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Abstract. Modern solid propellants are widely used in various propulsion systems, where their performance is determined not only by
energetic characteristics but also by the properties of binder systems that ensure structural integrity and stability of the propellant
grain. The aim of this study is to analyze modern binders for solid propellants and to develop an approach to selecting effective
compositions based on both physicochemical and mechanical characteristics.

The study is based on the analysis and generalization of current binder systems used in solid propellants, including thermosetting and
thermoplastic binders, with consideration of their influence on mechanical behavior, structural integrity, and operational performance.
1t is shown that binder properties significantly affect not only the energetic performance but also the mechanical strength, deformation
resistance, and reliability of propellant grains under operational conditions. An integrated approach to the selection of binder systems
is proposed, which combines energy-based and mechanical criteria.

The proposed approach allows for a more comprehensive evaluation of solid propellant efficiency and can be used in the design and
development of advanced propulsion systems with improved performance and reliability.

Keywords: solid rocket propellant; binder, thermoplastic elastomer; thermosetting polymer,; additive manufacturing; 3D printing;

recycling; specific impulse; thermodynamic modeling.

1. Introduction

Solid-propellant rocket engines (SPREs) hold a key
place in modern aerospace and defense systems due to their
constant readiness, high reliability, relative simplicity of
design, and long shelf life. In recent years, their strategic
importance has increased many times in the context of their
active usage as launch boosters [1], [2]. The ability of
SPREs to provide rapid launch and acceleration from mo-
bile or size-limited platforms in the context of modern
highly maneuverable combat makes them an indispensable
element of rapid deployment systems, as clearly proved by
trends in the equipment of advanced world armies. Under
these conditions, requirements for manufacturability, cost,
and production efficiency of engines come to the fore,
relevating the search for new solutions for their key com-
ponent — the binder.
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Binding materials serve as the structural framework
of the propellant charge, combining energetic fillers (oxi-
dizers and metallic fuel) into a monolithic, mechanically
strong, and stable structure. The physicochemical proper-
ties of the binder directly affect not only the rheological
properties of the propellant composition during manufac-
ture but also the final energy characteristics, combustion
stability, service life, and overall engine operational safety.
Historically, the dominant position in this area has been oc-
cupied by thermosetting polymers, such as carboxyl- and
hydroxyl-terminated polybutadienes (CTPB, HTPB) [3],
polyurethanes, and epoxy resins. These materials, forming
irreversible three-dimensional cross-linked networks dur-
ing vulcanization, provide high thermal stability, resistance
to creep, and good mechanical properties at elevated tem-
peratures. It is noteworthy that some linear polymers, for-
mally classified as thermoplastics, due to their high melting
point exceeding the thermal decomposition temperature,
behave in practice like thermosetting materials, which ex-
cludes their processing by melting.

However, modern demands, caused as well by the
need of quick reaction — increasing efficiency, safety, and
reducing lifecycle costs — bring fundamentally new require-
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rements for binders to the forefront. Classical thermoset-
ting systems, despite their advantages, have fundamental
limitations: their processing is irreversible, which elimi-
nates the possibility of recycling defective or decommis-
sioned charges, and the manufacture of engines with com-
plex geometry requires expensive mechanical equipment
and tooling. It is these limitations that stimulate the active
search for alternatives, among which thermoplastic elasto-
mers (e.g., ethylene-vinyl acetate (EVA) and polyolefins)
with low melting points hold a special place. Parallel to
polymer systems, non-polymeric binders can also be used.
These include crystalline materials (e.g., trinitrotoluene,
urea), which act as a matrix when melted and form a strong
composition upon solidification, and low-melting-point
metals and their alloys (such as indium, gallium), serving
simultaneously as high-energy fuel and a binding phase.
Their ability for reversible melting paves the way for rev-
olutionary approaches in rocket propellant production, in-
cluding efficient recovery of valuable components and the
use of additive technologies (3D printing) [4], which can
drastically reduce the time and cost of producing speciali-
zed SPREs, including for mass-produced unmanned aerial
vehicles.

