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ABSTRACT V

The HMX ~-~ solid-solid phase transition, which occurs as HMX is heated near 170”C, is clearly
linked to increased reactivity and sensitivity to initiation. Thermally damaged energetic materials (EMs)

- containing HMX therefore may present a safety concern. Information about the phase transition is vital to
a predictive safety model for HMX and HMX-containing EMs. We report work in progress on monitoring
the phase transition with real-time Raman spectroscopy and ultrasonic measurements aimed towards a
better understanding of physical properties through the phase transition. HMX samples were confined
with minimal free volume.in a cell with constant volume. The cell was heated at a controlled rate and
real-time Raman spectroscopic or ultrasonic measurements were performed. Raman spectroscopy
provides a clear distinction between the two phases because the vibrational transitions of the molecule
change with confirmational changes associated with the phase transition. Ultrasonic time-of-flight
measurements provide an additional method of distinguishing the two phases because the sound speed
through the material changes with thephase transition. Ultrasonic attenuation measurements also
provide information about microstructural changes such as increased porosity due to evolution of
gaseous decomposition products.

INTRODUCTION

Great interest exists in understanding the physical and chemical properties of energetic materials
(EMs) in abnormal thermal environments. Understanding the behavior of these materials approaching
cookoff is vital to safety related predictive models. The HMX (1,3,5,7-tetranitro-l ,3,5,7-
tetraazacyclooctane) j3-5solid-solid phase transition occurs as HMX is heated to around 170 “C, the exact
temperature varying with heating rate, particle size and pressure.’”5 It is known that &HMX is more
sensitive to initiation.”2 Furthen_nore,the increased porosity which results from heating can compound
the effect, leading to an EM which is particularly sensitive to initiation. Predictive models of EMs
approaching cookoff conditions must incorporate both chemical and physical changes that occur in the
material as it is heated. With the growing importance of material properties modeling, the need for
empirical data to support and validate these models is obvious. Raman spectroscopy is an excellent
method of monitoring crystallographic changes as HMX proceeds through the phase transition. The
confirmational differences between j3-and &HMX lead to two distinctly different Raman spectra. Raman
spectroscopy is non-destructive, can give real-time data distinguishing the two phases and is well suited
for non-invasive monitoring. Sound velocity and sound wave attenuation are dependent on material
properties such as density, porosity and crystal phase. Ultrasonic time-of-flight (TOF) measurements are
well suited to examine and monitor material properties in a non-destructive, non-invasive manner. We
report work in progress to utilize Raman spectroscopy and ultrasonic TOF measurements to monitor the
HMX phase transition and microstructural changes, respectively, in a constant-volume, confined
arrangement. This paper will be divided into two sections; the first dealing with utilizing Raman
spectroscopy to monitor the HMX p-?iphase transition and the second with utilizing ultrasonic
measurements to monitor the phase transition as well as physical changes of HMX and HMX-containing
plastic-bonded-explosives as they are heated beyond the phase transition to significant decomposition.
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States Government or any agency thereof. The views and
opinions of authors expressed herein do not necessarily
state or reflect those of the United States Government or
any agency thereof.

T.- ---— . . . . . . . . .
.- -.-Jm7rr-z75F7?--rT- -—---E---- .,. ., . , -, .-, ... >., -—- --— ~- —.-,.



DISCLAIMER

Portions of this document may be illegible
ih electronic image products. Images are
produced from the best available original
document.

.
.

.-,,,.,-..— —p/,, . . ...~.r.. . .
—.



