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1. .     INTRODUCTION 

It has long been realized that propellant breakup due to fracture causes performance 
degradation and increases the violence of propellant response to vulnerability threats. The perceived 
role that the mechanical response has played has varied throughout the past decade and a half. Early 
efforts focused on issues such as: determining whether gun propellants could even be characterized; 
developing procedures to prepare specimens and extract meaningful information; identifying 
properties that are desirable or undesirable; and developing predictive procedures. These issues have 
been mostly resolved, and procedures have been developed so that questions concerning the nature 
and scope of mechanical response in the gun propellant arena can be meaningfully probed. Recent 
work has addressed attempts to establish the relationship between gun performance and vulnerabil- 
ity, and mechanical response measurements. These efforts have been integrated with propellant 
morphological studies using scanning electron microscopy (SEM), and together, much progress has 
been made during the last 5 years. M1 

Early results revealed that high-rate, compressive measurements could be made reliably and 
that conventional engineering properties were able to characterize the propellant response over the 
temperature range of ballistic interest (-40 to 60° C). These studies also supported the assumption 
that the mechanical response of the propellant did not affect combustion until after mechanical failure 
of the material. This led to the design and purchase of new equipment that would permit the 
development of methodologies and parameters that characterize propellant failure in a fashion 
thought to relate to the combustion and vulnerability response of the material.4 It was known, for 
example, that during an abnormal ignition event, a brittle propellant, subject to a pressure wave 
within the propellant bed, can suffer fracture in such a way that will support the growth of that 
pressure wave and lead to catastrophic gun failure.12 The search for a simple mechanical parameter 
that could measure the propensity for a propellant to generate surface area upon mechanical failure 
resulted in the development of a failure parameter called the failure modulus,3 Ef, that measures the 
rate at which the material strength is lost as a function of strain after material failure has begun. 

This failure parameter has been put to pragmatic use in the development of new propellants 
(e.g., XM39, M43, and currently PAP1, a CL-20 based propellant) to ensure that improvements in 
formulation and processing did not degrade the mechanical response characteristics of the material. 
It has also been successfully used to evaluate the relative fracture susceptibility among various 
propellant lots, or between unconditioned propellant and propellant that has been subjected to special 
conditioning that may affect its mechanical response (e.g., thermal cycling). Methodology for the 
use of SEM was also developed to aid in the interpretation of mechanical properties measurements 
and to determine the morphological state of propellants undergoing development and processing 
changes.18 

The failure modulus, however, showed indications of direct application to brittle failure when 
changes in the vulnerability response to shaped charge jet attacks were related directly to changes 
in this parameter.2 The correlation was found for propellant beds at low temperature subject to a 
shaped charge jet attack and led to other studies that attempted to make the correlation more direct. 
The relationship, however, was made between changes in both responses, rather than directly 
relating the mechanical and vulnerability responses themselves. In addition, the mechanical 
response measurements were performed at rates of about 100 s"1, whereas the rate of mechanical 
deformation during the jet interaction is estimated to be between 105 and 106 s"1. 

1 



The previous observation led to studies in which compressive stress relaxation measure- 
ments7 were performed and time-temperature shift factors were deduced to obtain master curves for 
all the basic propellant types. This enabled the determination of the temperature shift required to 
simulate the mechanical response characteristics of the propellant undergoing deformation at the 
corresponding higher strain rate. From this, the mechanical responses of propellant could be 
estimated for strain rates outside the limits of measurement by adjusting the propellant temperature. 
The augmentation of the vulnerability response due to mechanical considerations can be evaluated 
with this information. In addition, two questions were answered that helped establish much greater 
confidence in the use of shift factors. First, it was validated that the mechanical behavior was 
accurately simulated when these shifts were applied, and second, it was further shown that the time- 
temperature correspondence extended beyond the level of strain at which the relaxation measure- 
ments were made (i.e., into the region of failure).8 Not only did the shift correctly predict the 
modulus, as expected, but the stress at failure, maximum stress, and method of failure were predicted, 
as well. These results greatly extended confidence in the application of the shift factor to simulate 
higher rate behavior. 

Most recently, a direct link has been established between this failure parameter and a 
measure of fracture-generated surface area produced when M30, a conventional composite propel- 
lant,10 and M43, a highly filled nitramine composite,11 were uniaxially compressed. The failure 
modulus was measured, and damaged grains were later burned in closed-bomb firings to determine 
the surface area generated by the grain damage. These results showed that the surface area for the 
initial 10% of the fraction burned was directly related to the strain level and the logarithm of the 
failure modulus. This led to the prediction of the effective surface area profile, as a function of the 
fraction of the propellant charge burned, for any combination of failure modulus and strain level 
within the fracture domain. These results provided a method for assessing fracture damage for the 
M30 and M43 propellants by means of a simple mechanical measurement. 

This paper presents the most current results of mechanical response measurement and the 
associated morphological technology. The results from the application of this technology help to 
provide critical information when assessing malfunctions and undesired performance characteris- 
tics, and provide critical guidance for propellants undergoing development to ensure that changes 
made during development do not increase performance at the expense of safety. 

Many new areas of investigation have become viable because of the progress made in 
mechanical response measurement. The possibility of realistically modeling breechblow scenarios 
is brought closer because of the ability to express the fracture behavior of propellant grains as a 
function of a failure parameter and the strain state of the grain. Other questions remain, however. 
For instance, the full effect of fracture damage on performance and vulnerability response may 
include dynamic processes that become inactive if ignition and combustion are delayed, even for a 
very short period. There is evidence of partial decomposition on fracture surfaces, and it is known 
that fracture in polymeric materials releases radicals, ions, and other charged particles in various 
excited states. Plans are under way to continue to address these developing concerns through new 
instruments and procedures. 



2.        UNDERSTANDING THE ROLE OF PROPELLANT MECHANICS 

2.1 Mechanical Response Measurement The propellant response measurement technique 
at the U.S. Army Research Laboratory (ARL) has evolved from a method using a drop weight tester 
to the current device, a specially designed servohydraulic tester,4 illustrated in Figure 1. When it was 
realized thatprefailure characterization could not predict failure response, a new methodology using 
new equipment became necessary because the specimen's prefailure response affected the condi- 
tions evolving after failure in the drop weight machine. Since the required new parameter would 
characterize the failure response, this dependence had to be eliminated. The servohydraulic machine 
allows for controlled compression measurements at any rate up to 1,000 s"1 for a specimen about 1 
cm in length. Compression ceases at contact between the impact bell and cone. Therefore, the 
amount of specimen compression can be accurately predetermined by setting the anvil height. 
Contact between bell and cone also shunts the force around the specimen. The nitrogen spring 
absorbs the residual mechanical energy and moderates the deceleration rate of the massive ram. The 
force applied to the specimen is measured using the gauge inside the impact bell. During compressive 
response measurements, displacement is measured with a linear variable differential transformer in 
the actuator column and is corrected for machine stiffness. 

Conditioning Box 

The specimens are prepared from a vari- 
ety of sources. The most common form is the 
multiperforated gun propellant grain. Since the 
fracture response depends on many factors, one 
of which is the propellant processing, using spe- 
cially made grains or solid core samples will 
almost always result in specimens with fracture 
characteristics differentfrom the propellant grain 
being fired within the gun. One cardinal rule that 
is employed in this facility is to never perform 
measurements that may have as much of a prob- 
lem being related to the applied situation as the 
original problem being solved. Since the fracture 
response of multiperforated grains needs to be 
understood, specimens are made from samples of 
those same grains.  The specimen preparation 
procedure begins by cutting the sample with a diamond saw to a length of about 1.00 cm. The ends 
are cut flat, parallel and perpendicular to the grain axis according to the specifications in an updated 
version of the test procedure entitled "Uniaxial Compressive Gun Propellant Test."13 This specimen 
preparation is required to acquire overlapping stress-strain curves in repetitive testing, to acquire 
uniform failure stresses, and to minimize (or eliminate) the "toe" observed at the beginning of many 
response curves (see Figure 2). Temperature conditioning is achieved by placing specimens inside 
the environmental chamber for a time at least twice that needed to reach thermal equilibrium (a total 
of about 30 mm). The specimen is then positioned and compressed. The testing takes place within 
the conditioning chamber, so no transfer from a conditioning environment is required, and therefore, 
no thermal disruption occurs. 

