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Abstract. Incidents caused by fire and other thermal events can heat energetic materials that may lead
to thermal explosion and result in structural damage and casualty. Thus, it is important to understand the
response of energetic materials to thermal insults. The One-Dimensional-Time to Explosion (ODTX)
system at the Lawrence Livermore National Laboratory (LLNL) has been used for decades to characterize
thermal safety of energetic materials. In this study, an integration of a pressure monitoring element has
been added into the ODTX system (P-ODTX) to perform thermal explosion (cook-off) experiments (thermal
runaway) on PETN powder, PBX-9407, LX-10-2, LX-17-1, and detonator samples (cup tests). The P-ODTX
testing generates useful data (thermal explosion temperature, thermal explosion time, and gas pressures)
to assist with the thermal safety assessment of relevant energetic materials and components. This report
summarizes the results of P-ODTX experiments that were performed from May 2015 to July 2017. Recent
upgrades to the data acquisition system allows for rapid pressure monitoring in microsecond intervals
during thermal explosion. These pressure data are also included in the report.

1.0 Introduction

Over the last few decades, there has been a considerable research effort on the thermal decomposition
and thermal explosion violence of energetic materials at elevated temperatures in different sample
geometries and confinements [1-3]. Thermal explosion studies on various energetic materials in two-
dimensional geometry such as the Scaled-Thermal-Explosion-Experiment (STEX) system [4] and the
Sandia-Instrumented-Thermal-Ignition (SITI) system have been reported [5]. The One-Dimensional Time
to Explosion (ODTX) system at LLNL has been used since 1970s for thermal explosion studies [6-10]. This
method is attractive because of the one-dimensional geometry and minimal sample requirement (up to 2
g for each test). With the recent integration of a pressure monitoring element, the system can study
pressure behavior of materials subjected to and during thermal exposure. Rapid pressure monitoring in
usec intervals allow for enhanced pressure determination in the time right before thermal explosion. The
test data can be used for the validation of existing thermal models, particularly for introducing pressure
terms. This report summarizes the efforts in developing P-ODTX and examines some of the results of
studies on PETN, PBX-9407, LX-10-2, LX-17-1 and selected detonator samples.

2.0 ODTX Summary
2.1 System Description

Figure 1 on the left shows the ODTX system, operated remotely in a test cell. The testing involves heating
a 1.27-cm diameter spherical sample in a spherical cavity between two aluminum anvils. The sample is
remotely delivered to the anvil cavity via the sample delivery system when the anvils reach a
predetermined temperature. A microphone sensor measures a sound signal, which indicates the time at
which a thermal explosion occurs. The detail description of the LLNL-ODTX system can be found
elsewhere [11].
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Figure 1 on the right shows a drawing of a close-up of the sample area. To maintain pressure on the
sample, a hydraulic piston applies pressure on the anvils. To seal the sample cavity, a copper gasket is
used around the Al sphere holding the sample with Al knife edges to complete the seal.

Samples of various configurations (pressed parts, cast parts, powders, pastes, and liquids) can be tested
in the ODTX system. Pressed and cast samples are loaded into the cavity directly without secondary
containment. An Al shell is used as a secondary containment to hold powder samples, pasty samples, or
liquid samples before loading to the system. About 10 ODTX tests are performed on a material at different
temperatures to obtain times to thermal explosion. Reproducibility of the testing is within = 5%. These
tests require a total of 20 g of material.
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Figure 1. LLNL ODTX system (left) and close-up diagram of sample cavity (right)
2.2 System Experiments

Understanding the response of energetic materials to thermal incidents is very important for the handling,
storage and transportation of energetic materials. ODTX is unique because of the capability to generate
data that addresses three important technical topics:

(1) lowest temperature at which thermal explosion would occur (T}),

(2) times to thermal explosion at temperatures above T, for deriving activation energies and
frequency factors for thermal decomposition kinetics,

(3) thermal ignition/explosion violence.

