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Abstract: Polysiloxanes are reviewed for their properties depending on the functionalization of a
silicon-oxygen backbone chain. Next, the properties were referred to the requirements that polymers
used in plastic/polymer-bonded explosive (PBX)-type explosives must meet. Finally, the current
state and prospects for the implementation of polysiloxanes in plastic/polymer-bonded explosive
(PBX) formulations are presented.
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1. Introduction

The problem of the excessive sensitivity of explosives has troubled people since the
time of nitroglycerin, invented by Ascanio Sobrero. The answer to frequent accidents
associated with it was dynamite, developed by Alfred Nobel [1]. This invention made
work with nitroglycerin easier and safer. The problem of excessive sensitivity, however, not
only concerned nitroglycerin. The military high explosives used from the beginning of the
20th century around the world also had to have sufficiently low sensitivity. This problem
was solved by phlegmatizing explosives with natural polymers, waxes and paraffins.

The development of polymer chemistry in the second half of the 20th century allowed the
use of new synthetic polymers for phlegmatization. This combination has created a completely
new branch of explosive compositions called PBX (plastic/polymer-bonded explosive). The
first attempts to produce mixtures containing crystalline explosives and polymers were carried
out by Frankel and Carleton [2]. PBX-type compositions are characterized by greater stability
and greater resistance to atmospheric agents, higher detonation parameters and greater safety
compared to mixtures with natural substances. In the literature, there is information on many
interesting polymers acting as a binder in PBXs [2-9]. The most commonly used are hydroxyl-
terminated polybutadiene (HTPB), fluoropolymers: Teflon (polytetrafluoroethylene—PTFE),
Kel F (polychlorotrifluoroethylene—PCTFE), Viton A (copolymer of vinylidene fluoride and
hexafluoropropylene—VDEF-co-HFP), styrene-butadiene rubber (SBR) and thermoplastic
elastomers (TPE). The TPE group includes thermoplastic polyurethanes (TPU, e.g., Estane),
thermoplastic polyolefins (TPO, e.g., EVA copolymers), thermoplastic polyamides (TPA), ther-
moplastic styrene block copolymers (TPS) and thermoplastic polyesters (TPC, e.g., HyTemp).
These polymers are a group of energetically inert binders; they do not have explosophore
groups in their structure. Energetic polymers, such as poly(3-nitroxymethyl-3-methyloxetane)
(polyNIMMO) and poly(glycidyl azide) (GAP), also play an important role in modern PBX
compositions [5-8,10].

Due to their unique properties, polysiloxanes in the forms of greases, oils and rubbers
have been used in many industries. Studies have shown that silicones can be an interesting
group of polymers in PBX-type explosives.
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2. Physicochemical Properties of Polysiloxanes Depending on the Functionalization of
the Silicon—-Oxygen Backbone

Polysiloxanes are organosilicon polymers whose chains are composed of alternating
silicon and oxygen atoms and side groups, usually organic, attached to silicon atoms.
Polysiloxanes show very interesting properties resulting from their specific structure.
Different values of O-5i-O and Si-O-5i angles, as well as the lack of substituents on oxygen
atoms, imply high chain flexibility. In polysiloxanes with small side groups (e.g., methyl,
ethyl) the energy barrier of rotation around the bond Si-O is very small. In addition, the
silicon-oxygen bond is about 50% ionic and partially double (interaction of free oxygen
electron pairs with the empty silicon orbital) [11]. The literature provides information on
many interesting properties [12,13], such as low surface tension, hydrophobicity, good
surface wettability, low glass transition temperature, high compressibility and damping
properties, liquid properties (even for high molecular weights), low boiling and freezing
points, low dependence of physical properties on temperature, low reactivity, low toxicity
and flammability and low harmfulness to the natural environment.

The most popular and best-studied polysiloxane is polydimethylsiloxane (PDMS,
Figure 1). For the purposes of this paper, it is assumed that PDMS is the basic polysiloxane
to which other organosilicon polymers will be related. The properties of polydimethylsilox-
ane change as the average molecular weight changes (Table 1). At 25 °C, dynamic viscosity
is in the range of from 3 to 500,000 mPa-s, depending on the average molecular weight
of the polymer. The density and surface tension of PDMS do not depend so strongly on
the average molecular weight. At 25 °C, the density ranges from 0.90 to 0.97 g/cm?, while
the surface tension ranges from 19.3 to 21.5 mN/m. Polydimethylsiloxane has one of the
lowest glass transition temperatures of —123 °C [11].
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Figure 1. Examples of polysiloxanes with simple side groups; (1) PDMS, (2) polymethylhydrogen-
siloxane (PMHS), (3) polydiethylsiloxane (PDES), (4) polyphenylmethylsiloxane (PMPS), (5) poly-
diphenylsiloxane (PDPS).