RESULTS AND DISCUSSION

RAMAN SPECTROSCOPIC EXPERIMENTS

The experimental apparatus for heating of EMs is the previously described constant-volume hot
cell with modifications to accommodate the Raman probe.G’7 It consists of a 6.35 mm diameter cylindrical
EM pellet, either-3.l 75 mm or 6.35 mm in length, encased in a stainless steel, cylindrical cell confined top
and bottom by Invar (a low thermal expansion steel) pistons. Vion O-rings seal the cell to contain gases
resulting from the decomposition of the pellet as it is heated. Four thermocouples inserted into the cell
regulate and measure the temperature as the cell is heated at a controlled ramp by a band heater. The
lower piston is threaded into a load cell which measures the mechanical response of the pellet as it is
heated. Ice water circulated through cooling plates at the top and bottom of the apparatus isolates the
heating to the cell and protects the load cell from temperature-induced errors. A thermal shield protects
the outer bolts which confine the top and bottom plates. The bolts maintain the constant volume of the
cell and, by use of a torque wrench, provide a means to preload the EM pellet. Laser light is delivered
and Raman scattered light is collected through a machined aperture in the top piston. A 1 mm thick
sapphire window sealed against the top piston with a Viton O-ring allows light transmission to and from
the EM sample, while maintaining confinement. The cell was designed to minimize free volume and allow
minimal air to be trapped in the cell during assembly. During the experiment, the apparatus is sealed in a
vacuum chamber at roughly. 100 mTorr. Any venting of the cell due to O-ring failure is detected by a
sharp pressure rise in the chamber vacuum.
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The Raman signal is collected using a commercially available
probe head (Kaiser Optical Systems, Inc., Ann Arbor, Ml) with several
modifications made for working in the evacuated explosives chamber.
Laser light is launched into a 50 pm fiber optic that delivers it to the
body of the probe. On entering the probe, the light is filtered to
remove the silica Raman and fluorescence, ensuring that pure laser
light is delivered to the sample. 30 mW of 532 nm continuous-wave
(CW) laser light is focused to about a 100 pm spot on the sample by a
63.5mm working distance optic. The same optic collects and
collimates the Raman scattered light from the EM sample, returning it
to the body of the probe. A notch filter in the probe removes the laser
line so it does not generate silica Raman and fluorescence in the fiber
that delivers the light to the spectrograph. A final optic launches the
filtered light into this 100 pm fiber. This design removes much of the
fluorescence by approximating a confocal arrangement, with the 100
pm fiber acting as the fluorescence-rejecting aperture. This pseudo-
confocal optical arrangement discriminates against out-of-focus light
and delivers to the spectrograph that light which contains only the
highest ratio of Raman to fluorescence, maximizing the useful signal.
The Raman probe is mounted in the explosive chamber above the hot
cell with focusing accomplished by a x,y,z-translation stage on which
the hot cell is mounted. Light from the probe is delivered to a f/1.8
axial transmissive spectrograph (Kaiser Optical Systems, Inc., Ann
Arbor, Ml) equipped with a liquid nitrogen cooled charge-coupled-
device (CCD) camera. (Roper Scientific, Trenton, NJ) The spectral
ran e of the spectrograph with the presently installed grating is -700

~cm- to 1900 cm-’.

Figure 1 Experimental setup
for Raman spectroscopic
experiments.
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The work reported here has been associated with developing the technique and represents a
work in progress. Reported experiments were conducted to examine the feasibility of this experimental
armaratus to monitor the HMX 13-5~hase transition. Several different HMX samples and one HMX-based,.

plastic-bonded-explosive (PBX)
sample were studied with various
changes made to the experimental
apparatus between experiments. All
HMX samples were prepared at
Sandia National Laboratories and the
PBX sample at Lawrence Livermore
National Laboratory. Spectra were
collected from -700 cm-’ to 1900 cm-’.
CCD exposure times were generally 3
seconds with one accumulation, with
the exception of later experiments
where exposure time was lowered and
spectra accumulated to prevent

f I detector saturation. The load cell was
o 200 400 600 800 1000 1200 1400 1600 1800

RamanShift (cm-1)

Figure 2 Raman spectra of ~- (bottom) and &HMX (top).

used to detect mechanical changes of
the sample, such as the load increase
that accompanies the density
decrease of the 13-?ir)hase transition.
Sample preloads were in the range of
50 to 150 kg.(100 to 300 Ibs.)

The first experiment involved a simple feasibility
study to determine if the phase transition was dynamically
observable above the luminescence background (sample
fluorescence and silica Raman/fluorescence) with the
Raman probe and spectrograph. A 6.35 mm diameter by
3.175 mm length 1.8 g/cc pure HMX pellet was positioned
in the cell, but was not confined and was open to
atmosphere at one end. The Raman probe was positioned
outside of the explosives chamber and light to and from
the sample was delivered through a fused silica window
mounted in the chamber. Laser light from the probe was
focused onto the unconfined face of the pellet and spectra
were collected every 30 seconds. CCD camera exposure
time was 3 seconds. The pellet was heated to 140 “Cat a
rate of 7 OC/minute, at which point the heating rate was
reduced to 1 OC/minuteto improve resolution of the—, , I, 8 , , , spectral changes associated with the phase transition.

