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Abstract

A study has been undertaken on the effect of mixing methods on the IV < III transition of ammonium nitrate (AN).

Potassium chloride (KCl) and monoammonium phosphate (MAP) were mixed with ammonium nitrate (AN) by different

mixing methods. The results of differential scanning calorimetry (DSC) showed that the crystals have different transition

behaviour. When the samples were mixed by mechanical mixing method,the temperature of IV III transition was

increased. For the solution mixing method, the IV<III transition of AN-8%KCI mixture was disappear, while the IV« III

transition temperature of AN-MAP mixture was reduced to a lower temperature. The morphology changes and

structural properties were further analyzed by powder X-ray diffraction (XRD) and scanning electron microscopy

(SEM). The present study showed that mixing methods, additives, thermal cycling and hydrogen-bond have an

important influence on the IV III transition of AN.
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1. Introduction
Ammonium nitrate is widely used as a high nitrogen

fertilizer and a major component in energetic material and
civil explosives? . However, there are several drawbacks
that limited its application, such as phase transitions, low
burning rate and hygroscopic. AN can exist in five
polymorphic forms (designated as phases V, IV, III, II and
I) under ambient pressure, these solid phases of samples
exhibit different physical and thermodynamic properties
such as solubility, specific volume and heat capacity?-?.
The IV<III transition occurs near the room temperature,
the phase IV (0 = 1.72 gcm?) to phase III (0 = 1.66 gcm ™)
can cause variation in density and volume change(3.8%),
after this transition, the crystals have a porous structure
and cracked crystals with poor mechanical strength and
unwanted burning behavior®. These problems affect the
application of AN. The main difficulty in stabilizing the
phase arises because of the sensitivity of the phase to a
diverse range of variables. In particular, the problems
associated with the phase transition at 32 °C have been

addressed by developing phase stabilized AN (PSAN).
The phase stabilized AN (PSAN) is a mixture of AN and
several weight percent of additives. PSAN exhibits very
little density and volume change on thermal cycling. This
effect is achieved by suppressing the IV<III transition, or
modifying the morphology. PSAN is widely used in the
field of industrial explosive and propellant now for the its
low cost, chemical stability, low sensitivity to friction and
to shock, as well as its low polluting characteristics.

The earlier studies pointed out that the IV<III
transition temperature may be influenced by moisture,
mode of crystallization, thermal history of the sample,
number of previous transformations, heating mode and
grain size, etc” ™. Anuj A. Vargeese® et al. assumed
crystallization method was the main factor that influences
the near room temperature (IV<III) phase transition of
AN; Hong Bo Wul® et al. observed that the transition
path and temperature of AN particles can be changed by
the addition of KNOs; R.N. Brown!" et al. assumed that
the transformations IV<III only take place in the
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presence of moisture. Tu Lee'? et al. assumed that co-
crystallization may become a solid-state modification
method in the areas of propellants and explosives. Jo
Takeuchi® proved that proton transfer in the ammonium
nitrate system enhances the internal electrostatic
interaction, resulting in an ionic form with remarkable
stability even in the gas phase.

The IV III phase transition of AN has made certain
achievements under laboratory conditions (low content of
the additive, ideal crystals, mild process). However, in the
actual application process, the interaction between AN
and additives, thermal cycle, the different mixing methods
etc will have a huge impact on the AN crystals. In
addition, some modification methods are complex and time
-consuming, improving the IV<IIl phase transition
temperature by the simple method is significant for the
production of AN. KCl is one of suppressor agent in mine
safety explosive, it is used to reduce the energy release of
AN to ensure stable detonation. MAP is a raw material in
compound fertilizer. They are often mixed with AN in
actual production. To better know which factor play an
important role on phase transition of AN in the actual
application process, the IV<III phase transition of AN-KCI
and AN-MAP mixtures was analyzed, with an emphasis
on analysis the effect of mixing methods on the IV<III
transition.

2. Experimental
2.1 Preparation of modified ammonium nitrate
sample
AN, KCl and MAP were of AR grade and obtained
without further purifications in the experiments, from
Kailong Chemical (China) and Huarui Chemical (China)
respectively.

2.1.1 Mechanical mixing method

To prevent moisture absorption, AN, additives and the
mill pot were preheated at 80°C for 05h. 600g AN was
mixed with different wt% of additives by ball mill at a
speed of 120r min~! for 0.5h, then stored in a desiccator
before use.

