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Abstract: Ammonium nitrate finds application in explosives
and chlorine-free slow-burning propellants. Different phas-
es are known for this ammonium salt, each of them fea-
tured by peculiar bulk densities. As a consequence, the var-
iation of storage temperature induces processes of
expansion-contraction in the crystals, unless specific stabili-
zation is performed. In this paper, a batch of raw ammoni-
um nitrate particles has been thermally cycled between

—30°C to +60°C and analyzed. Microscopic observations,
particle size measurement, and X-ray microtomography
showed that the particles undergo a progressive fragmen-
tation process, with opening of internal cracks and voids.
The tested material halved its mass-mean diameter after
five thermal cycles. As a term of comparison, a phase-stabi-
lized ammonium nitrate batch was tested under the same
conditions, showing no effect.
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1 Introduction

The ammonium nitrate (AN) is one of the more interesting
ammonium salts from the commercial viewpoint. It finds ex-
tensive application in the field of nitrogen-based fertilizers
and energetic materials [1]. In the World War Il the salt was
used as ingredient in high explosives. Currently, AN can be
found in conjunction with fuels, mixed with other ex-
plosives, or in emulsions (e.g. ammonal, amatol, ANFO) [2].
In modern solid propellants, the use of ammonium nitrate is
restricted to slow-burning compositions and has the ad-
vantage of gaseous and chlorine-free combustion products.
This aspect enables the use of the oxidizer in eco-friendly
propellants, non-corrosive gas-generators, automotive air-
bags, and low-signature propellants (minimizing the secon-
dary smoke). High hygroscopicity and presence of multiple
phases, having different densities, represent two out of the
most important issues preventing its application.

The knowledge, control, or suppression of phase tran-
sitions are fundamental for AN industrial application. For ex-
ample, propellants with nonstabilized AN have been re-
ported to crack after thermal cycles involving crystal
transformations [3]. At author’s knowledge, seven crystalline
structures are acknowledged, six of them occurring at am-
bient pressure. A seventh one is observed at elevated pres-
sures. Each of them is associated to a specific lattice ar-
rangement and to a different bulk density. A complete
discussion about both stable and metastable states was
published by Nagatani and co-authors [4]. From a practical
application, the transformation between the phase IV and llI
is of paramount interest and is referred to occur at 32°C. As
reported by Griffith, such process is moisture sensitive, and
the suppression of phase Ill is observed for dry conditions
[5]. In its place, a metastable transition IV-Il is obtained. The
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temperature for such event can be slightly inhomogeneous
across different authors. Nagatani and co-authors report the
occurrence at 51°C while for Engel and Menke the tran-
sition is at 55°C. Table 1 reports a compact summary about
the most interesting structure evolutions of pure AN at am-
bient pressure, adapted from [6].

Table 1. Phase transitions of ammonium nitrate. Adapted from [6].

Phase \Y [\ 11 I I
Tetra- Ortho- Ortho- Tetra- Cubic
gonal rhombic rhombic gonal
Stability °C <—18 —18t032 32to 84 84 t0 125 125 to melt
Humid

Stability °C < —18 —18to 55 suppressed 55to 125 125 to melt
Dry

The introduction of potassium ions in the crystal lattice
by co-crystallization or melting demonstrated good efficacy
as stabilizing methodology. Among the options, potassium
nitrate revealed a remarkable property of lowering the tran-
sition temperature, reducing the volume change and the
sensitivity to moisture [7]. Campbell and Campbell noted
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that a minimum fraction of additive is required to obtain a
complete stabilization at temperatures relevant to storage
conditions [8].

The present paper investigates the behaviour of non-
stabilized ammonium nitrate under thermal cycles. The crys-
tals are thermally cycled under dry conditions. The evolu-
tion of their physical properties is progressively monitored
showing particle size alterations, morphology, and X-ray mi-
crotomography. Comparison with a phase-stabilized ammo-
nium nitrate based on potassium nitrate is reported.

2 Experimental
2.1 Materials

Two types of ammonium nitrate have been considered in
this study. One is non-stabilized AN and one is phase stabi-
lized AN of similar granulometry.

The nonstabilized ammonium nitrate (labeled as “Raw
AN") has been produced by Yara (Lot 14962-1-2). The prod-
uct contains Lilamin, a C16-18-alkyl-amine anticaking agent
in a mass fraction lower than 0.15%. The nominal particle
size mentioned by the supplier is 326 um.

The phase-stabilized ammonium nitrate (PSAN) powder
is labeled “PSAN-Coarse” and has been supplied within the
frame of the GRAIL project by the Fraunhofer Institute for
Chemical Technology, Karlsruhe, Germany (ICT). The product
was stabilized by adding 7 wt.% of potassium nitrate, ob-
taining a suppression of the IV to Il phase transition, as
documented in the literature [8]. The anticaking agent AER-
OSIL 200 was added in the amount of 0.5 wt.%. The nomi-
nal particle size was 155.7 um (sieves).

