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Abstract: A precise characterization of substances is essen-
tial for the safe handling of explosives. One parameter reg-
ularly characterized is the impact sensitivity. This is typically
determined using a drop hammer. However, the results can
vary depending on the test method and even the operator,
and it is not possible to distinguish the type of decom-
position such as detonation and deflagration. This study
monitors the reaction progress by constructing a drop
hammer to measure the decomposition reaction of four dif-
ferent primary explosives (tetrazene, silver azide, lead azide,
lead styphnate) in order to determine the reproducibility of
this method. Additionally, further possible evaluation meth-
ods are explored to improve on the current binary stat-
istical analysis. To determine whether classification was
possible based on extracted features, the responses of

equipped sensor arrays, which measure and monitor the re-
actions, were studied and evaluated. Features were ex-
tracted from this data and were evaluated using multi-
variate methods such as principal component analysis
(PCA) and linear discriminant analysis (LDA). The results in-
dicate that although the measurements show substance
specific trends, they also show a large scatter for each sub-
stance. By reducing the dimensions of the extracted fea-
tures, different sample clusters can be represented and the
calculated loadings allow significant parameters to be de-
termined for classification. The results also suggest that dif-
ferentiation of different reaction mechanisms is feasible.
Testing of the regressor function shows reliable results con-
sidering the comparatively small amount of data.

Keywords: Explosives - sensor array - sensory characterisation - multivariate statistics - impact monitoring

1 Introduction

Performance and safety are important aspects of modern
explosives [1]. In order to ensure safe handling of ex-
plosives and to prevent accidents, it is important to de-
termine characteristic values for the sensitivity of these ma-
terials. The drop hammer test is one of the simplest and
fastest methods for determining the impact sensitivity of
energetic materials, which is a measure of the kinetic en-
ergy that must be applied to cause a material to combust
[2,3]. In drop hammer tests, this value is determined by the
kinetic energy of a drop weight dropping on a sample. A
major disadvantage, however, is that such measurements
cannot provide information about the type and violence of
the reaction [4]. Other disadvantages include sample-to-
sample variability and subjectivity of the operator [1,5-8].
In addition, different types of drop hammers are used in dif-
ferent laboratories, and therefore, the results can only be
compared to a limited extent [1,4,9,10]. The initiation with
drop hammer is poorly understood and not comparable to
other initiation mechanisms [5,7,11].

The Bundesamt fiir Materialpriifung’s (BAM) drop ham-
mer is often used for the characterisation of explosives
[12,13]. Klapotke etal. have found that results with the
BAM drop hammer provide only limited results regarding
the impact sensitivity. The reason for this is the sample
preparation between two bolts in a cylinder, in which the
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impact on the weight can ignite the sample by adiabatic
compression [1]. An apparatus that compensates for this
shortcoming is the OZM ball impact tester (BIT) [14]. With
this device, sample is smoothed on a metal surface without
damaging it, and a steel ball serves as a drop weight
[14,15].
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Other approaches to reduce the problems associated
with using the drop hammer method have been explored
in various publications, such as equipping drop hammers
and other methods for initiating explosives with sensors
[7,9,16-18]. An important example of these methods is the
glass anvil drop hammer, which enables recordings of re-
action processes using a high-speed camera. The use of the
glass anvil drop hammer allows hotspots to be detected
and measured. Likewise, processes such as phase tran-
sitions can be observed immediately before the ignition of
the substance [4,19]. In addition, Klapotke et al. determined
that individual substances emit different sound levels dur-
ing combustion [2]. Reactions were examined spectroscopi-
cally and with pyrometers. These publications show that it
is possible to detect different kinds of reactions in sub-
stances and for some substances even two successive re-
actions can be observed [6,20]. However, it is difficult to de-
termine reproducible parameters for substances, since the
reactions vary both in course and violence [6].