2.1.2 Solution mixing method

Saturated solution of AN was prepared by dissolving 25
g AN in 10 mL of distilled water at 80°C. The solution was
kept in a water bath for 30 min, after complete dissolution
of the salt, different wt% of additives were added to the
solution, the samples are shown in Table 1. After heating
and complete dissolution, the solution was slowly cooled to
room temperature with gentle agitation®¥. The agitation
was stopped just before the solution was cooled to the
room temperature. The solution kept in ambient condition
in a sealed container for 72 h. The resulting crystals were
collected through filtration, then stored in a desiccator and
used for further analysis. The water content of the
mixtures was identified using a Sartorius-MA35, and the
moisture was maintained at approximately 0.06% to
ensure the consistency of the experiment.

Table1 Table 1 Composition of different samples
Material Mixing content AN  Additive Mass
method [%] [¢] [¢] [¢]
AN/KCl  machinery 15 25 3.75 28.75
AN/KCl  machinery 20 25 5.00 30.00
AN/KCI solution 10 25 250 2750
AN/KCI solution 15 25 3.75 2875
AN/NHsH2POs machinery 25 25 6.25 31.25
AN/NH{H:POs machinery 30 25 7.50 32.50
AN/NH4H:POs  solution 25 25 6.25 31.25
AN/NH4H:POs  solution 30 25 7.50 3250

2.2 DSC thermal analysis

The phase transition of the modified AN was
determined by using a DSC 1 instrument that produced
by Mettler-Toledo. The samples obtained via different
mixing methods were heated from 20°C to 200°C in a
sealed crucible, at a scan rate of 5°C min! and using N2 as
the atmosphere. All the samples were dried in a vacuum
desiccator before use.

2.3 SEM analysis

The SEM uses a focused beam of high energy electrons
to generate a variety of signals at the surface of solid
specimens. The morphology of the modified AN particles
was studied by using a JSM 6360A scanning electron
microscope. The powder sample was put on a carbon tape
and then coated with platinum using a sputter coater.

2.2 XRD analysis

The crystal structure of the modified AN was identified
by using a X-ray diffraction (Bruker AXS D8). The
interplanar spacing (d) was calculated by Bragg’s equation
and the obtained d values were compared with the
American Society for Testing and Material (ASTM) data.
The scanning was conducted in a continuous mode over a
20 range from 10.00° to 85.00° with a step size of 0.05°
were compared with the ASTM data. The XRD
measurements were carried out with Cu Ka radiation at
30 kV and 40 mA.

3. Results and analysis
3.1 DSC thermal analysis results

The results of DSC are shown in Table 2 and the DSC
curve of AN is shown in Figure 1. The AN exhibited four
endothermic peak, the first endothermic peak occurs
around 38.68°C is the result of the IV to III phase change,
the second (87.55 °C) is the III to II phase change, the third
at 127.88 °C is II to I phase change, the last is the melting
point of AN at 158.33°C!®17 The DSC curves of modified
AN (mechanical mixing method) are shown in Figure 2-3.
The IV<III phase transition of the AN-15%KCl mixture
occurs around 48.30°C. When the content of KCl reached
to 20%, the temperature was increased to 52.16°C. For the
MAP, the IV<III phase transition occurs around 46.83°C
(MAP: 25%) and 49.84°C (MAP: 30%). The other
transitions, viz. III<II, II<1 were not affected, and the
transition route is not altered but the IV<III transition
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Table2 Comparison of transition temperature of different

samples
. Mixing content IVelll HI<II IIeIl
Material
method [%] [°’cr - °corea
AN 3868 8755 127.88
AN/KCl  machinery 15 4830 8863 122.08
AN/KCl  machinery 20 5216 9180 126.88
AN/NH4H2PO4 machinery 25 4683 8388 122.77
AN/NH:H2POs machinery 30 4983  89.25 122.77
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Figure5 DSC curve of AN/NH4H2POxs (solution mixing)

temperature has been shifted to a higher temperature.
This in turn also proves that the transition occurred
around 48.30°C (KCl:15%) or 46.83°C (MAP:25%) is the
IV 111 transition rather than the IV<II phase transition
or a metastable transition.

The DSC curves of modified AN (solution mixing
method) are shown in Figure 4-5. As shown in Figure 4,
the IV IIl phase transition was disappear, the III<II
transition occurs around 91.48°C (KCl:10%) and 95.5°C
(KC1:15%). While it should be noted that the IV<III
phase transition of AN-MAP mixtures has been shifted to
a low temperature, the transition occurred around 32.62°C
(MAP :25%) and 34.45°C (MAP: 30%), the III<>II phase
transition occurs around 89.14°C (MAP : 25%) and 90.51°C
(MAP : 30%). The results are compiled in Table 3.