340 360 380 400 420 440 460

Raman Shift (cm-1)

Figure 3 Raman spectra in the region
of 340-470 cm-’ for pure, unconfined
HMX pressed to 1.8 g/cc as heated
through the p-b phase transition.

Figure 2 shows the Raman spectra of p- and &HMX
collected during this experiment. Obvious differences exist
between the two spectra, notably between 340 cm-’ and
460 cm-’, with the region between 800 cm-’ and 1000 cm-’
important due to its strong signal, rather than because of
extreme differences between spectra. Both regions have
been previously assigned. to ring stretch-to=ion modes.3
Figure 3 shows the spectral changes that oc~urred during
this experiment, in the region of 340-460 cm-’, as the
sample was heated through the p-b phase transition. The

figure consists of nine spectra, proceeding frombottom to top, as the cell was taken through the
temperature range of roughly 170 “C to 180”C. The temperature of the pellet face, sampled by the
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Raman probe, was not known exactly and therefore, no attempt was made to assign an exact
temperature to each spectrum. The phase transition was clearly observed with this technique, as
evidenced by the disappearance of the peaks at 360, 412 and 434 cm-’, indicative of @HMX and the
growth of the peak at 391 cm-’, indicative of &HMX.

After demonstrating that the phase transition was observable, the probe was integrated into the
test cell as shown in Figure 1. Experiments were first conducted on pressed 1.8 g/cc HMX pellets to
attempt to monitdr the phase transition in this arrangement. Sample preloads ranged from 45 to 140 kg
(100 to 300 Ibs.), with all but the first experiment tending towards the lower preloads. All samples
experienced similar heating ramps: the cell was taken to 40 ‘C at a rate of 7 ‘C /minute and held there
for 30 minutes to allow for stabilization, the cell was then taken to the final temperature of either 215 or
220 ‘Cat a rate of 7 “C /minute. The first series of experiments revealed that, although the bulk of the
HMX sample underwent the phase transition, as evidenced by the load increase and post-mortem Raman
spectroscopy, the area of the pellet sampled by the Raman probe was not undergoing a perceivable
change. The volume expansion concomitant with the phase transition was being retarded by the cell
confinement. Only a certain percentage of the pellet was allowed to expand, that portion being that which
first sees the heat from the band heater. As this portion of the pellet expanded, the remaining portion
experienced higher pressures, could not expand and therefore was inhibtied from undergoing the phase
transition. The Raman probe sampled the top center of the pellet and because that portion of the pellet
was in contact with sapphire, bounded by vacuum, rather than the steel and Invar that the rest of the
pellet was in contact with, it experienced the lowest temperatures. in later experiments, changes were
made to increase the heat flux to the top of the pellet. The band heater was moved upwards on the cell,
increasing the heat flux to the top of the cell and decreasing it to the bottom. The cooling water to the top
plate was removed. Ceramic spacers were used to thermally isolate the top piston from the top plate,
which could act as a heat sink. Preload of the pellet was decreased, providing lesser confinement..
Ex~eriments were conducted on Pressed 1.7 g/cc HMX pellets, because the Iower dens~y would allow
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Figure 4 Raman spectra in the region of
340-470 cm-’ for pure, confined HMX
pressed to 1.7 g/cc as heated through
the p-b phase transition. Pellet allowed
to expand into small free volume.

more expansion, and a greater percentage of the pellet
could undergo the phase transition. LX-11 (80% HMX,
20% Viton) was examined, the reasoning being that the
high percentage of compliant medium provided by the
binder would allow more phase transition, accommodating
expansion of individual HMX grains as the phase transition
occurred. Broadband thermal emission was observed in
all spectra, increasing as the EM was heated, but none of
these attempts allowed observation of the phase transition
with Raman spectroscopy.