In addition to their chemical function, binders
should be considered as structural elements that determine
the mechanical behavior of the propellant grain. From a

mechanical engineering perspective, the binder signifi-
cantly affects stress distribution, deformation resistance,
crack formation, and overall structural integrity under
thermo-mechanical loading. Therefore, the selection of
binder systems must account not only for energetic per-
formance but also for mechanical reliability during oper-
ation.

2. Limitations

To determine the required operating range of melt-
ing temperatures for promising binders, a thermogravi-
metric analysis was carried out on a fuel composition with
20 % polyurethane, 15 % aluminium, 65 % AP. Other bind-
ers will have slightly different parameters for the ignition
temperature, but the difference will be insignificant.

The graph (Fig. 1 a) shows that ignition occurs at a
temperature close to the onset temperature of thermal de-
composition of ammonium perchlorate (~300 °C). At the
same time, it is also visible (Fig. 1 b) that there is a peak at
242 °C, which corresponds to a second-order phase transi-
tion of ammonium perchlorate (Fig.2) from the orthro-
hombic to the cubic modification [5], causing an abrupt
change in its volume, which can lead to the formation of
microcracks.
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Fig. 1. Thermogravimetric analysis of fuel with 20 % polyurethane, 15 % aluminum, 65 % AP: a — thermogravi-

metric analysis; b — enlarged area 4 (27.9 °C-292 °C)
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Fig. 2. DTA diagram of ammonium perchlorate [6]

Also, in Fig. 1, it can be seen that the sample mass
begins to decrease starting from 60 °C, and this process in-
tensifies at 240-250 °C, which can be explained by phe-
nomena such as solvent evaporation from the binder, evap-
oration of residual moisture and impurities from AP, and
the onset of AP decomposition itself.

Based on all of the above, let us assume that the mel-
ting point of a potential binder should not exceed 150 °C
(423 K). On the other hand, based on operational characteris-
tics, let us set the lower melting point limit at 50 °C (323 K).

3. Research methods

3.1. Thermosetting Binders

Historically, the basis of solid rocket propellant pro-
duction has been thermosetting polymers. The most com-
mon representative is hydroxyl-terminated polybutadiene
(HTPB). According to fundamental research presented in
the journal Propellants, Explosives, Pyrotechnics, HTPB
demonstrates superior wetting of ammonium perchlorate
and aluminum surfaces, ensuring a high filling degree and
composition stability [7].

Polyurethane binders occupy a special niche due to
their exceptional strength. Research published in the Jour-
nal of Polymer Science details the mechanism of three-di-
mensional network formation and the resistance of polyu-
rethanes to various aggressive environments [8]. At the sa-
me time, as noted in a review in Progress in Aerospace
Sciences, some linear polymers, including certain types of
polyurethanes, due to their high melting/decomposition tem-
perature, functionally behave as thermosetting materials [9].

Epoxy resins find application in special areas. Work
in Composite Materials provides a detailed analysis of their
highest strength characteristics and adhesion, as well as
modification methods to reduce brittleness [10].

3.2. New Generation Thermoplastic Binders

The development of thermoplastic elastomers opens
up possibilities for additive manufacturing. Ethylene-vinyl
acetate (EVA) with a vinyl acetate content of 25-40 %

demonstrates an optimal balance between flexibility and
melting point. Research in Additive Manufacturing con-
firms that EVA compositions maintain stability at high
solid filler content and are suitable for 3D printing by fused
deposition modeling (FDM) [11]. EVA is also suitable for
manufacturing flexible parts, which is important for pro-
ducing case-bonded solid propellant grains [12].

A promising direction is the development of poly-
olefin binders. A review in Polymer Reviews systematizes
data on the use of polypropylene and polyethylene as
binders, noting their improved thermal characteristics and
chemical resistance compared to EVA [13], although they
have a higher melting point.

