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Abstract: Exploding bridgewire (EBW) detonators are used
for a variety of purposes and subjected to a wide range of
conditions during transport and use, however, few studies
have been conducted on stability at high temperatures.
Many EBW’s contain pentaerythritol tetranitrate (PETN) as
the initiating explosive, which has been shown to exhibit a
relatively low melt at 141 °C, followed by an onset of decomposition of approximately 160 °C. In the present work,
we have evaluated the behavior of PETN with X-ray radiog-

raphy in commercial RP-80 EBW detonators at temperatures
just above the melt. These experiments show that PETN remains stable in the solid-state, but after reaching the melt
temperature is vulnerable to mixing, followed by rapid evolution of gases and decomposition. Our results indicate that
the orientation of the thermally treated detonator with respect to gravity is important after the PETN reaches the
melted state: this shows for the first time why thermal tests
on PETN-based detonators often result in varied outcomes.
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1 Introduction
There has been significant interest in the thermal decomposition behavior of pentaerythritol tetranitrate (PETN)
[1, 2, 3], particularly inside commercial exploding bridgewire
(EBW) and non-electric detonators as well as detonation
cord [4, 5, 6]. The ability to predict the behavior of PETN in
accidental conditions, such as a fire during transport, is important for widely used commercial detonators. Although
EBW detonators are used for a variety of purposes and subjected to a wide range of conditions during transport and
use, in depth studies on high-temperature stability are relatively rare. High-temperature applications have generally
been noted as requiring detonators that contain more thermally stable initiating explosives, such as 1,3,5-trinitro-1,3,5triazinane (RDX) and 1,3,5,7-tetranitro-1,3,5,7-tetrazoctane
(HMX) [7]. Many EBW’s contain pentaerythritol tetranitrate
(PETN) as the initiating explosive, which has been shown to
exhibit a relatively low melt at 141 °C, followed by an onset
of decomposition of approximately 160 °C. Recent thermal
cookoff experiments conducted on non-electric detonators
containing PETN have shown that reaction occurs at temperatures of approximately 170 °C or higher, depending on
the ramp rate [5]. However, there were no visual diagnostics to determine the state of the thermally damaged
PETN during heating.
During heating, the transition from the solid to liquid
state can significantly increase the complexity of the system, particularly when attempting to model solids transitioning to fluid dynamics. Other low melting point explosives have been studied recently, in order to better
inform modeling on fluid flow and heat transport properties. Several groups have shown that the flow of ComposiPropellants Explos. Pyrotech. 2020, 45, 1–9

tion B plays a major role in decomposition unless experiments are conducted in sealed containers [8, 9, 10, 11].
Recently, a Composition B-3 yield stress model was obtained experimentally using X-ray radiography of an imbedded sphere during thermal measurements [12, 13].
Though the decomposition mechanism of PETN at melt
temperatures has been explored in previous research
[1, 14, 15, 16, 17, 18], there is limited understanding of the
thermal decomposition of PETN in the semi-confined detonator environment. In the present work, we have evaluated
the behavior of PETN with X-ray radiography in commercial
RP-80 EBW detonators at temperatures just above the melt.
These experiments show that PETN remains stable in the
solid state, but after reaching the melt temperature is vulnerable to mixing, followed by rapid evolution of gases and
decomposition. Our results indicate that the orientation of
the thermally treated detonator with respect to gravity is
important after the PETN reaches the melted state: this
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shows for the first time why thermal tests on PETN-based
detonators can be difficult to interpret without visual diagnostics.