For the solution mixing method, the re-crystallization is
the main reason impact the IV<III phase transition. In the
re-crystallization process, the size of the additives, pH, and
viscosity will affect the ammonium nitrate crystals. In
order to compare the effect of cations on the IV~ III phase
transition of AN, the AN-10% sodium chloride (NaCl), AN-
10% ammonium chloride (NH4Cl) and AN-10% calcium
chloride (CaCly) samples were prepared for the DSC
analysis, the results are shown in the Table 3. Unlike AN-
10% KCIl, the IV<III phase transition still exists. As it
shown in the Figure 6, the III<II transition occurred
around 4052°C (AN-NaCl), 55.83°C (AN-NH4Cl) and
54.61°C (AN-CaCly), it can be concluded that the cations




8 Tan Liu et al.

Table3 Comparison of transition temperature of different

samples
. Mixing content IVelIIl III<Il II<I
Material
method [%] [°C] [°Cl  [°C]
AN 3868 8755 127.88
AN/KCl solution 10 9148 11383
AN/KCl solution 15 9550 114.33
AN/NH:H2POs  solution 25 3262 8914 12291
AN/NH4H2POs  solution 30 3445 9051 12585
AN/NaCl solution 10 4952 9124 11530
AN/NH4Cl solution 10 5583 9062 117.60
AN/CaClz solution 10 5461 9012 127.32
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T -——-AN-lO%NH4C1
S —— AN-10% NaCl
z
R ey
§ S 54-?1_ ________ 9‘3-}2___" 12732
10 '55.83 90.62 117.60
4952 91.24
115.30
-15 T T T T T T T T
50 75 100 125
T[C]

Figure6 DSC curve of AN/additives mixtures (solution
mixing)

played a significant role in the re-crystallization process.
The room temperature phase (AN-IV) is ordered with
an orthorhombic crystal structure (Pmmn), the NHs+* and
NO3~ are arranged in columns along the b axis with a
periodicity equal to the unit cell length. The nitrate ions lie
in the ac plane and each is hydrogen bonded to 4
ammonium ions. There are infinite hydrogen-bonded [H(1)
...... 0(1)=2.05A] chains parallel to the a axis. These chains
are linked by some weaker hydrogen bonds [H(2)......O(1)=
2.16A] to form infinite sheets parallel to (001)® 20 In AN-
III, NO3~ moieties are ordered, the strong two-dimensional
hydrogen-bond network which occurs in the phase IV
structure is broken systematically along one direction and
becomes a one-dimensional chain (with a weaker O.....H
interaction) in the phase III form?’#). In KCI-NH4NOs;
samples, K* ion radius is 133pm, the NH4" is 143pm, the
size of the atom Ar=7% (4r <15%), the cation : anion
ratio is below (.73, the salts are stable in a six-fold
coordinated NiAs structure'®. For the Na* ions, Ca* ions,
the size of the atom is not suitable for the ion exchange. In
the re-crystallization process, K* ions will replace NH4*
ions in the crystal lattice and form a solid solution because
of their similar ionic radius, thereby reducing weaker
hydrogen bonds [H(2)......0(1)=2.16 A]. This could cause the
disappearance of phase IV with the increase in additive
content. It can be know from the Figure 7, when the
mixtures contains 4%KCl, the IV III transition occurred
around 47.12°C, with the KCI reach to 8%, the IV<III
transition was disappeared. Importantly, we found the
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Figure7 DSC curve of AN/KCI (solution mixing)

temperature of II<1 transition was decreased with the
increase of the additive.

The I phase was stable in the temperature range of
125.2-169°C, in the cubic symmetry the NO;~ ions are in
free rotation and the NHs4* ions are comparatively free to
diffuse in the lattice? ~%. Form II is tetragonal with a
space group P421m, in this form the NO3~ ions are no
longer in free rotation and each NO3~ ion is rotating in its
own plane® 2" For this phase transition, it needs an
energy barrier hindering the free rotation of the NO3~ ions
and the translational diffusion of the NHi"ions begins to
operate. Harri Kiiski® reported that phase transition is
accompanied by a distortion of the lattice from cubic to
tetragonal and the barrier is probably an hydrogen
bonding bond and it is expected to be of the order of 5 to
10 kcal mol . Cationic substitution may affect the
hydrogen bonds of AN, but II<1 transition of AN-10%
NaCl mixtures was also decreased to 115.30°C. The ionic
radius of chloride and the rotating nitrate group are 1.90
and 2.35Af with equivalent symmetry, Hendricks?® et al.
think chloride could replace nitrate in cubic AN for the
similar radius. The temperature of II<1I transition was
decreased with the increase of the additive, we thought
hydrogen bonding and ion exchange may play an
important part in the interaction of ammonium ion with
the additive.