3.3. High-Energy Crystalline Substances

A special category consists of crystalline binders.
Trinitrotoluene (TNT) is traditionally used in cast explo-
sive compositions. The classic monograph High Energy
Materials: Propellants, Explosives and Pyrotechnics desc-
ribes its properties, advantages, and disadvantages, such as
a tendency to migrate [14].

Other crystalline high-energy substances, for exam-
ple, urea, can also be used as binders.

3.4. Low-Melting Metallic Alloys

An innovative direction is the use of metallic binders
based on indium, gallium, and their eutectic alloys. An ar-
ticle in Advanced Engineering Materials experimentally
investigates the properties of a gallium-indium alloy, its
wetting ability, and application for creating functional
composite materials [15]. It is worth noting that there is a
risk of chemical reaction between the alloy components
and the oxidizer; this issue requires separate research.

4. Analysis of the results

The following presents the results of thermodynamic
modeling for fuels based on various binders. Calculations
were performed for a combustion chamber pressure of
69 bar (1000 psi), nozzle exit pressure of 1 bar (14.5 psi),
and initial component temperature of 298 K (25 °C).

It should be emphasized that the simulation results
reflect general trends under ideal conditions. Actual engine
performance will be lower than calculated for several rea-
sons:

1. Process Non-Ideality: Incomplete chemical reac-
tions, dissociation of combustion products in the chamber,
and heat losses.

2. Design Factors: Erosion of the nozzle thermal
protection coating, which absorbs part of the heat, and
two-phase losses associated with the condensation of re-
fractory particles, primarily metal oxides such as Al,O;
and Fe,0s.

3. Technological Deviations: Inability to ensure ab-
solute homogeneity of the fuel matrix and the presence of
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passive impurities. A key example is the oxide film (Al,O3)
on the surface of aluminum powder, which reduces the to-
tal energy release.

4. Composition Variation: The chemical composi-
tion of raw materials, especially polymeric binders (e.g.,
epoxy resins), may vary slightly between different manu-
facturers and even between batches, affecting the rheolog-
ical and energy properties of the fuel.

The calculation was performed in the ProPep pro-
gram (Martin Marietta). Screenshots of the fuel perfor-
mance calculation results are presented. Data are provided
for two nozzle flow models:

FROZEN (Frozen equilibrium in the first row): As-
sumes that the composition of combustion products is fixed
after the combustion chamber and does not change in the
nozzle.

SHIFTING (Shifting equilibrium in the second): As-
sumes that the composition of combustion products conti-
nuously adjusts, maintaining chemical equilibrium at the
current pressure and temperature at each point in the nozzle.

IMPULSE IS EX T# p# C#
245,0 11,1733 3273 38,75 4870,4
251,7 11,1389 3343 39,22 491¢,3

The real value of specific impulse usually lies be-
tween these two approximations. For comparative analysis,
the higher value corresponding to the SHIFTING model is
typically used.

5. Key parameters of the section

IMPULSE: Specific impulse under ideal nozzle ex-
pansion conditions in seconds.

T: Temperature in the combustion chamber in Kelvin.

ISP: Specific impulse for an engine without a nozzle
(“with a hole™) in seconds.

OPT-EX: Optimal expansion (ratio of nozzle exit
area to throat area).

EX-T: Temperature at the nozzle exit in Kelvin [16].

Below are the results of calculations for polymeric
binders (Fig. 3—12) were performed considering 20 % bin-
der (except for polybutadiene) based on existing expe-
rience with various compositions and the rheology during
solid fuel grain forming.