Figure 1. Servohydraulic Tester 



As explained previously, the final strain 
to which the specimen is taken is determined by 
the distance between the anvil and the force 
gauge when the bell and cone surfaces mate. 
That distance is determined by placing a lead 
specimen on the anvil and performing a compres- 
sion. This procedure allows for any dynamic 
affects to be taken into account that may be 
overlooked during a static measurement. The 
percentage strain used in these tests can be reli- 
ably selected from 2% to over 80% and is nor- 
mally selected to be 50%. Failure of the gun 
propellant grains usually occurs between 2 to 8% 
strain, depending upon composition, tempera- 
ture, and strain rate. 

Maximum Stress 

Stress at Failure Slope of this Line is the 
Compressive Modulus 

Slope of this Line is the 
Failure Modulus 

5.0 10.0 15.0 
Strain (%) 

Figure 2. Mechanical Characterization 
Parameters 

The specimen strain rate can be selected 
from quasi-static to as high as 1,000 s"1 and is chosen for routine testing to be 100 s"1, which is the 
order of strain rate encountered by the grains during a normal ballistic firing.23 Higher rates can be 
simulated using lower temperatures, as will be explained more fully later, with each decade of rate 
change being represented by a temperature shift of about 10° C. 

The parameters measured during a response characterization test are the modulus (E), 
maximum stress (am), strain at maximum stress (em), stress at failure (af), strain at failure (ef), and 
failure modulus (Ef). The definitions of these parameters are illustrated in Figure 2. While E, om, 
and em have the usual engineering definitions, the point of failure and the failure modulus have special 
definitions. The failure modulus is the slope of the stress-strain curve in the near-linear region 
between strain at maximum stress and twice that value. If no maximum stress occurs in the region 
of failure (because of work hardening and plastic failure), the failure modulus is measured between 
the strain at failure and three times that value. The failure point is determined by the intersection of 
the two lines that determine the modulus and the failure modulus. The strain at that intersection point 
is called the strain at failure, and the stress at failure is the corresponding stress on the response curve. 
All these parameters are needed to characterize material. The modulus describes how quickly the 
stress rises with strain, the stress and strain at failure show where the material begins to yield, the 
maximum stress and strain at maximum stress provide ultimate strength information, and the failure 
modulus describes the nature of the failure process. For a given propellant, this failure process most 
strongly affects the performance and vulnerability response. The failure modulus, therefore, is the 
parameter of greatest interest. The reasons for this are outlined below. 

The failure modulus is a parameter that describes how quickly the material is losing strength 
after achieving a maximum stress. Its value is determined by dividing the change in stress by the 
corresponding change in strain, in the linear region immediately following maximum stress. If brittle 
fracture occurs and the material is no longer able to support the applied load, a dramatic loss in 
strength is observed, which results in very large negative values of Ef. If the sample fails in a plastic 
mode, the material may be able to support almost the maximum stress level well beyond the failure 
point. This results in a flattening of the response curve near maximum stress and failure modulus 
values very near zero (sometimes even positive). A more important observation is that values that 



Table 1.  Average Mechanical Property Values of Tested Propellants 

Temperature Propellant Maximum Strain at Failure Failure Modulus Failure 
Stress Max Stress Stress Strain Modulus 

°C MPa % MPa % GPa GPa 

-40 M14 207.8 8.5 202.0 5.8 4.30 -0.743 
JA2 - - 123.5 5.5 2.72 -0.411 
M30 243.0 7.0 241.0 7.0 4.69 -12.900 
M43 145.8 3.2 122.0 2.75 5.97 -18.40 

-20 M14 181.8 7.0 173.0 5.1 4.08 -0.894 
JA2 - - 74.8 5.0 1.89 -0.086 
M30 171.0 7.5 169.0 7.0 3.20 -1.740 
M43 141.0 3.5 140.0 3.4 5.28 -12.50 

0 M14 177.9 6.0 160.0 3.8 5.36 -0.296 
JA2 - - 40.6 3.2 1.35 0.023 
M30 134.8 6.2 125.0 4.2 3.06 -0.530 
M43 130.9 4.0 124.0 3.3 5.53 -1.58 

20 M14 121.7 7.0 115.0 4.8 2.79 -0.205 
JA2 . - 21.0 3.0 0.82 0.025 
M30 73.9 5.0 68.9 3.2 2.26 -0.260 
M43 101.0 4.5 92.0 3.0 4.30 -0.430 

50 M14 106.6 6.5 100.0 4.2 2.58 -0.140 
JA2 . - 10.5 3.2 0.38 0.032 
M30 64.5 6.5 60.0 4.0 1.60 -0.190 
M43 60.0 4.0 58.0 2.7 2.74 -0.230 

are lower in magnitude indicate a lower amount of fracture has occurred. The specimen, then, is able 
to continue to support a reduced load, and a lower amount of fracture surface area is exposed to the 
flame. Typically, brittle and plastic failures occur together, which results in corresponding, 
intermediate values of Ef 

Measurement of the characterization parameters determined from the response curves are 
given in Table 1 for the four basic propellant types (single, double, triple, and nitramine base). The 
measurements were made at -40, -20,0,20, and 50° C, and the reported values were determined from 
the average curve that was generated from the five response measurements, except in the case of very 
brittle responses (usually near -40° C) where curve averaging can be deceptive. Under brittle 
conditions, failure can occur over a very wide range of stresses and strains, which will cause artifacts 
in the average curve. In these extremely brittle cases, therefore, the parameters listed were first 
determined from individual response curves and then were averaged. Failure to use a proper 
averaging sequence can lead to misleading average response curves and erroneous values for the 
parameters determined from them. 

Figure 3 shows examples of stress-strain curves for M30 propellant. Figure 4 shows the 
resulting specimens, which were compressed to 50% strain. Note that the appearance of the grain 
correlates well with the magnitude of the failure modulus. The relationship that seems to hold is: the 
lower the value of Ef, the greater the amount of surface area that is generated during compressive 
failure. This observation, along with the vulnerability response observations mentioned earlier, led 
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to the establishment of a functional relationship 
between Ef and the generated fracture surface 
area. 

2.2 Relation Between Ef and Fracture Sur- 
face Area. Propellant grains, damaged by uniaxial 
compression while mechanical response character- 
ization measurements were performed, were burned 
in a special, small-volume closed bomb14 to deter- 
mine theeffectofmechanical damage on theamount 
of surface areagenerated. The pressurization within 
the bomb during combustion is controlled by the 
intrinsic burning rate of the propellant and its ex- 
posed surface. Afterburning, the acquired pres- 
sure-time curves were used to determine the evolv- 
ing surface area ratio (the surface area divided by 
the initial area of an undamaged specimen, S/S0) of 

the charge as a function of the fraction of the charge burned, using the propellant burning rate established 
from undamaged specimens.15 

These results permitted the characterization of the surface area profile for the burning charge 
as a function of amount of applied strain and the propensity of the propellant to fracture, as measured 
by the failure modulus. Selected surface area profiles are shown in Figure 5 for M43 grains damaged 
to 50% end strain at various temperatures. 

