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ABSTRACT

Introduction. Modern requirements for personal and local armor protection dictate the creation of lightweight, durable, and
efficient materials that can withstand a variety of threats, including shrapnel and low-velocity bullets. Conventional metal armor
panels, while reliable, have a significant weight that limits their use. At the same time, ceramic materials, although they provide
a high level of protection, are prone to the formation of secondary fragments upon impact. In this regard, composite materials such
as aramid fibers and ultra-high-molecular-weight polyethylene (ULHMWPE), which combine low weight with high strength and resis-
tance to dynamic loads, are of particular interest. The article discusses the development of multilayer plates made from composite
materials for personal and light armor protection. Methods and materials. Multilayer structures, including UHMWPE and aramid
fabrics, were used to create armor plates. These structures were impregnated with epoxy resin and bioadditives such as collagen.
The paper proposes a technology for the production of multilayer plates using aramid fabric and bioadditives. The technological
process consisted of several steps: 1) a comprehensive study of the selected polymer materials with experimental determination
of rigidity and strength characteristics; 2) cutting the fabric using a laser machine; 3) manufacturing an armor plate depending on
the material and the loads subjected to it. Composite plates made from UHMWPE were created through hot molding using a press
mold, and they consist of varying numbers of material layers. Multilayer elements (up to 30 layers) were made from aramid fabric
with epoxy resin with bioadditives, which impart new elastoplastic properties to the material. Results. The ANSYS software package
was used to calculate the strength of a multilayer composite plate under shock loading; field testing of the obtained plates as armor
protection were also conducted, demonstrating good agreement with the calculations. Discussion. The obtained combined armor
plates are highly effective in absorbing kinetic energy and preventing fragment penetration. Adding bioadditives to the epoxy matrix
increased the interlayer defect zone, which contributed to the dissipation of impact energy. According to the authors, when adding
bioadditives, the material acquires high fracture toughness. Conclusion (Findings). The developed armor plates offer a combina-
tion of low weight, no ricochets, and minimal deformation behind the barrier. This makes them promising for use in personal and
local protective equipment. The use of bioadditives has improved the mechanical properties of the composite materials, and the
test results confirm that the products comply with the Br3 protection grade, with a weight reduction of 25-30% compared to the
analogues. The resulting products (low weight, absence of ricochet and traumatic consequences after impact) make them suitable
for use as protection against shrapnel and pistol bullets.
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AHHOTALMA