Lowest Temperature for Thermal Explosion, (T;;)

Knowing T, for each energetic material is very important for safe storage and transportation to avoid
incidental detonation. Two possible scenarios for causing incidental thermal explosions are:

1. Energetic materials may be kept and stored in closed containers that are exposed to hot climates.
During the summer in some desert areas, outdoor temperature may exceed 120 °F while the
surface temperature of metallic storage containers exposed to the sun may exceed 170 °F (77 °C).
Given enough time, some energetic materials may ignite and explode.

2. If containers storing energetic materials are kept inside a parked van or truck with windows closed
for an extended period of time, the air inside the van may exceed 170 °F. Given enough time,
some energetic materials in the containers may ignite and explode.
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Time to Explosion Data, Activation Energy, and Frequency Factor

Times to thermal explosion at temperatures above T are used for the calculation of activation energy and
frequency factor as well as the decomposition kinetics parameters represented by a single-step Prout-
Tompkins (Arrhenius) model.

Thermal Explosion Violence

Violence from thermal explosion is an important parameter for predicting degree of damage. After ODTX
testing (heating system to explosion), each anvil can be scanned with a surface profilometer to determine
the cavity volume increase. Figure 2 shows anvils before and after thermal explosion from the ODTX
testing. The violent thermal explosion discolored the anvils and created craters in the anvils.

Figure 2. ODTX anvils before and after thermal explosion of: a) hydrogen peroxide-glycerol mixture, left is a pristine
anvil, middle is the top anvil and right is the bottom after the thermal explosion [13]; b) Semtex, left pristine anvil,
right, bottom anvil after explosion [9]

3.0 P-ODTX—Pressure Measurement Capability on ODTX

Gas evolution of energetic materials in confinement at high temperatures is important to understand the
thermal decomposition kinetics. The pressure data also offers the opportunity to validate the existing
thermal models and helps to determine whether systems or devices would disassemble when exposed to
thermal insults (to avoid further structure damage and casualty) before thermal explosion would occur.
To enhance the understanding the gas evolution, the ODTX system has been modified with pressure
transducer to do on-line real-time monitoring during thermal experiments. Figure 3 shows the system
modification. The top anvil of the system has been drilled and tapped to go through to the sample cavity.
To this, a pressure transducer is installed with leads connecting to a data recording system. To
accommodate the rapid pressure change occurring near explosion, the system data acquisition was
modified in 2016 for rapid monitoring that records data on a psec-time scale. Each pressure transducer
used in the P-ODTX is calibrated for thermal drift at elevated temperatures and leak-tested before use.

T

-

Figure 3. Modification of the top anvil incorporating pressure transducer for P-ODTX: a) top of anvil with bulk head,
b) top with pressure transducer inserted, and c) close-up of pressure transducer

3.1 P-ODTX Test Data on PETN powder, PBX-9407, LX-10-2, LX-17-1, and Detonator Samples (Cup Test)
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P-ODTX tests were performed on PETN, PBX-9407, LX-10-2, LX-17-1, and detonators at different heating
rates with gas pressures and thermal explosion temperatures recorded. Each sample was placed inside the
anvil cavity in confinement and heated up at a prescribed heating rate until thermal explosion occurred.
Figure 4 shows thermal explosion (cook-off) temperature vs. heating rates for various energetic materials.

500 500

Cook-off temp. vs. ramp rate for different materials:

Cup: 0.1 C/min (185.5 C); 0.4 C/min (189.6 C); 1.6 C/min (158.5 C, 193.2 C);
2 C/min (161.4 C); 4 C/min (170.6 C); PETN powder, 2 C/min (162.7 C);

