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1. Introduction 

The Army has a critical need to fill capability gaps in lethality including incremental nonlethal to 
lethal effects against personnel and platform, while remaining cognizant of the need for 
insensitive energetic materials for smart and green munitions.  Current classes of energetic 
materials fall short of such expectations.  Reactive materials (RM) are a wide class of energetic 
materials with unique characteristics that can enable highly lethal munitions for modern tactics 
like military operations on urban terrain (MOUT) and other applications.  These materials are 
more efficient by potentially replacing the parasitic masses associated with any munition as well 
as efficiently coupling its energy on target.  Unlike conventional materials, the insensitivity of 
these materials increases the power of the munition without simultaneously increasing the 
vulnerability of the weapon system.  At present, there exists only phenomenological evidence as 
to the initiation and reaction mechanisms that are at play, making full exploitation of the 
potential lethality gains difficult.  To remedy this situation, an experimental study was 
implemented with the goal of better understanding the fundamental energy release mechanisms 
unique to these materials. 

The nickel (Ni)-aluminum (Al) RM system was chosen as the family of materials for study under 
this effort for a variety of reasons.  Ni-Al is a simple, nominally bi-metallic system that lends 
itself to modeling and experimental investigations without the complications of organic 
chemistry that would result from a binder based system.  The energetics of this system, at least 
from the thermo-equilibrium sense, is straightforward with most of the possible end products 
being known.  This system’s performance has also been extensively cataloged (1, 2) and the 
combination of strength and energy should prove useful to munition designers.  To understand 
this system, a matrix of additives and processing techniques were investigated to determine their 
effects on the initiation and reaction mechanisms. 

2. Experimental 

The new experimental facility recently installed (3) continues to undergo improvements in the 
techniques and diagnostics used to investigate the energy release structure.  The facility centers 
on the reaction chamber, dubbed the “Green Pig” (figure 1).  The Navy’s Blue Pig design (1), the 
predecessor of the Green Pig, consisted of a section of industrial pipe with appropriate flanges to 
seal each end.  The Blue Pig used pressure as the metric to determine the performance of the 
tested reactive materials.  Using the Green Pig design, with its transparent face, has allowed for 
the coupling of advanced spectroscopic and imaging techniques to be applied in situ.  As with 
the Blue Pig, a projectile fabricated from the various candidate materials are sabot-launched from 
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a 30mm powder gun into the chamber (figure 2).  The entrance to the Green Pig has a variable 
thickness and material plate that the projectile must first penetrate.  The remnants of the 
projectile along with pieces of the plate then travel inside the pig before striking an anvil 
currently made from rolled homogeneous armor (RHA).  Like most other chambers, the Green 
Pig is capable of measuring the pressure created from the reaction as a function of time.  In 
addition, a suite of diagnostic instruments has been developed and implemented to determine the 
mechanical state of the projectile (amount of disintegration), timing and quantity of the energy 
released, and information concerning the chemistry involved in the reaction.  

 

Figure 1.  ARL Reactive Material Research Facility’s Green Pig. 

 

Figure 2.  Diagram of the Green Pig Facility. 

As imaging of the event is important to discern the state of the material as it transits the chamber 
from the initial impact plate to the anvil, four visual techniques are employed to investigate 
various aspects of the event.  For an overall picture of the event, a high-speed (HS) camera 
(Vision Research, Phantom 7.4, B/W) was coupled to two flash bulbs (Megga-Flash PF300) 
providing overall illumination.  Due to the lack of the camera dynamic range exacerbated by the 
bright emission inherent in the reaction of energetic materials, it is difficult to image non-
emitting elements without complete saturation of bright regions resulting from reaction events.  
A second technique, high brightness (HB) imaging, was incorporated to overcome this difficulty 
and to probe those regions that are not visible with other techniques during emission.  In this 

30mm smooth bore gun 
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technique (5), a high power, short pulse duration (20 ns) laser with a wavelength of 510 nm is 
synchronized to a HS camera incorporating an appropriate band pass filter.  The band pass filter, 
centered on the 510 nm wavelength with a window of ±5 nm minimizes the emission from the 
event by admitting only a small section of the continuous spectrum.  Using this technique, the 
amount of broadband light collected from the combustion process is a much smaller percentage 
than that returning from the laser allowing imaging of regions near the combustion zones.  Two 
new imaging techniques have recently been added to the suite of tools.  An Ultra-High-Speed 
(UHS) camera (Cooke, HSFC) that is capable of up to 8 frames with 1 ns temporal resolution is 
used to probe the post penetration debris cloud.  This technique is also sensitive to emission.   