ISP* OPT-EX D-ISP M  EX-T
9,46 0,1 0,15141 1303
183,0 10,76 0,1 0,15285 2328

Fig. 3. Fuel performance calculation results for Space Shuttle fuel, 16 % aluminum, 69.8 % AP, 0.2 % iron oxide,
12 % Polybutadiene acrylic acid acrylonite, 2 % Epoxy curing agent [17]

IMPULSE I5 EX T D cr Isp* OPFT-EX D-ISP LM EX-T
245,39 1,1506 2807 28,52 4593,0 9,13 og,1 0,15522  15&1
255,7 1,173 2244 32,83 5031,€ 1938 5, €4 0,1 0,15&42 1717

Fig. 4. Fuel performance calculation results 15 % aluminum, 65 % AP, 20 % polyurethane

IMPULSE I5 EX T D cr Is5p* OPT-EX D-ISP LM EX-T
250,38 1,18%¢ 2g9€ 38,54 500%,0 5,15 g,1 0,15572  1£15
257,0 1,1344 2578 35,25 G51&1,€  1985,5 9,58 0,1 0,le04& 1810

Fig. 5. Fuel performance calculation results 15 % aluminum, 65 % AP, 20% epoxy

IMEULSE IS5 EX T b* c* ISp* OPFT-EX D-ISP LM EX-T
238,82 1,1%24¢ 2707  23,€0 4781,2 5,24 0,1 0,l42€4 1523
245,0 1,16€5 2735 23,85 4813,2 185,3 9, &€ 0,1 0,14%€4  1£55

Fig. 6. Fuel performance calculation results 15 % aluminum, 65 % AP, 20 % EVA

IMPULSE I5 EX T D cr Isp* OPFT-EX D-ISP LM EX-T
242,1 11,2231 2275 38,02 4871,¢ 8,47 0,1 0,15145 1152
249,% 0,5554 2325 35,84 4%¢€1,32 191,1 8,92 0,1 o,15424  125¢

Fig. 7. Fuel performance calculation results 15 % aluminum, 65 % AP, 20 % polyethylene

IMPULSE I5 EX T D cr Isp* OPFT-EX D-ISP LM EX-T
238,38 1,2233 2845 28,09 4808,0 8,56 0,1 o0,14347 14€1
252, 6 1,1138 2028 35,58 5057,1 150,7 9,86 g,1 a,15722 1387

Fig. 8. Fuel performance calculation results 30 % TNT, 70 % AP

IMPULSE I5 EX T D cr ISp* OQPFT-EX D-ISP LM EX-T
244,1 1,179% 32241 38,67 485%,5 9,33 o,1 0,15107 1853
255,2 1,1008 3410 35,76 S0€2,0 150,510, €0 o,1 0,15737 24830

Fig. 9. Fuel performance calculation results 20 % TNT, 10 % aluminum, 70 % AP
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IMPULSE I5 EX T* D c¥ ISEp* OPT-EX D-ISP AYM EX-T
220,1 1,2238 2226 38,01 44252 2,46 0,1 0,13757 1125
223,4 1,1887 2273 38,55 4495,%  173,7 2,80 0,1 0,13377 1189

Fig. 10. Fuel performance calculation results 30 % urea, 70 % AP

IMPULSE I5 EX T* b cv ISp* OFT-EX D-ISP LvM EX-T
238,3 1,177 2929 38,71 473%5,% 5,40 0,1 0,14723  1€38
247,4 1,1133 3035 39,58 487¢,4 185,0 10,54 0,1 0,15180 2117

Fig. 11. Fuel performance calculation results 20 % urea, 10 % aluminum, 70 % AP

IMPULSE I5 EX T* D c¥ ISp* QPT-EX¥ D-ISP AYM EX-T
127,5 1,2976 1078 37,40 25%83,1 7,75 0,0 0,08077 439
131,5 1,2150 1117 38,20 2€5&,5  102,% 8,56 0,0 0,082&0 €31

Fig. 12. Fuel performance calculation results 12.5 % Indium, 12.5 % Gallium, 75 % AP

Analyzing the calculation results, it is easy to see
that for polymeric binders, the specific impulse differs little
(240-257 s, maximum about 7 % deviation).

Compositions with TNT also show a close specific
impulse (238-255 s).

