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Abstract: Solid heterogeneous rocket propellants (SHRP) containing ammonium perchlorate (AP)
emit a lot of hydrogen chloride (HCl) during combustion, which poses various environmental issues
and makes the detection of the rockets easier. Part of the AP can be replaced by ammonium nitrate
(V) (AN), which does not lead to the production of HCl. AN is a commonly used environmentally
friendly oxidizer, but it is not usually applied in SHRP due to its disadvantages. One of these
disadvantages is a phase transition near room temperature, which causes the density change of
AN. Three types of phase stabilized ammonium nitrate (V) (PSAN) with inorganic potassium salts
were obtained in order to shift this transition into higher temperatures (above the temperature
range of the storage and the usage of SHRP). The SHRP with the PSAN were obtained, and the
measurements of the heat of combustion, density, hardness, the sensitivity to mechanical stimuli and
the thermomechanical properties were performed. The obtained propellants were characterized by
similar operational parameters or were slightly lower than those without the PSAN. This means that
AP can be partially replaced without significantly compromising the handling, safety or functionality
of the propellants, while increasing the environmental performance of the solution.

Keywords: solid rocket propellant; phase stabilized ammonium nitrate (V); inorganic potassium
salts; physical and thermomechanical properties of heterogeneous propellants

1. Introduction

Ammonium nitrate (V) (AN) is widely used in both civil (e.g., mineral fertilizers) and
military (e.g., solid rocket propellants) industries. The wide application of AN is due to its
low price, high availability, safe usage, low sensitivity to mechanical stimuli or the absence
of toxic combustion products. On the other hand, AN also has a number of disadvantages
limiting its use, including its high hygroscopicity, low combustion velocity and the presence
of a few phase transitions [1–5]. In order to limit the disadvantages (i.e., hygroscopicity,
presence of phase transitions, low combustion velocity) of ammonium nitrate (V) in solid
heterogenous rocket propellants (SHRP), the following methods can be used [3–6]:

• The phase stabilization of ammonium nitrate (V);
• The modification of the AN surface to reduce the hygroscopicity;
• The addition of catalysts to increase the burning rate.

Ammonium nitrate has a minimum of five polymorphic transitions under atmospheric
pressure below its melting temperature:

• Phase V, tetragonal, below −16 ◦C;
• Phase IV, orthorhombic, (−16)–32 ◦C;
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• Phase III, orthorhombic, 32–84 ◦C;
• Phase II, tetragonal, 84–125 ◦C;
• Phase I, cubic, 125–170 ◦C [3,5].

Under microscopic observation, there are differences between the shapes of these
phases: phase I—a shape “like plastic” without grain boundaries; phase II—large crystals;
phase IV—highly heterogeneous with grain boundaries [7]. The most problematic phase
transformation is the transition IV–III which occurs at 32 ◦C. The variation of ambient
temperature and the repeated phase transitions causes the microcrystals separate to a fine
powder. This transition is accompanied by a volume change of about 3.8%. The shift of
volume and the structure of the crystals causes problems with the storage and the usage of
AN-based materials. These changes lead to the deterioration of the mechanical properties
and an increase of the porosity (surface). The structure of the solid rocket propellant based
on AN is damaged when the material is subjected to temperature changes in the range
of the phase transitions of AN between II and V [8]. Solid propellants containing such
oxidants can crack during storage (due to the change in the AN volume caused by this
transition), which may lead to a rough rocket motor operation, uncontrolled pressure
build-up and even the explosion of the rocket combustion chamber [2,9]. There are various
methods of AN phase stabilization that aim to extend the temperature range in which
the transition from phase IV to III does not occur. Examples of the substances that cause
the phase stabilization of AN are: inorganic and organic potassium salts [10,11], copper,
zinc and nickel complexes [12,13], some organic compounds (e.g., melamine cyanurate,
isatin, guanine) [14–16], etc. The phase stabilization of AN is carried out as a result of the
co-crystallization of AN with an additive in an aqueous medium [12,17,18] or the addition
of an additive in the melting process [8–11].