Laser diffraction of the virgin powders has been con-
ducted through Malvern Mastersizer 2000, using Scirocco
dry dispersion system. For all the materials, a monomodal
behavior was evidenced. The Raw-AN showed a quite nar-
row distribution featuring a span of 1.18. and a diameter for
the 50™ volume percentile d(0.5)=363 um. The PSAN-
Coarse had a d(0.5) =165 pum, with a span of 2.21. Details of
the particle size analysis are given in Table 2 where the
reader can find also the values for the mass-mean diameter
D, the surface-mean diameter Ds,, and the data for 10,
50" and 90" volume percentiles.

Table 2. Particle size analysis of original materials through laser dif-
fraction

Material d(0.1) d(0.5) d(0.9) Ds, D,s

(um) (um) (wm)  (um)  (um)

Raw AN 188 363 618 286 384 1.18
PSAN Coarse 49.8 165 415 96.2 204 2.21

Span
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2.2 Techniques

The two powders were placed in polypropylene jars, then
enclosed in a sealed glass vessel containing silica gel dessi-
cant salts. The powder transfer to the jars was performed
inside a bag box filled with Argon. The samples were then
thermally cycled between —30°C to +60°C. This cycling
was performed manually by moving the vessel between an
oven fixed at +60°C and a refrigeration system at —30°C.
Each status was maintained for 24 hours. The samples were
kept at room temperature (around 25°C) for 1 hour when
switching between the two conditions. A total of 5 thermal
cycles was performed.

Particle modification was initially observed by monitoring
the variation of two of the main morphology parameters: in
this specific case, size and shape [9]. Few hundreds of milli-
grams were sampled after the first, the third, and the fifth
thermal cycle. Laser diffraction analysis was performed using
Malvern Mastersizer 2000, equipped with Scirocco dry dis-
persion system. A Standard Operating Procedure (SOP) was
created for each type of oxidizer at the beginning of the cam-
paign. The air pressure rate was fixed to 0.2 MPa for all the
three samples and the tray vibration feed rate was set to 90%
for Raw-AN whereas for PSAN Coarse it was kept to 50% to
ensure proper laser obscuration. These analysis conditions en-
sured absence of clustering and minimization of crystal jet-
milling for the virgin materials by the dry dispersion method-
ology. The particle size distribution of the oxidizers has been
reported by taking average of 5 runs, computed by Malvern
Mastersizer 2000 software (version 5.61). The particle shape
was qualitatively analyzed through digital imaging from a
standard optical desktop microscope.

Further analyses have been conducted on the micro-
structure of the Raw-AN material. The internal modification
of the crystal between initial condition and end of the ther-
mal cycling was visualized through an NSI X-25 Digital X-
Ray micro computed tomography system. The specific set-
tings chosen for the analysis ensured a pixel pitch of
5.5 um.

3 Results
3.1 Particle Size

The particle size distribution detected through laser gran-
ulometry across the thermal cycling is reported in Figure 1
for Raw-AN and Figure 2 for PSAN-Coarse.

The powder Raw-AN is undergoing a process of frag-
mentation. The monomodal nature is maintained but the
peak of the curve shifts progressively towards finer values
and the amplitude of the distribution increments. The dis-
tribution loses part of the coarsest component while the
fraction finer than 100 um is incremented.

The numerical data for the analysis of Raw-AN are re-
ported in Table 3. A substantial decrement of all dimen-
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Figure 1. Particle size distribution curves for Raw-AN sample after
different cycles
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Figure 2. Particle size distribution curves for PSAN-Coarse sample
after different cycles

sional parameters can be observed, confirming a pro-
gressive fragmentation of the samples. On the other hand,
the increment of the span documents the broadening of
the distribution. The size reduction is more evident be-
tween cycle 1 and cycle 3, rather than between cycle 3 and
5. The process seems to approach a plateau behavior. The
reciprocal variations in d(0.1) and d(0.9) parameters suggest
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Table 3. Particle size characterization data for Raw-AN sample after
different cycles

Cycle d(0.1) d(0.5) d(0.9) Ds, D3 Span
(um) (um) (um) (um) (um)

0 188 363 618 286 384 1.18

1 101 298 552 175 316 1.51

3 42.2 171 414 86.4 204 2.17

5 329 137 364 68.7 172 241

that the size reduction is not uniform, with consequent ac-
cumulation of the fine fraction. The same indication can be
obtained when comparing the variation of D,; and D;,, be-
ing the former more sensitive to the presence of coarse par-
ticles.

The particle size distribution of the PSAN-Coarse lot is
reported in Figure 2. Here, curves show a minor decrement
of the peak size after the first thermal cycle. The size is then
stabilized and does not change throughout the rest of the
cycles.

The numerical data representing the distributions of
PSAN-Coarse powders are reported in Table 4. The variation
of d(0.1) throughout the thermal cycles is minimal and does
not reveal a substantial increment in the fine component of
the distribution. A small reduction of the d(0.9) is mainly
concentrated between cycle 0 and cycle 1 and indicates a
minor decrement of the coarsest component of the dis-
tribution. A comparison with the results obtained for Raw-
AN (Table 3) suggests that the dimensional variation of the
phase-stabilized AN is almost negligible.