It should be noted that the AN-KCI and AN-MAP
mixtures (mechanical mixing method) can’'t make the IV~
IIT phase transition disappearance, but it can increase the
IV 1III phase transition around to 50°C. The IV« III phase
transitions of AN can be raised to a higher temperature by
a simple method, it is significant for the production of AN.
It is well known that the presence of impurities can
dramatically affect physical properties of the crystals in
the process of mechanically mixing and the growth of
crystal morphology is governed by the crystal structure
and defects, environmental conditions, growth rates, etc.
Under the action of external energy, the friction and
energy exchange between particles can cause variation in
crystal structure®3¥. We think the mechanical mixing
methods can improve the temperature of IV III phase
change perhaps due to thermal cycling or macroscopic
stress.

To better understanding the impact of macroscopic
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Figure 8 SEM of AN/15% KCI mixtures

(A) AN/NH4H2PO4 mixtures (mechanical mixing)
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Figure9 SEM of AN/25% NH4+H2PO4 mixtures

stress on the crystal morphology, the SEM was carried
out. The SEM images of the crystals at different
magnification are shown in Figures 8-9. For the
mechanical mixing method, under the action of external
stress and friction, the crystal had a certain degree of
broken. The crystals started losing their nature and tend
to break down into smaller crystals. In Figures 8 (A) and
Figures 9 (A), the sample showed smaller and irregular,
the specific surface area of AN will increase with the
particle size becomes smaller, the friction between the
particles will become more intense. Since the sample
through preheated at 80°C for 0.5h, the energy exchange
between the particles will form a “hot spots” —small
isolated regions of crystal at a much higher temperature.
Once the particles separated, the local temperature of the
crystal will decrease. That means the crystal undergoing
many thermal cycles in mechanical mixing process. R.N.
Brown!V et al. assumed that repeated cycling between 0
and 140°C may cause the IV<III transition temperature
to rise or eventually this transition was replaced by a IVe
1I transition. The result is consistent with literature' and
previous results of DSC analysis.

Some of the earlier papers state that the IV < III
transition is influenced by the hydroxylammonium nitrate
(HAN) present in the crystals®-3V. The stabilization effect

Q
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1, F—AN4% Kel
2 4

40 60 80 100 120 140
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Figure10 DSC curve of AN and AN/KCI (solution mixing)

is present for only one thermal cycle, this behaviour of
crystals may be due to the fact that the HAN present in
the crystals is decomposing off at higher temperatures
and only pure AN remains after the thermal cycling. But
in the present study, a few samples were analyzed for the
thermal cycle before doing the DSC analysis. In the Figure
10, after 10 times thermal cycle (20-120°C) the stabilization
effect is still present, although there just a little change in
the IVeIIl transition temperature. We think the
stabilization effect maybe is influenced by the number of
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thermal cycling and the HAN isn't only parameter
influence the IV III transition.

3.2 XRD Characterization

The X-ray powder diffraction data of modified AN
(mechanical mixing method) obtained at room
temperature is shown in Table 4, the XRD patterns of the
crystals are shown in Figure 11-12, the crystals were
exhibiting the sharp reflections of AN (JCPDS 8-452)
phase IV peaks. The peaks of AN at d values 2.72 (020),
3.09 (111), 3.96 (011) and the standard spectra of XRD was
17.90°, 2243°, 28.9°, 32.88°, and 39.85°. When KCI and
MAP were added as additive to AN respectively, no
difference of the main feature peaks was seen in the
Figure 10. The main peaks of AN-KCl mixtures were
18.25°, 22.76°, 29.20°, 31.36°, 40.41° , the main peaks of AN-
MAP mixtures were 18.16°, 22.64°, 29.13°, 31.24°, 33.07°,
40.01°, the small angle offset maybe is cause by the crystal
defects or macroscopic stress in the mechanical mixing
process. The mixtures were in IV phase, the mechanical
mixing method has little effect on phase transition.