Finally, a four head flash x-ray system (L3 Communications PulseRAD) was added to 
investigate the fragment size and spatial distribution of the debris cloud as it travels to the anvil.  
This technique can penetrate the combustion cloud that obscures the particles from the other 
diagnostics.  Two digital x-ray film plates are placed inside the main chamber.  The x-rays pass 
through the 1-in-thick polycarbonate and 1/8-in acrylic windows with little attenuation.  The first 
or left film is near the impact plate and the second or right film is near the anvil.  Each of the 
films has two heads for illuminations (figure 3) so that the two images do not interfere and each 
head can be individually controlled.  Simple optical measurements of the fragments give a good 
indication of the size of the fragments perpendicular to the x-ray path.  Because x-rays are 
attenuated (4) as they pass through a material, the opacity of the image of the fragments can be 
used to estimate the size of the fragments in the direction of the x-rays.  

Digital Film

Particle

Channel A

Channe
l B

Digital Film

Particle

Channel A

Channe
l B

 

Figure 3.  Geometry of the x-ray heads (marked Channels A and B). 
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As an indication of the amount of energy released during the event, the temperature of the 
particles is measured using a two-wavelength, HS, spatial pyrometry technique developed in-
house (3).  The heart of the system is two HS cameras (Vision Research Phantom 5.1) operating 
up to 10,000 fps. Each camera sees the same view through a set of optics that includes a beam 
splitter.  In front of each camera is a narrow band-pass filter (700 or 900 nm and a bandwidth of 
10 nm).  The movies from each camera are calibrated using a blackbody source at 1000 °C.  
Using Planck’s blackbody relationship (9), the temperature map as a function of time can be 
calculated from the ratio of the intensities recorded from the two cameras.  If the wavelengths 
chosen are in a region of the spectrum not including atomic or molecular gas phase emission, the 
pyrometry measurement will be unaffected by the local gas temperature.  Recording of the 
broadband spectral signature of the event has shown no such emission in the regions covered by 
the pyrometer.   

3. Results 

For this series, a matrix of formulations (table 1) was developed to determine the effects of metal 
additives on the initiation and combustion properties of the base material.  These mixtures of 
powder ingredients at the desired ratio were isostatically pressed (6) under controlled conditions 
to produce the monolithic samples.  Samples produced this way tend to have reduced strength 
that is directly linked to the porosity.  The fraction of the theoretical maximum density (TMD) of 
a typical sample produced this way is usually low to mid 90%.  The metal additives—
magnesium (Mg), molybdenum (Mo), copper (Cu), and zinc (Zn)—were initially chosen to study 
the effects of metal additives on reactivity in the Al-Ni framework.  Small amounts of Mg, Mo, 
and Zn have shown evidence of enhancing performance (1), while Cu was considered because of 
its large effects on the melting point of Al—from 660.4 °C for pure Al to 548.2 °C for 17.2 
atomic percent of Cu (7).  To test the effect of the alloying in energy release, one of the 
formulations, Al/Ni, was made of a powder that was pre-alloyed. 

Table 1.  Formulation matrix. 

Description 
Formulation 

(% by weight) 
Density 
(g/cc) 

Projectile mass 
(nominal, g) 

Base powder Al/Ni –  31.5/68.5 4.6 7.7 
Mo modified  Al/Mo/Ni – 30.3/2.2/67.5 4.9 7.9 
Mg modified Al/Mg/Ni – 28.6/2.4/69.0 4.7 7.6 
Cu modified Al/Cu/Ni – 24.2/11.7/64.1 5.2 8.6 
Mg/Zn modified Al/Mg/Zn/Ni  23.68/2.01/9.38/64.93 4.89 8.2 
Steel N/A 7.8 nom. 11.4 
Al billet N/A 2.6 nom. 4.0 
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The sabot/RM projectiles were launched from a 30mm smooth bore powder gun at an average 
velocity of 1615 ±39 m/s.  The sabot was a two-piece design that is stripped from the flight path 
after muzzle exit.  The velocity was measured by three break screens with the last screen 
mounted to the front of the pig and acting as the time zero fiduciary mark.  When the sample 
collides with the impact plate on the front of the main chamber, there appears some emission 
from the interaction of the sample.  The main focus of the pre-chamber was to quantify this 
energy release to so that all energy from the interaction is being tracked.  Measurements of the 
pressure inside the pre-chamber showed, being related to energy release, that a negligible amount 
of reaction is taking place outside the main chamber.  Although the gun propellant charge was 
held constant at maximum practical loading density, small variations in the mass of the projectile 
package and variations on the propellant combustion event led to variable terminal velocity.  In 
addition, a more precise timing of the sample arrival, critical for some of the diagnostics, was 
needed because the variable delivered velocity, although small, led to mistiming.  For these 
reasons, the pre-chamber was removed and the break screen used for the time fiduciary was 
placed on the main chamber plate for some of the later tests.   