For example, the addition of manganese(IV) oxide, iron(III) oxide or their mixture to a
propellant containing AN causes an increase in the burning rate up to 40% (at 7 MPa) in
comparison to a propellant without these additives [6,17,19]. The introduction of metal
nanoparticles increases the burning rate from 5% to 67% depending on the type of metal
that is used [18]. With the appropriate modification of the composition of the solid hetero-
geneous rocket propellants, we have the ability to limit the unfavorable parameters and
improve the ballistic properties.

Solid rocket propellants based on ammonium perchlorate are widely used. Such
propellants emit significant amounts of hydrogen chloride during combustion. Hydrogen
chloride has a negative impact on the environment, adversely affects the personnel oper-
ating the station and makes it easier to detect the rocket flight (a white smudge appears
behind the nozzle). It is also worth noting that perchlorate ions are detected in soils and
water [5] in various places around the world [5,20]. High concentrations of perchlorate
ions negatively affect some body functions (e.g., the thyroid). Due to these negative effects,
more work has been concerned with the possibility of replacing AP with other eco-friendly
oxidants. AN seems to be a very good candidate due to its availability and the lack of
negative environmental impacts.

The aim of this work was to obtain solid heterogeneous rocket propellants containing
mixtures of oxidizers–ammonium perchlorate and phase stabilized ammonium nitrate
(V) in order to reduce the amount of hydrogen chloride in the combustion products. The
obtained samples were examined in terms of their sensitivity to mechanical stimuli, and
their mechanical, physicochemical and thermal properties. The phase stabilization of the
ammonium nitrate (V) was made before the formation of the propellants. Three potassium
salts were used for this process: potassium nitrate (V) (PN), potassium carbonate (PC) and
potassium perchlorate (PP). These salts were added in the amount of 5%. There are many
studies concerning AN-based propellants, but there are few about AP-PSAN propellants.
The novelty of this work is a result of the preparation of solid propellants containing: HTPB,
AP-PSAN, Al and other additives for different AP/PSAN ratios than in the literature, as
well as the characterization of the properties of these propellants in comparison to the
AP-based propellant.
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2. Materials and Methods

The following substances with a grade purity min. 95% were used to carry out the
co-crystallization of the ammonium nitrate (V) with potassium salts: ammonium nitrate
(V)—Chempur; potassium nitrate (V)—P.P.H. “Stanlab”; potassium carbonate—Chempur;
potassium perchlorate—Chempur; ethyl acetate and distilled water.

The subsequent materials were used to obtain solid heterogenous rocket propellants:
phase stabilized ammonium nitrate (V); hydroxyl-terminated polybutadiene (HTPB)—
Island Pyrochemical Industries; dimeryl diisocyanate (DDI)—Island Pyrochemical Indus-
tries; dioctyl adipate (DOA)—Boryszew-Erg; lecithin (Lec)—Sigma-Aldrich; two fractions
of ammonium perchlorate (AP): fine (APf, 80 µm) and coarse (APc, 250 and 400 µm)—
Island Pyrochemical Industries; aluminum (Al, fraction of 32 µm)—Benda-Lutz. The size
distribution of AP fine, AP coarse and Al is presented in Figure 1.
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There are many descriptions of AN phase stabilization methods in the literature [3,5,12,13,17,20].
The process of co-crystallization of ammonium nitrate (V) with salts and the optimal com-
position of the mixture of AN with potassium inorganic salt were based on the known
examples [12,13,20].

In order to optimize the process, the following parameters were changed: the type of
solvents (water, methanol, ethanol, acetone, ethyl acetate), the temperature, the dropping
time and the speed of the agitator. The optimal conditions were selected after carrying
out 15 processes. The description below complies with the optimal conditions of the
co-crystallization process.

Ammonium nitrate (V) and selected potassium salt were placed in a three-necked flask
(250 mL). Water (20 mL, ambient temperature) was added to 80 g of the binary mixture.
The addition of water caused the mixture to partially dissolve, and then it was heated to
50–60 ◦C. The contents in the flask were mixed using a 4-blade stirrer. The speed of the
agitator was gradually increased to 300 rpm and then held at this speed. It was mixed
for an additional 10 min until the solids were completely dissolved. After this time, the
temperature was slowly reduced to 10–15 ◦C. Simultaneously, ethyl acetate (40 mL) was
added dropwise. The dropping time was 5–10 min. The precipitate was filtered under
reduced pressure. Phase stabilized ammonium nitrate (V) (PSAN) was dried for 24 h at a
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temperature of 70 ◦C. Three samples were obtained: AN + 5% potassium nitrate (V),
AN + 5% potassium perchlorate and AN + 5% potassium carbonate. The process yield was
min. 70%.