For the solution mixing method, the X-ray diffraction
data is shown in Table 5, the XRD pattern of the crystals
is shown in Figure 1. The AN-KCI mixture was in III
phase, this result is consistent with previous results of
DSC analysis. In the re-crystallization process, K* ions
replace NH4" ions in the crystal lattice and form a solid
solution because of their similar ionic radius, thereby
reducing weaker hydrogen bonds [H(2)...... O(1)=2.16A].
This could cause the disappearance of phase IV with the

Table4 Comparison of d values with ASTM data

AN(ASTM) AN AN-KCI AN-MAP
DIA] I D[A] I DI[A] 1 D[A] I

495 45 487 84 486 164 488 307
396 65 386 267 391 386 392 496
3.66 2 303 256 28 145 325 37
309 100 233 38 270 100 307 100
2.88 10 267 100 246 6.6 271 559
272 75 245 32 237 7.7 246 9.7
248 10 2.35 36 223 575 225 389
2.38 8 224 125 178 2.0 223 101

2.26 45 172 3.8 172 2.3
1600 —
(=]
=)

1400 —AN phase-IV

1200
—1000
5
2 800 o
3 -
= 600 4 =

400 <
=
200 4 S al ol =
oJ EN_}K o
0 n |Jﬁ b bR i [ o
Y T 1 T T T T T T T T
10 20 30 40 50 60 70 80
Position 20 [ ° |
Figure11 XRD patterns of neat AN
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Figure12 XRD of different samples (mechanical mixing)

increase in additive content®®. It should be noted that the
peaks of NH4Cl and potassium nitrate (KNO3) were found
instead of KCI, the ion exchange is not only has an
important impact on the phase transition but also in the
mine safety explosive. KCl is one of suppressor agent in
mine safety explosive, in the process of detonation, under
the action of high temperature and high pressure, KNO3
and NH4Cl will interact with each other and generate NHy
NOs and KCL The result of ion exchange were to generate
the molecular level of KCI?, this is an important
significance for the mine explosive safe use. While the
MAP-NH4NOs3; mixtures were in phase IV and III. Unlike
KCl, the size of the ion is not suitable, anionic mixed into
the crystal by electric balance, so only a small amount of
MAP into the crystal. In addition, MAP is a weak acid,
hydrogen ions can promote the decomposition of AN and
influence the formation of hydrogen bond. Structural
defects will decrease the transition energy and lower the
transition temperatures, the AN exhibited IV IIle 1«1

Table5 Comparison of d values with ASTM data

AN-III(ASTM) AN-MAP AN-KCl
D[A] I D[A] I D[A] I
5.34 10 5.26 20.1 5.17 74
455 20 488 236 448 264
391 55 448 30 392 139
34 70 392 53.3 3.86 100

3.25 90 387 29.1 3.36 54.1
3.20 30 372 114 322 615
293 12 3.36 159 3.19 66.1
291 8 322 175 290 109
285 40 3.19 1638 281 272
263 100 3.06 100 261 527
255 8 294 1.9 253 6.6
242 35 291 17 240 279
233 18 2.86 98 231 24.1
2.29 35 2.82 49 227 71
226 45 271 91 225 35.3
1.92 16 2.64 28 1.93 82
149 16 240 237

231 6

225 216

146 34
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Figure13 XRD of different samples (solution mixing)

transitions'®3”. So the solution mixing method is not
suitable for the AN-MAP mixtures.

4. Conclusion
To better understand the effect of mixing methods on

the phase transition of Ammonium Nitrate, the IV<III
transition of AN-KCl and AN-MAP mixtures were
analyzed. The following conclusions can be drawn :

(1) For the mechanical mixing method, the friction, heat
exchange and thermal cycle have an important influence
on the IV III transition of AN. To produce PSAN, the co-
crystallization method is usually employed, but the
process is complex and time-consuming. Improving the IV
«JII phase transition temperature by the simple
mechanical mixing is significant for the production of AN.

(2) KCI added to AN, some of the NH4* is replaced by
K* thereby reducing weaker hydrogen bonds, this could
cause the disappearance of phase IV. But for AN-MAP
mixtures, crystal defects decrease the transition energy
and lower the IV<III transition. The cations played a
significant role in the re-crystallization process.

(3) According to the results, it is evident that in the
actual production process, different mixing method is
important parameter affecting the IV<III phase
transition for the different additives.
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