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Liners serve as both a barrier layer and an adhesive, bonding the
insulation to the propellant. Plasticizer migration is a frequently
observed phenomenon in solid propellants, often leading to detrimental
effects on mechanical stability and performance. Absorbent plasticizer
liners have emerged as a next-generation solution, offering both anti-
migration properties and adhesive capabilities. In this study, the anti-
migration effects of three polyethers, including polyethylene glycol
(PEG), polypropylene glycol (PPG), and polytetrahydrofuran (PTHF)
as liners in the presence of plasticizers 1,2,4-butanetriol trinitrate
(BTTN), trimethylolethane trinitrate (TMETN), and triethylene glycol
dinitrate (TEGDN), were studied using NPT-molecular dynamics
simulation (NPT-MD) with the Compass Il force field. The binding
energy, solubility parameter, and radial distribution function of
polyethers containing 20% plasticizers were calculated. The mixture of
PEG and TEGDN exhibited the highest binding energy and
compatibility. The solubility parameter reflects the strength of non-
bonded intermolecular forces, indicating compatibility. The radial
distribution function analysis showed strengthened van der Waals
interactions, confirming compatibility. Molecular dynamics simulation
results showed that polyethylene glycol is a suitable liner with anti-
migration properties in propellants.
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1. Introduction

oxidizer composite; (2) a polymeric liner that

A conventional solid rocket propellant system
is structurally composed of four primary
functional elements: (1) the energetic
propellant grain, which serves as the fuel-

functions as an interfacial adhesive layer; (3) a
thermoprotective insulation barrier; and (4) an
exterior metallic casing providing mechanical
structural integrity [1]. The propellant acts as
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the fuel for thrust, while the insulation,
attached to the metal casing, serves as a heat
shield, withstanding temperatures up to 3000
°C and preventing ablation[2]. Due to differing
materials, the insulator and propellant do not
bond well. Liners act as adhesive connectors
between the insulator and propellant,
preventing  plasticizer  migration.  The
propellant contains binders, plasticizers, and
oxidants; however, polar plasticizers are often
incompatible with traditional binders, such as
HTPB [1]. Over time, plasticizers may migrate
to the surface, causing separation between the
propellant and insulator [1]. Therefore, liners
are essential for bonding and acting as anti-
migration layers to preserve the integrity of the
propellant-insulator connection. Conventional
liners are made of HTPB, which is a non-polar
liner and cannot act as an anti-migration layer
[1, 3]. Therefore, designing and manufacturing
new and polar liners can improve performance.
Polyethers are an important class of polymers
that can act as liners. Polyethers have polar
structures and are suitable as anti-migration

layers. Polyethylene  glycol (PEG),
polypropylene glycol (PPG), and
polytetrahydrofuran  (PTHF) are polar

polyethers and can act as liners. But which one
could be the best liner?

The selection of an optimal liner necessitates
comprehensive laboratory characterization and
tactical performance validation. While
empirical testing remains essential, it presents
significant challenges, including substantial
costs, extended timelines, and operational
risks. Molecular dynamics simulations offer a
robust computational alternative, enabling
efficient and reliable liner evaluation at the
molecular  level  before  experimental
validation. [4-7]. This method simulates the
behavior of the polymer and plasticizer and
predicts the properties of the plasticizer and
polymer. So far, the compatibility of various
plasticizers and binders has been simulated

36

using molecular dynamics [4-9]. Compatibility
is a fundamental parameter that can indicate
the interaction of polymer and plasticizer.
Polyether can be an anti-migration liner that is
more compatible with the plasticizer (Fig. 1).
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Figure 1. Plasticizer migration from a propellant
and plasticizer absorption by the liner.

Here, three  polyether = compounds—
polyethylene glycol (PEG), polypropylene
glycol (PPG), and polytetrahydrofuran

(PTHF)—were investigated as polar, anti-
migration liner materials through molecular
dynamics simulations. Their compatibility
with  1,2,4-butanetriol trinitrate (BTTN),
trimethylolethane trinitrate (TMETN), and
trimethylene glycol dinitrate (TEGDN)
plasticizers was studied. The polymer-
plasticizer compatibility was systematically
investigated through the computational
analysis of three key parameters: (1)
intermolecular  binding  energies, (2)
thermodynamic solubility parameters, and (3)
radial  distribution  functions, and all
calculations were performed following the
complete system equilibration.