Various statistical methods such as Eg, no-fire-level,
1-out-of-10 etc. are used to evaluate drop hammer tests
[2,12]. These methods are sufficient for the evaluation of
the pure binary test response. However, the data resulting
from sensory monitoring cannot be accurately and com-
pletely analysed with such methods. Nefati et al. have at-
tempted to train neural networks with databases of impact
sensitivities of explosives and predict their characteristics
[21]. By applying multivariate statistics, it is possible to de-
termine characteristic values and their correlations to the
properties of explosives, which could improve on a purely
binary evaluation [16,22]. Going further with this idea, we
evaluate the possibility of visualisation of the multidimen-
sional measurement results of drop hammer experiments to
find clusters and correlations according to substance specif-
ic features.

In this publication, a drop hammer similar to the OZM
BIT was constructed. It was equipped with a sensor array
consisting of a pyrometer, a spectrometer, a VIS diode, a
microphone and a piezo vibration sensor. This drop ham-
mer was then used to measure tetrazene, silver azide, lead
azide and lead styphnate, whereby the energy of the ball
was adjusted so that all samples decomposed safely. The
measured data was checked for the progression of the re-
actions and 42 features were extracted from each measure-
ment. The extracted features were analysed using multi-
variate statistics. Clusters and substance specific features
were extracted.

The aim of the measurements was to find out how re-
producible the sensor reactions of the materials are. Addi-
tionally, it was investigated whether the substances can be
distinguished based on the sensor responses and extracted
features.
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2 Experimental Section
2.1 Drop Hammer

A drop hammer was constructed based on the Ball Impact
Tester (BIT) from the company OZM, since measurements
with this apparatus, compared to the BAM drop hammer,
provide more realistic results [1]. A steel ball is dropped
onto a sample from a defined height in order to initiate
combustion. Figure 1 shows the basic setup of the test
stand, consisting of a stainless-steel base plate, which can
be screwed to the table for stability (a), a head part, on
which an electromagnet is installed with which the ball can
be held or dropped (b), an aluminium rod, on which the
head can be fixed continuously (c), and a ceramic plate, on
which the sample is placed (d). In the BIT, the sample is ap-
plied to a steel plate. However, this shows wear in the form
of depressions and corrosion after a few tests. Since these
damages can varnish or interfere with measurements, a sig-
nificantly harder Al,O; ceramic plate was used instead in
this setup.

In the conventional BIT, the ball is released via a ramp
with a flap, which causes the ball to rotate. This can cause
friction, which initiates the sample in addition to impact [1].
The position at which the ball hits can also vary based on
the height from which the ball is dropped. Thus, without
camera monitoring, it is difficult to decide if a sample with
a negative result was not hit, or if the initiation energy was

Figure 1. Model of the revised structure of the drop hammer - a:
base plate, b: head plate with electromagnet, c: extrusion profile for
height adjustment, d: ceramic plate for sample preparation.
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not sufficient. To counteract this, an electromagnet was
used in this setup, so that the ball always falls vertically. The
height can be set between 5cm and 95 cm by adjusting
the position of the electromagnet on the rod. By using dif-
ferent steel balls (8.91 g—23.86 g), energies of 44 mJ to
222 mJ can be achieved.

2.2 Sensor Array

For the sensory monitoring of the setup, a sensor array con-
sisting of various sensors was attached to the drop ham-
mer. Figure 2 shows a schematic diagram of the sensor
chamber of the drop hammer. The sensor array consists of a
pyrometer (Kleiber Series 840(a)), a spectrometer (Ocean
Optics USB 2000) with a 50 um fibre and a collimating lens
(Ocean Optics 74-VIS Collimating Lens(b)), a photodiode
(Conrad Electronic TRU COMPONENTS 1000 nm 3004 M1 C
(c)), a MEMS microphone (ELV MEMS1 (d)) and a piezo
shock sensor (TE Connectivity Vibration Sensor (e)). The sen-
sor chamber is encapsulated in a housing (f) with openings
for the ball (f1) and for the pyrometer (f2). For data acquis-
ition (apart from the spectrometer, since it has a Serial COM
port), a DAQ card (National Instruments, PCI-6122) was used
for differential and simultaneous readout. The sampling
rate was 100 kS/s and all sensors on the DAQ card were
read out single ended. The spectrometer recorded one
spectrum per measurement with an integration time of
100 ms.

