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a b s t r a c t

The Disc Acceleration eXperiment (DAX) is one of the most recent experimental methods of performance
characterization of new energetic materials. A cylindrical explosive charge accelerates a thin metallic disc
and its velocity is measured continuously using photonic Doppler velocimetry. The detonation velocity is
measured simultaneously. The DAX test can be used to obtain the Chapman-Jouguet (CJ) detonation
pressure and to describe detonation products expansion using reduced amount of explosive. A series of
DAX tests was performed at various charge diameters and disc thicknesses with Semtex 1 A plastic
bonded explosive and sensitized nitromethane. The DAX-like evaluation was also applied to previously
measured data of Semtex 1A and A-IX-1 explosives. The optimum disc thickness is determined by the
disc to explosive mass ratio of 0.01e0.08. The repeatability of the Semtex 1 A detonation pressure results
is about four times lower compared to the pressed and liquid explosives.
© 2023 China Ordnance Society. Publishing services by Elsevier B.V. on behalf of KeAi Communications
Co. Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

Characterization of small quantities of energetic materials is of
great interest especially in the development of new energetic ma-
terials and formulations. Various test arrangements have recently
been suggested [1e3]. The Disc Acceleration experiment (DAX) is
one of the most recent experimental methods of small-scale char-
acterization of energetic materials [4e6]. It can be used to obtain
the Chapman-Jouguet (CJ) detonation pressure and parameters of
Jones-Wilkins-Lee (JWL) equation of state of the detonation prod-
ucts using reduced amount of explosive when compared to the
standard scale, 25.4 mm diameter, cylinder expansion test (CYLEX).
The test covers common tasks of the cylinder expansion test with
reduced material consumption, a single PDV probe and no need for
a precisely machined copper tube. The DAX test can also be
considered a modern successor of historical small scale push plate
or flyer plate tests [7,8].

In the DAX test, a thinmetallic disc is accelerated by a cylindrical
explosive charge and its velocity is measured using photonic
Doppler velocimetry. The detonation velocity of the explosive is
determined at the same time. The DAX evaluation consist of two
ce Society
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parts: (1) the CJ detonation pressure is determined from the initial
motion of the disc and (2) the energy release of the tested explosive
is inferred from the whole velocity profile. Regarding the first part,
the influence of the von Neumann spike (VNS), a high pressure
peak of shock compression of the unreacted explosive, was
assumed to be negligible in the original article [4]. Although this
assumption is valid for the explosive and the flyer plates used in the
original paper, its general use is questionable. For explosives with
thicker reaction zones, the influence of the VNS is to be expected. In
fact, the initial free surface velocities of thin plates accelerated by
detonation were one of the first experimental demonstrations of
the existence of the VNS [8]. It was also suggested to obtain the
detonation pressure from the terminal projectile velocity and
Gurney/Aziz equations [9]. Although this may provide more
repeatable results compared to the original initial extrapolation, it
introduces another uncertainty due to the simplifications applied.
Additionally, it is sometimes difficult to obtain terminal velocities
due to premature destruction of thin discs especially with highly
heterogeneous explosives. Another publication [10] showed theo-
retical modeling of the DAX test under unfavorable conditions with
voids or inert materials at the inner disc surface which may induce
significant errors in the CJ pressure results.

This paper shows DAX test detonation pressure results of three
different high explosives. The effects of disc thickness and
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http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:kunzel@ozm.cz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dt.2023.09.009&domain=pdf
www.sciencedirect.com/science/journal/22149147
http://www.keaipublishing.com/en/journals/defence-technology
https://doi.org/10.1016/j.dt.2023.09.009
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.dt.2023.09.009
https://doi.org/10.1016/j.dt.2023.09.009


M. Künzel, J. Kucera and J. Pachman Defence Technology 36 (2024) 64e70
homogeneity of the explosive are examined and the effect of charge
diameter is shown in the case of a heterogeneous plastic bonded
explosive.

2. Materials and methods

2.1. Explosive charges

Three types of explosives have been studied. A liquid explosive
based on amine-sensitized nitromethane (NM þ EDA, 95% nitro-
methaneþ5% 1,2-diaminoethane) was used as an example of a
homogeneous explosive. The density of this mixture was
1.12 g cm�3. The explosive was filled in an aluminium tube (0.4 mm
wall thickness) inserted in a 3 d-printed polypropylene fixturewith
aluminium disc glued at its end using epoxy. The length to diameter
ratio of the charges was l/d ¼ 6 in the NM þ EDA measurements.