2. Methodology

The molecular dynamics calculations were
done using the Material Studio 2023. The
simulation of Polyethylene glycol (PEG),

polypropylene glycol (PPG), and
polytetrahydrofuran (PTHF) with 1,2,4-
butanetriol trinitrate (BTTN),

trimethylolethane trinitrate (TMETN), and
triethylene glycol dinitrate (TEGDN) The
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repeating unit of the PEG, PPG, and PTHF was
drawn, and its head and tail were identified.
The molecular weight of each polymer was
determined to be 2000 g.mol™, and PEG, PPG,
and PTHF were drawn with 43, 34, and 27
repeating units respectively. All polymers and
plasticizers were geometry-optimized with the
Forcite module and compass settings
(forcefield assigned). Step 2: A cell was
created with the amorphous cell module and
settings:  Task: construction, forcefield:
compass, charges: forcefield assigned,
electrostatic: Ewald, and van der Waals: atom-
based. In this cell, 10 polymers (80%) and 20
plasticizers (20%) were loaded. This cell was
geometry optimized with the Forcite module
and compass (forcefield assigned) settings
with the smart algorithm and 5000 max.
interation. Step 3: This step performs a
molecular dynamics simulation on the
optimized cell. The cell was constructed with
the Forcite module, and the molecular
dynamics simulation was set at a temperature
of 298 K and and pressure of 101325 Pa. In this
step, NPT molecular dynamics simulation was
performed (Ensemble: NPT, Temperature: 298
K, Pressure: 101325 pa, Number of steps:
200000, Frame output every: 1000,
Thermostat: Nose, Barostat: Berendsen,
forcefield: compasslll, charges: forcefield
assigned, electrostatic: Ewald and van der
Waals: Ewald).

3. Results and discussion

Plasticizer migration from the propellant is a
major and fundamental issue that causes
propellant performance problems. Plasticizer
migration is a dynamic process easily
observable at the propellant surface. The main
factor in plasticizer migration from the

propellant is the compatibility between the
components of the propellant. In a propellant,
the binder used is usually non-polar, and to
increase the performance of the propellant,
high-energy plasticizers, which are polar, are
used [1, 10]. Incompatibility between the non-
polar binder and the polar plasticizer causes
the plasticizer to migrate to the surface of the
propellant over time [3, 10]. This migration
has potential risks. For this reason, eliminating
plasticizer migration can improve propellant
performance. The liners that bind the
propellant and the insulator are usually non-
polar and are made of HTPB [10]. Replacing
non-polar liners with polar liners allows the
liner to act as a layer to prevent plasticizers.
Polar liners such as PEG, PPG, and PTHF can
prevent the plasticizer from remaining on the
surface of the propellant by absorbing the
plasticizer. Molecular dynamics simulation is
a computational approach that models the
time-dependent behavior of molecular systems
by numerically solving Newton's equations of
motion. This method enables the prediction of
component  compatibility  through  the
quantitative analysis of intermolecular binding
energies derived from the simulated
interactions.

According to Fig. 2, PEG, PPG, and PTHF
were drawn with 43, 34, and 27 repeating units
respectively, and energy was minimized.
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Figure 2. Optimized structures of a) PEG, b) PPG, and c¢) PTHF.

According to Fig. 3, BTTN, TMETN, and
TEGDN were drawn, and energy was
minimized.
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Figure 3. Optimized structures of a) BTTN, b)

TMETN, and c) TEGDN.

The Amorphous cell module was used, and 10
polymers and 20 plasticizers were added to the
cell. The fabricated cell was first geometry-
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optimized with a max inertation of 5000 and
then NPT-molecular dynamics simulation was
performed and equilibrated at a temperature of
298 K and a pressure of 101325 pa using the
Nose thermostat and Berendsen barostat [7], as
shown in Fig. 4.

Figure 4. Molecular model of PEG with TEGDN;
a) cell construct, b) geometry optimized cell, and
c) NPT molecular dynamics simulation.
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3.1. Binding energy

To determine the binding energy, the total
energy of the system must be calculated, and
the energy of each component subtracted. The
binding energy is the negative interaction
obtained (Egs. 1, 2, 3) [7].

