92.5/7 .5 wt %
95.5/4/5 wt %

Pressed density, 1.83 1.90 1.86 1.86
g/cm,

Detonation 8.86 7.63 7.62 8.2 1
velocity, km/ s
Wall velocity, 1.79 1.453 1.464 1.48
km/s at 19 mm
Detonation energy. 8.64 5.51 5.75 5.77
kJ/cm3 at 19 mm

Ed from Cheetah, 8.51 6.43 N/A 6.50
kJ/cm3
Gurney velocity, 3.01 2.39 2.39 2.40
km/s at v/vo = 7 . 2
Gurney velocity, 2.68 2.14 2.15 2.14
km/s at v/vo = 2 . 2

diameter, 2 mm thick, and 1 .65 g/cm3 in density . The PETN pellet was initiated by a small slapper
detonator . Launch of the plate was noted by the flash of a thin fluorescent salt film that had been coated
onto the plate surface . The HE pellets were 19 mm in diameter and were pressed to be 4-mm-thick; their
densities were about 1 .65 g/cm3, which was as high as we could press . In Gurney terms, this produced an
open-sandwich configuration with a metal-mass to explosive-charge-mass ratio (M/C) of about 0 .41 .
This ratio is within the range of validity of the Gurney model 1 2 (M/C >0.3) . Detonation encountered the
plate surface at normal incidence . Choice of the thin plate meant that the plate underwent three or more
reverberations during flight, and the flight time was sufficiently long for three-fold expansion of the
detonation products . Both of these factors indicate that the plate was at terminal velocity by the end of
flight .

Flight time was about 1 .385 µs for both the neat NTO samples and the 90/10 NTO/nanoAl
samples . Thus the average velocity was 2 .06 km/s in both types of experiment . Using that velocity with
an M/C value of 0 .41 in the Gurney open-sandwich formula from Ref . 12 yields a Gurney velocity of 2 .30
km/s for both the NTO and the NTO/Al .
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Fig. 3 Configuration of Mini -Sandwich Test with NTO and NTO/nanoAl

The value of Gurney velocity derived from these experiments, 2 .30 km/s, is lower than that of
TNT, and is not exciting in its magnitude . This value is close to that cited in Table 4 . The fact that the
metal plate was driven at the same velocity by both neat NTO and NTO/Al suggests that the nanoAl was
taking part in the detonation drive, but we cannot tell whether that occurred fast enough to contribute to
the detonation velocity . The interesting result here, then, is that the nanoAl is not a negative factor in
driving of metal in a rather high-velocity range . There is every reason to expect that the NTO/nanoAl
may outperform the NTO at higher values of MIC, where the metal velocity is lower and there is more
time for the greater energy contributed by the nanoAl combustion to contribute to plate acceleration . In
the cylinder tests cited in Table 4, for example, the value of M/C is about 2 .06 .

TEC HIIQ CES TO VE RIFY AL ENCAPSULATION IN NT O
Polarized light microscopy (PLM), scanning electron microscopy (SEM), and transmission

electron microscopy (TEM) techniques have been used in an attempt to verify the encapsulation of
aluminum particles in NTO by the incorporation methods described in Section I I . The following
describes each of these attempts .
1 . Po larized light microsco py

An initial attempt to determine aluminum encapsulation in NTO was done using a Lieca DM-
RXA polarizing light microscope (PLM). The microscope is equipped with a Diagnostic Instruments
SPOT 100 camera that provides 1315 x 1033 pixels digital micrographs . All PLM images were taken
with parallel polarizers in transmission mode. To allow imaging of internal features, the NTO was
immersed in an index matching fluid (n=1 .60) prior to imaging .

For any light microscope, the ultimate resolution is limited by the wavelength of light as defined
by Abbe's equation :

d _ 0.612 .?

n sin a

where d is the resolutio n

X is the wavelength of the energy sourc e
n is the index of refraction of the medium through which the energy source travels
a is the aperture angle .

The human eye is sensitive to light across a range of wavelengths from 400 nm (deep violet) to
700 nm (deep red) . For this study, oil immersion objectives were not available, so the transmission
medium was air, with an index of refraction defined as 1 .00. The numerical apertures of the objectives

were used as part of the study ranged from a=0 .12 (5X objective) to a=0 .45 (20X objective) . The
corresponding resolutions of these objectives, assuming perfect illumination, are 2 .5 microns and 703 nm,
respectively . It should be noted that the PLM is equipped with an a=0 .95 (100X) objective, which



corresponds to a resolution of 376 nm . But the overall size of the NTO in the out-of-plane direction
precludes focusing on an entire particle with this high-powered objective .

As the aluminum used in the preparation of the aluminized NTO sample has an approximate size
of 40 nm, it would be impossible to resolve individual aluminum particles either associated or
unassociated with the NTO using any of the objectives . As the nano-sized aluminum tends to form fairly
large agglomerates by itself, it was hoped that some of the larger agglomerates might be encapsulated .
These agglomerates could then be imaged using the PLM (Figures 4 and 5) .
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The initial observation from the PLM images was that very large dark areas appeared within
many of the lighter NTO crystals . Particle manipulation techniques proved that these dark regions existed
primarily within the NTO crystals . However the overall size and number of the dark regions was
surprising considering the preparation involved only 10 weight percent aluminum . It was later
determined that any void area within the NTO crystals would also appear as dark areas . Due to the
inability to differentiate between nano-aluminum agglomerates and voids, this method was then rejected
as a way to determine aluminum encapsulation in NTO .