BBepgeHue. CoBpemeHHble TpeboBaHMA K cpecTBaM UHAMBMAYaANIbHONW 1 IOKaNbHON 6poHe3alnTbl AUKTYIOT HEOOXOAUMOCTb
CO3[aHUsA NErKKX, NPOYHbIX 1 3G bEKTUBHbBIX MaTEPMANIOB, CNIOCOBHBIX MPOTUBOCTOATL Pa3HOOOPA3HbLIM YrpO3aM, BKIOUasA OCKONKN
1 HU3KO3HepreTUyeckmne yaapHble Harpysku. TpaguuroHHble MeTaninyeckue 6poHenaHeny, HeCMOTPS Ha CBOIO HAflEXHOCTb, 06-
NlalaloT 3HAUUTESIbHBIM BECOM, UTO OFPaHNUYMBAET MX MPUMEHEHUE. B TO ke Bpems Kepamumyeckue maTtepuaribl, XoTA 1 obecneymsaioT
BbICOKUIA YPOBEHb 3aLL1TbI, CKITOHHbI K 06pa30BaHMio BTOPUYHbIX OCKOJIKOB MpU yaape. B 3Tol cBA3M 0cobblli MHTepec NpeacTaBasioT
KOMMO3MLMOHHblE MaTepuasbl, Takne Kak apammugaHble BOSIOKHA 1 CBEPXBbICOKOMONEKYNAPHbIA nonuatuneH (CBMI13), kotopble
COYETaKT Masblii BEC C BbICOKO MPOYHOCTBIO 1 YCTONUMBOCTbLIO K AMHAMUYECKUM Harpy3kam. B paboTe npeactaBneHa paspaboTka
MHOFOCJIOMHBIX MAACTVH 13 KOMMO3MLMOHHbIX MaTEPUANoB, MPUMEHSEeMbIX Af1A CPEACTB UHAMBUAYANbHOW 1 NOKaJIbHON Nerkomn
3awwuTbl. MeToabl 1 MaTepuanbl. 114 N3rotoBieHVs GPOHENNacTH NCNOMb30BaNNCh MHOTOCIOWHbIE CTPYKTYpPbI, BKOUatoLwe
CBMT13 1 apamugHble TKaHW, MPONMTaHHbIe SMOKCMAHOW CMOoJIol ¢ 6rogobaBkamu (KonnareH). B paboTe npeasnioxkeHo M3rotos-
JIeHNEe MHOTFOC/IOMHbIX MAACTUH M3 apaMUAHbIX TKaHel ¢ npuMeHeHrem 6uofo6aBok. MpoLecc cocToUT 13 HECKOMbKMX 3TaroB:
1) KOMMIeKCHOe NccneaoBaHne BbIGPaHHbIX MOMMMEPHbIX MaTePUANoB C SKCNePUMEHTaNIbHbIM OMNpeAeneHNeM XKeCTKOCTHbIX
1 MPOYHOCTHbIX XapaKTEPUCTUK; 2) PACKPOI TKaHM C UCMOb30BaHMNEM JIa3ePHOro CTaHKa; 3) N3roToBfieHNe OPOHENNaCcTVHbI B 3aBU-
CUMOCTV OT MaTepuana 1 nofBepraembix Harpy3ok. Komno3suTtHble nnactuHbl 13 CBMI3 nonyyeHbl MeTogom ropsvero GopmoBaHua
nog npecc-GopMoin U COCTOAT 13 Pa3HOro KOMIMUYECTBa ClI0eB MaTepuana. MHorocnoliHble anemeHTbl (4o 30 CoeB) U3rotaBnvBanm
13 apaMUIHON TKaHW C SMOKCUAHON CMOJION ¢ 6uopgobaBkamu, KOTopble NPUAAIOT MaTepurasy HOBble YNpyronaacTyHble CBONCTBA.
PesynbTaTtbl. B nporpammHom komnnekce ANSYS caenaH pacyeT Ha NPOYHOCTb MHOTOC/IONHON KOMMNO3ULNUOHHOWM NAacTWHbI
OT AeNCTBUA yAapHOW Harpy3Ku; TakxKe NpoBeAeHbl NCMbITaHKA MOTyYeHHbIX MNAcTUH B KauecTBe GPOHEe3aLUTbl, LEMOHCTPUPY-
IoLL{MEe XOPOLLYIO CXOANMOCTb C pacyetamu. O6cyxaeHue. MNonyyeHHble KOMOUHPOBAHHbIE GPOHEMNACTVHBI 06/1a1al0T BbICOKOW
3O DEKTVBHOCTBIO B MOMMOLWEHNN KUHETUYECKOWN SHEPTIM 1 NPeAoTBPaLLEeHN NPOHMKHOBEHNA OCKONKOB. [lo6aBneHne 61moaobaBok
B SMOKCUAHYO MATPULY YBEIMUYMIIO 30HY MEXCSTIONHOIo AedeKTa, UTo CMoCcoOCTBOBAO ANCCUnaLny 3Heprum ygapa. Mo mHeHuio
aBTOPOB, Npu fobaBneHUn 61nogobaBoK MaTepman NPUoBPeTaeT BbICOKYIO BA3KOCTb pa3pyLueHus. 3akntoueHue (BbiBoabl). Pas-
paboTaHHble 6POHENNACTUHbBI COYETAlOT Masiblii BEC, OTCYTCTBME PUKOLLETA Y MUHUMAasbHbIE 3anperpagHble aebopmauum, 4to
Jenaet ux nepcrnekTUBHbIMA 4717 UCMONb30BaHWA B CPeACTBAX MHAMBMAYANbHON 1 IOKanbHOM 3awmnTbl. [pumeHeHne 6nono6aBok
YAyULINIO MeXaHNYeCKre CBOMCTBA KOMMO3UTOB, a pe3yNbTaTbl UCMbITaHWU NOATBEPAUIN COOTBETCTBME U3AENNI NPU CHXKEHUN
Macchl Ha 25-30% no cpaBHeHU o C aHanoramu. lMonyyeHHble n3gennsa (HebonbLOoN BeC, OTCYTCTBME PUKOLLETA 1 TPAaBMATUYECKUX
nocneacTBuii Nocse ygapa) obecrneurBaloT BO3MOXHOCTb MCMOMb30BaHMsA UX B KaUeCTBE 3alL/Tbl OT OCKOJIKOB U YAAPHbIX HAarpy30K.

