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Response Characteristics of PBX-6 Explosive in Slow Cook-off Tests
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Abstract: To understand the effects of slow heating on the safety of explosive components, the differential scanning calorimeter ( DSC) analyses of
powder PBX-6 explosives under various pressures and heating rates were conducted, and accelerated aging tests of SR50 mm hemispherical PBX-6 ex-
plosive components under 55 °C for 140 days were carried out. The device was designed for the slow cook-off tests of @100 mm explosive sphere,
and the slow cook-off tests at heating rates of 2 °C - min™ and 5 °C - min™" were carried out for spherical specimens S-1* and S-2*, respectively.
Through analysis of the temperature history at measuring positions recorded by thermoelectric couples and temperature measuring system, combined
with the comparison of the shock wave overpressure and the residues after deflagration, the relations between the slow cook-off behaviors and the
thermal decomposition characteristics were studied, and the safety of PBX-6 explosive components under slow heating conditions was evaluated. The
experimental results show that the specimen S-1* moderately deflagrates after heating 8373 s with deflagration temperature of 218.5 °C at heating rate
of 2 °C + min™", and the specimen S-2* violently deflagrates after heating 4074 s with deflagration temperature of 224.9 °C at heating rate of
5 °C - min~' and the shock wave overpressure is 21.8 kPa. It indicates that, as the heating rate rises, the explosive components will deflagrate with

shorter heating time, higher deflagration temperature and a higher grade of deflagration.
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1 Introduction

The cook-off tests have been carried out in some western
countries early in the 1980s'' ' | and methods of fast and slow
cook-off tests have been set up in Institute of Chemical Materi-
als in the early 21st century”™). Commonly, there are two
forms of heating in ammunitions: the whole-body heating from
the heat source and the ambient flame heating, which respec-
tively resemble the slow cook-off test and the fast cook-off
test. The slow cook-off test has been widely used to evaluate
the thermal safety of propellants and explosives under various
constraints and slow heating process. Dai Xiao-gan, et al'®
conducted researches of PBX-2 cylindrical explosives under
different heating rates. Zhi Xiao-qi, et al'’’ conducted resear-
ches on the fast cook-off behaviors of RDX explosives under
different constaints. Chen Ke-quan, et al®®’ conducted fast
cook-off numerical computations of PBX based on ABAQUS.
All these cook-off tests and numerical simulations were mainly
focused on the study of high explosive cylinders, but no slow
cook-off tests for aging spherical explosives have ever been re-
ported.

In order to study the effects of aging of explosive compo-
nents on the ammunition safety, our project group has con-
ducted series of accelerated aging tests of PBX-6 under various
temperatures and days, and has studied its physical properties,
safety and detonation behaviors before and after aging
tests"’'*’. However, the flame temperature is unable to be
controlled and the fire is greatly affected by the wind in fast
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cook-off tests. Referring to the device for slow cook-off tests of
cylindrical explosives, a new device for slow cook-off tests of
spherical explosive components was designed, and a slow
cook-off test method of @100 mm explosive sphere under
closed system was established in the year of 2014. Based on
the production of the explosives, the accelerated aging test of
140 days was firstly conducted at 55 °C for the HMX-based
plastic-bonded explosive (PBX-6) components. Subsequently,
the slow cook-off tests of PBX-6 explosive components were
conducted respectively at the heating rates of 2 °C - min™' and
5 °C - min™". The effect of heating rate on the safety of accel-
erated aging explosive components was discussed, expectantly
to obtain the response characteristics of SR50 mm PBX-6
spheres under slow heating process.

2 Experimental

2.1 DSC Analyses

The samples were PBX-6 explosive powders with particle
sizes ranging from 0.18 mm to 1.40 mm'”’. The device ap-
plied was German NETZSCH high pressure DSC 204 HP. Under
atmospheric pressure tests, the samples were under dynamic ni-
trogen gas circumstances with a flux of 50 mL - min™' | heating
rates respectively of 2 °C - min™" and 5 °C - min™"; under high
pressure tests, the static pressure was TMPa of nitrogen gas,
heating rates respectively of 2 °C + min™" and 5 °C - min™'. The
sample weighed around 1.00 mg in each test, and the tempera-
ture of the tests ranged from 20 °C to 300 °C.

