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Abstract

Impact experiments were performed at the french-german research Institute of Saint-Louis on three
energetic materials composed of 70 % in weight of RDX particles embedded in a wax matrix. These
materials differ by the microstructural properties of the explosive particles. The experimental results
reveal that the detonation thresholds, and so the sensitivity to shock, are different for each sample. To
better understand these results, we characterize the microstructural properties of these compositions.

The microstructures of the three materials are imaged with micro-computed tomography (uCT) at
CEA Gramat. First, the 3D pCT images are filtered and segmented. Then, an analysis of the segmented
volume is performed (granulometry, covariance and weight fraction). Each labeled grain is extracted
and characterized by several descriptors such as volume, surface, angularity, sphericity or intra-granular
porosity.

Virtual microstructures are generated with the extracted grains. Each grain is precisely selected
depending on its properties to generate a controlled microstructure. This allows to modify only one
microstructural parameter at a time. The virtual microstructures are built to be consistent with the
global analysis of the uCT segmented volumes. They respect both morphological granulometry and
spatial covariance of the uCT segmented volumes. These numerical materials are intended to be used
in mesoscale finite element simulations to study the effects of the microstructure on the shockwave
propagation.

Introduction

New energetic materials tend to be less sensitive in order to increase safety. They have to better resist
both thermal and mechanical aggressions. One way to reduce the sensitivity to shock of a material is
to change its microstructure. The hot spot theory is commonly used to describe the initiation after an
impact of an energetic material [1]. The principle is the following: the interaction of shock waves with the
heterogeneities of the microstructure generates localized elevations of temperature and pressure. These
areas with higher temperatures are called hot spots. In these localized zones, the temperature can exceed
the reactivity threshold. The chemical reaction starts locally. The growth and coalescence of the hot
spots can lead to the full detonation of the material.

The formation of hot spots, and so the sensitivity to shock, strongly depends on the microstructure.
Several experimental studies investigated the role of the shape [2] and the size [3] of the explosive grains
in the formation of hot spots. The role of intra-granular [4, 5, 6] and extra-granular porosities [7] were
also highlighted.

The mechanisms identified which can lead to the formation of hot spots are: pore collapses [8], plastic
deformations, fracture of the explosives grains or frictions between the grains [9]. Shock reflections can
also create hot spots [10].

The long term objective of this study is to better understand and quantify the influence of each mi-
crostructural parameter on the formation of hot spots. This will allow to evaluate the sensitivity to shock
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of an energetic material knowing its microstructure.

Three materials provided by the french-german research Institute of Saint-Louis (ISL) are studied.
They are composed of 70 % in weight of RDX and 30 % of a wax binder. The composition of the
three materials is the same but the type of RDX, and so the microstructures, are different. The first
material is made of RS-RDX from Eurenco. The grains contain numerous intra-granular defects like
porosities, solvent inclusions or micro-cracks. The second material is composed of raw VI-RDX. The
raw VI-RDX particles are obtained after a recrystallization of the RS-RDX grains. The recrystallization
process reduces the number of internal defects but the crystals have now sharp edges. A final step of
surface treatment gives the patented VI-RDX [11] with rounded grains. The third sample is made of
VI-RDX (Fig. 1).

The three materials have different shock sensitivity. In previous work, ISL performed measurements of
the sustained shock sensitivity with a small projectile impact experiment [5]. The VI-RDX/Wax material
detonates at the highest pressure (7.2 GPa). Both raw VI-RDX and RS-RDX based materials detonate
for pressure around 6.2 GPa despite noticeable microstructure differences. It is supposedly due to two
competitive factors which influence the formation of hot spots: the sharp edges of the raw VI-RDX grains
and the numerous intra-granular defects of the RS-RDX grains. These experiments revealed the role of
the shape of the explosive grains and the intra-granular defects. But real microstructures are complex
and we presumably miss the influence of other microstructural parameters (surface texture of grains,
contact points between the grains, debonding effects. .. ).