2 . Scanning El ec tron Microscopy
Due to the inability of PLM to resolve sub-micron features and differentiate between

agglomerated aluminum and voids, higher resolution techniques have been tried . Scanning electron
microscope (SEM) is primarily a surface analysis technique . But methods have been devised to elucidate
some subsurface features using the SEM . If the surface layer is small (less than a micron) then x-ray
analysis can be used to determine sub-surface elemental compositions . However, x-ray analysis depends
on the ability to dislocate electrons within the K, L, or M shells of the element of interest . This requires
impinging electrons to be of higher energy than electrons within the element . The dislocated electron is
immediately replaced by an electron from a higher order shell . The difference in energy between the
original dislocated electron and the electron that replaced it is then released as an x-ray with a
characteristic energy . The energy level of the x-rays generated from any given point in the material give
a representation of the elemental makeup at that point in the material . The depth of penetration of the
impinging electrons will be a function of the original energy of the impinging electron and the electron
density of the material . To detect aluminum, the accelerating voltage of the impinging beam must be at
least as high as the energy of the lowest electron shell (1 .4866 keV). However, NTO is extremely
sensitive to the electron beam voltage. In order to image the material with the electron beam, it was
found that voltages could not exceed 0 .5 keV or rapid sublimation of the material occurred, thus
eliminating any ability to use x-ray analysis techniques .

The rapid sublimation of the material under the beam gave rise to the idea of selectively etching
away the surface of the NTO to reveal the interior of the crystals. Individual NTO particles that wer e

Fig. 5. PLM image of aluminized NTO
(20X objective).



suspected of containing encapsulated aluminum particles were placed under the beam and the accelerating
voltage increased in an attempt to purposely etch away the surface of the crystal . Figures 6-11 show
aluminized NTO composite particles before etching (Figures 6,9), and after etching at low (Figures 7,10)
and high (Figures 8,11) magnifications. In each case spherical aluminum particles appear after etching .

Although it appears that the aluminum is incorporated in the NTO particle in each case, there is
no conclusive way of determining if the aluminum resided within the NTO particle or underneath the
NTO particle before etching. Additionally, this technique is very time intensive, requiring several
particles to be etched away before one is found that either was contained or associated with aluminum
particles .

Fig . 6 Low mag ni fica tion
of pa rtic le I before e tch

Fig .
of p

Fig. 8 . High magnification
of parti cl e I a fte r e t c hing

Fig. 9. Low magnification
of particle 2 before etching

Fig. 10. Low magnification
of particle 2 after etching

Fig. 11 . High magnification
of particle 2 after etchin g

3. Transmission El ec tron Microscopy
In order to more confidently elucidate aluminum nano-particles that could be encapsulated within

the N"I'O crystals, an attempt was made to image the material using transmission electron microscopy
(TEM) with the expertise of Rob Dickerson of LANL . Typical energies for the electron beam in a TEM
are much higher than in an SEM (typically 100keV) . Due to NTO's extreme sensitivity to the electron
beam, the aluminized UF-NTO mix had to be cooled using liquid Helium to a temperature of 15K before
imaging . At this temperature, the NTO was stable enough to image under the TEM . However, the effect
of cooling on the NTO to these extremely low temperatures is unlrnown . Typical TEM images of
aluminized NTO in transmission mode and diffraction mode (inset) are shown in Figure 12 . In the
transmission image, nano-aluminum particles are clearly visible along the outside edges of the larger
NTO image . However, no evidence is seen of aluminum particles within the NTO . Electron diffraction
(inset) reveals rings and spots from NTO and Al . Unfortunately, due to the extreme temperature chang e

7. Low magnification



applied to the material, any conclusions based on the TEM analysis may not apply to material stored at
room temperature .

TEM grid s ubstrate __-IV

1000 n m

Fig. 12. TEM image of aluminum particles on the surface of an NTO
particle .
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A novel method for incorporating nanoAl powder in NTO by crash precipitation has been
developed . The explosives sensitivity characterization on sm-NTO and its formulations with nanoAl
powder was performed . It was found that similar to neat NTO, the aluminized NTO composite are
insensitive to friction and human electrostatic discharge (HESD) . Results from thermal analysis by DSC
indicate that NTO and its formulations with nanoAl powder (10 wt % Al) are very stable . The fast
decomposition temperatures of NTO and aluminized NTO mix are 262 and 259°C, respectively . To
characterize the decomposition reaction of the aluminized NTO mix, modified Henkin test was carried
out . Results from the test indicated that the critical temperature (Tm) of aluminized NTO mix is slightly
lower than that of neat NTO, yet both are higher than 200°C. In an attempt to verify the potential Al
encapsulation in NTO of the aluminized NTO composites, several microscopic techniques were explored .
Due to the extreme sensitivity to high electron beam by NTO, no conclusive results can be drawn from
this effort .

A mini-"open-sandwich" test was done to compare the metal-acceleration performance of neat
NTO with NTO/nanoAl 90/10 at equal densities of 1 .65 g/cm3 . Pressed pellets 19-mm in diameter by 4-
mm-thick were detonated by an explosively driven flyer plate, and the flight time measured by streak



camera was found to be equal for both of these explosives . We interpreted this to indicate that the nanoAl
is contributing to the effective explosive output, although we do not know whether it contributes to the
detonation velocity .
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