Compositions with urea showed a somewhat lower
result (220-223 s), but when using aluminum as a high-
energy additive, urea proves to be a quite workable com-
ponent-replacement for thermosetting binders (237-247 s).
There are concerns about the corrosive activity of urea to-

The composition with the In-Ga alloy raises the most
questions because these are relatively active metals but
yield low specific impulse. This may be due to incorrect
thermodynamic modeling, or it may be related to the small
amount of gas in the combustion products, as, for example,
in a thermite mixture (Fe,O3 + Al), which releases a lot of
heat but cannot create thrust because all reaction products
are refractory compounds. As is known, work is performed
by hot gases. In any case, additional research is needed.

All calculation results with comparative characteris-

wards aluminum, but they are unfounded [18].

tics of binders are given in the table 1.

Table 1. Comparative Characteristics of Binder Materials

P / .
l\r/in::Zl HTPB Polyurethane | Epoxy Resins EVA Polyethylene TNT Urea In-Ga Alloys
Material T Thermo- Thermo- Thermo-  |Thermoplastic| Thermoplastic| Crystalline | Crystalline | Low-Melting
ateria e . . . .
P setting * setting * setting Elastomer Polymer Explosive | Substance | Metal Alloy
P .
FOCesSIng 60-80 60-100 20-150 80-120 160-180 | 80-85 132 15-200
Temp.**, °C
Mechanical ngh High High Flt'axibility, Stiffness, . Brittl.eness, Plasticity,
. elasticity, | strength and strength, impact Brittleness high low
Properties . . . . strength
good strength|wear resistance| brittleness viscosity hardness strength
ifi
Specific 252 256 257 245 250 252255 | 223-247 132
Impulse, s ***
Additional | Additional
Recyclability No No No Yes Yes research research Yes
needed needed
Suitability for High Medium Low Low High (special
Very L Very L L DIW
3D Printing | VoY LW | VeryLow | LowDIW) | orn "oy DMy (hazard) | (hazard) | methods)
. Thi 1 High S .
Proven .. | High strength,| Ease of e@a '8 Auvailability, | Electrical
Key Strength, oil . . stability, energy, . ..
technology, . adhesion, low | processing, . ... |high energy |conductivity,
Advantages e resistance . A chemical simplicity .
reliability shrinkage flexibility . content | fuel function
resistance of use
Main Irreversible Sensitivity Brittleness? Limited High Lt?v.v l.ielativel.y High density,
. process, . need for precise| temperature | processing stability, |high melting cost,
Disadvantages . to moisture . . . . .
long curing dosing range temperature | migration point corrosion
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A fundamental transformation of the approach to
creation of solid rocket propellants is associated with two
interrelated trends: the introduction of additive technolo-
gies and the transition to a circular economy. Traditional
methods, such as casting and vacuum pressing, face funda-
mental limitations, including long production cycle times
(up to several weeks), high defect rates, geometric limita-
tions, and the impossibility of correcting defects. Additive
technologies (3D printing) offer a paradigm shift, allowing
the creation of propellant grains with programmable inter-
nal architecture, which was previously unattainable [19].

Among the key methods of fuel 3D printing, fused
deposition modeling (FDM) stands out, ideally compatible
with thermoplastic binders such as ethylene-vinyl acetate
(EVA). This process assures precise control over the dis-
tribution of the propellant composition within the grain
volume, creating complex combustion channels that con-
trol the engine’s thrust profile [20]. An alternative is direct
ink writing (DIW), a method of extruding highly filled
pastes, which is suitable for temperature-sensitive materi-
als, including compositions with ammonium perchlorate.
Research shows that using DIW, it is possible to introduce
solid energetic components without loss of rheological
properties [20]. For photopolymerizing systems, including
modified polybutadienes, stereolithography (SLA) is
promising, providing high printing resolution [21]. By
combining these methods, engineers can create fuels with
a programmed combustion law, where the concentration of
energetic components and geometry vary throughout the
volume for precise control of engine characteristics.