The surface area profile was then represented by a linear function that is weighted to take into 
account important features of the actual profile, the initial surface area and how it evolves as the 
charge burns. This effective surface area ratio for the first 10% of the fraction burned can be 
represented as a function of the amount of strain, e, the failure modulus, E^ and the fraction of charge 
burned, Z, by an equation of the form: 

Figure 3. Stress vs. Strain Curves 
for M30 Propellant 

a. -40°C b.   0°C c.  40° C 

Figure 4. Photographs of the M30 Propellant Specimens After Compression to 50% Strain 
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S/S0 (e, Ep Z) = [S/S0 (e, Ef)] + [Slope (e, Ef)] Z. (1) 

ForM30,10 

Sj/S0(e,Ef)= [-1.84 + 0.361e +(0.392+ 0.116 e) ln(-Ef)], and . 

Slope (e, Ef) = [20.6 - 3.40 e- (5.71 +1.18 e) In (-Ef)], 

(2) 

(3) 

where S/SQ describes the initial surface area ratio 
and Slope (e, Ef) Z describes the change in 
surface area ratio as the charge burns. These 
equations can be used as descriptors of the sur- 
face area profiles up to the first 10% of the charge 
burned for propellants that show fracture failure 
(S7S0>1.2). 

M43 propellant showed much more frac- 
ture and a more complicated dependence on the 
final strain and failure modulus.11 The initial 
surface area ratio is described by either equation 
4 or 5, depending on the amount of strain. 

100n 
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Figure 5. Surface Area Profiles for 
M43 Propellant Damaged at 50% Strain 

For 10% < e < 20%, the initial surface 
area is given by 

S/S0 (e, Ef) = [3.9769 + 1.3336 e] + [-5.36 + 0.788 e] In (-Ef) (4) 

and for e > 20%, by 

Sj/So (e, Ef) = [3.9769 + 1.3336 e] + [10.27 + 0.007e] In (-Ef). (5) 

For M43, somewhere above 20% strain, it seems as if the evolution of surface area loses most 
of its dependence on the initial structure of the propellant grain. This results in unpredictable 
evolution of S/S0 above 20% strain, even though the initial surface area ratio has a predictable value. 
However, for 20% end strain and lower, the evolution of the effective surface area curve can be 
approximated, as previously stated, by placing the appropriate end strain and failure modulus values 
in the following equation. 

Forl0%<e<20%, 

Slope (e, Ef) = [-159 - 6.05 e] + [41.2 - 7.07 e] In (-Ef); (6) 

for e > 20% end strain, the evolution of the surface area profile seems to be erratic. 

These equations can be combined to produce the effective surface area profile vs. fraction 
burned for the first 10% of the fraction burned for the following conditions. 

For an end strain between 10 and 20%, 

S/S0 (e, Ef Z) = [3.9769 + 1.3336 e + (-5.36 + 0.788 e) In (-Ef)] + 
[-159 - 6.05 e + (41.2 - 7.07 e) In (-Ef)] Z. 

7 
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For end strains greater than 20%, only the initial surface area ratio is defined and is given by 

S/S0 (£, Ef) = [3.9769 + 1.3336 e] + [10.27 + 0.007e] In (-Ef). (8) 

The initial surface area ratios predicted from the previous equations are plotted in Figure 6 
for both M30 and M43. For ease of viewing, isolines of S/SQ are displayed by the dashed lines on 
the surfaces. As can be seen, the friability of M43 is much greater than for M30, even for the same 
value of failure modulus. This indicates that when equal amounts of load bearing capability are lost 
in these propellants, M43 produces much more fracture surface area. This characteristic contributes 
to the increased uncertainty in the surface area evolution for M43 propellant. 

As mentioned earlier, the evolution of surface area needed to be extended to include a broader 
domain of conditions. Now that the generation of fracture surface area was expressed as a function 

120 
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Figure 6. Initial Surface Area Ratio as a Function of Strain and Failure Modulus for M43 and M30 
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of strain and failure modulus, it became more important to find methods that would project the 
application of this dependence into regions not accessible to experiment. It was noticed that the 
rocket community has been successful in predicting long-term mechanical effects using high- 
temperature material properties extracted from stress relaxation measurements. We in the gun 
propellant community investigated the possibility of using the same method, but in the opposite 
direction (i.e., predict short-term behavior using the low-temperature relaxation response). 

2.3 Time-Temperature Equivalency of Gun Pronellants. A method that can be used to 
estimate mechanical response of materials at strain rates outside the limits of available equipment 
is to employ the time-temperature superposition principle16,17 by using stress relaxation measure- 
ments7 to determine shift factors [A(T)] for the material. Once attained, material behavior can be 
approximated by shifting the temperature to simulate the response at the higher or lower rate. 
Relaxation measurements were performed on the four basic propellant types, single- (M14), double- 
(JA2), and triple-based (M30) propellants, and a nitramine composite (M43) gun propellant. Since 
the temperature range of interest for guns is -40 to 60° C, and testing can be easily performed in this 
range, relaxation measurements were made between these temperatures. The shift factors were 
determined from the relaxation stress plotted against the logarithm of time by creating a master curve 
for each propellant type. This procedure involved shifting the relaxation curves from the various 
temperatures, other than the reference temperature, along the Log (t) axis to form a single continuous 
curve. The amount of shift required was determined by acquiring the best linear fit for the 
overlapping points in adjacent temperature regions. This shift determined a factor (logarithmic 
differences are ratios of the argument) that corresponded to the temperature at which the relaxation 
was measured. The temperature difference was thus related to the ratio of the deformation rate. For 
example, an increase in strain rate by a factor of 100 (the corresponding shift in Log [(A(T)] is 2) can 
be approximated by a temperature shift of -24 C° (from the reference temperature of 21 ° C) for M43 
propellant, as is shown Figure 7. 

The temperature and rate equivalence for mechanical response was demonstrated for each 
propellant type8 and is shown in Figure 8 for M43 propellant. The scatter in the values of the 

parameters for the different curves are within the 
scatter found for specimens tested under identi- 
cal temperature and strain rate conditions. There- 
fore, the plots of stress vs. strain characterized the 
response as virtually identical. Mechanical re- 
sponse measurements were performed on each of 
the gun propellant types at four different strain 
rates (from 100 s"1 to 0.1 s"1) and at the corre- 
sponding temperatures that were predicted from 
the shift calculation to provide an equivalent 
mechanical response. In each case, the mechani- 
cal response of the propellant type remained 
nearly identical. This was true for the response 
measured in the region of strain where the relax- 
ation measurements were performed, and more 
importantly, this equivalent response was found 
to extend into the regions of strain corresponding 

H 
< 
o 

Temperature (°C) 

Figure 7. Shift Factors Needed to Generate 
Equivalent Time-Temperature Conditions 
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to failure. For each propellant, very similar 
values for maximum stress, strain at maximum 
stress, yield stress and strain, compressive modu- 
lus, and failure modulus were observed for each 
propellant tested under the predicted equivalent 
conditions. The results provide great confidence 
in the ability to predict mechanical and failure 
response of materials at rates outside those avail- 
able within the laboratory by employing time- 
temperature equivalence. 

10 15 20 25 30 2.4 Propellant Morphology. The physical 
Strain (%) structure of a propellant is important for under- 

Figure 8. Mechanical Response of M43 at       standing the mechanical response in general and the 
Equivalent Time-Temperature Conditions       Mm response m particular. It can ^ expose 

processing problems and offer insights to appropriate corrective measures. Understanding the morphol- 
ogy can also aid in the evaluation of associated propellant properties, such as burning rate. 

To glean as much information as possible from the morphological structure, it is important 
to maintain the integrity of the intrinsic morphology. Specimen preparation is therefore a very 
important step in the process of exposing features of interest. If the process alters or masks critical 
indicators, the purpose of the procedure is defeated. The primary tool used for documenting the 
structure is the SEM, which can be used to quickly determine features of exposed surfaces. In this 
manner, morphological properties, such as particle size distribution, binder-filler interaction, defect 
identification, defect concentration, and constituent structural uniformity (perforation and grain 
diameter), can be evaluated. If, for example, a material shows a lower stress at failure and greater 
friability than expected, and if it is also noted that the particle binder interaction was weaker than 
normal, or that voids had been introduced into the propellant during extrusion, then steps can be taken 
to change the formulation or processing to enhance the interaction or eliminate the voids. Once 
corrected, the mechanical response of the propellant with the desired morphology can be evaluated. 
If the formulation had favorable chemical properties, the mechanical response may improve 
sufficiently to keep it from being eliminated from consideration simply because of poor processing. 