The process of formation of solid heterogenous rocket propellants was carried out
in a laboratory planetary mixer NETZSCH PM with a capacity of 700 mL. The liquid
components were added first: HTPB, DOA and lecithin. Next, aluminum powder and
three fractions of oxidants (a fine fraction of AP, PSAN and a coarse fraction of AP) were
added. Each oxidant was dried for at least 24 h in a dryer at 60 ◦C before the casting process
to prevent the reaction of the curing agent with water. DDI (curing agent) was added at
the end. Ingredients were mixed under atmospheric pressure and then under reduced
pressure (10 mbar). The mixed propellant slurry was poured into a rectangular mold under
reduced pressure. The composition of the reference propellant (SP0) was: 10.5% HTPB,
1.4% DOA, 0.1% Lec, 12.0% Al, 26.1% APf, 47.9% APc and 2.0% DDI. The composition
of the propellants containing PSAN was: 10.5% HTPB, 1.4% DOA, 0.1% Lec, 12.0% Al,
10.0% APf, 42.9% APc, 21.1% PSAN and 2.0% DDI. Propellants with the PSAN addition
were named as: SP-PN, SP-PP and SP-PC, which contained AN + 5%PN, AN + 5%PP and
AN + 5%PC, respectively.

The particle size measurements of the phase stabilized ammonium nitrate (V) were
performed using a Mastersizer 3000 from Malvern Instruments. The measurement was
based on the laser diffraction method. The tests were carried out in chloroform with
ultrasounds in order to break up any agglomerates. The samples were dried in an air-flow
dryer at the temperature of 60 ◦C for minimum 2 h and then stored in a desiccator before
the measurement.

The density of the samples was measured with an AccuPyc 1340 helium pycnometer
at the temperature of 28 ± 1 ◦C.

Measurements of the heat of combustion were made with an IKA C2000 basic calorime-
ter. The mass of the propellant sample was 4.36 g and the mass of the standard propellant
of the known combustion heat (4914 J/g) was 1.44 g. The pressure in the calorimetric
vessel was reduced to 3–4 mbar. The standard propellant was used to ignite the propellant
samples. Two measurements were performed for each sample and the average value
was calculated.

The impact and friction sensitivity were determined with the BAM fall hammer and
Peters apparatus, respectively. In both studies, sensitivity to an external stimulus is the
lowest value of energy of impact or force of friction at which at least one positive result
was obtained from six performed tests.

The hardness measurements were performed by a Shore durometer A-scale. Ten
measurements were carried out for each sample. The average value for each propellant
was calculated. Measurements were performed at the temperature of 25 ± 1 ◦C.

The study of thermochemical properties was performed by simultaneous differential
thermal analysis and thermogravimetric analysis (DTA-TG) by the Labsys™ Evo (Setaram).
The mass of the PSAN was 16 ± 1 mg and the mass of the propellants was 1.9 ± 0.2 mg.
The samples were placed in open aluminum pans with a capacity of 30 µL. Measurements
were made with a temperature increase rate of 5 ◦C/min in the temperature range from 30
to 500 ◦C in an argon flow. The measurements were performed at least three times for each
sample. The following parameters were determined on the basis of the DTA-TG curves:
onset temperature (Tonset), maximum temperature (Tmax) and mass loss (∆m).