In parallel to the technological revolution, a rethink-
ing of the material lifecycle is taking place. The reversibil-
ity of the melting-curing processes of thermoplastic and
metallic binders (EVA, In-Ga alloys) lays the foundation
for recycling [7]. Defective or decommissioned charges
can be remelted with subsequent extraction and reuse of
valuable components—oxidizer, metallic fuel, and the bin-
der itself. Reports from pioneer companies in this area
(e.g., Firechawk Aerospace) show, that the transition to ad-
ditive technologies using thermoplastics can reduce charge
production time from 15-60 days to 3—6 hours, indicating
a significant economic effect [22], [23]. Furthermore, the
robotic 3D printing process minimizes manual labor and
personnel contact with hazardous materials, radically in-
creasing safety and reducing the volume of hazardous
waste generated during the mechanical processing of tradi-
tional charges.

6. Prospects and Key Research Directions

The conducted comparative study of classical and
prospective binders for solid rocket propellants allows for
a number of key conclusions. Thermodynamic analysis
showed that for standard compositions based on ammo-
nium perchlorate and aluminum with a polymeric binder,
the stability of energy characteristics is observed. The spe-
cific impulse for such systems, regardless of the type of
polymer (HTPB, polyurethane, epoxy resins, or thermos-

plastics like EVA and polyolefins), varies within a narrow
range of 240-257 s. This result indicates that the choice of
a specific polymeric binder from the point of view of pure
energy is not critical and should be determined primarily
by technological and operational parameters—such as rhe-
ology during production, processability, cost, and suitabil-
ity for recycling.

The study of crystalline binders revealed varying
prospects for their application. Trinitrotoluene (TNT)
demonstrated energy comparable to polymeric systems;
however, its use as a binding matrix is still constrained by
its inherent disadvantages—high hardness and, accordingly,
a tendency to form microcracks. In its turn, urea showed
somewhat lower energy performance in its pure form, but
its combination with aluminum allowed achieving a spe-
cific impulse in the range of 237-247 s, bringing it closer
to traditional solutions, but it is also prone to cracking risk.
The combination of this acceptable energy intensity with
low cost and low melting point opens up potential for urea
as an object for further applied research.

The most ambiguous results were obtained for me-
tallic binders based on an indium-gallium alloy. Despite
the theoretically high heat of combustion, the calculated
specific impulse was low. The most likely explanation for
this is the predominance of condensed phases in the com-
bustion products, incapable of performing effective expan-
sion work in the nozzle, by analogy with thermite compo-
sitions. This indicates the need for a fundamental revision
of formulations involving such alloys, possibly through the
introduction of gas-generating additives, and mandatory
subsequent experimental verification.

7. Conclusions

The conducted analysis shows that modern trends in
the development of binders for solid rocket propellants are
characterized by a transition from classical thermosetting
systems to materials with fundamentally new functional
properties. If traditional polybutadiene and polyurethane
binders remain the optimal solution for serial products due
to proven technology and reliability, then the future lies
with materials that provide increased functionality.

A key trend is the development of binders capable
for reversible phase transitions. This ability opens up op-
portunities not only for additive technologies but also for a
wider class of innovative solutions. The ability to repeat-
edly melt thermoplastic elastomers and metal alloys lays
the foundation for recycling technologies, enabling the cre-
ation of economically efficient and environmentally sus-
tainable production cycles.

Thus, the evolution of binding materials is moving
towards the creation of multicomponent functional sys-
tems, where the binder not only plays the role of a struc-
tural framework but also contributes to the energy of the
composition, provides specified rheological properties, and
allows for multiple uses. Further progress in this area will
be determined by successes in interdisciplinary research at
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the intersection of polymer chemistry, materials science,
and composite technology.