Table 1. Physical properties of polydimethylsiloxane (PDMS) depending on the average molecular
weight [14].

Average Molecular Dynamic Viscosity Dynamic Viscosity Surface Tension
Mass [g/mol] (25 °C) [mPa-s] (25 °C) [mPa-s] [mN/m]
600 3 0.90 19.3
1800 10 0.94 19.9
5800 100 0.97 20.9
26,000 1000 0.97 212
62,000 12,500 0.97 214

160,000 500,000 0.97 21.5
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Modification of the side groups or groups at the ends of the polydimethylsiloxane
chain significantly affects its properties. The lateral methyl group can be replaced by,
among others, a hydrogen atom; longer-chain alkyl groups; aryl groups, vinyl groups; or
their derivatives containing halogen atoms, amine, hydroxyl, thiol or epoxy groups [15].

The replacement of one methyl group with a hydrogen atom in the PDMS structural
unit results in the formation of polymethylhydrogensiloxane (PMHS, Figure 1), which
implies a decrease in the glass transition temperature to the level of —138 °C [11]. The
presence of the hydrogen atom connected directly to the silicon atom ensures the reactivity
of the polysiloxane to vinyl groups [16], which is used to modify polysiloxanes by hydrosi-
lylation [17]. Similarly, functionalization of the polysiloxane chain with vinyl groups paves
the way for many cross-linking methods.

Polysiloxanes with functional groups in the form of hydrocarbon chains with a number
of carbon atoms greater or equal to three have lower chain flexibility, which implies
higher glass transition temperatures [11]. An interesting case is polydiethylsiloxane (PDES,
Figure 1), which despite having a larger side group, has a lower glass transition temperature
than PDMS of —139 °C [11]. The authors [11,16] also note the ability of long-chain side
group polysiloxanes to form liquid crystalline phases.

As in the case of big alkyl groups, the large steric hindrance introduced by aromatic
groups affects the flexibility of the siloxane chain, which implies high glass transition tem-
peratures, as for polysiloxanes. The introduction of one phenyl group
(polyphenylmethylsiloxane—PMPS, Figure 1) into the chain implies a glass transition
temperature of —28 °C and a density in the range of 1.05 to 1.12 g/cm? [11,18]. For poly-
diphenylsiloxane (PDPS, Figure 1), the glass transition temperature rises to 40 °C [11].
The presence of a phenyl group implies high free-surface energy of 33.2 mJ/m? for PMPS
(Table 2) [19].

Table 2. Surface properties of selected polysiloxanes.

Polymer Dynamic Viscosity Dynamic Viscosity Surface Tension
(25 °C) [mPa-s] (25 °C) [mPa-s] [mN/m]
PDMS 20.7 [20] 22.7 [20] 23.5[19]; 22.8 [20]
PMTEPS 24.2 [20] 21.4 [20] 13.6 [19,20]
PMPS - - 33.2[19]
PMFPhS - - 18.7 [19]
PMDFPhS - - 19.1[19]

Polymethyl(3,3,3-trifluoropropyl)siloxane (PMTEPS) is an easily available and well-
studied representative of fluorofunctional polysiloxanes. The presence of the fluorinated
functional group has a significant impact on the properties of polysiloxane. It has a higher
density of about 1.293 g/cm? (21 °C) with an average molecular weight of 14,000 g/mol
and a viscosity of about 13,000 mPa-s [20]. PDMS achieves a similar viscosity at an average
molecular weight of 26,000 g/mol. The glass transition temperature of PMTFPS is —70 °C.
The presence of trifluoropropyl groups also implies increased solubility in polar liquids.
PMTEFPS has interesting surface properties [21], which are compared to the properties of
PDMS and fluorinated polyphenylmethylsiloxanes that are synthesized and characterized
in paper [19] (Table 2). In paper [22], a synthesis method of fluorofunctional polysiloxane
is proposed by means of the hydrosilylation of fluorinated allyl ethers. Structural formulas
of fluorinated polysiloxanes are shown in Figure 2.
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Figure 2. Examples of polysiloxanes with fluorinated side groups.

Polysiloxanes functionalized with aminoalkyl groups are used in the cosmetics and
textile industries for their amphiphilic properties [23]. In paper [24], molecular dynam-
ics of low molecular weight poly(3-aminopropyl)methylsiloxane (PAPMS, Figure 3) are
investigated. The glass transition temperature of the tested polymer is —63 °C. The copoly-
mer of polydimethylsiloxane and poly(3-aminopropyl)methylsiloxane with an average
molecular weight of 4400 g/mol at 25 °C has a density of 0.96 g/cm? and viscosity of
86.4 mPa-s [25]. Synthesis methods and the use of amino-functional polysiloxanes are pre-
sented in papers [23,26]. The authors in [26] synthesize and characterize amino-functional
polysiloxanes containing lateral groups with different numbers of amino groups. The
change in the amino value of the obtained polymers implies various lengths of poly-
dimethylsiloxane fragments. The lengths of strongly hydrophobic polydimethylsiloxane
segments affect the softening and smoothing ability of polymers. The presence of amino
groups also allows reversible crosslinking with CO, and CS, [27].