Figure 2. Sensor array of the drop hammer - a: pyrometer, b: spec-
trometer 4 collimator, c¢: VIS diode, d: MEMS microphone, e: piezo
sensor, f: housing, f1: aperture for ball, f2: aperture for pyrometer.
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2.3 Samples and Sample Preparation

Four different explosives were tested during the measure-
ments: tetrazene (C,;HgN,,, water content: 30 %), silver azide
(AgN;, water content: 15%), lead azide (Pb(N,),, water con-
tent: 30%) and lead styphnate (C4HN;OgPb, water content:
30%). All explosives were provided by DyniTEC GmbH. Sug-
ar was also measured to determine the influence of the ball
impact on the microphone and the piezo crystal, and to dif-
ferentiate it from the signal of the explosive. In addition,
blank measurements were made.

The sample preparation was standardised by first drying
the sample in a desiccator for 12 hours, and subsequently
placing it on the ceramic plate of the drop hammer accord-
ing to the sample preparation used for the BIT [1]. As
shown in Figure 3, the preparation involved a measuring
spoon (a) being used to apply 10 pL of the sample (b). The
sample was then smoothed to a thickness of 0.3 mm with a
slider and a rail (c, d).

The substances described above, and the corresponding
sample preparation, were applied for all measurements.

2.4 Measurement Parameters

The drop hammer was set to a height of 50cm. A 9.81g
ball was used, resulting in an energy of 48 mJ. This energy
is higher than the impact sensitivity of the explosives used
(tetrazene E16.6: 21 mJ, silver azide E16.6: 29 mJ, lead azide
E16.6: 37 mJ, lead styphnate monohydrate: 2.5-5 J (all de-
termined with BAM drop hammer) [4,5]). The parameters
were left unchanged across all measurements. The samples
were neither tilted nor were individual particle sizes sieved
out. 20 measurements per substance were performed. With
each attempt, all sensors were logged for three seconds.
The data recording starts one second before the magnet is
deactivated and the ball falls.

Figure 3. Sample preparation for the drop hammer test, a: measure
the amount of substance, b: apply on the plate, c: smoothe with
slider, d: prepared sample with 0.3 mm thickness
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2.5 Pre-Processing and Statistics

The sensor responses of the measurements were pre-proc-
essed and evaluated using a Python script [23]. The time
axis of the sensors (excluding the spectrometer) was nor-
malised to the first exceeding of a threshold value of the
piezo signal. For all plots of the raw data, a section of 10 ms
before and 100 ms after this peak was extracted from the
signals recorded by all sensors. The piezo sensor was chos-
en because a specific change in the sensor signal can be
expected even with blank substances. By adjusting the tem-
poral offsets of the sensor, signals can be estimated and
compared. A blank spectrum was performed immediately
before the main measurement and subtracted as a back-
ground measurement from the spectrum.

To extract and display substance specific characteristics
from the measurements, 42 features were extracted from
each measurement. The integral of the entire emission
spectrum and the wavelength with the maximum intensity
were extracted from the spectrometer data. Ten features
were extracted from each of the other sensors: the max-
imum of the signal, the signal integrated over time, the
time of the maximum, the time at which the signal exceeds
the threshold for the first time, the time at which the signal
exceeds the threshold for the last time, the slope from the
start of the peak to the maximum, the width of the peak,
the width of the peak at half the height of the maximum,
the width of the peak divided by the maximum of the peak
and the width at which the signal exceeds the measure-
ment range. The last feature describes the duration during
which the signal is outside the measuring range.

Since the extracted 42 features had too many di-
mensions for a graphical evaluation, they were reduced us-
ing Principal Component Analysis (PCA). For this purpose,
the data was first pre-processed using a unit vector and
then calculated using scikit-learn’s PCA library with stan-
dard parameters [24] to calculate three principal compo-
nents. Through the reduced dimension it can be de-
termined whether clusters become apparent when the data
is plotted. The loadings can then be used to identify which
of the extracted features could be useful for characterising
and identifying the substances and which features are ob-
solete or redundant. The library scikit-learn [24] with sin-
gular value decomposition as the solver was also used to
perform the LDA, using the entire dataset of extracted fea-
tures. Since this method belongs to the supervised meth-
ods, it is not only possible to search for substance specific
clusters in the data, but also to determine a regressor func-
tion. With the regressor function, identification of unknown
samples is possible. Despite the relatively small data set, the
correctness of the regressor function was determined by
cross-validation, using the leave-one-out cross-validation
procedure. In this process, each measurement is used iter-
atively over all measurements as test data set. The regressor
function was calculated from the rest of the dataset and the
average error rate of all measurements was calculated.
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3 Results and Discussion
3.1 Sensor Data

In the following chapter, a characteristic measurement for
each sensor is shown for all types of explosives.