The German NETZSCH high pressure DSC 204 HP was
applied to analyze the PBX-6 powders at heating rates of
2°C -min™ and 5 °C - min™, and under the pressure of
0.101 MPa and 1 MPa, respectively in the dynamic nitrogen gas
circumstances with a flux of 50 mL - min™'. The temperature of
the tests ranged from 20 °C to 300 °C. The PBX-6 powder sample
is around 1.00 mg, and its particle size is 0.18-1.40 mm.
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2.2 Accelerated Aging Test

Four SR50 mm PBX-6 hemispheres were aged in an AHX-
863 oil-bathing safe oven whose temperature can be controlled
from the room temperature to 95 °C, with accuracy of 1 °C.
The accelerated aging temperature was 55 °C for 140 days.
The masses, densities and ultrasonic parameters of PBX-6
hemispheres before and after the accelerated aging test were
measured, and the effects of the accelerated aging on the phys-
ical properties of PBX-6 hemispheres were analyzed.

2.3 Slow Cook-off Test

The special slow cook-off test set-up used in the research
was designed by Institute of Chemical Materials, and its sche-
matic diagram was shown in Fig. 1. The set-up had a power of
1500 W, and the heating rate could range from 0.5 °C - min™'
to 10 °C + min™', and the temperature could range from the
room temperature to 450 °C. In the slow cook-off test, We put
PBX-6 hemisphere in test set-up and heated by the electric
heating cord, meanwhile the equal heating components of an-
other PBX-6 hemisphere was heated with an intelligent temper-
ature controller to adjust the heating rate. Four PBX-6 hemi-
spheres were assembled to one complete sphere, named sam-
ple S-1*and S-2*. Sample S-1*and S-2* were well sealed, and
the thermocouples was utilized to obtain their temperature vs.
time curves.
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Fig.1 Schematic diagram of slow cook-off test set-up

1—pull rod; 2—upper platen; 3—upper equal heating component;
4—thermocouple; 5—heating cartridge; 6—electric heating cord; 7—
lower equal heating component; 8—bottom platen; 9—explosive com-
ponents

Various sheathed thermocouples were fixed on the slow
cook-off test set-up to measure the central temperatures of the
heating cartridge wall, the inner temperatures of equal heating
components and the surface temperatures at different positions
of PBX-6 sphere sample. Afterward, the PBX-6 sphere sample
was put in the hemispherical hole of lower equal heating com-
ponent, and the upper equal heating component was assem-
bled in the set-up and was tightened by screws. The fixed slow
cook-off test set-up is shown in Fig.2.

In one experiment, the heating rate of the heating car-
tridge wall was set, and the deflagration time was recorded till
the specimen deflagrated. Six ®1.5 mm sheathed thermocou-
ples and LT-18000-24 temperature measuring system were used
to record the temperature changes at the center of heating car-
tridge wall, the upper surface of the explosive component and
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the inner of equal heating components, so as to analyze the
heat conduction behavior of the set-up and the thermal de-
composition process of the explosive component. Four over-
pressure sensors were placed 2 meters away around the slow
cook-off test set-up to measure the deflagration overpressures
of the explosive component. The time from the beginning of
the heating to the initial combustion or response was recorded
as the deflagration time, while the temperature of the combus-
tion or response was recorded as the deflagration temperature,
which was denoted by the temperature of the explosives’ up-
per surface in our experiments. The reaction grades of explo-
sive components were evaluated by analyzing the shock wave
overpressures, the testing fragments, and the damage of the
vessel and the residues of the explosives. Those experimental
results were synthetically analyzed to evaluate the integral
safety of the PBX-6 explosive components under slow heating

stimulation™"*™"°".

Fig.2 Photograph of slow cook-off test set-up with encased thermo-
couples and explosive components

3 Results and Discussions

3.1 Thermal Decomposition Characteristics of PBX-6

The results of DSC analyses for powder PBX-6 explosives
under atmospheric pressure (0. 101 MPa) and 1 MPa at
2°C - min™ and 5 °C - min™" are shown in Fig.3.
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Fig.3 DSC curves of PBX-6 at different pressures and heating rates

From Fig. 3, the peak thermal decomposition temperatures
for PBX-6 are 267.4 °C and 271.8 °C, respectively under
1 MPa and 0. 101 MPa at 2 °C - min™', which indicate that
the peak temperature reduced 4.4 °C under high pressure.
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And the peak temperatures were 273.2 °C and 273.4 °C re-
spectively at 5 °C - min™', and the peak temperature reduced
0.2 °C under high pressure. Because the gas products sublima-
ted and decomposed from the low melting point component in
PBX-6, could not escape under closed high pressure environ-
ment, and those decomposition products as catalyzers acceler-
ated the thermal decomposition of PBX-6, and decreased the
peak temperature of thermal decomposition.