4 C/min (170.4 C); PBX-9407, 0.4 C/min (191.0 C); 2 C/min (200.7 C);

4 C/min (204.9 C); LX-10-2, 2 C/min (235.7 C); 4 C/min (248.4 C);

LX-17-1, 52% TMD, 1 C/min (314.9 C); 86% TMD, 1 C/min (312.3),

2 C/min (323.0 C), 4 C/min (335.1 C),8 C/min (343.5 C);

92.5% TMD, 1 C/min (309.3 C); LX-17-1, 98% TMD, 1 C/min (301.5 C)
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Figure 4. Thermal explosion (cook-off) temperatures at different heating rates and sample densities; average
thermal explosion temperature was used for materials tested for reproducibility; C stands for detonator samples.
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Faster heating results in higher thermal explosion temperatures and shorter times to explosion. Table 1
lists the materials and test data in Figure 4. Some tests were repeated at identical condition for
reproducibility studies. Fast data recording was implemented in mid-2016 that made the pressure
measurements in the psec-time frame possible. This unique capability captures high-resolution pressure
data right before thermal explosion. P-ODTX system has been used extensively to determine thermal
explosion data and gas pressure at 1 °C/min heating rate on various batches of LLM-105 and their
formulations for the scale-up production process [12].

Thermal explosion (cook-off) temperature is a function of material, heating rate, density, specific surface
area, and geometry and can be as expressed by the general equation (1):
Ta=A+B Q*p*S*G" (1)

Where Ty, is the thermal explosion temperature; A and B are constants, characteristic of material; Q is
heating rate; p is sample pressed or packed density; S is specific surface area of test sample; G is geometry
factor; w, x, y and z are factors that are characteristic of material.

P-ODTX data for PETN (packed powder at 50% TMD), PBX-9407 (pressed part at 86% TMD), and LX-10-2
(pressed part at 86% TMD) are described in Section 3.2, Section 3.3, and Section 3.4, respectively.
Experimental results on LX-17-1 and detonators are described in Section 3.5 and Section 3.6, respectively.

Table 1. Thermal explosion data at different heating rates and sample densities for selected materials; average value
of temperature of explosion was used for material tested for reproducibility
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Sample Density, % TMD Heat rate, °C/min | teygiosions h' Texplosions °c’> | HR Data’
PETN* 50 2.0 1.20 162.7 N
PETN* 50 4.0 0.65 170.4 N

PBX-9407 86 0.4 7.10 191.0 Y

PBX-9407 86 2.0 1.52 200.7 N

PBX-9407 86 4.0 0.80 204.9 N

LX-10-2 86 2.0 1.81 235.7 N
LX-10-2 86 4.0 0.99 248.4 N
LX-17-1° 7.2° 1.0 5.11 325.3 Y
LX-17-1° 12.3° 1.0 5.08 323.3 Y
LX-17-1° 52° 1.0 4.89 314.9 Y
LX-17-1° 86 1.0 4.85 311.2 Y
LX-17-1° 86 1.0 4.84 312.0 Y
LX-17-1° 86 1.0 4.86 313.7 Y
LX-17-1 86 2.0 2.55 323.0 N
LX-17-1 86 4.0 1.38 335.7 N
LX-17-1 86 4.0 1.34 334.4 Y
LX-17-1° 86 8.0 0.71 3435 Y
LX-17-1° 92.5 1.0 4.79 309.3 Y
LX-17-1° 98 1.0 4.66 302.6 Y
LX-17-1° 98 1.0 4.65 300.7 Y
LX-17-1° 98 1.0 4.65 301.2 Y

1. Time to explosion; 2. Temperature of explosion (cook-off); 3. Fast data capability; 4. Powder; 5. Leveraged from another project;
6. Powder LX-17-1, density calculated from overall sample volume

3.2 P-ODTX Test Results on PETN Powder
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Figure 5. P-ODTX of PETN powder at 50% TMD at 4 and 2 °C/min heating rates, pressure as a function of time

Figures 5 and 6 show the pressure and temperature profiles for 50% TMD PETN powder at 2 and 4 °C/min
heating rates. Thermal explosions occurred after heating for 0.65 h and 1.2 h at the 4 °C/min and 2 °C/min
heating rates, respectively. Gas pressure did not appreciably increase until 150 °C, a few minutes before
thermal explosion. Gas pressure increased very rapidly (> 1500 bar) when thermal explosion occurred.
Faster heating resulted in shorter time and higher temperature to thermal explosion. No fast data
recording capability was available at the time when PETN powder was tested in the P-ODTX system.
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Figure 6. P-ODTX of PETN powder at 50% TMD at 4 and 2 °C/min heating rates, pressure as a function of temperature