The study is divided into two steps to better understand the experimental results: i) a precise anal-
ysis of the three materials microstructures thanks to micro-computed tomography (pCT), ii) the study
of the sensitivity to shock of virtual microstructures. With virtual materials, we have a fine control on
the microstructure. We are able to uncorrelate some microstructural factors (for instance the size of the
grains and the number of intra-granular porosities) and better understand their role on the formation of
hot spots.

The objective of this paper is to present the methodology to build controlled virtual microstructures
with the RSA method. The microstructures are generated with real grains extracted from pCT images.
The first section presents the 3D microstructures of the three materials and their segmentations with the
tool SAMG [12]. The segmentation is validated with a comparison between experimental acquisitions
(weight fraction, diameters and bulk densities distributions) and image analysis results. The next sec-
tion introduces the descriptors used to characterize each extracted grain with a focus on the definition
of a new definition of the angularity index. The third section presents the methodology to build con-
trolled virtual microstructures with the RSA method and the library of grains. The generated materials
have new microstructural properties which means that some microstructural properties (for instance the
sphericity or the angularity of the grains) are different than the ones of the real CT material. This is
obtained by choosing precisely the grains from the library of extracted grains used to generate the virtual
microstructures. In the last section, the representativeness of the virtual materials is evaluated with two
descriptors: the granulometry and the spatial covariance.
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Figure 2: 600x600 voxels sections extracted from uCT volumes for the three samples. Examples of
RS-RDX twinned particles are highlighted on (a).

Image processing on micro-computed tomography images

The microstructure of the three materials is imaged using the micro-computed tomography technique at
the CEA Gramat. The pCT is a Skyscan 1172. We obtained a large number of 2D slices of the material
(Fig 2). The superposition of the slices gives access to the 3D microstructure. The samples imaged are
cylindrical with a height of 10 mm and a radius of 5mm. The resolution of acquisition for the VI-RDX
based material is 3.54 pm/voxel and the resolution for the raw VI-RDX and the RS-RDX based materials
is 3.67 pm/voxel. One slice of each material is presented on the Figure 2. The grains of RDX appear in
dark grey and the wax binder in light gray. The large white spots inside the grains are solvent inclusions
or intra-granular porosities. The differences between the three types of RDX are clearly visible. We also
notice that the RS-RDX grains tend to agglomerate. Some agglomerations of grains are in fact twinned
grains.

The 3D volumes need to be filtered and segmented to characterize the microstructure. The filtering
process aims to remove the noise without losing too much information on the boundaries of the grains.
The segmentation consists of separating the binder from the RDX grains but also to individualize each
grain of explosive. The two steps of filtering and segmentation are performed with a tool called SAMG
(Automatic Segmentation of Granular Media) [12]. This software was developed at the Center for Math-
ematical Morphology, at MINES-ParisTech.

The filter applied to the 3D volumes is a recursive bilateral filter [13] implemented in SAMG. The
parameters of the filter are chosen automatically based on two image analysis descriptors: the spatial
covariance and the intensity distribution analysis. The spatial covariance helps to choose the standard
deviation parameter of the filter. An intensity analysis of the 3D images allows to identify different
classes (or phases) in the material. The intensity standard deviation parameter of the filter is based on
the definition of the classes.

The next step is a segmentation with the watershed algorithm [14]. This process results in a coarse
segmentation with numerous over-segmented grains which means that one grain has several labels. A
process of over-segmentation correction is performed based on a geometric criterion [15]. The criterion
quantifies the constriction between two adjacent labels. A low constriction reveals the presence of over-
segmentation. The two labels describing the same grain are merged. A final step of manual correction
is performed to correct the remaining segmentation errors. Between 10 minutes to 5 hours are necessary
to correct a 1000% voxels volume with 6000 to 12000 grains. The time necessary to correct the RS-RDX
based material is important because of the presence of twinned grains. The constriction between the
labels of a twinned grain is too high to be corrected with the geometric criterion. One 10002 voxels
volume is segmented for each material (Fig 3).