PAPMS
CH,

et

n

NH,
Figure 3. Poly(3-aminopropyl)methylsiloxane.

The glass transition temperatures of the polysiloxanes discussed thus far are summa-
rized in Table 3.

Table 3. Glass transition temperatures of selected polysiloxanes.

Polymer Glass Transition Temperature [°C]
PDMS -123
PMHS -138
PDES -139
PMPS 28
PDPS 40
PMTEPS -70
PAPMS 63

On an industrial scale, PDMS can be obtained as a result of hydrolysis, e.g.,
dichlorodimethylsilane [14]. The resulting polydimethylsiloxane is terminated with hy-
droxyl groups. The PDMS chain ends were deactivated using a trimethylsilyl group
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introduced into the chain by the reaction of the hydroxyl group with chlorotrimethylsi-
lane. In addition to the mentioned hydroxyl group, the reactive centers at the ends of
the polysiloxane chain can comprise groups such as amino, epoxy, vinyl or alkoxysilane
(Figure 4) [28-31]. Similarly to reactive side groups, they can be used in the curing process,
e.g., the reaction of hydroxyl groups with isocyanates to form polyurethane. The influence
of end groups on the physical properties of polysiloxanes can be observed in the example
of PDMS terminated with hydroxyl groups. At the average molecular weight of approx.
550 g/mol, its viscosity is approx. 24 mPa:-s [32]. PDMS with trimethylsilyl groups of
similar average molecular weights has an eight times lower viscosity (Table 1).

1 CHy 2 CH FHs
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Figure 4. Polysiloxanes with different end groups: (1) trimethylsilyl, (2) vinyl, (3) hydroxyl, (4) epoxy.

The selection of appropriate side groups or groups at the ends of the polysiloxane
chain enables the silicone curing process to be carried out by a variety of reactions. In the
literature, silicone rubbers are divided into HTV rubbers (high-temperature vulcanizable)
and RTV rubbers (room-temperature vulcanizable). There are three main curing mech-
anisms in HTV silicones: curing with peroxides (Figure 5), high-temperature-activated
hydrosilylation and reactions of vinyl groups with mercaptoalkyl groups [12].

W?i—o-w- vw-s‘;i-om
|
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|
CH, CH,4

Figure 5. Curing with peroxides, RO*—radical.

In the case of RTV silicones, there are usually single-component condensation-type
silicones and two-component addition-type silicones [12]. In the first case, crosslinking
occurs after contact of the silicone with moisture from the air as a result of the hydrolysis
of alkoxy or acetoxy groups. In addition-type silicones, the mechanism is based on a
hydrosilylation reaction catalyzed by platinum compounds (Figure 6).

CH, CH,
4 Pt é
HyC—Si—H HZC=CH—-?i—OM-v —» H,C— i—CHz—CHz—SIi—Ow
|
CH O CH
3 3 3 3

Figure 6. Curing via hydrosilylation.
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3. Implementation of Polysiloxanes in PBX Explosives—Current State and
Perspectives

Studies of PBX compositions containing polysiloxanes are present in the
literature [10,33-36]. The authors of paper [10] examine formulations containing FOX-
7 and HMX (1,3,5,7-tetranitro-1,3,5,7-tetrazoctane) mixed with polyNIMMO and silicone
grease. The compositions containing polysiloxane show friction sensitivity of greater than
360 N and impact sensitivity of greater than 20 J. The minimum normal force or impact
energy at which the sample is initiated in at least one of six trials is considered to be the
friction or impact sensitivity. A detonation velocity test is carried out for the most promis-
ing sample. The explosive with a density of 1.55 g/cm? is placed in a 10 mm diameter PVC
tube detonated at a velocity of 6960 £ 70 m/s. In paper [33], the authors draw attention to
the interesting performance properties of linear cumulative charges with flexible formula-
tions containing polysiloxanes in the form of RTV silicones. The prepared PBXs achieve
detonation velocities ranging from 5620 to 7100 m/s (flat charge, 60 mm by 200 mm). The
density of the compositions ranges from 1.28 to 1.40 g/cm3. The content of RTV silicones in
the prepared formulations varies from 20 to 30%. Self-supporting compositions are allowed
to eliminate the metal cover, which limits the negative impact of debris on the environment.
In publication [34], the effect of aging time and temperature on the detonation velocity of
the composition XTX-8003, consisting of 80% PETN and 20% Sylgard silicone rubber, is
investigated. The composition is extruded into four square channels with widths of 2.03,
0.89, 0.51 and 0.38 mm in a polycarbonate block and then cured. The tested PBX detonates
at a velocity of 7284 + 25 m/s (before aging, largest channel). The authors propose an
empirical Equation (1) that allows us to determine the service time, t (years), depending on
the storage temperature, T (°C).