3.3 P-ODTX Test Results on PBX-9407
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Figure 7. P-ODTX of PBX-9407 at 86% TMD at 4 and 2 °C/min heating rates; pressure and temperature as a function
of time (pressure fluctuation around 1 bar was due to the noise of the pressure transducers)

Figures 7 and 8 show the pressure and temperature profiles for 86% TMD PBX-9407 at 2 °and 4 °C/min
heating rates. Thermal explosions occurred at 204.9 °C after heating for 0.80 h at 4 °C/min and at 200.7 °C
after heating for 1.52 h at 2 °C/min heating rate. Gas pressure did not appreciably increase until 180 °C, a
few minutes before thermal explosion. Gas pressure increased very rapidly (> 1500 bar) when thermal
explosion occurred. Both tests were performed prior to the completion of upgrade to the fast pressure
data acquisition system. After the update, a third P-ODTX test was done at 0.4 °C/min heating rate yielding
a thermal explosion at 191.0 °C at 7.10 h.
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Figure 8. P-ODTX of PBX-9407 at 86% TMD at 4 and 2 °C/min heating rates; pressure as a function of temperature
(pressure fluctuation around 1 bar was due to the noise of the pressure transducers)
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Figure 9. Close-up of gas pressure recording for 86% TMD PBX-9407 at 0.4 °C/min heating rate using the fast response

instrumentation (for full screen shot see Appendix A)

Figure 9 shows the pressure profile using the fast pressure data acquisition system for the a few msec
before thermal explosion for PBX-9407 at 86% TMD at the 0.4 °C/min heating rate. The pressure increased
from 5,000 psia to over 30,000 psia in 0.1 msec; the scope was set to record data every 5 pusec. Appendix
A shows a screen shot of the full pressure profiles.

3.4 P-ODTX Test Results on LX-10-2

Figures 10 and 11 show the pressure and temperature profiles for 86% TMD LX-10-2 at 2 and 4 °C/min
heating rates. Thermal explosions occurred at 248.4 °C after heating for 0.99 h at 4 °C/min and at 235.7 °C
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after heating for 1.81 h at 2 °C/min. The gas pressure did not appreciably increase until 200 °C, a few
minutes before thermal explosion. Gas pressure then increased very rapidly (> 1500 bar) when thermal
explosion occurred. No fast data recording capability was available at the time when LX-10-2 was tested
in the P-ODTX system. It may be desirable to perform more P-ODTX tests on LX-10-2 at slower heating rates
1 °C/min and 0.1 °C/min.
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Figure 10. P-ODTX of LX-10 at 86% TMD at 4 and 2 °C/min heating rates; pressure as a function of time (pressure
fluctuation around 1 bar was due to the noise of the pressure transducers)
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Figure 11. P-ODTX of LX-10 at 86% TMD at 4 and 2 °C/min heating rates; pressure as a function of temperature
(pressure fluctuation around 1 bar was due to the noise of the pressure transducers)

3.5 P-ODTX Test Results on LX-17-1

Testing at Different Heating Rates and Densities
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Table 1 shows the data for 14 P-ODTX tests that have been conducted on the LX-17-1 at different heating
rates (1 to 8 °C/min) and different sample density (52% TMD to 98% TMD) from May 2015 to September
2017. Some were tested more than once at identical condition for reproducibility. The average thermal
explosion temperature for the 3 tests performed for the 86% TMD sample at 1 °C/min heating rate was
312.3 £ 1.0 °C. Three tests were also conducted on the 98% TMD sample at 1 °C/min heating rate, with
averaged thermal explosion temperature of 301.5 + 0.8 °C. Two tests were conducted on the 86% TMD
sample at the higher heating rate of 4 °C/min, and the average thermal explosion temperature was 335.1
+ 0.65 °C. The table shows that the reproducibility of the P-ODTX test for thermal explosion temperature
measurement is within £ 0.5%, validating that the P-ODTX system is a useful tool for measuring thermal
explosion temperature of LX-17-1 in confinement at different heating rates.