2 Experimental
Detonator Imaging Experiments. Modified RP-80 detonators
were purchased from Teledyne-Risi Corporation, containing
PETN powder as the initiating explosive next to the bridgewire (0.88 g cm 3) and an output pellet of either 94/6 RDX/
binder (1.6 g cm 3) or HMX or HNS formulations. Instead of
the traditional thin brass sleeves, these detonators were
supplied with clear plastic sleeves, allowing for visibility of
the PETN during heating and detonation. Unlike traditional
RP-80 detonators, these modified RP-80’s did not contain
endcaps, and the output pellets were visible.
A high-speed Shimadzu HPV-X2 camera (10 frames/μs)
was run at 10 MHz with 50 ns integration time to collect initiation data. CW radiography was used to obtain high resolution X-ray imaging during heating of the detonators. The
full experimental setup is described in detail in Ref. [19].
The X-ray transmission images were collected using a continuous microfocus x-ray source run at 90kVp with a scintillator and CCD camera imaging at 0.5 Hz to capture the
change in transmission as the sample was heated above
the PETN melt temperature and held at temperature.

3 Results and Discussion
3.1 Heating Experiments
Each commercial RP-80 detonator with clear plastic casing
was wrapped with a thin aluminum sleeve in order to pro-

vide a uniform thermal boundary temperature, which included heaters placed on either side of the region of interest (the PETN IP) in order to provide good x-ray
transmission imaging of the PETN region. The temperature
was raised to ~ 145 °C at a heating profile of 20 °C/min (using multiple thermocouples for temperature measurements). Figure 1 shows a representative picture of the heated assembly. The assembly was held at temperature for
approximately 10–30 min, while monitoring the PETN initial
pressing input pellet (IP) and output pellet (OP) inside the
detonator with X-ray transmission. The gray scale in Fig. 1a
is used with black representing low transmission (high density) and light representing high transmission (low density).
Figure 1b shows the ratio of X-ray transmission, which demonstrates the change in the material from pre to post heating. The scale uses dark for an increase in density and light
for a decrease in density. The experiment was repeated
with the detonators in three different orientations with respect to gravity: Up (Figure 2a), Down (Figure 2b), and Side
(Figure 2c). Images were collected at 0.1 Hz on heating to
~ 145 °C and then at 0.5 Hz above 145 °C to allow visualization of the changes in the PETN at temperatures above
the 141 °C melting point.
Thermocouples were placed directly on the outside of
the detonator where the PETN was located (just beneath
the heater wrapped around the detonator), on the header
section of the detonator where no HE was present inside
the detonator, and directly on the output pellet (not in contact with a heater). In a typical experiment, temperatures
from each thermocouple varied by approximately 4–5 °C. In
all three orientations, the melt began after 400–500 s of
heating. All samples were held at approximately 147 °C
(temperature at the heater) but the detonators were held in
different orientations with respect to gravity. After heat
treatment, the detonators were cooled to room temper-

Figure 1. (a) Representative picture of a direct transmission data for the RP-80 detonator in the Down position next to labeled components.
Each detonator has a low density PETN IP (initial pressing), next to an output pellet (OP) containing binderized RDX or hexanitrostilbene
(HNS). (b) Ratio of x-ray transmission data, showing the change in material from the unheated to the heated configuration.
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Figure 2. (a) Up (1) Orientation, (b) Down (1) Orientation, and (c) Side (1) Orientation during heating of RP-80 EBW detonators. High resolution X-ray imaging was used to monitor the detonator during the heating process. The images shown are a ratio of the dynamic movie to
the static initial picture (lighter grays correspond to increased X-ray transmission). All samples ramped up in temperature over approximately 400 s.

ature and all were functioned in the same orientation. In
the Up position (bridgewire at bottom and OP above IP), an
air gap formed between the PETN IP and the OP within the
first 10 min of heating, as the PETN density increased and
the material condensed. The material remained in this state
with no visible reaction occurring for the duration of the experiment (> 20 min; Figure 2a). In the Down (bridgewire at
top, OP below IP) and Side orientations, after melt temperatures were obtained, the PETN IP again contracted away
from the OP within the first 10 min, creating an air-gap in

the detonator. After holding at temperature for several minutes, gravity caused the pellet to flow, filling the gap. After
this motion, decomposition was seen as generation of bubbles within the PETN volume (Figure 2b and 2c). The mixing
process for the Side orientation is shown in more detail between 806–937 s in Figure 3. If allowed to continue, this gas
evolution can lead to pressurization and deconsolidation of
the detonator forcing the OP out of the fixture. If the heating profile stops before pressurizing and pushing out the
OP, the EBW can be cooled leaving the PETN IP as a foam.

