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I. INTRODUCTION

A. Objectives

R}
LA

In this report the results from several research tasks that were undertaken to address fundamental
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problems related to the high stress and strain-rate response of energetic materials are summarized.

PN

The present work was based on two main premises: (i) a crystalline hard material embedded in an

gog

R

elastomeric binder is representative of many energetic materials and (ii) model systems can be used
10 examine many fundamental issues important to understanding the shock response of energetic
materials. Background discussion that justifies these premises and provides the rationale behind our

work has been described in prior submissions to ONR. This discussion, in part, has also been
presented in Reference 1.

The specific objectives of our work were as follows:

1.  To determine the response of an energetic elastomer to large amplitude compression and shear
waves.

t

To examine shock induced phase transformation in a material with high strength. This issue is

important for understanding the role of material strength in shock induced chemical reactions.

3.  To obtain experimental shock data on a composite (energetic clastomer and a hard matenial that
undergoes a phase transformation) and to describe the experimental results in terms ol the con-

stituent response.

4. To develop new experimental methods and analyses for improved unuerstanding ot the shock

response of energetic materials.

The last task is of considerable practical significance because shock characterization of propellants
and explosives is a continuing need for Navy applications. Model systems are optimal for deyclopiny
new experimental methods. Once developed, the methods may then be applied to propellants an.d

composite explosives of interest.




The work described here examines the material response at the continuum level and is complimen-

tary to the spectroscopy work designed to understand shock induced chemical reactions.?

B. Approach

We have chosen to examine the shock response of the materials of interest by conducting suitably
instrumented plate impact experiments. The energetic elastomer we chose to study was a copolymer
of 3,3-bis(azidomethyl) oxetane (BAMO) and tetrahydrofuran (THF) that has been recently syn-
thesized by Manser® Based on Manser’s recommendation, a 50/50 mixture of BAMO/THF was
selected for study. Experiments were conducted to examine the response of this elastomer to com-
bined compression and shear waves. The experimental techniques are similar to those reported for
solithane* In Figure 1, we show a schematic view of the experimental method used to obtain time-
resolved particle velocity measurements under combined compression and shear loading® By varying
the angle 6, the amounts of compression and shear motions imparted to the impact surface can be
varied. The magnetic field can be rotated to the desired direction in the plane as shown. This

method, utilizing embedded gauges, was also used for our experiments on composites.

To examine the influence of material strength on pressure induced phase transformation,® we elected
to study CdS single crystais and to use CdS powders as a filler in the BAMO/THF elastomer. By
obtaining and analyzing time-resolved measurements, we can determine the final states and the kinet-
ics of the wurtzite to rock salt transition in shocked CdS (if this transition does occur in the shock
experiments). By comparing the CdS response under two different conditions (single crystal with a
large elastic limit, and powder suspended in an elastomer), we can examine the role of non-

hyvdrostatic loading on the phase change.

Regarding the development of new experiments and analysis, we have concentrated on developing a
method that permits time-resolved measurements during tension and recompaction; and examined the
fcasibility of developing a method to measure temperature in shocked liquids and elastomers. Both
of these developments are expected to be of considerable value in characterizing and understanding

the impact response of energetic materials.
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II. SUMMARY OF EXPERIMENTAL RESULTS AND DISCUSSION

The main findings of the present work are summarized and discussed in this section. Where applica-
ble, the experimental method is described briefly. Because most of the experiments are the first of
their kind, a considerable amount of effort was spent in developing experimental techniques and per-
forming preliminary experiments. Detailed discussion of the experimental method and analysis, and

further discussion of results, will be presented in journal articles.

A. Compression and Shear Wave Propagation in BAMO/THF

Results of quasi-static characterization of BAMO/THF (50/50) by Dr. R. Reed of NWC, China
Lake, are indicated in Table L.

TABLE I: Quasi-Static Measurements®

BAMO:THF | BAMO:THF + 54% CdS

Young's Modulus 176 PSI 612 PSI
Maximum Tensile Stress 63 PSI 273 PSI
Maximum Elongation 44% 70%

* Courtesy of Dr. R. Reed, NWC, China Lake, CA.