E binding = —E inter 1)
E inter = E total - Ecomponentl —
Ecomponent2— Ecomponent3-..... (2)

In a blend system, the higher the binding
energy is, the greater the compatibility of that
set gets, and the less plasticizer migration
occurs.

E binding o« compatibility (3)
Binding energy is defined as a measure of
compatibility. According to Table 1, binding
energy was calculated and the highest binding
energy was observed in PEG/TEGDN.

Table 1.
Binding energy of BTTN, TMETN, and TEGDN
with PEG, PPG, and PTHF

Energy (kcarmol)

System E Tota E Binding
BTTN -865.11 -
TMETN -452.99 -
TEGDN -76.04 -
PEG 3849.85 -
PPG 3108.29 -
PTHF 2048.12 -
PEG/BTTN 2960.65 24.09
PPG/BTTN 2309.72 -66.54
PTHF/BTTN 1236.82 -53.81
PEG/TMETN 3384.74 12.12
PPG/TMETN 2701.72 -46.42
PTHF/TMETN  1678.18 -83.05
PEG/TEGDN 3743.27 30.54
PPG/TEGDN 3025.55 6.7
PTHF/TEGDN  2016.11 -44.03

Polyethylene glycol had the highest binding
energy in the presence of all plasticizers. The
binding energy reached its highest value in the
presence of TEGDN. The  highest
compatibility was observed, which could be
due to the structural similarity of PEG and
TEGDN, as shown in Fig. 5.

0 1
(CRPECIPNS

Binding energy (kcal/mmol)

BTTN TMETN TEGDN

Figure 5. Comparison of the binding energy of
BTTN, TMETN, and TEGDN with PEG, PPG,
and PTHF.

NPT-Molecular dynamics simulations were
performed at the temperature of 298 K
andpressure of 1 atm, whereas various
parameters, including energy, density,
temperature, cell length, and angles, reached
equilibrium under these conditions, as shown
in Fig. 6. In molecular dynamics simulations,
the error percentage should be less than 5%
[11, 12], as was in all cases.
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Figure 6. Changes in molecular dynamics of PEG with TEGDN: a) energy, b) temperature, c) density, d) cell lengths,
and e) cell angles.

Table 2 shows the initial and final densities of simulation is less than 5%, indicating that the

the systems. According to Table 2, the systems have reached equilibrium.
percentage error of the molecular dynamics
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Table 2.

Comparison of the Initial and Final densities in the NPT molecular dynamics simulation.

System Initial density (g cm™) Final density (g cm®)  Standard deviation
BTTN 1.520 1.589 0.035
TMETN 1.470 1.523 0.042
TEGDN 1.330 1.326 0.032
PEG 1.210 1.120 0.027
PPG 1.000 1.050 0.053
PTHF 0.972 1.020 0.034
PEG/BTTN 1.270 1.202 0.031
PPG/BTTN 1.101 1.113 0.045
PTHF/BTTN 1.079 1.096 0.037
PEG/TMETN 1.263 1.205 0.036
PPG/TMETN 1.095 1.115 0.041
PTHF/TMETN 1.074 1.079 0.034
PEG/TEGDN 1.233 1.173 0.024
PPG/TEGDN 1.064 1.097 0.059
PTHF/TEGDN 1.042 1.059 0.030

3.2. Solubility parameter

The solubility parameter is another factor that
can indicate the compatibility between
components. In the solubility parameter, non-
bonding forces are studied. The smaller the
difference in solubility parameters between
two components, the higher their compatibility
[4]. If the solubility difference between two
components is less than 1.20 to 2.10, they are
completely miscible [13]. Once the system
attains equilibrium, the solubility parameter is
determined in the Forcite module through the
Cohesive Energy task. This parameter
measures the cohesive energy associated with
the evaporation of one mole of a substance,
indicating when intermolecular interactions
are overcome.

Table 3.
Solubility parameters of BTTN, TMETN,
TEGDN, PEG, PPG, and PTHF.