As mentioned previously, it is essential that the preparation procedure preserves the intrinsic 
morphology in specimens, that a record keeping system is in place that allows easy retrieval of 
recorded information, and that SEM techniques are developed that expose important morphological 
features. Such a set of procedures for gun propellants is outlined in Kaste, Ceasar, and Lieb.18 

As an example of a recent investigation, consider the case of new thermoplastic elastomer 
(TPE) propellants that are being developed. Morphological investigations were performed on two 
composite candidates, one filled with RDX and the other filled with CL-20. Selected micrographs 
appear in Figure 9 and indicate a significant difference between the internal structures of the two 
propellants. However, before the micrographs were analyzed, similar morphologies were expected, 
since both propellants had the same percentage of filler, and, initially, the particle sizes were thought 
to have had the same distribution. It is clear that the representations in Figures 9a and 9b show a 
marked difference.   The conclusion was drawn that the CL-20 underwent a transition that 
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incorporated the particles into the binder. It was 
later realized that the size of the CL-20 particles 
when they were mixed was near 100 ^im, while 
the RDX distribution centered on 5 um. If this 
were the only difference, then Figure 9c should 
appear similar to Figure 9a. However, it is also 
known that, given equivalent binder-filler inter- 
action and crystal strength, fracture proceeds 
much more easily through larger crystals than 
smaller ones. There are indications in the CL-20 
propellant of a few exposed fractured crystals 
(indicated by arrows), but not nearly enough to 
account for the large percentage of filler in the 
propellant. However, unlike the poor adhesion 
between RDX and most binders, the particle- 
binder interaction in the CL-20 filled propellant 
is much stronger. This makes it possible that the 
crack could proceed through the binder alone, 
thereby occluding the view of the particles. The 
split particles observed in Figure 9b are very well 
integrated with the binder, indicating good binder- 
filler interaction. However, these few particles 
that show may also be indicative of some meta- 
morphosis.  In any case, the CL-20 propellant 
appears much more homogeneous than the RDX. 
This  information  helps  to  explain  the 
"noncomposite" mechanical response of the 
CL-20 propellant, offers insight into favorable 
burning rate behavior, and may provide additional 
information regarding the processing techniques 
being established for this class of propellant 

To resolve issues raised by these observa- 
tions, the morphology of extinguished CL-20 pro- 
pellant grains will be examined, as was done in a 
previous study.19 Quickly extinguishing burning 
surfacesbyrapidpressurereductionpreservesmany 
features of the surface exposed to the flame. By 
examining the solidified melt layer and probing the 
morphological disruptions under the extinguished 
surface, much insight can be gained into the nature 
of the combustion process. 

It is easy to see that propellant morphol- 
ogy can provide valuable information concern- 
ing constituent compatibility, processing tech- 

a. RDX Filled (700X) 

b. CL-20 Filled (700X) 

c. CL-20 Filled (30X) 

Figure 9. SEM Micrographs Showing the 
Difference in Morphology Between RDX and 

CL-20 Filled Propellant 
11 



niques, mechanical response, and combustion characteristics, as well as the presence and nature of 
defects. As experience is gained in interpreting micrographs, more patterns are recognized, and the 
application of the technique is enhanced. 

2.5 Application of Mechanical Response and Morphological Information to Advanced 
Propellant Formulation Selection. The application of these technologies to the selection of an 
advanced propellant from several candidate propellant formulations is outlined next Four formu- 
lations of a new TPE propellant were evaluated at selected temperatures (-20° C, 20° C, and 49° C). 
These temperatures were chosen so the mechanical response of the materials could be sampled across 
the temperature range of ballistic interest. The propellants were designated as JA2, A, B, C and D, 
which, except for the JA2, were all highly filled composites. JA2 is a TPE with excellent mechanical 
properties. The goodness of the JA2 response is indicated by increased strength after failure, a sign 
of work hardening, and no brittle failure at temperatures above the glass transition temperature, 
which is near -20° C. The propellants were all found to be softer than JA2, which is the softest 
conventional gun propellant. Figure 10a shows the response curves for these propellants at 49° C 
(the JA2 curve was taken at 50° C) and shows the relative softness of the propellants. The only 
propellant that shows indications of a brittle-type response is C. However, high-temperature creep 
is a concern for propellants softer than JA2. The propellant that shows the most strength, other than 
JA2, and is characterized by a response very similar to JA2 is the A propellant. This gives A the best 
response at high temperatures among the new propellant formulations. The response curves at 
-20° C are shown in Figure 10b. All the curves except JA2 and A show brittle responses. The A 
propellant is softer than JA2 and shows loss of strength at high strain, but it is able to maintain load 
bearing capability up to 25% strain. The new propellant with the best response, compared to the other 
new formulations, is therefore the A formulation. If the softness of the propellant remains a concern, 
the level of filler can be increased or the ratio of hard to soft blocks in the co-polymer binder can be 
increased to increase stiffness. 

58 
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Figure 10. Mechanical Response Curves of Advanced Propellant Formulations Compared to 
Conventional JA2 Propellant 
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The amount of material required for the morphological and mechanical response evaluation 
was less than 25 g, which makes these tests attractive for experimental lots. However, it should be 
kept in mind that the method of processing helps determine propellant response and morphology. 
Small batch processing often produces weaker propellant with greater numbers of defects, even 
though essential features of the mechanical response are usually indicated in the smaller batches. 
Marked improvements in mechanical response and morphological structure are noted when 
processing lot size is increased. In this fashion, the mechanical response of emerging propellants can 
be evaluated early in development, and sound choices can be made to enhance the propellant 
performance and safety. 

3. SUMMARY AND CONCLUSIONS 

The mechanical and fracture responses of the four basic types of conventional gun propellant 
have been characterized over the temperature and strain rate ranges of ballistic interest. In addition, 
these techniques can be used to characterize the response of new propellant formulations, so that the 
response during development can be monitored and improved. Fracture surface area profiles have 
been characterized for the two most friable propellant types (triple-base and nitramine composite), 
and surface area generation has shown a strong dependence on the level of strain suffered during 
deformation and, to a lesser degree, on the failure modulus [log(Ef)]. However, the magnitude of the 
failure modulus clearly indicates the propensity of the material to fracture, and mechanical response 
measurements show the stress and strain levels at which failure occurs. The measurement of the shift 
factors for the various propellant types and the demonstration of time-temperature equivalency 
extend the range of response measurement into areas previously unavailable because of equipment 
limitations. This equivalency was also shown to extend into the failure arena, which permits a much 
broader application of the failure characterization. Techniques have been developed for and applied 
to the examination of the morphological features of energetic materials. Processing problems 
indicated by the presence of defects (voids, agglomerations, foreign particles, incorrect particle size, 
etc.), or other evidence of undesirable morphologies (poor mixing, weak particle-filler interaction, 
preferential fracturing, etc.) can be detected and corrected early in the propellant development. 
Mechanical response characteristics are made clearer by understanding the morphology, and the 
burning processes can be better understood by examining surface features of both virgin and 
extinguished specimens. Many tools have been developed that detect and minimize the deleterious 
effects of material failure in energetic materials. These tools can be employed at low cost to 
characterize the mechanical and fracture response, and to check the morphological structure. This 
information can then be used to assess the influence the mechanical response will have on the 
performance and vulnerability responses in a variety of operational situations. 