As is typical of eclastomers, the material has a low modulus and strength under tension. The
BAMO. THF used in our work was sent to us as monomers by Rocketdvne and polymerized in our
laboratory using the procedure described by Manser® Because of using materials from different
batches and our learning of the procedures to cast samples with embedded gauges. the experimental

scatter was higher than the scatter usually observed in shock wave data.

Several combined compression and shear wave experiments were conducted to measure compression

and shear wave profiles at diffcrent depths in the sample interior. Two features of the profiles were

9.




noteworthy: the compression wave profiles were nearly steady (at least within the experimental
bounds) and the shear wave attenuation with propagation distance was extremely high. From a qual-
itative examination of the wave profiles, the material appeared to behave like a viscous fluid under

shock loading.

Because the wave-profiles were nearly steady, the Rankine-Hugoniot jump conditions could be used
to obtain the stress-volume compression curve. The results of nine such experiments (using different
impactors and impact velocities) are shown in Figure 2. Along the x-axis, we have plotted the den-
sity compression (4 = p/p, — 1). The two points far off the curve came from a batch that may not
have been synthesized properly. Results of some tension mcasurements for this batch were also
anomalous. The smooth curve drawn to fit the data is representative of a material that is initially

very compressible.

By measuring the release (longitudinal) and shear wave velocities in the shocked state, we were able
to determine the bulk, K, and shear, G, moduli in the shocked state. These results are shown in Fig-
ure 3. Several features are noteworthy. The bulk modulus increases nonlinearly with compression:
the shear modulus is only measurable beyond about 15% compression; G/K < < 1 over the entire
range; there is considerable scatter in the data. The larger scatter, in contrast to crystalline materi-
als, was also observed for solithane. The difficulty in positioning the gauges very accurately in such

a compliant material is a possible source of the scatter.

Using the Hugoniot curve shown in Figure 2 and the initial slope of the release wave (isentrope). the
Gruneiscn constant I can be evaluated using the Hugoniot differential relation.” We have obtained a
value of G = pl = 56406 gm/cm® from our data. Using this value of G  and
C, = 081 cal ’'gm°C, the calculated temperaturc rise along the isentroipe and the R-H curve is
shown in Figure 4. The C, value was derived using a Dulong-Petit law following Manser's sugges-
tion. The temperature rise along the isentrope and the Hugoniot curve is nearly identical until
g = 0.15. Then the temperature along the Hugoniot, as expected, increases. The large error bars

reflect the uncertainty in the constants usced to cvaluate the temperature increase.

The decomposition temperature of this materiar at ambient pressure 1s approximately 200 °C. Pac has
reported a small increase in the decomposition temperature with confining pressure.® However. in

the absence of kinectic cffects. the temperature rise in our experiments is bevond the decomposition

temperaturc expected from extrapolating Pac’s results to the pressures in our experiments. The
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absence of decomposition (as evidenced by the lack of increasing pressure) suggests that there is not

sufficient time for decomposition. In the absence of temperature measurements, this conclusion must

be considered tentative.

The observation of steady compression waves in the BAMO/THF coupied with G,/ K < < | allows
us to treat BAMO/THF like a viscous fluid and use the steady wave analysis of Band and Duvall’.
Using Duvall’s procedure for analyzing the shock-front thickness, we have obtained viscosity as a
function of compression. The measured values plotted in Figure 5 were fitted by a smooth curve.
The viscosity measurements shown in Figure 5 are the first of their kind for elastomers and are
expected to be valuable to "hot spot" calculations in propellants. Most such calculations to date have
been hampered because good measurements of coefficients describing dissipative and transport pro-

perties are not available at high stresses and strain rates.

The results described have provided a comprehensive characterization of the elastomer and demon-

strated an experimental approach that may be extended to other materials of interest.

B. Shock Response of CdS/BAMO: THF Composite*

This research effort had two main goals: (1) to determine the shock response of the composite and
to model it in terms of its constituents, and (ii) to examine the effects of the elastomer matrix on the
phase transition in CdS. The particle size of the CdS was in the 3-5 um range and weight fraction of
the CdS was 54%. This weight fraction (corresponding to a volume fraction of 22.63%) gave repro-

ducible and porc-free samples. The initial densities of the BAMO:THF and CdS are 1.2 ¢gm ¢c and
4.83 gm /cc, respectively.