The scientific novelty of this work lies in the devel-
opment of an integrated approach to the selection of binder
systems for solid propellants, which simultaneously con-
siders physicochemical characteristics and mechanical be-
havior of the propellant grain. In contrast to conventional
approaches focused mainly on energetic parameters, the
proposed approach incorporates strength and structural in-
tegrity criteria, enabling a more comprehensive assessment
of propellant performance.
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CyuacHi 3B’13y104i pe4YOBMHH /IJIsl TBEPANX NAJMB: MEXaHIYHI Ta TEXHOJIOTiYHi
acnekT GopMyBaHHA XapPaAKTEPUCTHK

0. 0. looponomos! ¢ O. O. Toopoxomos!
U Ininposcvkuii nayionanonuii ynieepcumem imeni Onecs 'onuapa, Juinpo, Ypaina

Anomauin. Axmuenuti po3gUmMox cucmem 030pOocHHs, 30Kpema O6e3niloMmHUX TIMAIbHUX anapamis, NOCUIIOE BUMO2U 00 MEeXHOI02iY-
HOCmI, eKOHOMIUHOI echexmusHocmi ma 6e3nexu upoOHUYMEA MEePOUX PAKEMHUX NAIUE, KIIOYOGUM KOMHOHEHMOM SIKUX € 38 S13yioye.
Ilposecmu komnaexcHy oyinKy eHepeemuyHuX, eKCHiyamayitiHux ma mexHoa02INHUX XapaKmepucmuK pisHux Kiacié 36 aA3y0uux ma-
mepianie 0 GU3HAYEHHS HAUNEPCNEeKMUGHILUUX HANPAMIE IX NO0ATIbUL020 3ACMOCY8AHH MA PO36UmKY. Jlocniodcents 6a3ysanocs Ha
MEPMOOUHAMIYHOMY MOOETIOBAHHI 8 NPOSPAMHOMY KOoMNAeKcT ProPep 0115t po3paxyHKy KIHOU08UX eHepeemuyHux napamempis (numo-
MUl IMAYTILC, MEMREPamypa 6 Kamepi 320pants). JJ00amro6o 6UKOHAHO MEPMOSPABIMEMPUYHULL AHALI3 01 6CIAHOGIEHHS MEPMIYHUX
0bMedicenb Wo00 meMnepamypu niasients 36 a3youux. Mooentoeants nokazano, wo eHepeemuyti XapaKxmepucmuKky naiue Ha OCHOGI
Pi3HUX noniMepHux 36 ’A3yIouux € oauzokumu (numomuti imnyasc 240-257 c). Kpucmaniuni 36 ’a3yioui (mpunimpomonyon, ce4o8una)
0eMOHCMPYIOMb KOMNPOMICHY eHep2emuKy, aie CXuibti 00 ymeopenns mpiwun. Memaniuni cnnasu (In-Ga) noxkasanu HusbKuil numo-
Mmul imnyasc (132 ¢) uepes snauny 4acmky KOHOEHCOB8AHUX NPOOYKMIe 32opanns. Koncmamosano 3miny napaouemu y ubopi 36 ’s3yio-
4020 KNOYOBUMYU KpUMEPIAMU CIMATU He eHepemUuyHi NOKA3HUKU, 4 MEXHON02IUHA YHIBEPCANbHICIb, NPUOAMHICIb 00 A0OUMUEHUX
mexnonoeiti (3D-0pyx) ma moswcrusicms peyurniney. Hailbinow nepcnexmugnumu € mepmonnacmuymi enacmomepu (nanpuknao, EVA),
wWo BIOKpUBAIOMb WIIAX 00 CMBOPEHHS NATUBHUX 3aPA0I8 CKIAOHOT 2eoMempii ma npo8aodNcents YUKNIuHOI eKOHOMIKU.

Knruogi cnosa: meepoe pakemue nanugo, 38 a3yroue; mepmMonIacmuidHull eracmomep, mepmopeakmusHuii nosimep, a0OumueHi mex-
nonoeii; 3D-0pyx; peyuknine, nUMoMuil iMnyase; mepmMoOUHaMiuHe MOOeTO8AHHS.
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