t = 147  exp(—0.0268 % T) 1)

The authors of papers [35,36] point out the good phlegmatizing properties of silicones.
Additionally, polysiloxanes show a neutral effect on the thermal stability of the obtained
compositions. PBXs with polydimethylsiloxane are obtained by mixing 88% crystalline
nitroamine with 12% silicone in a Brabender Plastograph for 90 min at 25 °C. Table 4
shows a comparison of the properties of compositions containing polysiloxanes with
compositions containing popular polymeric binders and crystalline explosives. The normal
force or impact energy value giving a 50% chance of sample initiation is considered as
the friction or impact sensitivity. Detonation velocity tests are carried out using charges
without casing with diameters of 16 mm and lengths of 200 mm. According to the authors,
the use of polydimethylsiloxane can be the optimal solution between high detonation
parameters and low sensitivity of the composition.

Analysis of the structure and properties of polymers included in the PBX explosives,
as well as information contained in the literature [38-42], set requirements that polymers
used in PBXs must meet. A desirable feature of the polymeric binder is, for example, a low
glass transition temperature (preferably below —50 °C), which guarantees the invariability
of the mechanical properties of the composition, even when used at low temperatures. Too
high a glass transition temperature could lead to mechanical damage (cracking, breaking
or crushing). A very important parameter associated with the production of explosive
compositions is the viscosity of the binder. The viscosity should be easily modified by
means of plasticizers by curing or by changing the temperature. Curing should be possible
at temperatures significantly lower than the decomposition temperature of the crystalline
explosive used in the composition. Appropriate mechanical properties are responsible for
the durability of the composition, its reduced sensitivity and required properties (pressing
granules, flexible composition, and plastic explosive susceptible to hand molding). The
binder must also be chemically resistant, thus guaranteeing the isolation of the explosive
crystals from atmospheric agents and chemicals that may affect the chemical stability of
the PBX. In addition, during the production and storage of the composition, chemical
reactions that may change the properties of PBX are not allowed. Another important
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feature that polymer binders must have is thermal stability. The polymer must not undergo
any changes that may affect both the chemical and physical stability of PBX formulation at
temperatures at which the given PBX will be stored and used. The binder must have a high
affinity for the explosive crystals. In the binder—explosive system, efforts should be made
to minimize the interfacial tension. Low interfacial tension implies high wettability of
the crystal surface, which consequently improves the mechanical properties and physical
stability of the formulation. An important criterion is also the economic issue. The used
polymer should be as cheap as possible, easily accessible and manufactured by domestic
suppliers, and its introduction to PBX production should be as easy as possible.

Table 4. Comparison of properties of plastic/polymer-bonded explosives (PBXs) with popular
binders and PDMS [35,37].

Explosive Loading Detonation Impact Friction
Density [g/cm?] Velocity [m/s] Sensitivity [J] Sensitivity [N]
RDX 1.76 8750 5.58 120
HMX 1.90 9100 6.37 95
BCHMX 1.79 8700 2.98 88
HNIW 2.04 9800 4.2 64
RDX/Viton A (91/9) 1.76 8285 10.6 326
HMX/ Viton A (91/9) 1.84 8602 10.3 304
BCHMX/Viton A (91/9) 1.81 8474 53 283
HNIW /Viton A (91/9) 1.94 9023 6.9 252
RDX/Viton A (95/5) 1.76 8424 9.2 271
HMX/Viton A (95/5) 1.84 8730 9.2 243
BCHMX/ Viton A (95/5) 1.81 8612 4.8 230
HNIW /Viton A (95/5) 1.95 9194 6.4 186
RDX/PDMS 1.58 7844 33.9 254
HMX/PDMS 1.64 8083 322 228
BCHMX/PDMS 1.63 7994 24.3 232
HNIW /PDMS 1.74 8267 28.0 192
RDX/HTPB 1.52 7526 14.6 >360
HMX/HTPB 1.57 7812 15.2 >360
BCHMX/HTPB 1.56 7746 9.6 322
HNIW/HTPB 1.63 8167 10.8 214

Polydimethosiloxane or its derivatives meet most of the requirements. The prob-
lem with polysiloxanes is the strongly inorganic nature of the backbone chain. Lack of
significant affinity for the explosive crystals can lead to the low physical stability of the
resulting compositions due to binder exudation and loss of solid phase (explosive crystals)
during use.