Using the multiple, embedded. particle-velocity gauges. a total of 6 experiments have been performed
to date. Because the waves wcere unsteady but non-attenuating, the data were analvzed using the
procedure described by Fowles and Williams'”. The mass and momentum cquations at a gauge loca-

tion can be written as® :

* Weare grateful to Dr R Reed of NWC China Lake for casting these samples for us
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do = p,C, du (n
du -
dV - —pOC' (-)

Although C, # C, in general, we have used the approximation C, = C, and calculated the stress-
strain paths using the above equations. The results are shown in Figure 6. The initial linear loading
path followed by a decreasing slope is typical of a viscoelastic material. The dashed curve is the

compression curve obtained by using a very simple mixture model.

Ve = f1V1 + foV, (3)

where V,, = specific volume of mixture
V; = specific volume of i constituent

fi = volume fraction of constituent

At a given pressure P, the specific volume of the mixture is calculated using Eq. (3). The individual
I; values in Eq. (3) are calculated using the BAMO:THF results described in Section I1.A and using
the CdS results from the hydrostatic measurements of Samara and Giardiani!* The good agreement
between the calculated mixture model and the experimental results (the peak state from each experi-
ment) is quite remarkable. It appears that the CdS powder because of the low volume fraction
experiences a nearly hydrodynamic compression due to the nearly fluid-like response of the

BAMO:THF. Hence, the simple approach used here appears to work.

The shape of the P—}" curve (the locus of the end states) in Figure 6. explains why a two-wave struc-
ture is not observed in the gauge experiments despite the phase transition in the CdS. To obscrve a
two-wave structure, either the volume fraction of the CdS neceds to be increased substantially or a

double shock experiment needs to be performed.

A considerable amount of effort was also spent in the past year in an attempt to develop new
approaches or to refine existing methods for analyzing unsteady wave profiles (Lagrangian Analvsis).
Some success has been obtained and this work is continuing in conjunction with our experiments.

Upon completion, we anticipate a publication describing the new developments for analvzing

unsteady waves.
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In future work we will perform experiments to examine the composite response to double shocks and

determine unloading wave profiles for single shock exeriments. Both of these are expected to con-

firm the transformation inferred from the P-V curve shown in Figure 6.

C. Shock Induced Phase Transformation in CdS Single Crystals.

A useful precursor to understanding the role of material strength in chemical reactions would be to
examine the effect of material strength on pressure induced phase transformations. As indicated in
the review of Duvall and Graham,'? most studies of shock induced phase transformation do not take
into account the role of material strength; there is a strong need for experimental data. As suggested
by Duvall, CdS single crystal is a natural candidate for studying this problem because it is a hard
material (expected to have a large HEL) that undergoes a polymorphic phase transformation (Wurt-
zite — rock salt structure). This transition has been extensively examined in hydrostatic studies.
Existing shock data consist of two experiments vy Kennedy and Benedick'® (one along the c-axis and

one along the a-axis) that show an ill-defined two wave structure.

The intent of the present work was to develop an experimental method and then to use this method
to establish the transformation and its kinetics under shock loading. In a subsequent effort, the effect
of superposed shear on the transformation could then be examined. Because of the difficulty in
interpreting the strongly time-dependent behavior at the CdS,/Quartz gauge interface, only limited
information can be obtained from an experiment of the type reported by Kennedy and Benedick.'
We chose to augment these results by monitoring the stress-time (or particle velocity-time) profile at
the interface between the elastic impactor and the CdS crystals. With these two tvpes of measure-
ments the following information can be obtained: amplitude and velocity of the first wave arriving at
the CdS/Quartz interface, and time-resolved measurements of the initial and final states at the impact
surface. These data can then be analyzed to determine if the two wave structure 1S indecd duc 1o a
phase transformation and to obtain information about the crystal lattice at the onset of transforma-
tion. In hard crystals, it is reasonable to conjecture that the phase transition may occur in the clastic

state and, therefore, provide a mechanism for the collapse of the stress deviators.