Figure 3. Progression of PETN melt and decomposition in the side heating sample. The scale bar is 2 mm.
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Figure 4 shows a typical heating profile captured by
three thermocouples on the detonator. All experiments

Figure 4. Representative heating profile for the Side (1) heating
sample shown in Figure 2 and 3.

were repeated in an identical setup, heated to 150 °C and
these observations were reproducible (Table 1). The first set
of experiments are labeled with (1) in Table 1, and the second set of experiments are labeled with (2). Table 1 shows
the heating profile times, relative to the start of the X-ray
imaging.
Figure 5 shows temperature measurements collected
from the thermocouple placed directly on the OP relative to
time. This thermocouple represents the closest estimate for
the temperature inside the PETN IP, as it is in direct contact
with the detonator and not the heater. The change in transmission (relative transmission) is taken from a representative region of interest inside the center of the PETN IP as it
is heated. For all samples, there is a slight increase in transmission as the entire assembly expands due to the coefficients of thermal expansion. The transmission then decreases sharply once the melt temperature is reached (at
~ 600 s in the center of the IP). In the Up orientation, the
sample is held for ~ 2300 s before heating is cut off, and no
agitation is seen in the sample for the duration of heating.
In the Down orientation, after the sample undergoes melting and mixing, a change in transmission is observed at
~ 600–700 s as gas evolution occurs in the sample. The

Table 1. Heating profile with respect to X-ray imaging for detonators in three different orientations.
Orientation

Time (s) at
[Maximum Heater
Temp (°C)]

Max Temp for
Thermocouple
on Outside of
Detonator
(°C)a

Time (s) at
[Maximum Output
Pellet Temp (°C)]

Approx Time
when Melt
begins (s)b

Approx Time
when Mixing
begins (s)b

Up (1)
Down (1)
Side (1)

404 [145.9]
477 [147.8]
475 [147.1]

N/A
136.9
143.6

N/A
N/A
635 [145.9]

501
405
435

N/A
667
849

Up (2)
Down (2)
Side (2)

370 [150.5]
420 [149.0]
372 [150.3]

146.1
147.9
145.4

714 [144.2]
634 [143.7]
557 [143.2]

508
488
444

N/A
748
> 846

[a]

Thermocouples did not always make intimate contact with the heater or detonator.
visual inspection of material motion in any part of the IP.

b

Melt and Mixing start times were determined by

Figure 5. Temperature collected from the thermocouple placed on the output pellet (red line) and relative transmission collected from a
representative region of interest in the center of the PETN IP (blue line) versus time for the (a) Up (2), (b) Down (2), and Side (2) orientations.

4

www.pep.wiley-vch.de

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
Propellants Explos. Pyrotech. 2020, 45, 1–9

�� These are not the final page numbers!