4. FUTURE DIRECTIONS 

The investigation of two areas would serve to greatly enhance the value of the information 
accumulated thus far. The first is the establishment of a pressure-temperature equivalency, similar 
to the time-temperature equivalency recently established for gun propellants. It is known that the 
response of gun propellants changes significantly with pressure.20-21 The material toughens and gets 
stronger as the ambient pressure increases. This property underscores the importance of rapid and 
uniform pressurization during the ignition phase of the ballistic cycle. The likelihood of fracture is 
significantly reduced under uniform and rapid chamber pressurization. Quantifying the pressure- 
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temperature equivalence would permit meaningful predictions of mechanical and fracture response 
under a much broader scope of interior ballistic conditions. Establishing this equivalence, however, 
will be difficult at high strain rates and typical large-caliber gun pressures (-700 MPa). The second 
area involves the measurement of the augmentation of propellant burning resulting from the newly 
fractured surface. It is known in the propellant and explosive communities that fracture is associated 
with the emission of ions, radicals, and molecular fragments. It has been observed in this laboratory 
and others22 that cracks show patches of decomposition products on the fracture surface. The 
question arises as to how the presence of these energetic emission particles affects the ignition and 
combustion of the propellant. Analysis of damaged propellant for equivalent surface area, results 
of which are reported here, has always been performed after a significant time interval between the 
fracture and the burning. This allows the emission particles from the fracture to be swept away or 
changed, and the patches of decomposition products to cool. It seems reasonable that ignition of the 
propellant after these fracture processes have decayed would reduce the rate of reactivity as 
compared to the processes that would occur if the ignition of these surfaces were immediate. A study 
to quantify these possible effects would involve the use of a pressure chamber (called a dynamic 
closed bomb) in which the propellant could be fractured and the chards immediately ignited. The 
effective surface area could be compared to that of grains damaged in a similar fashion but burned 
at a later time. Ratios of the effective surface areas as a function of fraction of the charge burned 
would provide a measure of the magnitude of the increased combustibility due to the freshly fractured 
surface, and would indicate whether such considerations are of any significance. 
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WARREN MI 48397-5000 

PROJECT MANAGER 1 WLFIV 
PCTNY ARSNL NJ 07806-5000 A MAYER 

WRIGHT PATTERSON AFB 
2 PEO FAS 

ATTN SFAE FAS PM 
DAYTON OH 45433 

D ADAMS 1 WLMNAA 
T MCWJLLIAMS ATTN B SIMPSON 
PCTNY ARSNL NJ 07806-5000 EGLIN AFB FL 32542-5434 

1 PMTMAS 
ATTN SFAE AR TMA MD 
R KOWALSKI 
PCTNY ARSNL NJ 07806-5000 

1 WLMNME 
ENERGETIC MATERIALS BR 
2306 PERIMETER RD 
STE9 
EGLIN AFB FL 32542-5910 

1 PMAFAS 
ATTN SFAE ASM AF Q 1 WLMNSH 
W WARREN ATTN R DRABCZUK 
PCTNY ARSNL NJ 07801-5000 EGLIN AFB FL 32542-5434 

4 PMAFAS 1 DIRECTOR 
ATTN SFAE ASM AF E US ARMY TRAC FT LEE . 
LTC A ELLIS ATTN ATRC L MR CAMERON 

_TKURIATA FT LEE VA 23801-6140 
G DELCOCO '     « 
J SHIELDS 
PCTNY ARSNL NJ 07806-5000 
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3 DIRECTOR 
BENET LABS 
ATTN AMSTA AR CCB RA 
GPO'HARA 
G A PFLEGL 
AMSTA AR CCB S F HEISER 
WATERVLIET NY 12189-4050 

7 DIRECTOR 
BENET LABS 
ATTN AMSTA AR CCB 
C KITCHENS 
JKEANE 
J BATTAGLIA 
J VASILAKIS 
GFRIAR 
R HASENBEIN 
AMSTA AR CCB T S SOPOK 
WATERVLIET NY 12189-4050 

NO. OF 
COPIES 

DIRECTOR 
US ARMY RESEARCH LAB 
ATTN AMSRL MA P B HALPIN 
ARSNL STREET 
WATERTOWN MA 02172-0001 

DIRECTOR 
US ARMY RESEARCH LAB 
ATTN AMSRL CP CA D SNIDER 
2800 POWDER MILL ROAD 
ADELPHI MD 20783-1145 

NASA LANGLEY RSRCH CTR 
ATTN AMSRL VS W ELBER 
AMSRL VS S F BARTLETT JR 
MAIL STOP 266 
HAMPTON VA 23681-0001 

DIRECTOR 
US ARMYCRREL 
ATTN P DUTTA 
72 LYME ROAD 
HANOVER NH 03755 

LAWRENCE LIVERMORE NAIL LAB 
ATTN R CHRISTENSEN 
S DETERESA 
F MAGNESS 

.M FINGER 
A HOLT 
PO BOX 808 
LIVERMORE CA 94550 

ORGANIZATION 

LAWRENCE LTVERMORE NATL LAB 
ATTN L 355 
A BUCKINGHAM 
M FINGER 
PO BOX 808 
LrVERMORE CA 94550-0622 

LAWRENCE LIVERMORE NATL LAB 
ATTN M MURPHY 
PO BOX 808 L 282 
LIVERMORE CA 94550 

LOS ALAMOS NATL LAB 
ATTN J REPPA 
MS F668 
PO BOX 1663 
LOS ALAMOS NM 87545 

LOS ALAMOS NATL LAB 
ATTN T3 D BUTLER 
PO BOX 1663 
LOS ALAMOS NM 87544 

LOS ALAMOS NATL LAB 
ATTN D RABERN 
MEE 13 MS J 576 
PO BOX 1633 
LOS ALAMOS NM 87545 

SANDIA NATL LABS 
ENRGTC MAILS & FLUID MECH 
DEPARTMENT 1512 
ATTN M BAER 
PO BOX 5800 
ALBUQUERQUE NM 87185 

SANDIA NATL LABS 
COMBUSTION RSCH FACILITY 
ATTN R CARLING 
LIVERMORE CA 94551-0469 

SANDIA NATL LABS 
ATTN 8741 GA BENEDETTI 
PO BOX 969 
LrVERMORE CA 94551-0969 
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SANDIA NATL LABS 
ATTN C ROBINSON 
WKAWAHARA 
KPERANO 
D DAWSON 
PNIELAN 
APLD MECH DEPT DIV 8241 
PO BOX 969 
LIVERMORE CA 94550-0096 

HQDNA 
ATTN D LEWIS 
AFAHEY 
6801 TELEGRAPH RD 
ALEXANDRIA VA 22310-3398 

INST FOR ADVNCD TECHNOLOGY 
ATTN W REINECKE 
TKDBHNE 
HFAIR 
P SULLIVAN 
4030 2 W BRAKER LN 
AUSTIN TX 78759-5329 

INST OF GAS TECHNOLOGY 
ATTN D GEDASPOW 
3424 S STATE ST 
CHICAGO IL 60616-3896 

NATL INST OF STANDARDS 
AND TECHNOLOGY 
STRUCTURE & MECHANICS GROUP 
POLYMER DIV POLYMERS RM A209 
ATTN GREGORY MCKENNA 
GAITHERSBURG MD 20899 