KJTIOYEBDIE CJIOBA: nacT1Ha, KOMMNO3MLMOHHbIE MaTepuasibl, TEXHONOIMA, 61Mog06aBKYM, MeXCNIONHbIe fedeKTbl, nerkan 6poHs,
npecc-popma
BJIATOAAPHOCTW: Pab6oTa BbinosiHEHA B paMKax cpeacTs rpaHTta PB N2505 Ha peanvsauuio nporpaMmmbl CTpaTErMYeckoro akage-

Muyeckoro nuaepcTaa «MpropnteT-2030»; B pamKax rocyfapCTBeHHOro 3aiaHunsA balikanbCcKkoro MHCTUTYTa MPUPOAONOSb30BaHNA
CO PAH N2 0273-2021-0007.
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INTRODUCTION importance. According to world military statistics, 30%
of bullet wounds account for 70% of shrapnel injuries
Currently, the development of lightweight and ultra- among personnel. Therefore, an important role in

strong armor products with improved properties and  protecting against shrapnel and low-velocity weapon
parameters compared to existing analogues is of great ~ impacts (pistol bullets) is played by armor. Armor ab-
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sorbs the energy of the impact and prevents shrapnel
from penetrating the body. Lightweight armor is used
in personal armor protection (bullet-proof vests, armor
shields, armored helmets, shoes), as well as for local
protection of vehicles and helicopters [1—4]. Polymer
armor made from non-impregnated polymer binder
fabrics with a specific weave of fibers is used to protect
helicopter structures against high-speed impacts.. For
many years, metal armor has been used in passenger
vehicles, made from special armored steels. However,
this type of armor can increase the weight of the car to
its maximum. The authors believe that composite armor
is the most effective way to protect vehicles. Compos-
ite armor has several advantages over other protective
structures, such as lower weight and increased comfort
for the driver and passengers.

The thickness of woven armor packages produced by
different manufacturers varies from 6—7 mm for the first
protection class to 18—20 mm for the second protection
class. These protective structures may include shock ab-
sorbers designed to reduce the risk of human injury.

To withstand multiple high-speed, high-energy im-
pacts of varying intensity and flying fragments, armor
plates made from various materials are used. These in-
clude special metal alloys, which are used to create metal
armor panels. Additionally, ultra-high molecular weight
polyethylene and ceramic materials made from various
metal oxide powders are also used [7—16].

Advantages of metal armor panels include: low cost,
small thickness, high survivability, and operational dura-
bility. Their main disadvantage is high ricochet ability and
weight. Ceramic panels have a high protection class and
a relatively low weight, but they form multiple damaging
fragments upon impact. The lightest available armor op-
tion is composite plates made from UHMWPE, which
have low weight and no ricochet, but may cause signifi-
cant deformations behind the armor and injure a person.

The disadvantages of the presented materials do not
always allow creating the necessary anti-fragmentation
protection; therefore, armor plates are produced as a com-
bination of several different materials (sandwich package).
Practice has shown that the first component of the protec-
tion takes on a high-speed impact and ensures maximum
energy extraction of the striker. The rear elements of the
armor plate must be sufficiently rigid and not subject to
large deformations.

Optimum performance characteristics of armor can be
achieved by using the potential of existing types of com-
posites, as well as by combining properties that correspond
to the maximum capabilities for minimum weight and
strength of a particular composite material or structures
made from this material.

This article discusses the development of multilayer
plates made from composite materials that are used for
personal and local lightweight armor protection.

SELECTING MATERIAL FOR LIGHTWEIGHT ARMOR
PROTECTION

Fabrics based on aramid and UHMWPE fibers have
been considered as promising materials for armored prod-
ucts.

Aramid fibers, made from polyparaphenylene tere-
phthalamide, are an extremely strong material that has
five times the strength of steel. At the same time, they are
relatively lightweight, with a density of only 1.44 grams
per cubic centimeter.

UHMWPE exhibits unique mechanical properties,
has high wear resistance, impact resistance, abrasion
and abrasive wear, surpassing other polymers and many
steel grades in these qualities (density is 0.95 g/cm?). It
is known [7, 17] that UHMWPE fibers have a specific
fibrillar structure, which is formed by fibrillar proteins.
Fibrillous proteins give tissues and structures rigidity,
strength, elasticity. Some of the main structural pro-
teins — animal connective tissues include collagen and
elastin, as well as keratins in hair and horn formations
and fibroin in natural silk, etc. Fibrils in UHMWPE fi-
bers have a “shish-kebab” structure that is 50—70 nano-
meters long. This “shish-kebab” — like structure is a
unique structure to polymers that resembles disks or
plates strung on a common rod. The ability of polymer
fibers with this fibrillar structure to resist high-speed
impacts is ensured by a complex mechanism that inhibits
crack growth:

* The splitting off microfibrils from the surface of the
fibers during deformation and the accumulation of
defects create barriers in the path of cracks;

+ The rounding off of the crack tip due to multiple stages
of relaxation processes and the forced damping of vi-
brations;

* Low sensitivity of fibers to stress concentrators.