In order to produce a stable PBX composition based on a polysiloxane binder, it is
necessary to increase the interaction between the explosive crystals and the polymer. The
first method may be to use organosilicon polymers with lateral groups that will create
hydrogen bonds with the nitro groups of the explosive. The second method may be to use
bonding agents that are commonly used in PBX and rocket propellants. The role of bonding
agents is to adsorb on the surface of the explosive crystals and create chemical bonds with
the binder [38]. Bonding agents such as aziridine derivatives, hydantoin derivatives, borate
esters, isocyanurates, ferrocene derivatives and others are described [43,44].

Another important ingredient that is used in binder systems and that may help with
the good implementation of polysiloxanes is a wetting agent (surfactant), e.g., lecithin [38].
Compounds of this type have in their structure polar and nonpolar parts that lower inter-
facial tension between solid and liquid ingredients of PBX or rocket propellants. In the
silicone binder systems, it might be necessary to use siloxane surfactants, which, due to
their unique properties, are used in polyurethane foams, the textile industry, cosmetics
and paints [45]. Siloxane surfactants may have different chemical structures with different
polar groups, such as polyoxyethylene (nonionic), sulfate (anionic), quaternary ammonium
salts (cationic) or betaines (zwitterionic). The hydrophobic part of siloxane surfactants
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comprises permethylated siloxane groups, e.g., a polysiloxane chain, trisiloxane or cyclote-
trasiloxane [45]. An example of a siloxane surfactant is polydimethylsiloxane grafted with
poly(ethylene oxide) (Figure 7).

. i HaC
(HAC),Si L %
o7 07 Si(CH
LT HC X y (CHs)s
o
£
HO

Figure 7. Polydimethylsiloxane/poly(ethylene oxide) graft copolymer.

In the silicone industry, silica (5iO;) is a popular filler. To improve the interaction of
the inorganic filler with polysiloxane, alkoxy-functional silanes (dispersion stabilizers) are
used [46]. Compounds of this type usually have in their structure three alkoxy groups
attached to a silicon atom and a fourth group in the form of an aliphatic chain functionalized
with amino, epoxy, carbamic groups, etc. (Figure 8).

AN
CH, CI) CH, CH, O/\CH3
Si NH _NH ; o
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i (¢ PN e
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Tis ? CH, CH, ?ACH3
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HSC\/ H;C (0] ¢
O

Figure 8. Examples of alkoxysilanes used in silicones.

Alkoxy groups react with hydroxyl groups on the silica surface to form oxygen bridges
(the by-product being alcohol), while the functionalized aliphatic group interacts with
polysiloxane. Of course, on the surface of the explosive crystals, there are no hydroxyl
groups capable of reacting with alkoxysilanes. The solution to this problem may be coating
crystals with a layer of a substance with hydroxyl groups, e.g., poly(vinyl alcohol) (PVA,
Figure 9).

The authors of [47] conducted similar tests on the functionalization of explosive crystals’
surfaces using polydopamine (PDA). The functional groups derived from polydopamine
were then used to make grafted copolymers with other polymers: poly(glycidyl azide)
(GAP), poly(ethylene glycol) (PEG) and polytetramethylene ether glycol (PTMEG). The
polymers mentioned could be replaced by, e.g., polydimethylsiloxane terminated with hy-
droxyl groups (Figure 10). Isocyanates such as 1,1’-methylenebis(4-isocyanatobenzene) (MDI),
2,4-diisocyanato-1-methylbenzene (TDI) and 1,6-diisocyanatohexane (HDI), which are com-
monly used in the production of polyurethanes [48], can act as a link between polymers.
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stabilizer (scheme).
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Figure 10. Explosive crystal modified with polydopamine (PDA)-g-PDMS (scheme).

4. Conclusions

Polysiloxanes are an interesting group of polymers whose potential use in explosive
compositions has already been considered in the past. Due to their very low glass transition
temperatures, high thermal resistance and low reactivity, they would make a very good
component for PBXs. The obstacle to the wider use of silicones in explosive compositions
is their low affinity for explosive crystals. However, this is a problem that can be solved
using simple steps. One possible solution is the functionalization of the explosive crystal’s
surface. Polysiloxanes are not devoid of drawback compounds, but studies devoted to
eliminating their negative properties may eventually lead to interesting results.

Author Contributions: Ideation, K.Z., Z.C. and W.A.T.; writing—original draft preparation, K.Z.;
writing—review and editing, Z.C. and W.A.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was financed by the Military University of Technology under research project
UGB 761.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

1.  Maranda, A. Przemystowe Materiaty Wybuchowe (Industrial Explosives); Wojskowa Akademia Techniczna: Warsaw, Poland, 2010.
2. Kaye, S.M. Encyclopedia of Explosives and Related Items; U.S. Army Research and Development Command: Wharton, NJ, USA, 1978;

Volume 8.



Polymers 2021, 13, 1080 10 of 11

10.

11.

12.

13.
14.

15.