To determine if the above expansion/phase
transition retardation reasoning was correct, two
experiments were conducted in which a void was
deliberately created at the top center of the pellet. The
purpose of this void was to provide a volume for that
portion of the pellet to expand into, favoring the phase
transition in that area. Circular aluminum foil disks were
manufactured, 6.35 mm in diameter by 0.025 mm thick. A
1.65 mm diameter hole was cut in the center of the disks,
providing the hole for a volume of the pellet to expand into,
and also through which Raman was sampled. In the first
experiment five of these disks were placed on top of the
pellet, below the sapphire window, providing roughly 0.27
mm3 of free volume for the top portion of the pellet to
expand into. In the second experiment, four of these disks
were used. HMX pellets, 6.35 mm diameter by 6.35 mm
length and 1.7 g/cc were used for both experiments. All of
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the previously mentioned steps to improve heat flux to the top portion of the pellet were taken. In the first
of the two experiments, the phase transition was observed, but because the CCD camera saturated and
the exposure time had to be changed, the changes were not well resolved and the timing was
inconsistent. Figure 4 shows the data from the second test. Spectra were collected at 7.5 second
intervals with 6 accumulated 0.5 second exposures comprising a 3 second net exposure for each

250~ -. —..-- .. —..- .. —...
Raman Indic!itesPhk.e

, ..-.r-r .. ~.. - -.

1

Iftll”l ‘ 1

450

400

200

150
0 20 40 60 80 100 120 140

Time (min.)

Figure 5 Temperature and load response of 1.7 g/cc HMX
pellet heated through the phase transition. Arrows indicate
the time position where Raman indicated the onset of the
phase transition and the point at which no fur&herphase
transition was observed.

spectrum. The spectra shown were
recorded in the cell temperature range
of 182 ‘C to 200 ‘C, the actual pellet
temperature being lower, especially
that portion of the pellet sampled by
the Raman probe. The spectra were
less well resolved than those in the
unconfined experiment due to
competing luminescence from the
sapphire window. The phase
transition was indicated by
appearance of the peak at 390 cm-’
and disappearance of the peaks at
360 and 434 cm-’. Note that the peak
at412 cm-’ persisted through the
phase transition. This probably
indicates that only a certain
percentage of HMX in this area
underwent the phase transition, but it
is not clear why only one and not all
three of the peaks persisted. The
~pectral range of 800 cm-’ to 1000 cm-

indicate that the phase transition did
occur. Figure 5 shows the
temperature and load cell response in
this experiment. The load response
agreed with previous experiments.5’G

Thermal expansion of material occurred to the point just before the phase transition at roughly 150 ‘C,
where a softening of the material occurred, shown by a decrease in the load. A sharp rise in the load was
observed during the phase transition, in accordance with the lower density of the &phase. Afler the
expansion of the phase transition completed, there was a drop in the load after which the load began to
increase, due to pressure created by gaseous decomposition products. Indicated on the figure are the
points in the temperature and the load history where the onset and end of the phase transition were
indicated by Raman spectroscopy. These points correlate to the first and last spectra in Figure 4. The
fact that the load began to increase before the phase transition was observed in the Raman spectrum
agrees with heat flux being least to the top center of the pellet. The bulk of the pellet underwent the
phase transition before the top center, which was the last part of the pellet to see the heat flux from the
band heater. The fact that the phase transition end was detected by the load cell at the same time as
detected by Raman spectroscopy indicates that this was indeed the last part of the pellet to phase
transition. Post mortem analysis indicated that both samples did expand into the void provided by the foil
disks, shown by the samples retaining the shape of the expanded volume after cooling.

ULTRASONIC EXPERIMENTS

The apparatus for ultrasonic TOF experiments on confined EM samples (Figure 6) is very similar
to other hot cells, with modifications made to accommodate the ultrasonic transducers and improve
acoustic transmission through the pistons. It consists of a 6.35 mm diameter by 6.35 mm length EM
pellet, encased in a stainless steel, cylindrical cell confined top and bottom by Invar pistons. Vion O-
rings seal the cell to confine decomposition gases. Two 5 MHz ultrasonic transducers in intimate contact
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with the pistons are installed in enclosures to isolate them from the load train. Four thermocouples
regulate and measure temperature and a load cell measures the mechanical response of the pellet.
Cooling plates protect the transducers and load cell from thermal stresses. A LVDT (linear variable

c

Figure 6 Schematic of the test apparatus used for ultrasonic
time-of-flight measurements.

differential transformer) extensometer
installed between the two cooling
plates monitors the displacement of
the pellet. A band heater, concentric
with the cell and pellet heats the
sample at a regulated rate. The entire
apparatus is enclosed in a load frame
that confines the pistons and provides
a means of preloading the sample
with a bolt in the top plate. During an
experiment the cell is located in an
evacuated explosives chamber, so a
leak in the cell due to O-ring failure
can be detected.