PLATE MANUFACTURING TECHNOLOGIES

A technology for manufacturing multilayer plates
used for personal and local lightweight armor protection
has been developed [3, 18—22]. At the first step, a com-
prehensive study of the selected polymeric materials was
conducted. The mechanical properties of the individual
layers of selected materials were obtained in order to cal-
culate the strength of the multilayer plate. The samples
used were strips of UHMWPE films, Kevlar fabric, and
aramid fabric.

Tensile testing of 150x20 mm samples was conducted
in accordance with GOST 11262 using an INSTRON
3368 testing machine (Figure 1), with a gripping speed
of 10 mm/min. Figures 2 and 3 show the graphs of the
dependence of the load on deformation during sample
stretching; the values of the material stiffness properties
were obtained: for one, two, and three layers.
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Fig. 1. Electromechanical tensile testing machine
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Cutting of the material fabric is the second step in
the process of manufacturing armor plates. The fabric
for the plates is cut into pieces of a specific size using
a stencil. It is important to avoid the formation of folds
and overlaps when laying the fabric in the mold.

The fabric was cut using a Kamach laser cutting ma-
chine, where geometric parameters of the plate were set.
During the cutting process of aramid fabric or oriented
polyethylene, some issues arise that are common to
most fabrics and specific to aramid fibers. If the fabric
is not symmetrical, the bending of the warp and weft
threads is different, these differences must be taken into
consideration when cutting. Additionally, the direction
of warp orientation must also be considered when laying
out layers of fabric.

The third step of the process is the production of an
armor plate. This plate consists of two main compo-
nents: a multilayer material made from UHMWPE and
aramid fabric package impregnated with epoxy resin
containing bioadditives. The initial components of the
armor plates take on a high-speed impact and ensure
maximum extraction of the kinetic energy of the impac-
tor and break through the “crushing” mechanism. Such
elements require fabric with a structure that effectively
converts the local impact of the striker into a defor-
mation cone distributed over the volume. UHMWPE-
made fabrics have such a structure. The first elements
of the composite plates are created through hot molding
process and consist of a varying numbers of layers of
UHMWPE material with a thickness of 0.3 mm (up to

INSTRON 3368 100 layers).
Samples 1 to 20
= A
|
2000 1 = Kevlar fabric,
< I { thickness 0.3 mm
El !1 I l 1 | 1
g ~ T
(%] S
v A
@ FHE
© 1000 ‘ .
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P s00 AN
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Fig. 2. Graphs of the dependence of the load on the deformation during the stretching of samples made from
aramid fabrics and Kevlar fabrics
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Fig. 3. Graphs of the dependence of load on deformation during the stretching of UHMWPE samples

The layers are a film of a set of aligned filaments
connected to each other. To produce UHMWPE plate
elements, we developed a heated high-pressure mold
made of aluminum and steel, which was modeled and
manufactured (see Figure 4). Using 3D modeling soft-
ware products NX10 and ANSYS, we modeled a high-
pressure mold for working with polymer materials. Hot
forming at temperatures up to 150 °C allows us to obtain
high-quality blanks that accurately reproduce the desired
shape. The finished products are cooled with the mold.
The entire process takes between 10 and 24 hours to com-
plete, depending on the temperature and thickness of the
multilayer elements being produced.