The next encounter is with the impact plate and this can be varied in thickness as well as 
material.  For the results discussed here, the impact plate parameters (mild steel of 1/16 in 
[0.158 cm] thick) were kept constant.  From the interaction with the impact plate, the projectile 
enters the chamber in some degree of pulverization depending on the initial strength of the 
material.  Inside the chamber a second plate of RHA steel 2 in thick acted as an anvil.   

The morphology of the debris cloud depends on the original strength of the projectile material 
and an indication of the particle size and shapes can be obtained by flash x-rays.  Steel, being the 
strongest material tested to date, mostly broke up into large pieces (figure 4).  The penetrated 
steel plate is off the image to the left of the picture and the anvil is to the right.  The height of the 
debris cloud from the bottom of the images is immaterial because it is only affected by the 
particular shot geometry.  The projectile target grouping is on the order of 3–4 in and this affects 
where on the film plate the images are captured.  The center of mass for each of the images is in 
a ballistic line through the pig.  Because the spatial scales are equal for each individual set of 
images, it is clear that the fragments are dispersing as they travel down range.   
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Figure 4.  Steel projectile fragment progression; anvil is to the right. 

The next strongest material tested was Al billet.  The fragments from the impact are still large 
(figure 5) but appear more flake-like than the steel.  This is evidenced by the large but nearly 
transparent pieces shown traveling behind the main fragment.  This main fragment, at the front 
edge of the cloud, could consist of the piece impact plate knocked out by the projectile only or 
could also contain a fragment of aluminum in a cup-shaped impact plate fragment.    

 

Figure 5.  Al billet sample. 

For the baseline reactive material (Al/Ni), the morphology (figure 6) of the debris cloud is 
markedly different than either the steel or Al billet samples.  There is clear evidence that the 
sample is breaking up into much smaller particles with some flake-like materials, possibly the 
remnants of the steel plate.  The cloud is quickly acquiring the expected Mach cone shape.  The 
shape of the front edge of the particle cloud is an indication as to the uniformity and predominant 
sizes of the debris.   
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Figure 6.  Al/Ni base sample. 

When copper was the additive (figure 7), almost complete breakup of the original projectile 
happens early on in the event.  The particles are already showing signs of size sorting with the 
finer particles trailing due to aerodynamic drag considerations.  Similar behavior is seen when 
the additive is changed to Mg/Zn (figure 8). 

 

Figure 7.  (Al/Cu)/Ni sample. 
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Figure 8.  (Al/Mg/Zn)/Ni sample. 

In figure 9, a series of HS images from a typical experiment is shown.  The sample in this case 
includes the addition of Cu.  The HS camera frequency varied, with this particular sequence 
taken at 17,021 fps or 59 μs between frames.  The perforation of the steel plate is just beginning 
at –24 μs (figure 10, right).  The camera has a temporal uncertainty of ±½ frame or ±29 μs for 
this case.  There is some reaction taking place initiated by the penetration as seen from time  
35 μs on (figure 9).  However, there is a significant portion of the sample that has not been 
ignited, shown by the other techniques discussed below where it is seen leading the flame contact 
surface.  At 505 μs, these particles are just about to hit the anvil.  The next frame, 563 μs into the 
event, these particles ignite and the combustion wave begins to spread back into the chamber.  
Using the known distances and times, the fragment cloud is traveling at approximately 1,200 m/s 
or a 20–25% reduction in velocity from the effects of penetration and aerodynamic drag.   
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Figure 9.  HS imaging of Al-Cu-Ni sample. 

 

Figure 10.  Start of perforation of impact plate. 

Because the un-reacted particles are difficult to see in conventional imaging, HB imaging 
complemented the HS technique.  A series of images from this technique is shown in figure 11.  
The fragments in the cloud are more easily distinguished in these images as compared to the HS.  