The experimental method and setup have been previously described! Briefly, the two ultrasonic
transducers are situated at opposite ends of the sample, in contact with the Invar pistons which act as
buffer rods through which longitudinal ultrasonic pulses are transm”tied. A viscous paste is used to
improve acoustic coupling between the transducers and pistons. A transducer switching network
commands the transducers, generating three waveforms. The waveforms are digitized and recorded by a
personal computer. Pulse-echoes (PEs) make up two of the waveforms and result from an ultrasonic
wave reflection from the end of each piston in contact with the EM. A through-transmitted (_IT)wave is
generated when the excitation pulse of one transducer is received by the opposite transducer. If the
travel times of the two PEs are tl and t2, and the lT travel time is t3, then the time of flight through the
sample is calculated by:

t= ts-(t,+ t2)/2.

The velocity through the sample is given by:

V= Lit,

RUltrasmic P.J
Tnmsdum ‘m”’””’

TOQ [ Amuslk VelociWinthe test sande= L/t

/12

Ulh,mi,,1::H
.TmGnGe duo to mcde .&mad &eer

waves acrcus dw dianwar of me Inw reds

~m~*= ,.:.:;. Tmvel time t in the test sanple = t3 - & +tj/2

(1)

(2)

where L is the length of the sample.
These calculations are shown

Pulse-echo tmvel tin-m
schematically in Figure 7. The

inup~lOd=$ amplitude of waveforms gives the

Pulse-echo tmvel lima sample attenuation by:
inlmlwrcd=~
Thrcugh Tmnsmissbn
travel time in upper md, test
mmPl~ and Iowaf MCI = t, Atten(dB) =20 log A/Ao, (3)

.

where A is the amplitude of the wave
in ciuestion and AOis the amplitude of

Figure 7 Acoustic velocity through EM sample is calculated
from its length and three waveforms.

a reference wave: Velocity data are
corrected for sample length changes
as detected by the LVDT. Attenuation
data are corr~cted for an instrumented
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attenuation that is manually varied during the experiment if the amplitudes of the waveforms go off-scale.
HMX samples were prepared at Sandia National Laboratories and the LX-14 (95.5% HMX, 4.5%

Estane) at Lawrence Livermore National Laboratory. Sample sizes were 6.35 mm diameter by 6.35 mm
length. All HMX samples were 1.8 g/cc. Sample preloads ranged from 45 to 140 kg (100 to 300 tbs.),
with most experiments tending towards the higher preloads. All samples experienced similar heating
ramps: the cell was taken to 40 “C at a rate of 7 OC/minute and held there for 30 minutes to allow for
stabilization, the cell was then ramped to 120 “C at 7 OC/minuteat which point the heating rate was
decreased to 3 OC/minute,to improve time resolution, and taken to the final temperature. Final cell
temperatures ranged from 195 “C to 220 “C, with pellet temperatures being somewhat lower due to active

225
cooling of the pistons. One of the
HMX samples was maintained at the

200 final temperature for over two hours,
all others were maintained at the

175 temperature for one hour unless a

p 150
drastic change in the decomposition
rate was observed, in which case

$ 125 heating was stopped.

$
100 Figure 8 shows data from a

z
E 75 HMX sample heated to 200 ‘C, the

e so
actual pellet temperature being
somewhat lower, and held for 140

25
minutes. All parameters have been
normalized to fill the full range of the

o plot. LVDT full scale values covered a

o 30 60 90 120 150 180 210 Zdo range of 0.094 mm (0.0037 in.). Load

Time (tin.)
cell full scale values covered 102-285
kg (225-630 Ibs,). Velocity values

Figure 8 Ultrasonic time-of-flight experiment conducted on
ranged from 2.36-2.62 mm/p,sec.
Attenuation ranged from -4-16 dB.