Each labelled grain is extracted to build a library of grains. The segmentations are validated by
comparing the results with the results of experimental analysis. We compare three elements:
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Figure 3: Micro-computed tomography volumes and the corresponding segmentations



Table 1: Characteristics of the segmented volumes

| RS-RDX/Wax raw VI-RDX/Wax VI-RDX/Wax

Number of grains 12719 6080 7178
Number of extracted grains 11159 4751 o677
Volume fraction of RDX (%) 52.8 54.6 54.1

e the theoretical volume fraction fixed by the formulation process and the final volume fraction of
the segmented volumes,

o the experimental diameters distribution obtained with SLS (Static Light Scattering [16, 17]) and the
distribution of the surface equivalent diameters of the extracted grains after the Miles-Lantuéjoul
correction. The incomplete grains on the border of the volume are not considered. The probability
for a large grain to be on the border of the volume is higher than for a small grain. This phenomenon
introduces a bias in the size distribution of the extracted grains. To correct this bias, the Miles-
Lantuéjoul correction is applied [18, 19]. This correction affects to each particle a probability to be
fully enclosed in the volume. The initial number of grains and the number of extracted grains for
each sample are presented on Table 1.

e the experimental bulk densities distribution obtained with the flotation method (ISL patent [20])
and the bulk densities distribution of the extracted grains.

Between the filtering and the segmentation process, a certain amount of voxels from the RDX grains
are lost (very small grains and a few voxels on the boundaries of the grains). Instead of having a volume
fraction of 56 % which corresponds to a 70 % weight fraction, we find a final volume fraction around
54 % for the three materials (Table 1). Both experimental diameters and bulk densities distributions
are consistent with those obtained numerically from the RDX grains extracted of the three materials.
The segmentations are considered reliable. Consequently: i) the 1000® voxels segmented volumes are
considered as references for the generation of virtual microstructures ii) the library of extracted grains is
used to generate virtual microstructures.

Characterization of the grains

Each grain is characterized by several descriptors. A fine characterization of the grains helps us to better
understand the differences between the three type of RDX crystals. Moreover, in the generation of
controlled virtual microstructures, adding a threshold on one or several descriptors allows one to select
precisely some grains. We use the following descriptors:

e the volume and the reconstructed surface provided by the marching cube algorithm [21],

the length, width and thickness of the minimal oriented bounded box of the grain,

e the diameters of the spheres with equal surface/volume as that of the grain and the mean diameter,

the sphericity defined by Wadell [22], Bullard et al. [23], Delloro et al. [24] and Alshibli et al. [25],

the angularity defined using the morphological operator of the opening,
e the number of intra-granular porosities and the volume of each porosity.

In the following section, we create virtual materials with prescribed distribution of sphericity and
angularity. The definition used for the sphericity is the one given by Wadell [22]. The Wadell sphericity
of a grain is defined as the ratio of the surface of a sphere with a diameter equal to the volume equivalent
diameter, and the surface of the grain. This sphericity index is positive and bounded by 1 for a sphere.

The objective of the angularity index is to quantify the angularity of a particle. It is a particle shape
descriptor. Several angularity indexes exist in the literature but are only defined for 2D projections of
a 3D particle (see for exemple [26, 27, 28]). Few angularity indexes are defined on 3D particles [29, 30].
We developed a new angularity index defined by means of morphological openings which can be use on
both 2D and 3D particles. The principle is to determine, for each point of the surface, the radius r of