3.1.1 VIS Diode

The sensor responses of the VIS diode are shown in Fig-
ure 4. Sharp peaks can be seen in the sensor responses of
lead styphnate, silver azide and lead azide, which are prob-
ably caused by a fast and violent decomposition of the
sample [7,22]. Looking at the sensor response of lead
styphnate, a second, smaller and broader peak can be seen.
This behaviour is frequently observed with this sample and
in a wide range of intensities (Figure 9)It is also occasionally
observed in measurements with azides. This is possibly due
to a moderate decomposition reaction, as described by Bas-
set et al. [5], when the sample particles are whirled up by
the ball. This will be verified in future measurements using
a high-speed camera. In measurements with tetrazene,
there is usually no signal above the noise level.

3.1.2 Pyrometer

The signals of the pyrometer (Figure 5) are very similar to
those of the VIS diode. Concerning lead styphnate, lead
azide and silver azide, we also see comparatively high
peaks, which are due to a fast and violent reaction of the
sample [6,7,22]. It is noticeable that these signals take sig-
nificantly more time to dissipate in comparison to those of
the VIS diode. This could be explained by the vapours re-
leased during the reaction. These emit IR radiation and last
longer than the emission of visible light. It can also be seen
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Figure 4. Characteristic signals of the VIS-diode of all six sub-
stances.
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Figure 5. Characteristic signals of the pyrometer of all six sub-
stances.

that the signals are cut off at 5 V because the upper end of
the measuring range of the Pyrometer has been reached. A
second, smaller peak or tailing due to a mild side reaction is
observed for the substances lead styphnate, lead azide and
silver azide. As with the VIS diode, tetrazene does not pro-
duce any signal.

3.1.3 Microphone

Looking at the signals of the microphone (Figure 6), a signal
can be detected in all samples. In the case of sugar and the
blank measurement, this is generated exclusively by the im-
pact of the ball. The signals are weakened when measured
with sugar compared to the blank measurement, due to the
fact that sugar mitigates the noise of impact compared to
an impact between the steel ball and the ceramic plate. Sig-
nals of all explosives are clearly above those of the blank
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— silver azide
lead azide
lead styphnate
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voltage (V)

0.2 1

0.0 4
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Figure 6. Characteristic signals of the microphone of all six sub-
stances.
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substances. As with the pyrometer, it can be seen that the
measuring range of the microphone is not sufficient. At an
output voltage of about 0.9V, the microphone membrane
has reached its maximum amplitude. Comparing the width
of the peaks, tetrazene shows the narrowest peaks. Meas-
urements of lead azide and silver azide show similar sensor
responses, while lead styphnate shows slightly shorter sig-
nals on average.

3.1.4 Piezo Sensor

Figure 7 shows the characteristic measurement signals of
the piezo crystal. Looking at the measurements of the blank
samples, a signal due to the ball is also recognisable. The
signal of the explosives shows a similar behaviour for all
types of explosives. First, a relatively high, sharp peak can
be seen, followed by a chaotic oscillating decay. This is
clearly less pronounced with tetrazene than with the other
explosives investigated.