NAVAL ORDNANCE STATION 
ATTN D HOLMES CODE 2011 
ADVANCED SYSTEMS TECHNOLOGY BR 
LOUISVILLE KY 40214-5245 

NAVAL SURFACE WARFARE CTR 
DAHLGREN DIVISION 
ATTN CODE G33 
DAHLGREN VA 224488 

NAVAL SURFACE WARFARE CTR 
JOHN FRAYSSE 
ATTN CODE G33 
DAHLGREN VA 22448 

1 COMMANDER 
NAVAL SEA SYSTEMS CMD 
ATTN DAVE) LESE 
2531 JEFFERSON DAVIS HIGHWAY 
ARLINGTON VA 22242-5160 

1 NAVAL SURFACE WARFARE CTR 
ATTN CODE G30 
JOSEPH H FRANCIS 
DAHLGREN VA 22448 

1 NAVAL SURFACE WARFARE CTR 
ATTN MARY E LACY CODE D4 
17320 DAHLGREN RD 
DAHLGREN VA 22448 

1 OFFICE OF NAVAL TCHNLGY 
ATTN ONT 213 
D SIEGEL 
800 N QUINCY ST 
ARLINGTON VA 22217-5000 

1 OFFICE OF NAVAL RESEARCH 
ATTN YAPA RAJAPAKSE 
MECH DIV CODE 1132SM 
ARLINGTON VA 22217 

1 OFFICE OF NAVAL RESEARCH 
ATTN CODE 473 
R S MILLER 
800 N QUINCY ST 
ARLINGTON VA 22217-9999 

1 OLAC PL TSTL 
ATTN D SHIPLETT 
EDWARDS AFB CA 93523-5000 

3 OLAC PL RK 
ATTN J LEVINE 
LQUINN 
T EDWARDS 
5 POLLUX DRIVE 
EDWARDS AFB CA 93524-7048 

2 US ARMY RESEARCH OFFICE 
ATTN G ANDERSON 
R SINGLETON 
POBOX 12211 
RSRH TRI PK NC 27709-2211 
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US ARMY RESEARCH OFFICE 
ATTN ANDREW CROWSON 
JCHANDRA 
PO BOX 12211 
RESEARCH TRIANGLE PARK NC 
27709-2211 

US ARMY RD&S GROUP (UK) 
DR ROY E RICHENBACH 
PSC 802 BOX 15 
FPO AE 09499-1500 

USA BMD SYSTEMS COMMAND 
ADVANCED TECHNOLOGY CTR 
PO BOX 1500 
HUNTSVILLE AL 35807-3801 

1 UNIV OF MINNESOTA 
DEPT OF MECH ENGNR 
ATTN E FLETCHER 
MINNEAPOLIS MN 55414-3368 

1 UNIV OF MASSACHUSETTS 
DEPT OF MECH ENGR 
ATTN K JAKUS 
AMHERST MA 01002-0014 

2 UNIV OF MINNESOTA 
AHPCRC 
ATTN G SELL 
D AUSTIN 
1100 WASHINGTON AVE S 
MINNEAPOLIS MN 55415 

RUTGERS UNIVERSITY 
DEPT OF MECHANICAL AND 
AEROSPACE ENGINEERING 
ATTN S TEMKIN 
UNIVERSITY HEIGHTS CAMPUS 
NEW BRUNSWICK NJ 08903 

STANFORD UNIVERSITY 
DEPARTMENT OF AERONAUTICS AND 
AEROBALLISTICS DURANT BUILDING 
ATTN S TSAI 
STANFORD CA 94305 

STEVENS INST OF TECH 
DAVIDSON LABORATORY 
ATTN R MCALEVY m 
CASTLE POINT STATION 
HOBOKEN NJ 07030-5907 

STEVENS INST OF TCHNLGY 
HIGHLY FILLED MATERIALS INST 
ATTN DR DILHAN M KAYLON 
HOBOKEN NJ 07030 

UCLA 
MANE DEPT ENGRG IV 
ATTN H THOMAS HAHN 
LOS ANGELES CA 90024-1597 

UNIV OF DAYTON RSRCH INST 
ATTN RAN Y KIM 
AJTTKROY 
JAMES M WHITNEY 
300 COLLEGE PARK AVE 
DAYTON OH 45469-0168 

UNIV OF DELAWARE 
CTR FOR COMPOSITE MATERIALS 
ATTN J GILLESPE 
MSANTARE 
201 SPENCER LABORATORY 
NEWARK DE  19716 

UNIVERSITY OF UTAH 
DEPARTMENT OF MECHANICAL AND 
INDUSTRIAL ENGINEERING 
ATTN S SWANSON 
SALT LAKE CITY UT 84112 

UNIVERSITY OF ILLINOIS AT 
URBANA CHAMPAIGN 
NATIONAL CENTER FOR COMPOSITE 
MATERIALS RESEARCH 
216 TALBOT LABORATORY 
ATTN J ECONOMY 
104 S WRIGHT STREET 
URBANA IL 61801 

UNTV OF ILLINOIS 
DEPT OF MECH INDUS ENGNR 
ATTN-HKRIER 
R BEDDINI 
144 MEB 1206 N GREEN ST 
URBANA IL 61801-2978 

UNIVERSITY OF UTAH 
DEPT OF CHEM ENGNRG 
ATTN A BAER 
SALT LK CTY UT 84112-1194 
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1 UNIVERSITY OF KENTUCKY 
ATTN LYNN PENN 
763 ANDERSON HALL 
LEXINGTON KY 40506-0046 

1 WASHINGTON STATE UNIV 
DEPT OF MECH ENGNRG 
ATTN CT CROWE 
PULLMAN WA 99163-5201 

1 BRIGHAM YOUNG UNIVERSITY 
DEPT OF CHEMICAL ENGNRNG 
ATTN M BECKSTEAD 
PROVO UT 84601 

5 PENNSYLVANIA STATE UNIV 
DEPT OF MECH ENGNR 
ATTN V YANG 
KKUO 
WHSIEH 
STHYNELL 
CMERKLE 
UNIV PARK PA 16802-7501 

GEORGIA INST OF TECH 
SCH OF AEROSPACE ENGRNG 
ATTN B T ZIM 
E PRICE 
WC STRAHLE 
ATLANTA GA 30332 

CIA 
ATTN J BACKOFEN 
NHB ROOM 5N01 
WASH DC 20505 

CIA 
OFC OF INFO RESOURCES 
ROOM GA 07 HQS 
WASH DC 20505 

AAI CORPORATION 
ATTN TECH LIBRARY 
JFRANKLE 
D CLEVELAND 
PO BOX 126 
HUNT VALLEY MD 21030-0126 

PURDUE UNIVERSITY 
SCHOOL OF AERO & ASTRO 
ATTNCT SUN 
W LAFAYETTE IN 47907-1282 

AFELM THE RAND CORPORATION 
ATTN LIBRARY D 
1700 MAIN ST 
SANTA MONICA CA 90401-3297 

RENSSELAER POLYTECH INST 
ATTN R B PIPES 
PRESIDENT OFC 
PITTSBURGH BLDG 
TROY NY 12180-3590 

RENSSELAER POLYTECH INST 
DEPT OF MATHEMATICS 
TROY NY 12181 

CA INSTITUTE OF TECH 
204 KARMAN LABORATORY 
MAIL STOP 301 46 
ATTN F E C CULICK 
1201 E CALIFORNIA ST 
PASADENA CA 91109 

ALLIANT TECHSYSTEMS INC 
ATTN C CANDLAND 
JBODE 
R BECKER 
M SWENSON 
L OSGOOD 
RBURETTA 
T HOLMQUIST 
600 2ND ST NE 
HOPKINS MN 55343-8367 

ARROW TECH ASSO 
1233 SHELBURNE RD STE D 8 
SOUTH BURLINGTON 
VT 05403-7700 

DREXEL UNIVERSITY 
ATTN ALBERT S D WANG 

.32ND AND CHESTNUT STS 
PHILADELPHIA PA 19104 
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7 CIVIL ENGR RESERACH FOUNDATION 
ATTN H BERNSTEIN PRESIDENT 
C MAGNELL 
K ALMOND 
R BELLE 
MWILLETT 