Figure 12 shows a close-up of the LX-17-1 thermal explosion data shown in Figure 4, including the 7.2%
TMD and 12.3% TMD samples. These two samples are formed by varying the amount of LX-17-1 powder
in the sample cavity. The effect of density and heating rate on the thermal explosion properties are
discussed below, but it is clear from the figure, that the relationships are closely linear. Testing at 0.1 and
100 °C/min heating rates on various sample density is being planned and the data will be used to support
a revised view of thermal behavior based on equation (1).
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Figure 12. Thermal explosion (cook-off) temperatures at different heating rates and sample densities for LX-17-1;
average thermal explosion temperature was used for materials tested for reproducibility

P-ODTX Test Results on 86% TMD Samples

Two P-ODTX tests were performed on 86% TMD LX-17-1 samples at 2 and 4 °C/min heating rates in 2015
before the upgrade to the data acquisition system. Figures 13 and 14 show the pressure as a function of
time and temperature. Thermal explosions occurred at 335.7 °C after heating for 1.38 h at 4 °C/min and at
323.0 °C after heating for 2.55 h at 2 °C/min. Gas pressure increased slowly when the heating started,
accelerated at 250 °C, and increased very rapidly above 300 °C until thermal explosion occurred. Gas
pressure exceeded the pressure limit (210 bar) of the pressure transducer used for the experiment. After
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the upgrade to fast pressure recording, P-ODTX test on the 86% TMD sample at 4 °C/min heating rate was

repeated in 2017.

Figure 15 shows the gas pressure right before thermal explosion. Pressure increased from 5000 psia to
over 30,000 psia in 1.5 msec. The gas pressure increases of PBX-9407 was much faster (see Figures 7-9)
right before thermal explosion than that of LX-17-1. This is indicative of deflagration rate of the energetic
material. For the gas pressure at a few msec before thermal explosion, the pressure increased from 5,000
psia to over 30,000 psia in 1 msec; the scope was set to record data every 20 psec.
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Figure 13. P-ODTX of LX-17-1 at 86% TMD at 4, 2, and 1 °C/min heating rates; pressure as a function of time
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Figure 15. Close-up of gas pressure recording for LX-17 at 86% TMD at 04 °C/min heating rate using the fast response
instrumentation (for full screen shot see Appendix B)

Effect of Sample Density on Gas Pressure Profiles at 1 °C/min Heating Rates

Figure 16 shows the gas pressure profiles from screen shots when heating at 1 °C/min for LX-17-1 samples
of different density: 52%, 86%, 92.5%, and 98% TMD. The pressure profile for the 98% TMD sample
showed a sudden jump after temperature reached 295 °C, possibly due to the sample cracking and
breaking apart. These samples have virtually no free space, so this also could be due to thermal-
mechanical effects. Pressure curves for samples of 52%, 86%, and 92.5% TMD do not exhibit this pressure
behavior. This behavior has been seen in SITI experiments as an effect of density, also [5]. Full screen
shots of all these tests are listed in Appendix B.
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Figure 16. Screen shot of gas pressure recording for 52, 86, 92.5 and 98% TMD LX-17 at a 1 °C/min heating rate; all
Xx-axis units are relative time from start and y-axis units are amplitude that is calibrated to pressure

P-ODTX Testing at Slow and Fast Heating

Figure 12 shows a significant effect of heating rate on thermal explosion temperatures when other factors
are kept constant. Holding the density constant, LX-17-1, PBX-9407, LX-10, and PETN exhibit an increase
in thermal explosion temperature with increasing heating rate. P-ODTX work is being planned to increase
the heating rate range from a very slow 0.1 °C/min to a very fast 100 °C/min on samples of 86% and 98%
TMD.
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3.6 P-ODTX Test Results on Detonators (Cup Tests)

Figure 17 shows the P-ODTX configuration for testing detonators—the cup test. The system has been
modified from the standard Al sphere configuration to accommodate the different geometry of the
detonator design. Seven tests were performed at 0.1, 0.4, 1.6 (repeated), 2 and 4 °C/min heating rates.
Table 2 shows times to thermal explosion, temperature at thermal explosion and comments on gas

pressures.