3.2 Slow Cook-off Tests at Different Heating Rates

For specimens of S-1* and S-2"after 55 °C and 140 days of
accelerated aging, the slow cook-off tests were conducted re-
spectively at2 °C - min~" and 5 °C - min~". The curves of tem-
perature vs. time at different positions are shown in Figure 4
and Figure 5, and the residues of the tests are demonstrated in
Figure 6. All the results are summarized in Table 1.

240
2204 —*— upper surface temperature
2004 ----- side surface temperature

1801
160
1401
1204
100+
80+
601
40
207

0 T T T r T T r r y
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
tis
a. surface temperature of the explosive sphere

T/C

—+— center temperature
2004 — *— inner sphere wall temperature

0 T T T T T T T T 1
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

tls
b. temperature of the equal heating components
Fig.4 Temperature curves measured in slow cook-off test of explosive
components at 2 °C - min™

The response process of the slow cook-off test was distin-
guished to three stages: (1) heating rate of the cartridge wall
center was controlled through intelligent temperature controller
and electric heating cord; (2) heat conduction in the cartridge
wall, to the equal heating components form the cartridge wall,
and to the explosive components from the equal heating com-
ponents; (3) thermal decomposition till deflagration or reac-
tion of the explosive components. The temperature vs. time
curves of the cartridge wall, the equal heating components
and the explosive surface were recorded by the temperature
measuring system. When the cartridge wall center was heated
at a constantheating rate, the heat fluxes were transferred to e-
qual heating components from cartridge wall, and then trans-
ferred to the surface of the explosive component from equal
heating components. Under continuous heating, the surface
temperature of the PBX-6 explosive component continued to
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rise and gas products were produced as it decomposed.

From Fig.4 ,when the pressure of gas products from sphe-
reical specimen S-1* exceeded the constraint limit of the cook-
off set-up after 8373 s (2 h 19 min 33 s) at the heating rate of
2 °C - min™", the deflagration temperature was 218.5 °C, and
the thermal decomposition was relatively moderate that none
of the four overpressure sensors had caught any overpressure
signals.
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Fig.5 Temperature curves measured in slow cook-off test of explosive
components at 5 °C - min™'

From Fig.5, Specimen S-27 deflagrated after 4074 s (1 h
7 min 54 s) at the heating rate of 5 °C - min™', the deflagra-
tion temperature was 224.9 °C, and the overpressures caught
by the four sensors had an average value of 21.8 kPa.

b. 5 °C - min™

a. 2 °C + min™'
Fig.6 Photographs of scrap in slow cook-off test of explosive compo-
nents

From Fig.6a, when the gas pressure produced from speci-
men S-1% thermal decomposition breached the upper equal
heating component the at heating rate of 2 °C - min™', the e-
lectric heating cord was still fixed on the cartridge wall; some
thermocouples were still in the damaged upper platen; the un-
reacted explosives were blasted to several large chunks and the

lower equal heating component was still fastened in the bot-
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tom of the cartridge. From Fig. 6b, when the deflagration of
Specimen S-2* broke out at the heating rate of 5 °C - min™",
the electric heating cord was blasted out of shape; the upper
platen was torn to several large bulks; the thermocouples were
pushed away; the unreacted explosives blasted to small pieces

and the equal heating components were slightly deformed.

Table 1 Results of slow cook-off tests for explosive components

. deflagration deflagration shock wave
heating rates

No. /oC . time temperature overpressure grade
s /°c /kPa

S-1% 2 8373 218.5 - combustion

s-2% 5 4074 224.9 21.8 deflagration

Contrast of the testing result showed that for the slow cook-
off specimens of S-1" and S-2* composed with PBX-6 explosive
components under the same aging condition, when the heating
rate rose, the deflagration time of specimen S-2* decreased
4299 s, the deflagration temperature increased 6.4 °C, the re-
action degree of deflagration increased compared with Speci-
men S-1*. Namely, the rise of the heating rate led to shorter
deflagration time, higher deflagration temperature and higher
reaction degree.