System 5 (MPa'?)
BTTN 27.70
TMETN 25.72
TEGDN 23.04
PEG 20.99
PPG 17.46
PTHF 19.16

Table 3 shows that polyethylene glycol and
TEGDN have the smallest difference in
solubility parameters, suggesting their greater
compatibility.

3.3. Radial distribution function (RDF)

The radial distribution function (RDF) shows
the probability of finding other molecules
around a molecule [14]. Following NPT
molecular dynamics simulations, the analysis
yielded two distinct classes of radial
distribution functions (RDFs): intermolecular
and intramolecular RDFs, which provide
critical insights into spatial correlations within
the system. In the intramolecular radial
distribution function, the presence of a signal
higher than 3 angstroms is related to crystalline
structures, and the presence of a signal lower
than 3 angstroms is related to amorphous
structures [15]. In this study, the amorphous
module of the cell was used and the structures
were considered amorphous. In Fig. 7a, signals
lower than 3 angstroms were observed,
indicating that the cells were amorphous. The
intermolecular radial distribution function is a
measure of non-bonded interactions. In the
radial distribution function, the signals
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observed at 2.6-3.1, 3.1-5, and above 5
angstroms are related to hydrogen bonding,
van der Waals interactions, and weak van der
Waals interactions respectively [5]. Fig. 7b
shows the intermolecular interactions of
polyethylene glycol and A. In polyethylene
glycol, TEGDN, and their mixture, van der
Waals interactions are observed in the 3-5 A
region, and in the mixed system, the van der
Waals interaction becomes stronger, indicating
the compatibility of these two components.

8 Intramolecular
6 PEG
. TEGDN
a PEG/TEGDN
2
0 | L A
0 2 4 6 8 10 12 14 16 18 20
r (Angstrom)
(@
1.2 Intermolecular
1
0.8
06 PEG/TEGDN
= PEG
0.4 TEGDN
0.2
0

0 2 4 6 8 10 12 14 16 18 20
r (Angstrom)

(b)

Fig. 7. a) Intramolecular and b) intermolecular
RDF of PEG, TEGDN, and PEG/TEGDN.

Vacuum stability testing is one of the best
ways to validate polymer and plasticizer
compatibility. Vacuum stability testing is a

standard method for evaluating the
compatibility of materials  (especially
polymers, explosives, oils, and
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pharmaceuticals) under vacuum and controlled
temperature conditions. This test is used to
identify the decomposition, gas generation, or
physicochemical changes of materials in low-
pressure environments. The purpose of
vacuum stability testing is to investigate the
resistance of materials to thermal degradation
under vacuum conditions, measure the volume
of gases released due to material
decomposition, determine the long-term
stability of materials in space environments or
closed systems, etc. Applications of vacuum
stability testing include examining the stability
of insulating polymers, adhesives, and
aerospace oils under vacuum conditions,
ensuring the absence of unwanted
decomposition of explosives during long-term
storage, testing the stability of drugs and
packaging in low-pressure environments, and
evaluating the migration of additives such as
plasticizers or the degradation of polymer
chains.

4. Conclusions

Anti-migration liners are a new generation of
liners designed to enhance propellant
performance by preventing plasticizer
migration. Polyethers such as polyethylene
glycol (PEG), polypropylene glycol (PPG),
and polytetrahydrofuran (PTHF) represent
essential polymer systems that demonstrate
exceptional ~ compatibility ~ with  polar
plasticizers. Molecular dynamics simulation is
one of the best methods for assessing the
properties of these liners. Compatibility is an
effective criterion for assessing the acceptance
of plasticizers in polymers. In molecular
dynamics simulations, parameters such as
binding energy, solubility parameter, and
radial distribution function, are used to
evaluate  polymer compatibility.  After
equilibrating the system and calculating
various parameters, the mixtures of PEG and
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TEGDN demonstrated the highest
compatibility, likely due to their structural
similarity. Polyethylene glycol demonstrated
greater compatibility with all polar plasticizers
due to its higher polarity relative to other
polymers. Molecular dynamics simulations
show that a polyethylene glycol liner is
effective as an anti-migration layer by
absorbing plasticizer, which helps prevent
insulator and propellant association, reduces
risks, and enhances safety.
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