Detonator

Gasket well

Bottom Anvil

Figure 17. Detonator Cup Test configuration on bottom anvil of P-ODTX

Table 2. P-ODTX results for detonator samples in Cup Test

Detonator | Heat rate, °C/min texplosions h' Texplosions °c? Notes

Det-1° 0.1 27.25 185

Det-2’ 0.4 7.01 189.6 Similar to PBX-9407, 191.0 °C

Det-3° 1.6 1.41 158.5 Similar to PETN

Det-4° 1.6 1.78 193.2 Similar to PBX-9407

Det-5 2 1.18 161.4 Similar to PETN powder, 162.7 °C

Det-6 4 0.66 170.6 Similar to PETN powder, 170.4 °C

Det-7 2 Soaked at 115 °C and N/A4 Low pressure, 68 psia at 115 °C;
130 °C; no explosion higher pressure, 760 psia at 130 °C

1. Time to explosion; 2. Temperature of explosion; 3. Fast data capability; 4. Not applicable

Table 2 indicates that Detonator samples 5 and 6 had similar times to thermal explosion and thermal
explosion temperatures to those of PETN powder. Hence, when heating at 2 and 4 °C/min, the detonators
exhibited same thermal response as PETN powder. When heating at 0.4 °C/min, Detonator sample 2
showed same thermal response as PBX-9407 as their temperatures and times of thermal explosion were
similar: Detonator sample 2, 189.6 °C and 7.01 h; PBX 9407, 191.0 °C and 7.10 h. Tests at 1.6 °C/min
heating rate was performed in duplicate with different results. Detonator sample 3 exhibited similar
thermal response to PETN, while Detonator sample 4 showed similar thermal response to PBX-9407. It
could be possible, when heating at 1.6 °C/min, the thermal response falls in the transition zone of PETN
and PBX-9407. More P-ODTX experiments are necessary on PETN powder and PBX-9407 at 0.1 and 1.6
°C/min heating rates for more direct comparison with detonators.
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Figure 18. P-ODTX of Detonator sample 6 at 4 °C/min and Detonator sample 5 at 2 °C/min heating rates; pressure as
a function of time

Figures 18 and 19 show the comparison of pressure and temperature profiles for the Detonator samples 6
and 5 at 2 and 4 °C/min heating rates, respectively. The left side shows thermal explosion occurred after
heating for 0.66 h at 4 °C/min. This is the same as PETN powder. The right side shows gas pressure
increases were negligible, probably due to the presence of thin film and foam that blocked the gas release
in a short period of time before thermal explosion occurred.
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Figure 19. P-ODTX of Detonator sample 6 at 4 °C/min and Detonator sample 5 at 2 °C/min heating rates; pressure as
a function of temperature (pressure fluctuation around 1 bar was due to the noise of the pressure transducers)

To understand this pressure behavior, Detonator sample 7 was heated at 2 °C/min to 115 °C and soaked
overnight to allow enough time for gas molecules to permeate through this thin film and foam (if
occurring). The system was then cooled to ambient temperature, then reheated to 130 °C and soaked
overnight. Figure 20 shows the pressure and temperature behavior under these conditions. Gas
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pressurization of 4.5 bar was observed with heating at 115 °C and 52 bar was observed at 130 °C. No

thermal explosion occurred both hold temperature.
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Figure 20. P-ODTX of Detonator sample 7, first heated at 2 °C/min to 115 °C, let to soak overnight, then cooled to
room temperature; second heated at 2 °C/min to 130 °C, let to soak overnight then cooled to room temperature
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Figure 21. Screen shot of pressure monitoring for P-ODTX for Detonator sample 1 at 0.1 °C/min heating rate

Jog Anvils Ball Voltage Check

Figure 21 left side shows the screenshot of pressure and temperature profiles on P-ODTX test of Detonator
sample 1 at 0.1 °C/min heating rate; a sudden jump in gas pressure indicating melting of PETN that created
passage for gas molecules. The pressure profile of Detonator sample 2 shows a similar pressure jump at
the 0.4 °C/min heating rate. The sudden jump in gas pressure in both profiles indicates the melting of PETN
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created passage for gas molecules. Full screen shot of Detonator sample 2 at 0.4 °C/min heating rate is
shown in Appendix C.