1 

EDELO 1 
B MATTES 
1015 15TH ST NW STE 600 
WASHINGTON DC 20005 

ARROW TECH ASSO INC 
ATTN W HATHAWAY 
PO BOX 4218 
SOUTH BURLINGTON 
VT 05401-0042 

BALLISTIC IMPACT DYNAMICS 
ATTN RODNEY RECHT 
3650 S CHEROKEE 2 
ENGLEWOOD CO 80110 

ORGANIZATION 

E I DU PONT DE NEMOURS 
& CO INC 
POTOMAC RIVER WORKS 
ATTN M MCGOWAN 
MARTTNSBURG WV 25401 

ELI FREEDMAN & ASSOC 
2411 DIANA RD 
BALTIMORE MD 21209 

COMPUTNL MECHANICS ASSOC 
ATTN JONAS A ZUKAS 
PO BOX 11314 
BALTIMORE MD 21239-0314 

CPIAJHU 
ATTN H J HOFFMAN 
T CHRISTIAN 
10630 LTLE PATUXENT PKWY 
SUITE 202 
COLUMBIA MD 21044-3200 

VERJTAY TECHNOLOGY INC 
ATTN E FISHER 
4845 MELLERSPORT HWY 
EAST AMHERST NY 14501-0305 

BATTELLE 
ATTN C R HARGREAVES 
TWSTTAC 
V LEVIN 
505 KING AVE 
COLUMBUS OH 43201-2681 

BATTELLE PNL 
ATTN M SMITH 
M C C BAMPTON 
PO BOX 999 
RICHLAND WA 99352 

BRIGS CO 
ATTN MR JOE BACKOFEN 
2668 PETERBOROUGH ST 
HERDON VA 22071-2443 

CHAMBERLAIN MFG CORP 
R&DDIV 
ATTN M TOWNSEND 

,550 ESTHER STREET 
WATERLOO IA 50704 

CUSTOM ANALYTICAL ENGRNG 
SYSTEMS INC 
ATTN A ALEXANDER 
STAR ROUTE BOX 4A 
FLINTSTONE MD 21530 

D R KENNEDY AND ASSOC INC 
ATTN D KENNEDY 
PO BOX 4003 
MOUNTAIN VIEW CA 94040 

DEFENSE NUCLEAR AGENCY 
INNOVATIVE CONCEPTS DJV 
ATTN DR R ROHR 
6801 TELEGRAPH RD 
ALEXANDRIA VA 22310-3398 

GEN DYNAMICS LAND SYS DIV 
ATTN D BARTLE 
PO BOX 1901 
WARREN MI 48090 

GENERAL ELECTRIC COMPANY 
TACTICAL SYSTEM DEPT 
ATTNJMANDZY 
100 PLASTICS AVE 
PITTSFIELDMA 01201-3698 
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GENERAL APPLIED SCIENCES LAB 
ATTN J ERDOS 
77 RAYNOR AVE 
RONKONKAMA NY 11779-6649 

HERCULES INC 
ATTN D D WHITNEY 
E HAYS ZEIGLER 
100 HOWARD BLVD 
KENVTL NJ 07847 

HERCULES INC 
ALLEGHENY BALLISTICS LAB 
ATTN WILLIAM B WALKUP 
THOMAS F FARABAUGH 
PO BOX 210 
ROCKET CENTER WV 26726 

HERCULES INC 
RADFORD ARMY AMMO PLANT 
ATTNLGIZZI 
D WORRELL 
W WORRELL 
CCHANDLER 
F KRISTOFF 
T WILLIAMS 
RADFORD VA 24141-0299 

HERCULES INC 
ATTN B M RIGGLEMAN 
HERCULES PLAZA 
WILMINGTON DE 19894 

JET PROPULSION LAB 
CA INSTITUTE OF TECH 
ATTN L STRAND MS 125 224 
4800 OAK GROVE DRIVE 
PASADENA CA 91109 

KAMAN SCIENCES CORP 
PO BOX 7463 
COLORADO SPRINGS CO 80933 

LIVERMORE SFTWR TECH CORP 
ATTN J O HALLQUIST 
2876 WAVERLY WAY 
LIVERMORE CA 94550 

NO. OF 
COPIES ORGANIZATION 

LORAL VOUGHT SYSTEMS 
ATTN G JACKSON 
KCOOK 
1701 W MARSHALL DR 
GRAND PRAIRIE TX 75051 

MARTIN MARIETTA CORP 
ATTN P DEWAR 
L SPONAR 
230 EAST GODDARD BLVD 
KING OF PRUSSIA PA 19406 

MBR RESEARCH INC 
ATTN DR MOSHE BEN REUVEN 
601 EWING ST SUITE C22 
PRINCETON NJ 08540 

OLIN CORP 
FLINCHBAUGH DJV 
ATTN E STEINER 
B STEWART 
PO BOX 127 
RED LION PA  17356 

OLIN ORDNANCE 
ATTN E J KIRSCHKE 
A F GONZALEZ 
D W WORTHINGTON 
PO BOX 222 
ST MARKS FL 32355-0222 

OLIN CORP 
ATTN LWHJTMORE 
10101 9TH ST NORTH 
ST PETERSBURG FL 33702 

OLIN CORPORATION 
BADGER ARMY AMMO PLANT 
ATTN F E WOLF 
BARABOO WI53913 

PAUL GOUGH ASSOCIATES INC 
ATTN P S GOUGH 
1048 SOUTH ST 
PORTSMOUTH NH 03801-5423 

PHYSICS INTRNL LIBRARY 
ATTN H WAYNE WAMPLER 
PO BOX 5010 
SAN LEANDRO CA 94577-0599 
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1 PM ADVANCED CONCEPTS 
LORAL VOUGHT SYSTEMS 
ATTN J TAYLOR 
PO BOX 650003 
MSWT21 
DALLAS TX 76265-0003 

2 PRINCETON CMBSTN RSCH LAB INC 
ATTNNMER 
N A MESSINA 
PRINCETON CORPORATE PLAZA 
11 DEERPARK DR BLDG IV STE 119 
MONMOUTH JUNCTION NJ 08852 

1 PROJECTILE TECHNOLOGY INC 
515 GILES ST 
HAVRE DE GRACE MD 21078 

2 ROCKWELL INTERNATIONAL 
ROCKETDYNE DIV 
ATTN BA05 J FLANAGAN 
WC79 R EDELMAN 
6633 CANOGA AVE 
CANOGA PARK CA 91303-2703 

2 ROCKWELL INTRNL SCIENCE CTR 
ATTN DR S CHAKRAVARTHY 
DR S PALANISWAMY 
PO BOX 1085 
THOUSAND OAKS CA 91360 

1 SAIC 
ATTN DAN DAKIN 
2200 POWELL ST STE 1090 
EMERYVILLE CA 94608 

1 SAIC 
ATTN MILES PALMER 
2109 AJJR PARK RD S E 
ALBUQUERQUE NM 87106 

1 SAIC 
ATTN ROBERT ACEBAL 
1225 JOHNSON FERRY RD STE 100 
MARIETTA GA 30068 

1 SOUTHWEST RSRCH INST 
ATTN MR JACK RIEGEL 

_ ENGNRNG & MTRL SCI DIV 
PO DRAWER 28510 
SAN ANTONIO TX 78228-0510 

1 SRI INTERNATIONAL 
PROPULSION SCIENCES DIV 
ATTN TECH LIBRARY 
333 RAVENWOOD AVE 
MENLO PARK CA 94025-3493 

1 TEXTRON 
ATTN A PATRICK 
2385 REVERE BEACH PKWY 
EVERETT MA 02149-5900 

1 THIOKOL CORPORATION 
ELKTON DIVISION 
ATTN TECH LIBRARY 
PO BOX 241 
ELKTON MD 21921-0241 

1 THIOKOL COPORATION 
TACTICAL OPERATIONS 
ATTN W H OETJEN 
PO BOX 400006 
HUNTSVILLE AL 35815-106 

1 THIOKOL CORPORATION 
ATTN DR DAVID A FLANIGAN 
PO BOX 707 
BRIGHAM CITY UT 84302-0707 

1 UNIVERSIVAL PROPULSION CO 
ATTN H J MCSPADDEN 
25401 NORTH CENTRAL AVE 
PHOENIX AZ 85027-7837 

1 JOHN HEBERT 
PO BOX 1072 
HUNT VALLEY MD 21030-0126 
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ABERDEEN PROVING GROUND 