Table 4. Particle size characterization data for PSAN-Coarse sample
after different cycles

Cycle d(0.1) d(0.5) d(0.9) Ds, D,s Span
(um) (um) (um) (um) (um)

0 49.8 165 415 96.2 204 2.21

1 439 142 363 84.9 178 2.24

3 44.4 147 366 84.9 181 2.18

5 41.5 136 352 80.9 172 2.28

3.2 Particle Shape

The modification of the particle shapes induced by the frag-
mentation due to the thermal cycling was observed for
both Raw-AN and PSAN-Coarse powders. Two images have
been taken for each lot with a magnification of 5x. Un-
cycled powders are reported respectively in Figure 3a and
Figure 4a. Imaging of particles after five thermal cycles are
reported respectively in Figure 3b and Figure 4b. The reader
should be warned that particles are not the same ones but
are randomly sampled.
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Figure 3. Raw-AN particles viewed under microscope (magnifica-
tion: 5 x)
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Figure 4. PSAN-Coarse particles viewed under microscope (magnifi-
cation: 5 x)

The original material of Raw-AN lot (Figure 3a) features
rounded, nearly spherical shapes. Despite the superficial
texture was not investigated, the edges visible from the mi-
croscopic top view appear smooth. After the thermal cycles
(Figure 3b), the material contains fragments of varying size.
Particle edges are irregular in shape. The rounded aspect is
lost. This observation confirms the fragmentation process
already evidenced in laser diffraction analysis.

The original PSAN-Coarse sample (Figure 4a) is a prilled
material. The particles look like regular spheres of varying
size. After 5 thermal cycles (Figure 4b) the particle quality
seems to be unchanged. The surface is still smooth and the
shape is spherical, as the original particles. Also in this case,
the images confirm the result obtained from the laser dif-
fraction analysis, where fragmentation was not detected.

3.3 Microstructure

An X-ray computed microtomography analysis was con-
ducted on Raw-AN particles to investigate the source of the
fragmentation attitude.

Few coarse particles with similar size have been ex-
tracted from both virgin material and fully cycled sample.
The powders have been mounted on a sticky holder and
were imaged in the same scanning session to ensure the
uniform exposure and post-processing. Examples of slices
extracted from three-dimensional reconstructions have
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Figure 5. Tomographic slices of Raw-AN particles before and after
five thermal cycles (Pixel pitch —5.5 pm/pixel)

been reported in Figure 5a for the virgin material and Fig-
ure 5b for particles after five thermal cycles.

The tomographic slice of Raw-AN material at the initial
condition (Figure 5a) shows a compact internal micro-
structure. Also from this view, the particle edges appear
smooth and regular. The internal microstructure of the cy-
cled powder (Figure 5b) is not compact. Cracks open across
the particles, generating internal voids. The edges are not
regular, suggesting that some fragments may have de-
tached, following the internal cracking. It is important to
underline that the visualized powder belongs to the group
of those particles that did not fragment during the process
and is representative of the coarse part of the distribution
observed in Figure 1 and Table 3 for cycle 5 condition.

4 Discussion

The process of phase transition in ammonium nitrate pow-
ders appears to be critical for the health of the single crys-
tals. According to the temperature ranges of the stable and
metastable structures, the crystal was cycled between pha-
ses |l and V. Few iterations were enough to fragment the
non-stabilized powders. The damage was progressive and
mainly affected the coarsest fraction of the distributions. Mi-
croscopic images showed that the particles lose fragments
of irregular shape from the sides or cracked into smaller
pieces. Laser diffraction measurement showed a progressive
decrement of the main size parameters. The PSAN prills, us-
ing potassium nitrate stabilization, were characterized by a
rounded shape. These particles did not show important
fragmentation effects and were almost insensitive to ther-
mal processing. Both particle size measurements and micro-
scopic views supported these considerations.

The microtomography analysis showed that the attitude
of particle fragmentation, observed in the nonstabilized
Raw-AN, derived from the internal damage that accumu-
lated inside the crystals during cycles. Tomographic slices of
randomly chosen coarse particles showed the presence of
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cracks and vacuoles inside the bulk. If compared to the
original state, the cycled items may be weaker and prone to
partial fragmentation or crystal cleavage in case of further
thermal and mechanical processing.

5 Conclusion

Fragmentation attitude of ammonium nitrate nonstabilized
particles was investigated in the paper. The process was an-
alyzed through laser granulometry, optical microscopy, and
tomography suggesting a degradation of the crystal with
progressive fragmentation into finer pieces of irregular
shape. X-ray analyses were used to highlight the accumu-
lation of damages inside particles.

Parallel analyses were also performed on a sample of
PSAN, showing no significant sensitivity to thermal cycling
and demonstrating that, in this respect, the stabilization
based on potassium nitrate is effective in maintaining the
crystal quality, even after some thermal cycles.
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