The results for pressed explosive charges were obtained by re-
evaluation of authors' previously published data [11]. These
charges were made of A-IX-1 explosive which consist of 1,3,5-
trinitro-1,3,5-triazinane (RDX, 95%) desensitized with stearine/
ceresine mixture (5%). The density of A-IX-1 was 1.66 g cm�3 and
the l/d was 1.5.

Most of the experiments have been performed with a moldable
plastic bonded explosive Semtex 1A (S1A). It is a well-known in-
dustrial explosive manufactured by Explosia company in Pardubice,
Czechia. The explosive contains 83% of pentaerythritol tetranitrate
(PETN) and 16% of non-explosive binder based on styrene-
butadiene rubber plasticized with mineral oil. The explosive also
contains 1% of 2,3-dimethyl-2,3-dinitrobutane as a taggant and
trace amounts of stabilizers and dyes. Although exact particle size
distribution of the crystalline PETN is not available, it was visible
that the explosive contained a very wide range of crystal sizes of up
to 1 mm. The explosive was rolled to a cylindrical shape which
tightly fitted into 3 d printed confiner. The explosive was cut so that
it overlapped the front surface of the fixture by 0.5 mm and the disc
was clamped against it. The density of 1.45 ± 0.02 g cm�3 was
determined from the S1Amass and fixture dimensions. In this case,
the l/d was again 6.

The last data set of S1A at 36 mm diameter and l/d ¼ 2 was
obtained by reevaluation of the authors previously measured un-
published data from the year 2015. In these tests, the explosive was
hand-packed into polypropylene tubes with 36 mm internal
diameter and 2mmwall thickness. The density of S1A in these tests
was 1.42 ± 0.01 g cm�3 and the l/d ¼ 2.

2.2. Free surface velocity measurement

The new S1A and NM þ EDA experiments followed experi-
mental set-up shown in Fig. 1. The PDV probe was supported by a
PDV pAluminium disc

Explosive charge

Detonator

Passive opt
probes

Fig. 1. Scheme and photo of th
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holder made of 3 d-printed polylactide. The discs were made of EN
AW-1050 (99.5% aluminium) plates by laser cutting and finished by
tumbling to achieve diffusely reflecting surface. The thicknesses of
the discs varied from 0.2 mm to 4 mm. The reevaluated data of S1A
and A-IX-1 came from similarly arranged experiments just without
the velocity probes and with probe holders made of foamed
polystyrene.

The free-surface velocities of the discs were measured using
VeloreX PDV photonic Doppler velocimeter (OZM Research). The
detector signals were recorded using high-bandwidth oscilloscopes
MSO64B-6-BW-4000 or DPO70404C (Tektronix). The laser beam
was pointed to the target by means of a simple single-mode fiber
probe terminated by a polished ceramic ferrule. The probe was
fixed in a distance of 8e12 mm above the disc, perpendicular to its
surface. The oscilloscope recordings were analyzed using short-
time Fourier transform (STFT) with a Hamming window, time
resolution of 5 ns or 10 ns and approximate velocity resolution of
30 m$s�1 or 15 m$s�1, respectively.

2.3. Detonation velocity measurement

The detonation velocity wasmeasured using a series of 8 passive
optical probes connected to the OPTIMEX-64 light analyzer (OZM
Research). The instrument recorded intensities of light signals
collected by the optical fibers with the time resolution of 4 ns. The
distance between successive fiber probes was set to one half of the
charge diameter. In the case of NM þ EDA, the optical probes were
just touching the thin aluminium confiner. The 3 d printed casings
for the S1A charges had their inner surface coveredwith aluminium
tape to block the light which precedes the detonation wave. The
detonation velocity of the A-IX-1 charges was measured in separate
experiments using axial perforated fiber optic probe [12,13].

3. Results and discussion

The DAX tests were carried out with the above described
explosive samples. The initial sloped parts of the free-surface ve-
locity profiles were extrapolated back to the explosive/aluminium
interface using linear regression functions. The back-extrapolation
times were estimated using shock velocity in aluminium corre-
sponding to its initial free-surface velocity value using equation

te ¼ b
��

cAl þ sAlufs
�
2
�

(1)

In this equation, b is the disc thickness, ufs is the initial value of the
free surface velocity and cAl ¼ 5.35 km$s�1 and sAl ¼ 1.32 are
Hugoniot constants for aluminium [14]. This method neglects the
fact that the shock velocity in the disc is not constant but decreases
due to the triangular shape of the input pressure pulse, leading to
robe
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inherent underestimation of the extrapolated initial particle ve-
locities. More accurate extrapolation times can be obtained when
the dependence of initial velocity on disc thickness is analyzed and
converted to the effective shock velocity but that may be quite
inconvenient in practice due to increased complexity.