3.3 Relationship between Slow Cook-off Behavior and Ther-
mal Decomposition Characteristics

The PBX-6 explosive is a kind of multi-composite com-
posed of HMX, desensitizers and polymeric binders. The DSC
data of HMX and PBX-6 powder explosives at the heating rate
of 5 °C - min™" under atmospheric pressure showed that, en-
dothermic —§ crystalline phase transition of HMX happened
at192.9 °C, and thermal decomposition began at the onset
temperature of 273.5 °C. The gas products produced from mi-
cro-thermal decomposition of other ingredients and degrada-
tion of polymeric binders have catalyzed and accelerated the
reaction of PBX-6 during heating. Thermal decomposition can
be obviously seen in macroscopic view at 265.8 °C,and large
quantities of gas products are released. For open system, the
gas products of the thermal decomposition can escape in time,
so no heat-accumulation will be formed thus no deflagration
reaction will occur.

In the slow cook-off test ofspherical PBX-6 components,
the explosives and the equal heating components were so well
sealed up, that it was almost impossible for the decomposition
products to escape. The heat flow continuously conducted
from the radial direction to the inside during the constant heat-
ing rate of the cartridge, and the temperature of the equal
heating components and explosives rose along with the heat
conduction. Some gas products from thermal decomposition
were sealed in the tiny gaps between the explosive compo-
nents and the equal heating components, thus the whole ex-
plosive sphere was in a heating process with temperature and
pressure differences between the inside and the outside. The
PBX-6 explosive components would deflagrate when the exter-
nal heating and the heat-accumulation of the thermal decom-
position of PBX-6 reached the critical condition of thermal ex-
plosion. The temperature rising rates of explosive surface were
derived from derivation of temperature vs. time curves of ex-
plosive surface measured by thermocouples. The results are
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shown in Fig.7.

From Fig. 7, the surface temperature of the explosive
component inclined as the inner temperature of the heating
cartridge rose at the heating rate of 2 °C - min™", and the tem-
perature rising rate of explosive surface reached a maximum of
1.82 °C - min™' after 5432 s (90.53 min), and then the tem-
perature rising rate declined slightly. It was 1.44 °C - min™
when the reaction broke out. The temperature rising rate of ex-
plosive surface reached a maximum of 4.18 °C - min™' after
3220 s (53.66 min) at heating rate of 5 °C - min™', and then the
temperature rising rate declined slightly. It was 3.67 °C + min™
when the deflagration broke out. The DTA and DSC testing
data of PBX-6 explosive at heating rate of 2-20 °C - min™
showed that "7/ | the temperature rising time shortened and the
exothermic peak of thermal decomposition increased as the
heating rate rose. As for the aging ®100 mm PBX-6 compo-
nents, contrasting of the slow cook-off results have shown
that, the surface temperature rising rate of the explosive sphere
will go up, the deflagration time will be shortened and the def-

lagration temperature will rise when the heating rate rise.
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Fig.7 Heating rate curves of explosive components surface

In addition, thecook-off temperature and time for reaction
is also related to the size of the explosive sample besides the
heating rate, but further studies still remains to be carried out.

4 Conclusions

(1) The result of DSC analyses show that the thermal de-
composition peak of PBX-6 reduces under high pressure,
which is caused by the fact that the gas products decomposed
from low-melting point compositions can not escape, and
those products can catalyze the thermal decomposition of PBX-
6, thus resulting in the temperature peak decrease of the ther-
mal decomposition.
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(2) A new kind of slow cook-off device for SR50 mm ex-
plosive component has been set up by referring to the slow
cook-off device for explosive cylinder, and the method of slow
cook-off test for enclosed PBX-6 component has been estab-
lished. The explosive component and equal heating compo-
nents are well sealed, and thermocouples can be utilized to
record the temperature vs. time curves of the explosive surface
and the equal heating components.

(3) The results of the slow cook-off testsshow that, with
the heating rate of 2 °C - min™', the gas product pressure from
thermal decomposition of Specimen S-1* exceeded the con-
straint limit of the slow cook-off set-up after 8373 s, and the
deflagration temperature was 218.5 °C. With the heating rate
of 5 °C - min™', Specimen S-2* deflagrated after 4074 s with
the deflagration temperature of 224.9 °C. By contrasting with
Specimen S-1%, the deflagration time of Specimen S-2* re-
duced 4299 s and the deflagration temperature increased
6.4 °C with higher deflagration grade when heating rate rose.
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