The progress of this work was not as good as initially hoped for. This was, in part, due to a succes-
sion of experimental difficulties. These difficulties were compounded by the small size of crystals
(typically 15 mm x 15 mm) and the very limited material availability. The overall experimental conti-

guration used to date is shown in Figure 7. In these cxperiments, the wave profile transmitted
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through the crystal is measured using the quartz gauge and the particle velocity profile is monitored
at the impact surface. Initially, we had planned to use electromagnetic particle velocity gauges.
However, tie very strong polarization signal from the shocked CdS made it almost impossible to use
this approach (The polarization signal from the uncoated CdS masked the rather large output of the
rear surface quartz gauge). In subsequent experiments, the CdS crystals were completely encapsu-

lated in a vapor-depositcd metallic coating to obtain meaningful data from the quartz gauge.

The large electrical noise necessitated that an interferometric technique like the VISAR' be used to
monitor the impact surface particle velocity profiles. The very small size of the samples (this causes
interference from the light emission from the fused silica edges) coupled with the fact that these
experiments were the first of their type in our laboratory resulted in considerable time and ctfort in
implementing the experimental mcthod. Although we did get some wuseful VISAR data, the
strongly time-dependent response of the CdS above 35 kbar did not permit an uncquivocal interpre-
tation. The two PM tubes give different results, which though not completely surprising, makes it
difficult to interpret the data.

We have now gone to a method where the impact surface profile will also be monitored using a
quartz gauge. By using a sapphire buffer in front of the quartz gauge, we can record the CdS
response well in excess of 40 kbar. Preliminary experiments to calibrate our shorted gauges in the

cxperimental configuration of interest are underway.

To date, the following results have been obtained. Because of the limited number of experiments and

the use of different techniques, these results should be treated as preliminary.

1. At an impact stress of 23 kbar, the CdS behaves like an elastic solid and a single wave 1s

transmitted.

2 At clastic impact stresses (obtained by using an clastic impactor and assuming an clastic
response ot the CdS) above 40 kbar, the transmitted signal is similar to that obsersed by Ken-
nedyv and Benedick; that is, the first jump s followed by a decay to a plateau and then an

increase to the final stress of the second wave.

3 Within the experimental error of these first experiments (3-49%), the amplitude of the first wave

agrces with the elastic impact stress up to 42 kbar, At higher stresses, there are significant

differences suggesting that the HEL is approximately 42 kbars,
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The plateau amplitude recorded by the quartz gauge (though difficult to interpret} remains con-

stant even when the elastic impact stress is changed from 40 to 60 kbars.

The above results suggest that the transformation may be proceeding from an elastic state. If so, then

the region between 35 and 42 kbar needs to be examined carefully.

D. Development of Experimental Methods

Two experimental developments of potential significance to the shock response of energetic materiais
have been examined in our work. These methods along with the progress to date are summarized

below.

. Tension-Recompression Response of Shocked Solids!®

In recent years there has been an increased interest in understanding tensile damage and its effects

on chemical reactions in energetic materials. The experimental method developed here was
motivated by the need to quantify the recompression response of the dynamically fractured material
on the microsecond time scale. The technique described here can also be used to detect a chemical
reaction that may result from the subsequent recompression pulse. As a part of the experimental
development we chose to examine the behavior of a polycarbonate (trade name Lexan) produced by
the General Electric Company because the tensile response of this material has been characterized at
SRI in a previous study.!® More recently, the tension/recompression method has been extended to

examine a VR A propellant.!?

The experimental configuration for the tension-recompression experiment is shown in Figure 8. The
usual configuration of the tension experiment is modified by incorporating a thin gap (of the order of
0.1 mm ) followed by a recompression plate. In the usual tension experiment, the pulse amplitude
and duration are controlled by the impactor velocity and relative thickness of the impacting plates.
In this cxperiment, the gap width provides additional control on the tensile duration. The

recompression pulse amplitude can be varied by varying the recompression plate impedance.