-24 us

35 us 563 us

211 us

505 us 

Start of 
Perforation 
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In particular, it is easy to see that the particles are distributed throughout the path of the cloud 
with the largest pieces out front.  These particles become the fuel for the combustion wave that 
progresses back into the chamber after initiation at the anvil.  As the RM particle cloud enters the 
field of view (FOV) from the left, a typical mushroom shape of debris is clearly discernable with 
accompanying bow shock being imaged.  The particles are being sorted by mass due to 
aerodynamic drag with the heavier particle retaining the highest velocity due to inertia.   

 

-25us 

241us 

42us 

507us

 

Figure 11.  HB imaging of Al-CU-Ni test sample. 

Complementing the visual imaging techniques is the two-color pyrometry.  In figure 12, the 
thermal maps at t = 1.4 ms for three formulations given in table 1—Al/Ni, Al/Cu/Ni, and pre-
alloyed Al/Ni—are compared.  The images on the left in figure 12 show the thermal maps where 
the sample entered the chamber from the left and has impacted the anvil on the right.  On the 
right side of the figure, a histogram of the temperatures seen in the maps on the left are tabulated.  
These histograms assist in determining the most prevalent temperatures as well as giving an 
indication of the breadth of temperatures occurring inside the chamber.  In each of the 
temperature maps of figure 12, there is a trail of energy release from the initial impact as 
evidenced by the narrow jet from the left side of the pictures.  At this early time, there appears 
little quantitative difference between the pre-alloyed material and its standard powder mixture 
counterpart.  The addition of Cu at the expense of Al does produce a significantly hotter region at  
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the front of the combustion wave.  This can be seen from the temperature maps.  The histogram 
for this formulation confirms that the front edge is burning 300–400 °C hotter than the bulk 
region pointing to the possibility that two processes are occurring.   

Al/Ni

Al/Ni pre-alloyed

Al/Cu/Ni

T=1.4ms

Al/Ni

Al/Ni pre-alloyed

Al/Cu/Ni

T=1.4ms

 

Figure 12.  Thermal maps at 1.4 ms. 

Comparisons of some of the other formulations are shown in figure 13.  In these series of tests, 
the Mo and Mg formulations have similar temperature profiles with a clear bi-distribution of 
temperatures with the cooler region being on the front edge of the combustion wave, on the left 
of the fireball.  This behavior would be expected in a presence of an expansion wave.  The 
notable exception is the Cu-modified material.  As in figure 12, the Cu produced an increased 
temperature region at the front of the combustion wave.  Later on in the event (figure 14), clear 
evidence of cooling has taken place as the average temperature has dropped 300 to 500 °C.  The 
standard pressed powder mix of Al and Ni is now in its cooling only phase with little evidence of 
continuing combustion.  The pre-alloyed materials have some regions that show increased 
temperature in the region of the anvil (on the right).  The Cu is still exhibiting a higher average 
temperature than either of the other samples. 
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Temperature (K)Temperature (K)  

Figure 13.  Thermal maps of other formulations at T = 1.4 ms. 

T=10ms

Al/Ni

Al/Ni pre-alloyed

Al/Cu/Ni
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Al/Ni

Al/Ni pre-alloyed

Al/Cu/Ni

 

Figure 14.  Temperature maps at T = 10 ms. 
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4. Conclusions 

In this effort, we investigated a variety of formulations based on the Al-Ni family of RM.  We 
applied a suite of diagnostic techniques to investigate the initiation and combustion behavior of 
these materials.  The sequence of events started with the pulverization of the RM by penetration 
through the impact plate.  Although some of the chemical energy was released in this interaction, 
the majority was preserved as the debris field continued into the chamber.  The amount of 
pulverization of the original projectile depended on the strength of the formulations with highly 
consolidated samples (steel and Al) breaking into a smaller number of larger pieces and the 
pressed powder samples being more friable.  As the material traveled, the particles tended to sort 
by size due to aerodynamic forces.  The heaviest particles were the first to initiate on impact with 
the anvil, producing a combustion wave that traveled back through the finer particles suspended 
throughout the chamber.  The addition of different metals to the formulation affected the 
combustion process in different ways.  The addition of Mg at this concentration had little effect.  
The Mo-modified material showed slightly higher temperatures early on, with that difference 
decreasing further into the event.  The addition of Cu, however, showed a marked increase in 
initial temperature as well as evidence of continued reaction further into the chamber.  
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