The detonation pressure was then calculated using "Method 2"
described in the original paper [4]. The method uses generalized
Cooper's Hugoniot curve to describe detonation products in the
impedance matching procedure.

3.1. Homogeneous liquid explosive

The free surface velocity profiles measured with NM þ EDA are
shown in Fig. 2. In general, the profiles typically show perfect
repeatability and those recorded at identical conditions overlap
each other. There is no sign of the remains of the VN spike in the
profiles probably because of its very short duration. There are also
more than 10 clearly visible shock reverberation steps in some of
the velocity profiles. It can be seen that one of the profiles (orange
line) does not overlap the other two profiles after the first rever-
beration e in that case, pre-shot inspection of the casing found
excessive amount of glue around the edge of the tube, leading to
effective decrease of the charge diameter from 5 to 3 mm near the
disc. This illustrates increased sensitivity of the smallest scale tests
to the quality of the test setup.

3.2. Pressed explosive

The free-surface velocity profiles obtained from the experi-
ments with A-IX-1 are quite smooth and their initial (first step)
velocities decrease gradually with increasing disc thickness. As
discussed in our previous publication [11], there is a significant
change in slope of the profile in the first few tens of nanoseconds in
the case of disc thicknesses of �1 mm which is caused by attenu-
ating Von Neumann spike (VNS). In order to obtain the CJ detona-
tion pressure, this first steep part was omitted in the extrapolation
as can be seen in the 0.5 mm disc profile shown in Fig. 3. The ve-
locity profiles obtained with �0.3 mm discs are apparently influ-
enced by the VNS to an extent that makes them useless for pCJ
determination in this explosive.

3.3. Moldable plastic-bonded explosive

The S1A free-surface velocity profiles (Figs. 4e7) are uneven and
their initial values are in some cases not even aligned in the
Fig. 2. Detailed view of the DAX extrapolation of the NM
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expected order with changing disc thickness. The velocity steps are
barely visible in some of the profiles and the maximum number of
reverberations is four. There are also significant variations in the
roundtrip times (step durations) at identical disc thicknesses. All
this behavior is probably due to natural heterogeneity of the
explosive, i.e. a random three dimensional field of large crystals and
fine particles of PETN dispersed in the binder matrix. The detona-
tion wave front in such a mixture is probably rough on millimeter
scale. Therefore, it locally impacts the disc under other than normal
angle, leading to large variations in the initial slope of the velocity
profiles and corresponding extrapolated particle velocities. The
non-normal shock wave impacts reportedly cause very scattered
roundtrip times [15]. It was not possible to distinguish the VNS
from random velocity variations so it could not have been omitted
from the extrapolation e this probably led to some overestimation
of the pressure in the case of thin discs.
3.4. Effect of the disc thickness

The detonation pressures evaluated using the DAX procedure
vary with the disc thickness (b). There is no general trend when
only the disc thickness is taken into account. This can be explained
by the presence of another variables of the experimental arrange-
ments such as the charge diameter (d) and length to diameter ratio
(l/d). It was found useful to compare the experimental data sets
through their disc mass (M) to explosive mass (C) ratio which is
calculated using equation

M
C
¼ b

l
rAl
re

(2)

The detonation pressure values from all the experiments related
to the M/C are shown in Fig. 8. The experimental points are fitted
with polynomic regression curves just to see general trends. In the
reevaluated data from short charges of A-IX-1 and S1A, the
resulting CJ pressure decreases with increasing disc thickness
(increasingM/C). The opposite trend is observed in the results from
l/d ¼ 6 charges of S1A and NM þ EDA. This can be explained by
different relative amount of energy lost due to radial expansion of
the detonation products at later stages of acceleration at these
different l/d ratios. For comparison, the graph contains reference
values of A-IX-1 [11] and NM þ EDA [16]. It can be seen that the
regionwhere the results are close to the reference values and at the
same time relatively insensitive to the M/C is approximately in the
range of M/C ¼ 0.01e0.08.
þ EDA velocity profiles (left) and overall view (right).



Fig. 3. Detailed views of the DAX extrapolation of the A-IX-1 profiles with different disc thicknesses.

Fig. 4. Detailed views of the DAX extrapolation of the S1A velocity profiles (left) and overall view (right) for the charge diameter of 5 mm.

Fig. 5. Detailed views of the DAX extrapolation of the S1A velocity profiles (left) and overall view (right) for the charge diameter of 10 mm.
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Fig. 6. Detailed views of the DAX extrapolation of the S1A velocity profiles (left) and overall view (right) for the charge diameter of 20 mm.

Fig. 7. Detailed views of the DAX extrapolation of the S1A velocity profiles (left) and overall view (right) for the charge diameter of 36 mm and l/d ¼ 2.