1.8 g/cc HMX. Cell taken to 200 “C and maintained for 140 The load cell response was similar to
minutes. Values have been normalized to cover full range. other hot cell experiments, with the

LVDT tracking very closely, as would
be expected. Both the acoustic velocity and attenuation undenvent significant changes during the heating
of the EM. The velocity showed an increase that correlates well with the initial heating curve, changing
slope when the heating rate was changed at 120 “C. Intuitively, the velocity was expected to have
decreased with increasing temperature as the elastic moduli of most materials decrease with increasing
temperature, but this was not observed because either the moduli increased with. temperature or,
because the sample was held in confinement and the pressures exerted on the pistons and walls of the
cell increased with thermal expansion of the HMX. This increase in pressure would increase contact
between individual HMX particles, increasing the stiffness and therefore the velocity. Based on constant

temperature loading of the samples, we know that velocity in HMX increases with load. Thermal
expansion became a less important mechanism for particle contact than densification, indicated by the
continued velocity increase that occurred despite the load and LVDT decreases just before the phase
transition. The velocity reached a maximum during the period of time when the load cell and LVDT
indicated that the fL3 phase transition was underway. It seems that the volume increase that
accompanies the phase transition, by working against confinement, should have further increased contact
between particles and should have further increased the velocity. The fact that the velocity began to
decrease during the phase transition indicates that the acoustic velocity in &HMX is much lower than it is
in fl-HMX. The decrease in velocity occurred sharply at the phase transition and continued as the
temperature was held constant indicating that thermal decomposition began immediately. The velocity
continued to decrease throughout the duration of heating, indicating further decomposition. If no material
changes were underway, the velocity would have been expected to remain constant. Attenuation
decreased with temperature increase in the initial heating of the sample and reached a minimum right
after the phase transition. After this point, the attenuation remained relatively constant, with some abrupt
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Figure9 Ultrasonic time-of-flight experiment conducted on
LX-14. Cell taken to 200 ‘C and maintained for 65 minutes.
Values have been normalized to cover full range.

changes. These changes track very
well with changes that were observed
in the LVDT and load. These changes
were brought on by the formation of
regional void networks within the
material, causing a gradual rise in the
attenuation. Upon collapse of these
networks, as seen in the LVDT and
load, the attenuation decreased to a
lower value.

The acoustic properties of LX:
14, a PBX, were observed to be very
different from those of pure HMX.
Figure 9 shows the results of an
experiment where a LX-14 pellet was
taken to 200 “C and maintained there
for 65 minutes. All values shown on
the graph were normalized to cover
full range. LVDT full scale values
covered a range of 0.071 mm (0.0028
in.). Load cell full scale values
covered 126-278 kg (278-612 Ibs.).

Velocity values ranged from 2.75-3.24 mm/psec. Attenuation ranged from O-9 dB. In the initial heating of
the LX-14, there was a decrease in acoustic velocity, this due to softening of the binder and lowering of
the elastic moduli. At 120 “C, the velocity changed slope, indicating that densification of the material, as
indicated by the LVDT, became a more important factor in determining the velocity than the softening of
the binder. This densification was seen in all HMX-containing samples and contributed to the increase in
acoustic velocity in all samples. The velocity continued to grow through the phase transition and reached
a maximum after the phase transition. The LVDT and load continued to increase after the phase
transition and also past the point where the velocity slope began to decrease. The decrease in velocity
indicates that the mechanism by which the velocity was previously increasing became less important than
thermal decomposition and phase transition. The continued decrease in velocity for the duration of the
experiment indicated that thermal decomposition continued and dominated in importance in determining
acoustic properties of the material. Attenuation rapidly increased with the initial heating to just before the
point of onset of densification. Attenuation decreased at a constant rate to a minimum near the phase
transition temperature. After the phase transition, the attenuation increased, indicating thermal
decomposition. Attenuation gave no indication of the formation and collapse of void networks as seen in
pure HMX, this phenomenon perhaps buffered by the elasticity of the binder.