Figure 4: Principle of the determination of the tangent maximal inscribed sphere radius

the maximal tangent sphere inscribed in the particle (Fig. 4). This radius corresponds to the minimal
radius of the spherical structuring element for which the voxel of the surface disappear. The radius r is
normalized by the radius R of the maximal inscribed sphere in the grain. The normalization is necessary
to have a measure of angularity independent of the size of the particle. Denote X the grain and 0X
its surface. The cumulative distribution function of the normalized radius ry = r/R of the maximal
inscribed tangent sphere is defined by:

P(ry,X) = P{rn(z) < p,x € 0X,p €[0,1]} (1)

The angularity index A (Eq. 2) is the integral of the previously introduced cumulated distribution:

Alz) = /0 P(rx, X)dry )

The angularity index is bounded by 0 for a sphere and 1 for a very angular shape like a straight line.

Generation of virtual microstructures

To better understand the role of each microstructural parameter, we create virtual microstructures. The
algorithm to create the virtual microstructures is based on the RSA (Random Sequential Adsorption)
principle [31]. Random positions are chosen until the current grain may be implanted, i.e. does not
intersect any other grain. The RDX grains from the segmented pCT volumes are extracted to create a
library. Each grain of the library is characterized with several descriptors. By selecting the grains in
the library depending on the value of the descriptors, we control the properties of the generated virtual
microstructure. As a result, we are able to generate virtual microstructures representative of the real
material but also to generate less realistic microstructures with specific grains from the library.

In our algorithm, the library of grains is divided into classes according to the size of the grains. We
implant the grains sequentially starting from the class with the bigger grains and ending with the class
which contains the smallest grains in order to have a multiscale microstructure and to be able to reach
a 0.54 volume fraction of RDX. The generated sample volumes are periodic. In each class of grains, we
only pick the particles we are interested in by fixing criteria on the properties of the grains. Once the
grains which respect the criteria are identified in each class, they are randomly chosen and placed in
the volume. For the first 20 grains, random positions are chosen until the grain is adsorbed. For the
remaining grains, in case of intersections, the grain is moved in a previously chosen random direction. If
the grain is not adsorbed after all the positions along the direction are tested, we choose a new random
position. If after 50 new positions the grain is still not adsorbed, we select a new random grain in the
class. These steps are repeated until the correct volume fraction from each class is reached and until the
final volume fraction is reached.

Three microstructures of the VI-RDX/Wax material with different parameters are generated (Fig 5).
We wish to obtain a grain volume fraction of 0.54 and the size distribution of RDX from the represen-
tative segmented material which is the pCT segmented volume. To do so, we define 8 classes according
to the volume of the grains and determine the volume of grains from each class necessary to be consis-
tent with the reference volume of VI-RDX. For the first virtual microstructure, the grains are randomly



Figure 5: 1000 x 1000 voxels sections of VI-RDX/Wax of (a) segmented puCT with labelled grains,
(b) simulated microstructure representative of (a), (¢) simulated microstructure containing grains with
Wadell sphericity indexes > 0.88096, (d) simulated microstructure containing grains with angularity
indexes < 0.3105.
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chosen in each class i.e. there are no thresholds on the descriptors of the grains. In the second gen-
erated microstructure, only round-shaped grains are selected. The grains placed in the volume have a
sphericity index higher than 0.8096. The third material is composed of grains with an angularity index
under 0.3105. The threshold values for the sphericity and the angularity are the median values of all
extracted grains of VI-RDX. But in certain classes, there are no grains which respect the angularity or
sphericity criterion. In these classes, a new threshold value is determined such as 15 % of the particles
of the class respect the new threshold. This method allows us to enforce the same size distribution
for the grains in all generated microstructures and in the representative material. If for one class, less
than 15 % of the particles of the class respect the initial threshold, a new 15 % threshold is also deter-
mined. This process avoid to have only one grain in the class and to find it numerous times in the volume.