Fig. 8. The effect of the scaled disc thickness on the resulting CJ detonation pressure. The regression curves are included just to lead an eye.
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The results are summarized in Table 1. The detonation velocities
are shown as averages and standard deviations of all the tests at a
68
particular charge diameter. The NM þ EDA values are in agreement
with the literature data [16] to within 1.6%. The detonation velocity



Table 1
Summary of the detonation parameters measured with the three explosives.

Explosive re/(g$cm�3) No. of tests d/mm l/d D/(m$s�1) PCJ-opt/GPa PCJ-st/GPa

NM þ EDA 1.12 3 5 6 6181 ± 73 12.90 ± 0.11 12.87 ± 0.10
A-IX-1a 1.64 9 40 1.5 8238 ± 19b 26.31 ± 0.40 26.59 ± 0.23
S1A 1.47 7 5 6 7254 ± 66 21.06 ± 1.27 21.48 ± 1.49
S1A 1.45 7 10 6 7350 ± 70 19.30 ± 0.47 19.45 ± 0.54
S1A 1.45 8 20 6 7398 ± 48 19.75 ± 0.76 20.20 ± 0.28
S1A 1.42 10 36 2 7340c 18.31 ± 1.32 n/a

a Re-evaluated data from previous measurements [11].
b The detonation velocity was measured in separate experiments [11].
c The detonation velocity was extrapolated from the other results and corrected for density.
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of S1A at 20 mm diameter agrees with the available literature
values [17,18] and authors’ previous measurements [19] to within
1%. At lower charge diameters, the detonation velocity slightly
decreases as it is expected due to the diameter effect.

The detonation pressures marked PCJ-opt in Table 1 are averaged
from the tests with the disc thicknesses corresponding to M/
C ¼ 0.01e0.08 while the PCJ-st are averaged from repeated experi-
ments with the same disc thickness (1 mm for S1A and 0.5 mm for
A-IX-1 and NM þ EDA). The measured NM þ EDA detonation
pressure is at least 3% higher than the recent literature values of
12.5e12.6 GPa [16,20] obtained using the impedance window
method (IWM). This is most probably due to the significant
impedance mismatch between the NM þ EDA and aluminium
which causes initial VNS high pressure shock reflection back to the
approaching reaction zone of the explosive. The A-IX-1 detonation
pressure is consistent with authors’ previous results obtained using
the flyer plate and impedance window methods [11]. The standard
deviation of the detonation pressure values obtained with different
disc thicknesses correspond to 1.5% uncertainty in the case of
A-IX-1.

For the S1A, there is only one available experimental detonation
pressure value of 17 GPa [18] which is more than 15% below the
current result. The reason for such a high difference remains un-
clear. The CJ pressures obtained at 5 mm charge diameter seem to
be unrealistically high despite slightly higher density in these tests.
The standard deviations are 6.0%, 2.4% and 3.8% for charge di-
ameters of 5 mm, 10 mm and 20 mm, respectively, when all the
discs within the M/C range from 0.01 to 0.08 are considered. The
reevaluated data of 36 mm diameter S1A tests show standard de-
viation of 7.2% probably due to suboptimal build quality of the test
setups coupled with their small length to diameter ratio. When
only the repeated experiments with a single disc thickness are
considered, the standard deviations of the A-IX-1 and 20 mm S1A
tests drop but they remain about the same in the case of 5 mm and
10 mm S1A tests.
4. Conclusions

(1) Measurement of the CJ detonation pressure using DAX test is
reproducible to within 0.8% in liquid homogeneous explo-
sives (NM þ EDA). The free surface velocity profiles from
repeated experiments overlap each other.

(2) In the solid pressed explosive (A-IX-1), the CJ detonation
pressure reproducibility is within 1.5%.

(3) In the plastic bonded explosive with a wide particle size
distribution (Semtex 1 A), the reproducibility is reduced to
2%e7%. The initial parts of the free-surface velocity profiles
are significantly scattered in contrast with those obtained
with the pressed or liquid explosives.

(4) The thickness of the disc used for the test must be as small as
possible to reduce the errors from extrapolation but large
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enough to attenuate the initial Von Neumann spike. For the
explosives tested in this study, the optimum disc thickness
where linear extrapolation of the velocity profile seems to be
sufficient corresponds to the disc to explosive mass ratio of
0.01e0.08.

(5) At small charge diameters (5 mm), the scatter in the DAX test
results of heterogeneous high explosives can be large enough
to hide the expected diameter effects, making the test use-
less. On the contrary, small diameter charges of homoge-
neous explosives may still provide correct and repeatable
results.
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