The analysis of the thermomechanical properties was carried out by dynamic mechani-
cal analysis (DMA) by a DMA 242 Artemis apparatus (NETZSCH). A dual cantilever holder
was used for the tests. The measurement was under nitrogen flow (50 mL/min) in the
temperature range from −120 to 60 ◦C (the temperature increase rate was 2 ◦C/min). The
rectangular propellant sample with the dimensions 50.0 × 10.0 × 2.0 mm was subjected to
vibrations with the frequencies of 0.5, 1.0, 2.0 and 5.0 Hz and a deformation amplitude of
20 µm during each measurement.
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3. Results and Discussion
3.1. Influence of Potassium Salts on the Properties of Mixtures with Ammonium Nitrate (V)

Three processes of the phase stabilization of ammonium nitrate (V) with three different
potassium salts were carried out. The obtained mixtures were tested with the DTA-TG
analysis, density measurements and particle size measurements. Figure 2 shows the DTA-
TG curves for pure ammonium nitrate (V). In the temperature range from 30 to 130 ◦C,
endothermic transitions related to the change of the AN crystallographic form are ob-
served. These are the phase transitions, respectively: IV(β)→III(γ) with onset temperature
Tonset = 39.0 ◦C and maximum temperature Tmax = 43.9 ◦C; III(γ)→II(δ) with Tonset = 88.4 ◦C
and Tmax = 97.6 ◦C; II(δ)→I(ε) with Tonset = 126.4 ◦C and Tmax = 130.1 ◦C. Next is the
endothermic transition melting, which begins at Tonset = 168.7 ◦C (Tmax = 172.0 ◦C). The
complex endothermic transition that begins at the temperature above 200 ◦C with a mass
loss associated with the decomposition of the AN. The total mass loss of the sample was
∆m = 88.2%.
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Figure 3 presents the DTA curves of the pure AN and the AN modified with the
potassium salts, while Table 1 summarizes the results of the DTA measurements. The
applied potassium salts eliminated the IV→III phase transition and did not affect the
II→I phase transition. Moreover, the potassium salts caused a shift of the III→II phase
transition towards higher temperatures. The melting process of all the PSAN mixtures
shifted towards lower temperatures in comparison with the pure AN. Similar observations
of the influence of the inorganic and the organic potassium salts on the phase transitions
of AN can be found in the literature [5,11,21]. One of the reasons explaining the phase
stabilization of AN at low temperatures is the partial replacement of ammonium cations
with potassium cations as a result of the co-crystallization of AN with potassium salts.
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Table 1. Results from DTA-TG curves for AN and PSAN with various potassium salts.

Parameter AN AN + 5%PN AN + 5%PP AN + 5%PC

∆m 1 (%) 88.2 86.6 88.9 85.2

IV(β)→III(γ) Tonset
2 (◦C) 39.0 - - -

Tmax
3 (◦C) 43.9 - - -

III(γ)→II(δ)
Tonset (◦C) 88.4 101.0 95.6 112.4
Tmax (◦C) 97.6 105.8 101.7 115.6

II(δ)→I(ε)
Tonset (◦C) 126.4 126.5 126.0 126.9
Tmax (◦C) 130.1 131.1 130.1 130.4

Melting Tonset (◦C) 168.7 163.1 151.6 159.1
Tmax (◦C) 172.0 169.1 163.2 164.4

1 Mass loss; 2 onset temperature; 3 maximum temperature.

The results of the density and particle size measurements of the PSAN with various
potassium salts were gathered in Table 2. Mixtures of AN + 5%PP and AN + 5%PN
are characterized by a similar density to pure AN (1.725 g/cm3 at 25 ◦C [5]). Only the
AN + 5%PC mixture has a lower density. The modification of AN with potassium nitrate (V)
resulted in particles with the smallest dimensions and the smallest deviation between the
dimensions. The greatest difference between the dimensions was obtained for AN + 5%PP.

Table 2. Density and particle size of AN and PSAN with various potassium salts.

Parameter AN + 5%PN AN + 5%PP AN + 5%PC

ρ 1 (g/cm3) 1.714 ± 0.001 1.710 ± 0.005 1.677 ± 0.002
Dv(10) 2 (µm) 55 ± 3 46 ± 3 63 ± 3
Dv(50) 2 (µm) 132 ± 5 155 ± 3 152 ± 4
Dv(90) 2 (µm) 253 ± 6 583 ± 4 432 ± 3

1 Density; 2 particle size for which x% of particles is below this value.
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3.2. Properties of Solid Heterogeneous Rocket Propellants with Phase Stabilized Ammonium
Nitrate (V)