Slices extracted from the pCT segmented volume and from the three virtual materials are presented
on Figure 5. The four volumes seem visually similar. The angularity indexes distributions and the Wadell
sphericity indexes distributions of the RDX grains are plotted to quantify the effect of the criterion on the
microstructure (Fig. 6). The material with no criteria is consistent with the representative volume for both
sphericity and angularity. The sphericity controlled microstructure respects the angularity distribution
of the representative material but the sphericity distribution is truncated because of the threshold we
applied. Respectively, the angularity controlled microstructure respects the sphericity distribution of the
representative material but the angularity distribution is truncated. These results show that we are able
to slightly modify one parameter of the microstructure without affecting other parameters.

Validation of the virtual materials

The generated microstructures have to be representative of the real material by respecting the RDX sizes
distribution, spatial distribution and volume fraction. The validation of the virtual microstructures is
made with the comparison of two descriptors for the representative and virtual volumes: i) the morpho-
logical granulometry of the grains and the binder and ii) the spatial covariance.

The segmented volumes are converted into binary images (RDX grains/wax binder) so that we can
compute the granulometry of each phase (Fig. 7). The determination of the granulometric curve is
obtained with the residues of successive morphological openings operations defined as:

Mes(yn (X))

Fo(X)=1- Mes(r0(X)) (3)

where 7, (X) is the opening of size n on the subset X [32] and Mes(X) is the Lebesgue measure (here
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the volume). X is the phase we measure the granulometry of, i.e. the RDX or the binder.

The granulometric curves of the four materials are similar. This indicates that 8 classes are sufficient
to reproduce the sizes distribution of the representative material. The granulometry of the binder is not a
parameter directly controlled in the software developed to generate virtual microstructures. Nonetheless,
the binder granulometry of the four materials are nearly identical. This allows us to conclude that the
generated microstructures respect the granulometry of the uCT segmented volume.

The second verification is the spatial covariance [33]. The spatial covariance C'x (h) is the probability
that two points z and x + h lie on the same phase (Eq. (4)). As a consequence, Cx (0) corresponds to
the volume fraction p of the phase X. The covariance reaches a plateau for hoe which is equal to p2.

Cx(h)y={zeX,z+heX} (4)

The covariance is computed for the four materials along the same direction. First, we notice that we
are able to reach the 0.54 RDX volume fraction as C(0) is equal to 0.54 for the three generated microstruc-
tures. The spatial covariance of the four microstructures are similar. We conclude that the covariance of
the virtual volumes respect the one of the representative volume.

Finally, we consider that the three virtual microstructures are representative of the real microstructure.



Conclusion

Three materials composed of RDX and wax (70/30 in weight) with different microstructures are imaged
with uCT. We successfully segmented a large volume of 10003 voxels for each material with the software
SAMG. The labelled grains are extracted and characterized by several descriptors to form a library of
grains. The extracted grains are implanted in a virtual volume with the RSA method.

With this process, we are able to generate microstructures representative of the real material. The
virtual microstructures are validated by comparing the morphological granulometry of RDX grains and
binder in the pCT volume and simulated microstructures, as well as the spatial covariance. The generation
of representative microstructures allow us to work on a large number of independant volumes. With the
RSA method and the library of grains, we are also able to generate controlled microstructures where one
microstructural parameter at a time is modified. It allows us to uncorrelate parameters and to, in future
work, better understand the role of one microstructural parameter on the sensitivity to shock of energetic
materials.

Future work

The generated microstructures will be used in quasistatic and dynamic simulations. Thermoelastic calcu-
lations under hydrostatic loading conditions are solved with the FFT method [34]. The microstructures
are also used in eulerian mesoscale simulations of a shockwave propagating in the material with the
hydrocode OURANOS [35]. Different indicators like the maximal pressure, maximal strength and the
density of hot spots will be determined. The comparison of these indicators between the different virtual
materials will help us to better understand the role of microstructural parameters on the sensitivity of
an explosive. Ideally, only one microstructural parameter varies from one virtual material to another so
we have a direct information on the influence of the parameter on the sensitivity.
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