Function of a PETN-Based Exploding Bridgewire Detonator Post Melt

times are approximate and vary somewhat depending on
the placement of the region of interest. In the side orientation, the heat was turned off at 846 s before mixing began in order to see if the IP would retain its shape and
maintain contact with the bridgewire. However, gas evolution was expected in this experiment at longer times, as it
was observed in the Side (1) experiment when the heating
was continued past 800 s (Figure 3).
During heating, the behavior of the PETN above its melt
temperature varies depending on orientation and configuration. PETN decomposition, as measured by standard analytical techniques like differential scanning calorimetry
(DSC), begins at ~ 160 °C. In such techniques, the material is
essentially motionless in order to make the most reliable
measurement possible and is not held in contact with any
material other than the inert container. Inside the RP-80
detonator, however, the PETN is able to move as a function
of orientation with respect to gravity and is also in contact
with a plastic surface, a metal bridgewire, and the OP. The
simplest case is observed with the Up orientation: after the
IP melts, the PETN densifies, settles away from the OP, and
remains motionless. No visible mixing or gas generation is
observed even with a hold time of more than 20 min. However, in the Down and Side orientations, the PETN IP pulls
away from the OP against gravity. It is possible that the OP
is more conductive than the plastic header material, which
would cause the PETN IP to consistently heat more effectively next to the OP, resulting in the material contracting
away from that area. When the material flows due to gravity, it appears to cause convective mixing which leads to
decomposition and gas generation at > 10 °C below the homogeneous decomposition temperature.
An initial hypothesis was that the PETN interacted in
some way with the OP and began to decompose once molten PETN touched the OP. However, careful examination of
the sequence of events shows bubble formation as soon as
the molten PETN exhibits any significant material motion.
This progression from mixing to gas evolution and decomposition in the Side (1) experiment is shown in more detail
in Figure 3. Therefore the mechanism is likely mechanical
agitation of the molten PETN and convective mixing leading to decomposition.

3.2 Firing Experiments
The detonators were heat treated in varying orientations
with respect to gravity to determine the effect of flow during heating. After heating and cooling to room temperature, the function of the detonators was tested with a
standard fireset and orientation. The detonators were
placed in a firing configuration in the upward position and
imaged at high speeds. Figure 6 shows typical progression
of the detonation wave in a functional, non-damaged RP80, fired here as a calibration shot. A mirror was placed in
the shot so that two visual axes could be viewed, set at ~ 90
degrees from each other. The visible light images have
been superimposed onto a front-lit static image so that the
progression can be seen more clearly.
Both of the samples which exhibited PETN decomposition with a gap between the PETN IP and the bridgewire header (Side (1) and Down (1) orientations) failed to
initiate the PETN IP and consequently failed to initiate the
OP. Figure 7 shows example frames from the dynamic
imaging for the Down (1) heated orientation. Note that the
detonator has been repositioned after heating and is firing
from bottom to top and that two orthogonal views are
shown. These experiments utilize no lighting other than
that generated by the HE. Therefore any light is either from
the bridge bursting or HE reaction. There appears to be
some evidence of reaction in the IP, but no pressure wave
is observed. Light is still seen for at least 25 microseconds
after firing the detonator; given the specified function time
of ~ 2.5 microseconds for normal operation, this indicates a
relatively slow reaction, such as burning. However, the burn
does not turn into a deflagration or generate a visible shock
wave.
The Side (1) orientation, Figure 8, shows similar behavior. The PETN pellet appears to be more uniform, compared
to the Down orientation, but it still contains many residual
bubbles from the beginning of the decomposition process.
Despite the two different extents of reaction, with corresponding differences in bubble size and distribution, both
materials completely failed to initiate detonation in the IP
when functioned, and the OP did not react at all on the
timescale of the experiment.

Figure 6. Dynamic imaging during firing of a non-damaged RP-80. The detonation has nearly fully progressed through the detonator by the
last frame. The scale bar is 5 mm.

Propellants Explos. Pyrotech. 2020, 45, 1–9

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA www.pep.wiley-vch.de

5

These are not the final page numbers! ��

Full Paper

V. W. Manner, J. D. Yeager, L. Smilowitz, D. Remelius, B. F. Henson

Figure 7. Dynamic imaging during firing of the RP-80 heated in the Down (1) orientation. Although the detonator was heated in the Down
position, it was repositioned after cooling and fired in the Up position as shown. Some light indicates a partial reaction in the IP at the
beginning stages of the firing sequence. The scale bar is 5 mm.

Figure 8. Dynamic imaging during firing of the RP-80 heated in the Side (1) orientation. Like the Down orientation, there is a relatively slow
ignition process which generates light in the IP, but no pressure wave was ever observed. The scale bar is 5 mm.

Figure 9. Dynamic imaging during firing of the RP-80, after it was heated in the Up (1) orientation. The initial light is seen at about the same
time as the other experiments, but the reaction dies out and re-lights later. This initiates the rest of the PETN pellet and begins an offnormal detonation. The scale bar is 5 mm.