Figure 10 depicts a comparison of HMX and LX-14. Both samples were heated in the cell to 200
“C, pellet temperature being somewhat less. The binder in LX-14 allowed for greater contact between
particles and a higher initial acoustic velocity than in pure HMX. The effect of binder on the acoustic
properties of these two materials is very obvious despite the existence of only 4.5% binder in LX-14. The
greater particle contact that occurred in pure HMX and resulted in such a drastic increase in velocity did
not affect the LX-14, where particle contact was already very high due to the binder. Binder softening
dominated the acoustic response of heated LX-14, until the velocity slope changed at densification, and
bulk material response effects began to take over. At this point the material properties appeared to be
somewhat similar, with the velocities having increased, albeit at different rates, up to the phase transition.
At the phase transition, the materials again differed greatly in their acoustic responses. The change in
HMX velocity indicated that thermal decomposition began immediately afier the phase transition, due to
the fact that the velocity continued to decrease, despite the constant temperature. In LX-14, the velocity
continued to increase beyond the phase transition, indicating that a binder effect was more important than
the thermal decomposition in determining the velocity. It is possible that the volume increase against
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Figure 10 Comparison of HMX and LX-14 velocities taken to
200 “C. Actual acoustic velocity is on secondary axis.
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Figure 17 Comparison of two LX-14 ultrasonic time-of-flight
experiments. 10 “C temperature difference between final
temperatures.

confinement was causing additional

contact between particles, something

which had already completed in the

HMX sample due to lack of binder. In
both samples, the velocity decrease
began before the load reached a
maximum value, indicating that &HMX
has a lower acoustic velocity than 13-
HMX. At roughly 85 minutes, the
elastic properties of the two materials
are very similar as shown by the
overlap of the velocity curves.

:--

Figure 11 compares the
acoustic velocities of two LX-14
experiments. The final temperature
that the cell was taken to differed by
10 ‘C. The difference in
decomposition rates of the samples
can be seen in the difference of slope
of velocity versus time. The velocity
of the higher temperature sample
decreased at a faster rate than that of
the lower temperature sample. This
demonstrates that the decomposition
of the EM is the mechanism by which
the velocity decreased and that the
slope of velocity decrease can be
used as a measure of decomposition
rate. Furthermore, the velocity
decrease accelerated near the end of
the experiment, indicating that the
decomposition rate increased. The
sharp increase in velocity at the end of
the higher temperature curve occurred
just before the decomposition gas
pressure vented the cell. This velocity
increase indicates that some rapid
material change was taking place, but
it is unclear what exactly caused the
increase. Very closely after this
velocity increase the cell vented due
to O-ring failure.

SUMMARY AND CONCLUSIONS

We have demonstrated the ability to monitor the HMX P-5 phase transition in a confined, heated
condition with Raman spectroscopy and ultrasonic time-of-flight measurements. Additionally, acoustic
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velocity and attenuation data give a great deal of insight into how HMX and LX-14 behave as they are
thermally damaged. The work done with Raman spectroscopy demonstrates that in a confined volume,
even in small samples, regions of HMX can transition to the more sensitive &phase, inhibiting the phase
transition in adjacent regions. Shape of EMs in components may affect confinement, resulting in areas of
low confinement where the phase transition could occur to a greater extent, compared with areas of high
confinement, where the phase transition would be inhibited. There. remains much work to be done in
improving this diagnostic for use with the hot cell. The final desired result of this work is a load versus
temperature curve for the HMX phase transition in constant volume confinement.

Ultrasonic TOF and attenuation measurements demonstrate a unique and informative method of
monitoring material changes in HMX and LX-14 as heated in constant volume confinement. Velocity data
give information on the elastic properties, porosity, crystal phase and rate of decomposition. Attenuation
data give information on microstructure, porosity and rate of decomposition. Rate of velocity change is
affected by temperature and, although not quantified, is a measure of decomposition rate. Mechanical
properties of thermally damaged EMs are needed to support modeling efforts. This diagnostic is a tool to
help deduce these mechanical properties. Future work will involve refining the attenuation and velocity
measurements and further investigation of the moduli. It may be possible to extend this work to a load-
controlled confinement, where load remains constant and the velocity and attenuation changes caused by
changes in the material can be separated from effects of the confinement on the material. Effects of
different loads and temperatures also need further investigation.
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