1 CDR USAATC 
ATTN R HENDRICKSEN 

62 DIR USARL 
ATTN:  AMSRL-SC, 

C MERMAGEN 394 
WSTUREK1121 

AMSRL-SC-S, A MARK 309 
AMSRL-SC-SS, R KASTE 394 
AMSRL-SL-B, P DIETZ 328 
AMSRL-SL-BA, J MORRISSEY 1065 
AMSRL-SL-BS, D BELY 328 
AMSRL-SL-I, D HASKILL 1065 
AMSRL-WM-P, A HORST 390A 
AMSRL-WM-PA, 

G KELLER 
T MINOR 390 
C LEVERTTT 390 
D KOOKER 390A 

AMSRL-WM-PB, 
P PLOSTINS 120 

AMSRL-WM-PC, B FORCH 390A 
AMSRL-WM-PD, 

B BURNS 390    ' 
W DRYSDALE 390 
J BENDER 390 
T ERLINE 390 
D HOPKINS 390 
S WILKERSON 390 
D HENRY 390 
R KASTE 390 
L BURTON 390 
J TZENG 390 
R LIEB 390 
G GAZONAS 390 
M LEADORE 390 
C HOPPEL 390 

AMSRL-WM-PD ALC, 
AABRAHAMIAN 
KBARNES 
MBERMAN 
H DAVISON 
AFRYDMAN 
TLI 
W MCINTOSH 
ESZYMANSKI 

" AMSRL-WM-T, W MORRISON 309 

AMSRL-WM-TA, 
W GILLICH 390 
W BRUCHEY 390 

AMSRL-WM-TB, 
F GREGORY 309 

AMSRL-WM-TC, 
K KIMSEY 309 
R COATES 309 
W DE ROSSET 309 

AMSRL-WM-TD, 
D DIETRICH 309 
G RANDERS PEHRSON 309 
A DAS GUPTA 309 
J SANTIAGO 309 

AMSRL-WM-W, C MURPHY 120 
AMSRL-WM-WA, 

H ROGERS 394 
B MOORE 394 

AMSRL-WM-WB, 
F BRANDON 120 
W D'AMICO 120 

AMSRL-WM, J ROCCHIO 120 
AMSRL-WM-WD, 

A NIILER 120 
A ZIELINSKI 120 
J POWELL 120 

AMSRL-WM-WE, 
J LACETERA 120 

AMSRL-WM, L JOHNSON 
AMSRL-WM-PD, T CHOU 
AMSRL-WM, G HAGNAUER (CR) 
AMSRL-WM-PA, D GRANVJLLE (CR) 
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1 DRA FORT HALSTEAD 
ATTN MR PETER N JONES 
W7 DIVISION BLDG A20 
SEVENOAKS KENT TN 147BP 
ENGLAND 

1 DRA FORT HALSTEAD 
ATTN DR D TOD 
RM 20, BLDG X50, ET5 
SEVENOAKS KENT TNI 4 7BP 
ENGLAND 

1 DRA FORT HALSTEAD 
ATTN DR DAVE SCOTT, TECH MGR 
LAUNCH SYSTEMS 
SEVENOAKS KENT TNI 4 7BP 
ENGLAND 

3 DEFENSE RESEARCH ESTABLISHMENT- 
VALCARTIER 
ATTN MR FRANCOIS LESAGE 
DR S DUNCAN 
MR ALAIN DUPUIS 
PO BOX 8800 
COURCELETTE, QUEBEC GOA 1RO 
CANADA 

2 ROYAL MILITARY COLLEGE OF SCIENCE 
SHRTVENHAM 
ATTN   DR DAVID BULMAN 
DR BRIAN LAWTON 
SWTNDON, WILTS SN6 8LA 
UNITED KINGDOM 

1 SWISS FEDERAL ARMAMENTS WORKS 
ATTN WALTER LANZ 
ALLMENDSTRASSE 86 
3602 THUN 
SWITZERLAND 

1 DSTO 
MATERIALS RESEARCH LABORATORY 
DR NORBERT BURMAN 
NAVAL PLATFORM VULNERABILITY 
SCHIP STRUCTURES AND MATERIALS DIV 
PO BOX 50 
ASCOT VALE, VICTORIA 
AUSTRALIA 3032 

1 ECOLE ROYAL MEJTAIRE 
ATTN PROFESSPR EDWARD CELENS 
AVE DE LA RENAISSANCE 30 
1040 BRUXELLE 
BELGIQUE 

1 INSTITUT FRANCO-ALLEMAND DE 
RECHERCHES DE SANIT LOUIS 
ATTN DR CLAUDE FAUQUIGNON 
5, RUE DU GENERAL CASSAGNOU 
BOITE POSTALE 34 
F 68301 SAINT-LOUIS CEDEX 
FRANCE 

1 INSTITUT FRANCO ALLEMAND DE 
RECHERCHES DE SANIT LOUIS 
ATTN DE MARC GTJRAUD 
5, RUE DU GENERAL CASSAGNOU 
BOITE POSTALE 34 
F 68301 SAINT-LOUIS CEDEX 
FRANCE 

1 TNO-PRINS MAURTTS LABORATORY 
ATTN DR ROB DSSELSTEIN 
LANGE KLEIWEG 137 
PO BOX 45 
2280 AA RUSWJJK 
THE NETHERLANDS 

1 FOA-NATIONAL DEFENSE RESEARCH 
ESTABLISHMENT 
ATTN DR BO JANZON 
DIRECTOR DEPT OF WEAPONS & PROTECTION 
S-172 90 STOCKHOLM 
SWEDEN 

2 DEFENSE TECH & PROC AGENCY (GRD) 
ATTN MR GERHARD LAUBE 
GENERAL HERZOG HAUS 
3602 THUN 
SWITZERLAND 

1 ROYAL MILITARY COLLEGE OF SCIENCE 
PROF J D MACKWORTH 
SHRTVENHAM 
SWINDON WILTS SN6 8LA 
UNITED KINGDOM 
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1 MINISTRY OF DEFENCE 
RAFAEL 
ATTN DR MEIR MAYSELESS 
ARMAMENT DEVELOPMENT AUTHORITY 
PO BOX 2250 
HAIFA 31021, ISRAEL 

1 DYNAMEC RESEARCH AB 
ATTN DR AKE PERSSON 
PARADISGRND 7 
S 151 36 SODERTALJE 
SWEDEN 

1 ESTABLISSEMENr TECHNIQUE DE BOURGES (ETSS) 
LPI (DIVISION LABORATOREIS MATEMIAUX 
PYROTECHNIQUES ET INERTES) 
BP n°712 
ATTN MR ALAIN FABRE 
18015 BOURGES CEDEX 
FRANCE 

1 SNPE CENTRE DE RECHERCHES DU BOUCHET 
ATTN MR ROBERT NEVIERE 
BP2 91710 VERT-LE-PETTT 
FRANCE 

ERNST-MACH-INSTTTUT (EMI) 
ATTN DR GUSTAV-ADOLF SCHRODER 
DR G ZIMMERMAN 
HAUPTSTRASSE 18 
79576 WEIL AM RHEIN 
GERMANY 

INSTITUT SAINT LOUIS 
ATTN DR MARC GIRAUD 
DR GUNTER SHEETS 
POSTFACH 1260 
7858 WEIL AM RHEIN 1 
GERMANY 

ERNST-MACH-INSTTTUT (EMI) 
ATTN DR ALOIS S1TLP 
ECKERSTRASSE 4 
7800 FREIBURG 
GERMANY 

DR BITAN HIRSCH 
TACHKEMONY ST 6 
NETANYA 42611 
ISRAEL 

DEUTSCHE AEROSPACE AG 
DYNAMIC SYSTEMS 
ATTN PROF DR MANFRED HELD 
PO BOX 1340 
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