The effect of the PSAN on the properties of the SHRP was determined with the ICT-
Thermodynamic Code (version 1.00) program. The ICT-code uses mass action and mass
balance expressions to calculate chemical equilibria. Thermodynamic equilibria can be
estimated for constant pressure or volume conditions. The following settings were set:
exclude gasses with mole numbers smaller than 10−5; start temperature for iterations—
3000 K; step temperature iteration—20 K; freeze-out temperature—1500 K. The following
parameters were compared: oxygen balance, density, heat of combustion, specific impulse
and the mole fraction of hydrogen chloride (HCl) in gaseous products. Table 3 presents
the obtained values. The heat of combustion was determined at a pressure of 0.1 MPa
(the values include condensed water). The specific impulse and the composition of the
combustion products were calculated for 7 MPa, and the expansion of the gaseous products
for 0.1 MPa.

Table 3. Calculated parameters of SHRP with AP, AN and PSAN by ICT-code.

Parameter SP0 SP0 + 20%AN SP-PP SP-PC SP-PN

ρ 1 (g/cm3) 1.728 1.689 1.692 1.692 1.690
OB 2 (%) −28.44 −31.25 −31.13 −31.61 −31.20
Q 3 (J/g) 6050 5675 5679 5609 5665
xHCl

4 (%) 16.33 11.22 11.06 10.30 10.79
Isp 5 (s) 262.0 257.4 257.0 255.7 256.7

1 Density; 2 oxygen balance; 3 heat of combustion; 4 mole fraction of HCl; 5 specific impulse.

The addition of AN instead of AP to the propellants reduces all parameters, i.e., the
density, the oxygen balance, the heat of combustion, the mole fraction of HCl and the spe-
cific impulse. The propellants with AN + 5%PP and AN + 5%PN have similar parameters.
The addition of potassium carbonate causes a 37% reduction in the hydrogen chloride con-
tent in the combustion products in comparison with the SP0 composition. Simultaneously,
it causes the greatest reduction in the combustion heat and specific impulse in the relation
to the other propellants containing potassium salts.

The propellants were obtained by a casting method in keeping the same parameters of
the technology process. The determined results of the properties are caused by the different
properties of the samples, and not a different process of manufacturing. Table 4 presents
the properties of the obtained propellants. All of the materials have a similar density, and
their heat of combustion is lower than the parameter of the reference sample (SP0). There
was no significant effect from the type of used potassium salt on the combustion heat, while
the obtained experimental results were about 200 J/g higher than the calculated values
(Table 3). The propellants with the PSAN have a similar sensitivity to the mechanical
stimuli as to SP0. The highest hardness was obtained for SP-PP (47 ◦Sh), and the lowest for
SP-PN (35 ◦Sh).

Table 4. Physicochemical properties and sensitivity to mechanical stimuli of obtained propellants.

Parameter SP0 SP-PP SP-PC SP-PN

ρ 1 (g/cm3) 1.708 ± 0.001 1.702 ± 0.002 1.699 ± 0.002 1.694 ± 0.001
Q 2 (J/g) 6123 ± 40 5802 ± 29 5800 ± 34 5867 ± 42

IS 3 (J) 25 25 35 30
FS 4 (N) 120 160 120 120
H 5 (◦Sh) 40 ± 2 47 ± 3 42 ± 5 35 ± 2

1 Density; 2 heat of combustion; 3 impact sensitivity; 4 friction sensitivity; 5 hardness Shore, scale A.
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The thermal properties of the propellants were determined using the DTA-TG method.
Figure 4 shows the curves for the SP-PN sample. The DTA curve shows a slight endothermic
effect in the temperature range from 100 to 170 ◦C, which is related to the phase changes of
the PSAN. There is no phase transition below 80 ◦C. A broad, complex exothermic transition
begins above 200 ◦C with the mass loss of the sample. It is a complex decomposition
process that consists of a series of overlapping endo- and exothermic processes. A clear
endothermic peak at the temperature of 241 ◦C is associated with a change of the AP
crystal form [22]. The mass loss can be divided into three stages: the first, above 135 ◦C, is
related to the beginning of the propellant decomposition, and the second and third, in the
range from 250 to 400 ◦C, are related to the further stages of the sample decomposition.
Similar DTA-TG and TG-DTG curves were obtained for the other propellants. Table 5
presents the mass loss of the three stages and the onset and the maximum temperature of
the decomposition peak. The presented values were averaged from the three comparable
DTA-TG measurements.
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Table 5. Thermal properties of propellants.