An important aspect of the experiment is the ability to make time-resolved measurements at the tfront
surfaces of the sample and the recompression plate. In our c¢xperiments, we have chosen to usc

electromagnetic particle velocity gauges. In many situations it may be advantageous to usc laser
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interferometry to monitor the particle-velocity at the recompression plate surface. To see the signifi-

cance of the experimental measurements, calculated particle velocity profiles for two idealized cases
are shown in Figure 9 for a Lexan impactor and a Lexan target. The two bounds shown in Figure 9

demonstrate that time-resolved particle velocity measurements are central for understanding the

material response.

The particie velocity profile at the recompression plate surface for an impact velocity of 0.302 mm ‘us
is shown in Figure 10. In this experiment, the Lexan target plate spalled into two pieces. The calcu-
lated response shown in Figure 10 for this experiment was based on a model similar to that of
Cochran and Banner.'® During compression the material response was taken to be linear elastic; the

tensile parameters for the calculations were obtained by iteratively matching several experiments.

Further experimental results and comparisons with two different types of tension models may be seen
in Reference 15. The main findings of this developmental effort are as follows: the experimental
method appears to be useful for examining the tension/recompression response under uniaxial strain
loading; experimer.ts performed at impact velocities close to the threshold provide a stringent check
of the tension models. The complicated nature of the experiment requires a wave-propagation code
for both design and interpretation of the experiments. It would be both interesting and useful to
apply this technique to an explosive.

-

2. Temperature Measurements in Shocked Liquids

The inability to measure temperature in shocked materials is a major shortcoming in developing
equations of state from shock wave experiments and in studying shock induced chemical reactions.
Despite the assumptions of thermal equilibrium, accurate estimates of temperatures in shocked sam-
ples are diffi~ult because of a lack of appropriate thermodynamic data under the conditions of
interest. In recent years, optical emission methods have been attempted to infer shock temperatures
at very high compressions. For chemical reaction studies, methods that are applicable to more mod-
est compression (1-100 kbar) would be desirable. Because of the importance and difficulty of this

problem, we have attempted a modest effort in this direction.

Our approach is to monitor the thermal resistivity of metallic foils, films in contact with shocked
liquids. The choice of studying liquids in contrast to solids is a central aspect of our work because
we avoid many of the problems that arise in studving shocked solids: strength effects, thermal bond-
ing etc. Our work to date has been in two parts.

223
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In the first part, we monitored the resistance change of thin copper fails (~ 30 um) suspended in

liquids contained in appropriately designed cells. As expected. on the basis of heat oo nduction cil-
culations, negligible changes were seen on the time scale (~ | gs) of our expeniments. Peientalls, the
very low thermal conductivity of the liquid in contrast to the metallic toil does not permit heat 11w
into much of the foil. These experiments gave two important resulls: temperature measuroment

using this concept would require the use of very thin tilms (0.2 um - 04 umy, experiment. with b

B
l" vy 1

can be used to monitor large changes in thermal conductivity in shocked liquids. Although we are

e
Tl
A

S

not pursuing the latter result at the present, it is expected to be of considerable value to cnergeti?

material response at high strain rates. Knowledge of transport propertics at high stresses and strain-

rates is central to continuum modeling of "hot spot” formation and growth.

Because of our immediate interest in temperature measurements we have concentrated on develnping
an experimental method using very thin films, The target consists of a liquid in contact with a vers
thin metallic film (0.15 um - 0.35 um) deposited on an elastic substrate that has low thermal ooonduc-
tivity. Heat conduction calculations using this configuration and dimensions tvpical of cur exper:-
ments suggest that the film will equilibrate (on the time scales of interestt to a sigmificant [raction

(30-40%) of the maximum liquid temperature.

The work to date has concentrated on defining the problem quantitativelv, designing the experi-
ments, determining experimental parameters using heat conduction caleulations and performing a few
preliminary experiments. To date, gauge survival remains as the major problem. Almost all of the
ctfort has gone into experimental developments including methods to accurately monmitar film thick-
ness after deposition, to calibrate the temperature cocfficient of gauge resistivity over the tempera-

tures of interest, ete.