16.
17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

Cudzilo, S.; Maranda, A.; Nowaczewski, J.; Trebiriski, R.; Trzcifiski, W.A. Wojskowe Materiaty Wybuchowe (Military Explosives);
Wydawnictwo Wydziatu Metalurgii i Inzynierii Materiatlowej: Czestochowa, Poland, 2000.

Dobratz, B.M. The Insensitive High Explosive Triaminotrinitrobenzene (TATB): Development and Characterization—1888 to 1994;
Los Alamos National Laboratory: Los Alamos, NM, USA, 1995.

Chytek, Z.; Szala, M. Przeglad potencjalnych wysokoenergetycznych komponentéw do wytwarzania nowoczesnych plastycznych
materiatéw wybuchowych (Review of potential high-energy components for the production of modern plastic explosives).
High-Energetic Mater. 2015, 7, 144-155.

Smith, M.W.; Cliff, M.D. NTO-Based Explosive Formulations: A Technology Review; DSTO Aeronautical and Maritime Research
Laboratory: Salisbury, UK, 1999.

Cudzilo, S.; Trzcinski, W.A. Topliwe kruszace materialy wybuchowe (Castable High Explosives). Biul. WAT 2014, 63, 43-55.
[CrossRef]

Akhavan, J. The Chemistry of Explosives; Royal Society of Chemistry: Cambridge, UK, 2011.

Zeman, S.; Jungova, M. Technology of Explosives, A Textbook; University of Pardubice: Pardubice, Czech Republic, 2019.

Chytek, Z.; Jurkiewicz, R. Investigation of the Properties of Polymer Bonded Explosives Based on 1,1-Diamino-2,2-dinitroethene
(FOX-7) and 1,3,5,7-Tetranitro-1,3,5,7-tetraazacyclooctane (HMX). Cent. Eur. ]. Energ. Mater. 2016, 13, 859-870. [CrossRef]
Dvornic, P.R. Thermal Properties of Polysiloxanes. In Silicon-Containing Polymers; Jones, R.G., Ando, W., Chojnowski, J., Eds.;
Springer: Dordrecht, The Netherlands, 2000.

Mazurek, M. Polimery krzemoorganiczne (Organosilicon polymers). In Chemia Polimeréw (Polymer Chemistry); Florjanczyk, Z.,
Penczka, S., Eds.; Oficyna Wydawnicza Politechniki Warszawskiej: Warsaw, Poland, 2002.

Chandrasekhar, V. Inorganic and Organomatallic Polymers; Springer: Berlin, Germany, 2005.

Moretto, H.; Schulze, M.; Wagner, G. Silicones. In Ullmann’s Encyclopedia of Industrial Chemistry; Gehartz, W., Schulz, G., Kellersohn,
T., Elvers, B., Hawkins, S., Winter, U., Eds.; Wiley: Weinheim, Germany, 2000.

Boutevin, B.; Guida-Pietrasanta, F.; Ratsimihety, A. Side Group Modified Polysiloxanes. In Silicon-Containing Polymers; Jones,
R.G., Ando, W., Chojnowski, J., Eds.; Springer: Dordrecht, The Netherlands, 2000.

Mark, J.E.; Schaefer, D.W.; Lin, G. The Polysiloxanes; Oxford University Press: New York, NY, USA, 2015.

Maciejewski, H.; Szubert, K.; Marciniec, B. Technologie otrzymywania funkcjonalizowanych polisiloksanéw (Technologies for
obtaining functionalized polysiloxanes). Polimery 2009, 54, 706-711.

Poly(methylphenylsiloxane), Polymer Database. Available online: https://polymerdatabase.com/polymers/Polymethylphenyls
iloxane.html (accessed on 19 January 2020).

Patwardhan, D.V.; Zimmer, H.; Mark, ].E. Synthesis of Some Fluorinated Phenylmethylsiloxane Polymers and Characterization of
Their Surface Properties. Polymers 1997, 7, 93-109.

Owen, M.]. Poly[Methyl(3,3,3-Trifluoropropyl)Siloxane]. In Handbook of Fluoropolymer Science and Technology; Smith, D.W., Jr.,
Tacono, S.T., Iyer, S.S., Eds.; Wiley: Hoboken, NJ, USA, 2014.

Owen, M.J. Siloxane Surface Activity. In Silicone-Based Polymer Science; Zeigler, ]. M., Gordon Fearon, EW., Eds.; American
Chemical Society: Washington, DC, USA, 1990.