Parameter SP0 SP-PP SP-PC SP-PN

∆m1
1 (%) - 25 ± 2 23 ± 3 19 ± 2

∆m2
2 (%) - 16 ± 2 24 ± 4 19 ± 1

∆m3
3 (%) 77 ± 6 32 ± 5 35 ± 3 32 ± 1

∆m 4 (%) 77 ± 6 73 ± 5 82 ± 4 70 ± 2
Tonset

5 (◦C) 298 ± 3 191 ± 2 196 ± 2 197 ± 1
Tmax

6 (◦C) 320 ± 5 295 ± 1 295 ± 2 290 ± 3
1 Mass loss of first stage; 2 mass loss of second stage; 3 mass loss of third stage; 4 total mass loss; 5 onset
temperature of main decomposition process; 6 maximum temperature of main decomposition process.

The total mass loss of the propellants SP-PP and SP-PN is slightly lower than the
reference propellant SP0. The highest mass loss was determined for the propellant con-
taining the PSAN modified by potassium carbonate. The maximum temperature of the
decomposition process of the PSAN propellants is shifted towards the lower temperature
by approx. 25 ◦C, and the onset temperature by approx. 100 ◦C in reference to the SP0
propellant. This means that the propellants containing two types of oxidants (AP and
PSAN) are characterized by higher thermal sensitivity than the propellants containing only
one oxidant—AP. The SP-PP, SP-PC and SP-PN propellants are characterized by similar
parameters determined with the DTA-TG analysis. It can be concluded that the type of the



Processes 2021, 9, 2201 9 of 13

used potassium salts does not significantly affect the thermal properties of the decomposi-
tion process of the tested PSAN propellants. It should be noted that the beginning of the
exothermic decomposition of all the PSAN-containing propellants begins at about 200 ◦C.
These temperatures are above the temperatures used during the production process, which
means that these propellants are safe for users. To assess the safety of the handling of
these propellants, additional experiments should be performed in the future, such as the
explosive response, the sensitivity to electrostatic discharge, artificial aging or compatibility.

The thermomechanical properties of the obtained propellants were characterized with
the DMA method. The sample was placed in a dual cantilever holder and fixed at its ends,
while the center part was moved. As a result of these vibrations, there are three areas of
deformation in the sample: expansion, compression and shear. The obtained DMA curves
consisted of three parameters: the storage modulus (E′), the loss modulus (E”) and the loss
factor (tanδ). The DMA curves recorded for the SP-PP sample for the frequency of 1 Hz
were presented in Figure 5. Similar DMA curves were obtained for the other propellants.
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Figure 5. Storage modulus (E′), loss modulus (E”) and loss factor (tanδ) as a function of temperature
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The obtained dependences of the E′, E” and tanδ parameters on the temperature
are typical for SHRP containing polybutadiene [23–25]. The storage modulus decreases
with an increasing temperature, from 5908 MPa (−115 ◦C) to 9 MPa (25 ◦C). From these
curves, the glass transition temperature was determined as the onset point (−82.8 ◦C). The
curve E” = f(T) shows a single peak at −74.6 ◦C (E” = 842 MPa). Two peaks at −67.5 ◦C
(tanδ = 0.492) and 3.1 ◦C (tanδ = 0.543) are observed on the loss factor curve. These two
peaks are related to the presence of soft and hard segments in the polyurethane and the
propellant. The movements of the HTPB polymer chain with unlimited mobility (first peak)
are responsible for the soft segments. The urethane groups (-N=C=O) in the cross-linked
HTPB are responsible for the hard segments. There are also soft segments with limited
mobility due to the presence of solids and the interactions between the solids and the
binder. Two effects overlap, and we observe them as the second peak [26–29]. Table 6
summarizes the glass transition temperatures of the obtained propellants, which were
determined from the DMA curves.
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Table 6. Glass transition temperatures of the propellants based on loss modulus and loss factor
(f = 1 Hz).