3.1.5 Spectrometer

The spectra of the measurements are shown in Figure 8.
From each of the spectra shown, a blank measurement was
taken immediately before the actual measurement. If one
looks at the measurements of the blank substances, no
peaks are recognisable. The same behaviour can be ob-
served with tetrazene. Looking at the spectra of silver azide,
peaks of the respective cations are visible (peaks silver:
256.423 nm, 466.847 nm, 519.817 nm, 546.549 nm, peaks
lead: 405.780 nm, 589.562 nm, 500.541 nm, 256.423 nm
[25]). However, since the wavelength is not considered in
the evaluation, it is not discussed any further. Generally
speaking, measurements of lead styphnate show a larger
background than the spectra of the azides.

blank
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tetrazene
— silver azide
2.04 lead azide

lead styphnate

g
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Figure 7. Characteristic signals of the piezo sensor of all six sub-
stances.
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Figure 8. Characteristic signals of the spectrometer of all six sub-
stances.
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Figure 9. Lead styphnate - all 20 measurements, VIS-diode.
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Figure 10. Lead styphnate - all 20 measurements, pyrometer.
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3.2 Reproducibility of Lead Styphnate Measurements

If one compares the measurements from one sensor to an-
other for an individual substance, it is noticeable that the
sensor responses and signal curves are poorly reproducible.
This applies to both the VIS diode and the pyrometer. Look-
ing at the sensor responses of the VIS diode of lead styph-
nate (Figure 9), a main peak of the conversion can be iden-
tified in each measurement. As already described, this peak
is narrow and highly pronounced. The intensity of this peak
varies among all measurements. This main peak is some-
times followed by a second, smaller peak or tailing, which is
caused by partial conversions of the particles dispersed
through the ball. These reactions vary greatly in form and
intensity.

The same behaviour can be observed in the signal
curves of lead styphnate in the pyrometer (Figure 10). Here,
all measurements show an initial high and comparatively
narrow peak. It is noticeable that the end of the measuring
range of the pyrometer is reached with almost every meas-
urement, which makes an evaluation of the peak maximum
difficult. The first peak is also partially followed by tailing
caused by side reactions.

The measurement ranges of the VIS diode, the py-
rometer and the microphone are problematic, since the sig-
nal of the sensors is cut off in many measurements. How-
ever, a reduction in sensitivity would have the disadvantage
that substances that show comparatively mild reactions
(e.g., tetrazene) could no longer be detected.

3.3 Feature Extraction and Discrimination

Features were extracted from the data of all measurements
using the described Python script. All features were statisti-
cally evaluated and compared. Figure 11 shows the mean
values of the integral of the pyrometer signals of all sub-

0.016
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Figure 11. Average of the integral of the pyrometer signal, standard
deviation drawn in.
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stances. Silver azide, lead azide and lead styphnate clearly
stand out from the blanks and tetrazene. Looking at the er-
rors, it can be seen that the values of the extracted features
scatter strongly. This correlates with the observations from
Figure 10. As already described in the literature, the sam-
ples show a high scatter in the extracted features. Although
trends can be seen in the mean values, the standard devia-
tions are high. Based on the individual extracted character-
istics, substance specific trends can be recognised, but a
classification on the basis of this is not possible.

Looking at the pyrometer data ( Figure 11), it is not pos-
sible to differentiate tetrazene from blank and sugar meas-
urements. Lead azide, silver azide and lead styphnate differ
significantly in their mean values, but the values are highly
scattered. Looking at the average values of the integrated
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Figure 12. Average of the integral of the microphone, standard de-
viation drawn in.
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Figure 13. Plot of three calculated principal components.
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microphone signals of all samples (Figure 12), clear grada-
tions can be seen. It is possible to distinguish the sub-
stances based on this feature, but there is a high standard
deviation.

The dimensions of the entirety of the extracted data are
reduced to three dimensions using PCA. The variance of
these dimensions is about 65 %. Figure 13 plots the calcu-
lated three principal components against each other. The
first principal component accounts for 48%, the second
10% and the third about 7% of the total variance of the
data set. The substances tend to form clusters. Sugar and
blank measurements consistently show negative values for
PC 1. The measurements with tetrazene are comparatively
close to the blank measurements. This is probably due to
the mild combustion compared to the other explosives.
Looking at the lead-containing compounds, they show a
much stronger scatter than all other substances. Lead
styphnate shows a very large expansion of the point cloud.
This is consistent with the observations of high variances in
the raw data and the extracted features.