4.0 Summary

The thermal behavior of PETN, PBX-9407, LX-10-2, LX-17-1, and detonator samples have been
characterized in the P-ODTX system. The effects of heating rate and sample density on the thermal
explosion temperature and time were significant. Faster heating resulted in higher thermal explosion
temperatures. Also, thermal explosion temperatures and times for a dense LX-17-1 part at 98% TMD are
higher than those of correspondingly less dense parts. Thermal response of the detonator samples to
different heating rates exhibited a unique characteristic. When heating at 2 and 4 °C/min, the thermal
explosion temperatures are very similar to those of PETN powder. When the detonator samples were
exposed to slow heating of 0.1 °C/min and 0.4 °C/min, the thermal explosion temperatures were close to
those of PBX-9407. For LX-17-1, the pressure profile for the 98% TMD sample showed a sudden jump
after temperature reached 295 °C, probably due to the sample compression and breaking apart. This
study also demonstrated, for the first-time, direct gas-pressure measurements in psec intervals during a
thermal explosion of LX-17-1, PBX-9407 and detonators. Rate of gas pressure increase right before
thermal explosion is indicative of deflagration rate. More thermal experiments on LX-17-1 are being
planned to address the slow heating (0.1 °C/min) to fast heating (100 °C/min) range.
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Appendix A. Full screen shot of temperature and pressure profiles on P-ODTX of PBX-9407 at 86% TMD
at 0.4 °C heating rate.
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Figure A-1. Full screen shot recording for 86% TMD PBX-9407 at 0.4 °C/min heating rate; top profile is normal pressure
monitoring (amplitude vs. time) which is calibrated to pressure vs. time as in Figures 7 and 8; lower left profile is meter
output using fast scanning (volts vs. time) which is calibrated to pressure vs. time as in Figure 9
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Appendix B. Full screen shots of temperature and pressure profiles on P-ODTX of LX-17-1
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Figure B-1. Full screen shot recording for 52% TMD LX-17-1 at 4 °C/min heating rate; top profile is normal pressure
monitoring (amplitude vs. time) which is calibrated to pressure vs. time; lower left profile is meter output using fast
scanning (volts vs. time) which is calibrated to pressure vs. time
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Figure B-2. Full screen shot recording for 86% TMD LX-17-1 at 4 °C/min heating rate; top profile is normal pressure
monitoring (amplitude vs. time) which is calibrated to pressure vs. time as in Figures 13 and 14; lower left profile is
meter output using fast scanning (volts vs. time) which is calibrated to pressure vs. time as in Figure 15
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Figure B-3. Full screen shot recording for 92.5% TMD LX-17-1 at 4 °C/min heating rate; top profile is normal pressure
monitoring (amplitude vs. time) which is calibrated to pressure vs. time; lower left profile is meter output using fast
scanning (volts vs. time) which is calibrated to pressure vs. time
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Figure B-4. Full screen shot recording for 98% TMD LX-17-1 at 4 °C/min heating rate; top profile is normal pressure
monitoring (amplitude vs. time) which is calibrated to pressure vs. time; lower left profile is meter output using fast
scanning (volts vs. time) which is calibrated to pressure vs. time
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Appendix 3: Screenshot of pressure and temperature profiles on P-ODTX test of Detonator sample 2 at
0.4 C/min heating rate
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Figure C-1. Full screen shot of P-ODTX of Detonator 2 at 0.4 °C/min heating rate; top profile is normal pressure
monitoring (amplitude vs. time) which is calibrated to pressure vs. time; lower left profile is meter output using fast
scanning (volts vs. time) which is calibrated to pressure vs. time; a sudden jump in gas pressure indicating melting of
PETN that created passage for gas molecules.
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