Parameter SP0 SP-PP SP-PC SP-PN

Tg(E”) 1 (◦C) −71.9 −74.6 −74.5 −77.0
Tg1(tanδ) 2 (◦C) −64.4 −67.5 −65.6 −67.5
Tg2(tanδ) 3 (◦C) −8.2 3.1 6.4 8.1

Glass transition temperature determined from: 1 loss modulus curves; 2 first peak of loss factor curves; 3 second
peak of loss factor curves.

The glass temperature determined on the loss modulus and the loss factor curves
are different—the temperature from the E” = f(T) curve is lower. The calculations based
on Tg(E”) are better because this temperature is connected with a loss of stiffness [30,31].
This approach is also recommended for solid rocket propellants in the STANAG 4540
standard [32]. The glass temperature of the propellants containing PSAN was lower by a
minimum of 2.6 ◦C in regard to the SP0 propellant. The type of the used potassium salt in
the PSAN did not significantly affect the glass temperature of the tested samples. The glass
temperature of the hard segments for the PSAN propellants is higher by a minimum of
11 ◦C relative to the SP0 propellant. The type of the potassium salt influences the position
of the second peak on the curve of the loss factor. The SP-PN sample was characterized by
the highest glass temperature of the hard segments.

Figure 6 shows the dependencies of the particular DMA parameters for the different
frequencies. All the curves shift towards higher temperatures with increasing frequency.
The values of E′ and tanδ of the soft segments increase with the increase in the frequency,
while the values of E” and tanδ of the hard segments decrease. The increasing frequency
causes the polymer chains to have less time to adjust the mechanical energy as the sample
temperature increases; therefore, the glass temperature shifts towards higher tempera-
tures [33]. The determined values of the DMA parameters for the different frequencies are
summarized in Supplementary Materials, Tables S1–S4.

The apparent activation energy was calculated based on the glass temperatures of the
soft and hard segments from the tanδ = f (T) curves according to the equation:

f = f0 · exp
(
−aEa
R · T

)
(1)

where: f —frequency; f0—pre-exponential factor; aEa—apparent activation energy; R—
general gas constant; T—temperature.

The apparent activation energy is connected with the energy of the intermolecular
interactions during the phase transitions of the tested samples [33]. The calculated values of
the apparent activation energies of the soft and hard segments are summarized in Table 7.
The lowest values of aEa for the soft and hard segments were obtained for the SP-PC
sample. The highest values of aEa for the soft segments were obtained for the SP-PP and
SP-PN propellants. All of the calculated apparent activation energies of the hard segments
obtained for the PSAN propellants differ from each other. This means that the PSAN
changes the binder–solid phase interaction.
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Table 7. Apparent activation energies and pre-exponential factors of soft and hard segments of
obtained propellants.

Parameter SP0 SP-PP SP-PC SP-PN

aEa,soft
1

(kJ/mol)
149.6 156.9 144.4 157.5

lnfsoft
2 86.1 91.7 83.7 92.2

aEa,hard
3

(kJ/mol)
71.5 65.3 61.5 73.7

lnfhard
4 32.5 28.4 26.2 31.9

Apparent activation energy 1 of soft and 3 hard segments. Natural logarithm of pre-exponential factor 2 of soft
and 4 hard segments.
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4. Conclusions

In this work, the experimental and calculated performance of solid heterogeneous
propellants containing a binary system of oxidizers (AP and PSAN) was presented. Phase
stabilized ammonium nitrate (V) was obtained as a result of the co-crystallization with
inorganic potassium salts: nitrate (V), carbonate and perchlorate, and the obtained PSAN
had no phase transitions in the temperature range from 30 to 85 ◦C. The reduction in the
volume of hydrogen chloride in the combustion products by 32–37% was observed in the
obtained propellants. Some of the parameters of these materials are similar to the AP-based
propellants. Other parameters, like the heat of combustion or the specific impulse, are
lower in comparison to the reference propellant. For this reason, the new compositions
can be used for, e.g., gas generators or training loads. The obtained propellants can be also
modified by additional components in order to improve the selected parameters and to
extend their possible applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9122201/s1, Table S1: Results from DMA curves for SP0 propellant; Table S2: Results from
DMA curves for SP-PN propellant; Table S3: Results from DMA curves for SP-PP propellant; Table
S4: Results from DMA curves for SP-PC propellant.
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