Maciejewski, H.; Karasiewicz, J.; Marciniec, B. Efektywna synteza fluorofunkcyjnych (poli)siloksanéw (Efficient synthesis of
fluorofunctional polysiloxanes). Polimery 2012, 57, 449-455. [CrossRef]

Lubkowska, M.; Stariczyk, W. Aminoalkyl functionalized siloxanes. Polimery 2014, 59, 763-768. [CrossRef]

Pozuelo, ].; Baselga, ]. Glass transition temperature of low molecular weight poly(3-aminopropyl methyl siloxane). A molecular
dynamics study. Polymer 2002, 43, 6049—-6055. [CrossRef]

Poly[dimethylsiloxane-co-(3-aminopropyl)methylsiloxane], Sigma Aldrich (Merck). Available online: https://www.sigmaaldrich
.com/catalog/product/aldrich/480304?lang=pl&region=P&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-1 (accessed
on 28 January 2020).

Xu, Y; Yin, H.; Zheng, H.; Yuan, S.; Chen, Z. Application performance and surface morphologies of amino polysiloxanes with
different amino values and amino types. J. Appl. Polym. Sci. 2011, 119, 2326-2333. [CrossRef]

Yu, T.; Wakuda, K,; Blair, D.L.; Weiss, R.G. Reversibly Cross-Linking Amino-Polysiloxanes by Simple Triatomic Molecules. Facile
Methods for Tuning Thermal, Rheological, and Adhesive Properties. . Phys. Chem. C 2009, 113, 11546-11553. [CrossRef]

Jiang, H.; Zheng, Z.; Song, W.; Li, Z.; Wang, X. Alkoxysilane Functionalized Polyurethane/Polysiloxane Copolymers: Synthesis
and the Effect of End-Capping Agent. Polym. Bull. 2007, 59, 53-63. [CrossRef]

Poly(dimethylsiloxane), bis(3-aminopropyl) terminated, Sigma Aldrich (Merck). Available online: https:/ /www.sigmaaldrich.c
om/ catalog/product/aldrich/481696?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-2 (accessed
on 28 January 2020).

Poly(dimethylsiloxane), diglycidyl ether terminated, Sigma Aldrich (Merck). Available online: https://www.sigmaaldrich.com
/catalog/product/aldrich/480282?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-4 (accessed on
28 January 2020).

Poly(dimethylsiloxane-co-diphenylsiloxane), divinyl terminated, Sigma Aldrich (Merck). Available online: https://www.sigmaa
ldrich.com/catalog/product/aldrich/482048?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-
10 (accessed on 28 January 2020).


http://doi.org/10.5604/12345865.1131330
http://doi.org/10.22211/cejem/67226
https://polymerdatabase.com/polymers/Polymethylphenylsiloxane.html
https://polymerdatabase.com/polymers/Polymethylphenylsiloxane.html
http://doi.org/10.14314/polimery.2012.449
http://doi.org/10.14314/polimery.2014.763
http://doi.org/10.1016/S0032-3861(02)00442-1
https://www.sigmaaldrich.com/catalog/product/aldrich/480304?lang=pl&region=P&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-1
https://www.sigmaaldrich.com/catalog/product/aldrich/480304?lang=pl&region=P&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-1
http://doi.org/10.1002/app.32928
http://doi.org/10.1021/jp900115g
http://doi.org/10.1007/s00289-007-0748-y
https://www.sigmaaldrich.com/catalog/product/aldrich/481696?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-2
https://www.sigmaaldrich.com/catalog/product/aldrich/481696?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-2
https://www.sigmaaldrich.com/catalog/product/aldrich/480282?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-4
https://www.sigmaaldrich.com/catalog/product/aldrich/480282?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-4
https://www.sigmaaldrich.com/catalog/product/aldrich/482048?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-10
https://www.sigmaaldrich.com/catalog/product/aldrich/482048?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-10
https://www.sigmaaldrich.com/catalog/product/aldrich/482048?lang=pl&region=PL&cm_sp=Insite-_-prodRecCold_xviews-_-prodRecCold10-10

Polymers 2021, 13, 1080 11 of 11

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

Poly(dimethylsiloxane), hydroxy terminated, Sigma Aldrich (Merck). Available online: https://www.sigmaaldrich.com/catalog
/product/aldrich/481939?lang=pl&region=PL&cm_sp=Insite-_-recent_fixed-_-recent5-4 (accessed on 28 January 2020).
Nikolczuk, K.; Hadzik, J.; Wilk, Z. Nowe tadunki kumulacyjne o wlasciwosciach elastycznych jako przykiad zastosowania
polimerdow silikonowych w technologii materiatéw wybuchowych (New shaped charges with elastic properties as an example of
the use of silicone polymers in the technology of explosives). Chemik 2013, 67, 33—40.

Golopol, H.; Hetherington, N.; North, K. Aging Effects on the Detonation Velocity of XTX-8003. J. Hazard. Mater. 1980, 4, 45-55.
[CrossRef]

Elbeih, A.; Zeman, S.; Jungova, M.; Vavra, P.; Akstein, Z. Effect of Different Polymeric Matrices on Some Properties of Plastic
Bonded Explosives. Propellants Explos. Pyrotech. 2012, 37, 676—684. [CrossRef]

Elbeih, A.; Zeman, S.; Jungova, M.; Akstein, Z. Effect of Different Polymeric Matrices on the Sensitivity and Performance of
Interesting Cyclic Nitramines. Cent. Eur. |. Energy Mater. 2012, 9, 131-138.