The Up (1) orientation, by contrast, actually did show
significant reaction when the detonator was functioned.
Figure 9 shows the sequence of PETN lighting and somewhat transitioning to the OP. There is initial light, which
then quickly dies out, but then the PETN lights on the other
side of the pellet and begins a detonation process. However, the melting resulted in a gap between the PETN and
the OP, and the detonation does not transition across the
gap successfully. There is some evidence of OP reaction but
no discrete detonation wave.
6
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The high speed imaging enables measurement of the
detonation velocity of the PETN IP. An undamaged control
RP-80 was functioned, and a detonation velocity of
4.98 km/s was obtained for the IP from streak camera imaging (Figure 10a; the value was determined using a line fit to
the leading edge of light emission). For the heat-treated
samples, when the PETN IP was in contact with the bridgewire, as in the Up orientation, the IP detonated with similar
initial performance as the unheated IP. Figure 10 shows
points obtained from streak imaging of both Up (1) and Up
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Figure 10. (a) Streak image from an undamaged RP-80, overlayed with points obtained from the reaction light front in Up (1), Up (2), and
Side (2) orientation tests. (b) Streak image for the Up (2) orientation test, overlayed with points that were obtained from analyzing the
reaction light front frame by frame, until the light became too diffuse.

(2) orientation tests. Points were obtained from manual
measurements determined frame by frame of the reaction
light front until the light front became too diffuse. Figure 10b shows the streak image and the manually determined measurements obtained from the light front in
the Up (2) test.
Heating was discontinued early with the Side (2) orientation, while the IP was still in contact with the bridgewire. As shown from the points representing the reaction
light front from the Side (2) test in Figure 10a the IP exhibits significantly decreased performance during firing relative to the Up orientation tests. Slow reaction is seen in
the IP, and the OP does not initiate on the recorded 25 μs
timescale. In general, we observe that if a gap exists between the IP and the OP, the IP may exhibit similar or decreased detonation velocity and the OP will partially react
with a velocity below its native detonation velocity. If there
is a gap between the bridgewire and the IP, the IP burns
over tens of microseconds but does not detonate. Videos of
heating and firing for the various tests are available in the
Supplementary Information.

4 Conclusions
PETN densifies and settles inside RP-80 detonators heated
to melt temperatures over timescales of 5–10 minutes. In all
orientations, PETN pulls away from the output pellet, which
could indicate that heat conduction through the output
pellet is more effective than the plastic header material. Extra heat could cause contraction away from the output pellet, as was seen in all cases, or this could be a release of
residual pressing strain. In the Up orientation, gravity causes the PETN to remain in the melt with no observable mixPropellants Explos. Pyrotech. 2020, 45, 1–9

ing or evolution of gases over > 20 min. In the Side and
Down orientation, the PETN viscosity allows for suspension
above the output pellet for approximately 1 min until the
PETN is fully melted and the material loses strength. Rapid
gas evolution begins as soon as the material undergoes
mixing, a phenomenon that has also been observed in other HE, such as Composition B [12].
All heat-treated detonators were tested for functionality
by firing at the manufacturer‘s recommended voltage.
Those heated in the Up position show similar IP detonation
velocity to the control, with a gap between the IP and the
OP, and reduced performance of the OP. For the detonators
heated in the Down and Side orientations, the IP burns over
tens of microseconds but does not detonate or initiate the
OP.
These results are specific to the modified RP-80 detonators prepared for this study, at this particular rate of heating, which could be faster than the equilibration time within the sample. The flow of heat will differ at different ramp
rates and with different casing materials. Future experiments will explore the behavior of PETN at temperatures
below the melt and slower temperature ramp rates. The results indicate that the decomposition of PETN can occur at
> 10 °C below the homogeneous decomposition temperature when the configuration of the sample promotes mixing of the material. For the first time, these results show the
importance of controlling orientation during detonator testing and reveal why thermal tests on PETN-based detonators
can result in varied outcomes.
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