It should be emphasized that even it the cxperiment s successful, the measuremenrt of ~hock tem-
peratures will not be a routine measurement and will require considerable interpretation However,
the successful completion of the rescarch effort described here will be a significant step towards soiv-

ing an important problem in shock response of liquids and shock-induced chemical reactions

Initially, we have concentrated on tiquid CS; because of the parallel #fFart by Duvall and co-woerkers
on both the optical spectroscopy and the EOS development” 19 aur experimental effort s ~uccesstul,
a central aspect of our work will be to ensure that we are ir.dced momitoring temperature. To this

end. liquid CS, is a good candidate because of previous theoretical and experimental work
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III. PUBLICATIONS, PRESENTATIONS AND RESF.4RCH PERSONNEL

A. Publications

1. Y.M. Gupta, Invited Article on "Shock waves” in Encyvclopedia of Physics. Third Edition (Van
Nostrand Reinhold Company, New York, NY, 1985).

9

P. Majewski, Y.M. Gupta, and L. Seaman, "Tension-recompression response of shocked loaded
polycarbonate", in Shock Waves in Condensed Matter, Editor, Y.M. Gupta (Plenum Publishing,
New York, NY, 1986).

3.  P.P. Majewski and Y.M. Gupta, "Shock wave response of an energetic elastomers", (paper to be
submitted to J. Appl. Phys.).

4. Z.P. Tang and Y.M. Gupta, "Effect of an elastomeric matrix on shock induced phase transition

in CdS", (manuscript under preparation for submission to J. Appl. Phys.).

5. Y.M. Gupta, Invited Article on "Shock waves in condensed matter", in The Encyclopedia of Sci-

ence and Technology. (McGraw-Hill), in press.

B. Presentation.

Invited Talks:

1. "Large amplitude compression and shear wave propagation in condensed materials”, Acoustical

Society of America Meeting, Minneapolis, MN (October 1985).

[S8)

“Compression and shear wave propagation and shock reverberation experimeats in condensed

matter", Seminar at Graduate Aeronautical Laboratory, California Institute of Technology.
Pasadena, CA (January 1985).




“Shock waves in condensed matter", Presentation at the Symposium on Shock Wave Chemistry

at the American Chemical Society Meeting, Chicago, IL (September 1985).

"Summary of work on shock wave response of LiF single crystals", ONR Workshop on Rela-
tionship of Microstructure to Initiation Mechanisms in Energetic Materials, NSWC, Silver
Spring, MD (January 1986).

Contributed Talks.:

2

‘sl

"High strain-rate shear deformation of a polyurethane elastomer subjected to impact loading”.
Fourth Cleveland Symposium on Macromolecules: Irreversible Deformation of Polymers. Cleve-
land, OH (June 1983).

"Dynamic shear properties of shocked liquid”, Third APS Topical Conference on Shock Waves
in Condensed Matter, Sante Fe, NM (July 1983).

Coauthored with P. Majewski, "Response of an energetic clastomer to combined compression
and shear loading”, Third APS Topical Conference on Shock Waves in Condensed Matter,
Sante Fe, NM (Julv 1983).

Coauthored with R. Gustavsen, "Resistivity measurements of thin copper films (0.2 um) to infer
temperature in shocked liquids”, Bull. Am. Phys. 30. 1294 (1985).

Coauthored with P. Majewski and L. Seaman, "Tension-recompression response in shock loaded
polycarbonate”. Bull. Am. Phys. Soc. 30. 1304 (1985).

Parucipation in Workshops:

B

“Shock compression chemistry in materials synthesis and processing”, sponsored by the National

Materials Advisory Board at the Battelle Center, Scattle, WA (March 1983).
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"Relationship of microstructure to initiation mechanisms in energetic materials”, sponsored by .
ONR at NSWS, Silver Spring, MD (January 1986). e

C. Other Professional Activities

1. Chairman, Fourth APS Topical Conference on Shock Waves in Condensed Matter, Spokane, .
WA (July 1985).

¥ v

2. Editor, Shock Waves in Condensed Matter. (Plenum Publishing, New York, NY, 1986).

D. Research Personnel Supported Under This Contract

1. P.M. Bellamy, Senior Research Engineer

to

P.P. Majewski, Postdoctoral Research Associate
3 Z.P. Tang, Visiting Scientist

4. R. Gustavsen, Graduate Student

w

B. Patyal, Graduate Student

6. J. Thompson, Enginecring Technician
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