Zeman, S.; Elbeih, A.; Hussein, A.K,; Elshenawy, T.; Pelikan, V.; Yan, Q. Concerning the Shock Sensitivities of Certain Plastic
Bonded Explosives Based on Attractive Cyclic Nitramines. Cent. Eur. ]. Energetic Mater. 2017, 14, 775-787. [CrossRef]

Daniel, M.A. Polyurethane Binder System for Polymer Bonded Explosives. Report No. DSTO-GD-0492; Defence Science and Technology
Organisation: Edinburgh, Australia, 2006.

Riviera, T.; Matuszak, M.L. Surface properties of potential plastic-bonded explosives (PBX). J. Colloid Interface Sci. 1983, 93,
105-108. [CrossRef]

Xiao, J.; Huang, H.; Li, J.; Zhang, H.; Zhu, W.; Xiao, H. A molecular dynamics study of interface interactions and mechanical
properties of HMX-based PBXs with PEG and HTPB. |. Mol. Struct. Theochem 2008, 851, 242-248. [CrossRef]

Bower, J.K.; Kolb, J.R.; Pruneda, C.O. Polymeric Coatings Effect on Surface Activity and Mechanical Behavior of High Explosives.
Ind. Eng. Chem. Prod. Res. Dev. 1980, 19, 326-329. [CrossRef]

Pang, W.Q.; De Luca, L.T.; Fan, X.Z.; Golotov, O.G.; Zhao, F.Q. Boron-Based Fuel-Rich Propellant: Properties, Combustion and
Technology Aspects; CRC Press: Boca Raton, FL, USA, 2019.

Yadav, A.; Pant, C.S.; Das, S. Research Advances in Bonding Agents for Composite Propellants. Propellants Explos. Pyrotech. 2020,
45, 695-704. [CrossRef]

Kishore, K.; Prema, S.; Iyanar, K.; Pandureng, L.P. Mechanistic studies on the effect of ferrocene bonding agents in composite
solid propellants. Fuel 1994, 73, 1583-1593. [CrossRef]

Hill, R M. Silicone Surfactants. In Silicone Surfactants; Hill, R M., Ed.; Marcel Dekker: New York, NY, USA, 1999.

Silanes, Siloxanes & Silicates, Wacker. Available online: https:/ /www.wacker.com/cms/en-us/products/product-groups/silan
es-siloxanes-silicates /silanes-siloxanes-silicates.html (accessed on 4 February 2020).

Zeng, C.; Yang, Z.; Zhang, ].; Li, Y,; Lin, C.; He, G.; Zhao, X,; Liu, S.; Gong, F. Enhanced Interfacial and Mechanical Properties of
PBX Composites via Surface Modification on Energetic Crystals. Polymers 2019, 11, 1308. [CrossRef] [PubMed]

Heath, R. Isocyanate-Based Polymers: Polyurethanes, Polyureas, Polyisocyanurates, and their Copolymers. In Brydson’s Plastic
Materials; Gilbert, M., Ed.; Butter-Heinemann: Oxford, UK, 2017.


https://www.sigmaaldrich.com/catalog/product/aldrich/481939?lang=pl&region=PL&cm_sp=Insite-_-recent_fixed-_-recent5-4
https://www.sigmaaldrich.com/catalog/product/aldrich/481939?lang=pl&region=PL&cm_sp=Insite-_-recent_fixed-_-recent5-4
http://doi.org/10.1016/0304-3894(80)80022-7
http://doi.org/10.1002/prep.201200018
http://doi.org/10.22211/cejem/78088
http://doi.org/10.1016/0021-9797(83)90389-2
http://doi.org/10.1016/j.theochem.2007.11.021
http://doi.org/10.1021/i360075a010
http://doi.org/10.1002/prep.201900329
http://doi.org/10.1016/0016-2361(94)90136-8
https://www.wacker.com/cms/en-us/products/product-groups/silanes-siloxanes-silicates/silanes-siloxanes-silicates.html
https://www.wacker.com/cms/en-us/products/product-groups/silanes-siloxanes-silicates/silanes-siloxanes-silicates.html
http://doi.org/10.3390/polym11081308
http://www.ncbi.nlm.nih.gov/pubmed/31387242

	Introduction 
	Physicochemical Properties of Polysiloxanes Depending on the Functionalization of the Silicon–Oxygen Backbone 
	Implementation of Polysiloxanes in PBX Explosives—Current State and Perspectives 
	Conclusions 
	References