Based on the results, it can be said that the substances
are differentiable based on the reduced data set. Looking at
the PCA loadings with the total variance of the individual
sensors as a measure of separation (Figure 14), the signals
from the VIS diode contribute most to the separation. The
pyrometer, the microphone and the piezo crystal also con-
tribute strongly to the separation and thus prove to be effi-
cient for the differentiation of the measured substances.
The weighting of the spectrometer is rather low. It can be
omitted in future measurements.

Furthermore, the dimensions of the extracted features
were reduced with an LDA. Figure 15 shows the reduced
data set. The samples form clusters so that they can be dis-
tinguished based on the reduced data. As expected, the
blank measurements show a relatively low dispersion. If we
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Figure 15. LDA of the extracted features.

look at tetrazene, all measurements are grouped, although
highly scattered. Silver azide and lead azide also form clus-
ters. Looking at lead styphnate, there are two outliers. Their
cause and occurrence must be examined in more extensive
measurement series. Lead styphnate tends to form clusters
but the measurements scatter strongly. This is consistent
with the observation that lead styphnate (Figure 9) gives
very diverse sensor responses.

A regressor function was calculated and tested with a
leave-one-out cross validation as described in chapter 2.5.
The calculated error rate is 6.6%. Figure 16 shows the re-
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lead styphnate

blank sugar
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Figure 16. Confusion matrix of a leave-one-out cross validation.
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sults of the cross validation in a confusion matrix. If we con-
sider this, all blank measurements as well as all measure-
ments with lead azide were correctly assigned. For sugar
and silver azide, one measurement each was incorrectly as-
signed. For tetrazene, two measurements were incorrectly
assigned, one as a blank measurement and the other as a
lead styphnate measurement. This result also correlates
with the observations. Two of lead styphnate measure-
ments were assigned to silver azide and one each to the
blank measurement and tetrazene. This is consistent with
the occurrence of outliers in the data reduced by LDA.

The results are a preview for future measurements
where the sample size will be significantly increased. The
first results show the possibility of distinguishing between
different substances, so that it may also be possible to dis-
tinguish between different decomposition mechanisms of
the individual substances, such as detonation and def-
lagration.

4 Conclusion

A drop hammer was built in the style of the OZM BIT. The
drop mechanism and the sample plates were changed. This
setup was equipped with an array of different sensors: a mi-
crophone, a piezo vibration sensor, a VIS diode and a py-
rometer. Four primary explosives, namely tetrazene, silver
azide, lead azide and lead styphnate, were tested with this
setup. The energy of the ball was selected so that all sam-
ples reacted adequately. The measurement data was first
reviewed and the behaviour of the individual samples was
analysed. It is noticeable that some substances show a high
variance in sensor responses, especially lead styphnate. For
some samples, the signals exceed the measuring range. It
was not possible to counteract this issue, since other signals
for substances such as tetrazene lie in the lower area of the
measuring range. Thus, for future planned measurements,
the dynamic range of the affected sensors will be ex-
panded. In addition, several sensors with different measur-
ing ranges will be used.

Features from all measurements were extracted and
compared. Despite strong standard deviations of the in-
dividual features, substance specific trends are recognis-
able. Due to only small scatter in blank measurements, the
influence of the setup on the total scatter of all samples is
negligible. PCA was carried out for the purpose of di-
mension reduction. The substances tend to form clusters.
When looking at the loadings, especially the signals of the
VIS diode and the pyrometer contribute a large share to the
total variance. The influence of the spectrometer on the to-
tal variance is rather small - for future measurements it can
be omitted. To assess whether the extracted features are
suitable for classification, an additional LDA was carried out,
despite the comparatively small data set. The results of the
LDA show that the substances cluster and a separation of
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the substances could be possible by means of the extracted
features.

Furthermore, the data show that it might be possible to

identify different decomposition mechanisms of the sub-
stances and to depict parameters that favour the respective
mechanisms. For future research, measurements with sig-
nificantly higher sample sizes should be carried out to in-
crease the precision of the regressor function. In addition,
samples with different impact energies of the ball as well as
different ball sizes are to be used to investigate the influ-
ence of these parameters on the decomposition of the sam-
ples.
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