The rear multilayer armor plates should not undergo
significant deformation, which helps minimize human
injuries. Therefore, they are made from dense aramid
fabrics. The multilayer elements, which can be up to
30 layers thick, were made from aramid fabric com-
bined with epoxy resin (ED-20 GOST 10587-84) with
bioadditives. As a bioadditive, we used a bioactive mate-
rial — collagen (dried or in the form of a gel), obtained
in VSGUTU from animal skin waste. The bioactive
material has a sour-milk composition or lactic acid and
belongs to fibrillar proteins. Therefore, the bioadditives
introduced into the brittle epoxy resin impart new elas-
tic-plastic properties to the material [17, 23—24]. When

Fig. 4. The process of installing and configuring the high-pressure mold
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using bioadditives, both empirically and theoretically,
we encounter the problem of uncertainty in the distribu-
tion of particles by volume in the matrix. A method for
introducing bioadditives with varying mass concentra-
tions (between 5—15% by weight) has been developed
and a new approach for their evenly distribution in the
polymer matrix of the composite has been proposed [25].
The introduction of bioadditives into the matrix of the
polymer composite material allows changing the physical
and mechanical properties. However, there is a problem
with their evenly distribution on the surface of the epoxy
resin. There are several main methods for incorporat-
ing bioadditives into composite materials. One of these
methods is by mixing the bioadditives with epoxy resin
using a mixing machine that rotates the platform and
the container. For better processing, zirconium oxide
(Zn0,) balls can be added to the suspension with ED-20
epoxy resin with bioadditives, the total mass is equal to
the mass of the mixture. As a result of rotation in the
container, the balls create shear forces that promote the
destruction of agglomerates and evenly distribution of
bioadditives in the epoxy resin.

It can also be used an AG SONIC TC-150B ultrasonic
bath with water heated to 45 °C for evenly distribution of
bioadditives in the epoxy resin. An ultrasonic bath reduces
the occurrence of air bubbles formed during mechanical
mixing and promotes evenly distribution of particles. In
this research for evenly distribution of bioadditives in the
epoxy resin, authors used an AG SONIC TC-150B ultra-
sonic bath with water heated to 45 °C. According to the
authors, kinetic energy dissipation during a low-velocity
impact in multilayer composite structures is observed
due to an increase in the interlayer defect zone. Studies
of defects in the plate after testing have shown that the
area of interlayer destruction is significantly higher in
modified layered composite materials with bioadditives
[26]. It was found that after testing for impact load, the

Nanob%

impactor velocity decreased by 30—45%, while the inter-
layer defect zone increased, the material had high fracture
toughness. The analysis of plate damage was made in the
ANSYS software package. In the ANSYS/LS-DYNA
finite element system, with additional modules, we have
developed dynamic models of the destruction of multi-
layer plates and the appearance of defects or holes due
to a high-speed impact from a striker. 3D models of the
striker and multilayer plate have been created, which
correspond to the experimental samples.

Models of plates up to 100 layers made from
UHMWPE and up to 30 layers made from aramid fabrics
have been built. The calculation of each computer experi-
ment takes from 6 to 8 hours. In the modeling, we used
the mechanical properties of the composite materials,
which were determined using both calculated analytical
formulas and experimental methods [20, 24, 26]. The
samples were subjected to impact tests at an impact
speed of 380—500 m/sec. Fig. 5 shows the damage area
to a plate made from aramid fabric with the addition of
bioadditives to the epoxy matrix up to 10%. Fig. 6 shows
the damage area to a plate made from aramid fabric
with the addition of bioadditives to the epoxy matrix
up to 1%. The strength calculation of the multilayer
composite plate under the action of an impact load has
been performed.

The following damage areas have been identified:
1 — no damage (blue indicator); 2 — interlayer defects
(yellow, green indicator); 0 — complete destruction (red
indicator). Fig. 5 shows the area of damage to the plate
(interlayer defects) — 32% of the total area of the plate.
Fig. 6 presents the damage area of the plates — 18%. Each
layer reduces the impact, while an increase in the inter-
layer defect zone is observed, which corresponds to the
results of experimental studies.

The back multilayer elements of the plate were ob-
tained by molding in a low-pressure mold. To manufac-

Fig. 5. Damage area of a plate made from aramid fabric with the addition of bioadditives to the epoxy matrix up to

10%
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Fig. 6. Damage area of a plate made from aramid fabric with the addition of bioadditives to the epoxy matrix up to 1%

Fig. 7. Low pressure mold made from polymeric
materials

ture the plate elements from aramid fabrics, a low-pres-
sure mold made of unreinforced polymers was designed,
modeled and manufactured. A low-pressure mold made
from polymer materials was developed and modeled us-
ing 3D modeling software products in NX10 and ANSYS
(Figure 7).

When molding in a press, the cut prepreg (aramid
material and uncured resin with bioadditives) is placed
in a mold (matrix), clamped with the mold’s counterpart
(punch), and an external pressure of 15 tons is applied so
that the product acquires the required shape. The pressure
is maintained until the resin has hardened. The manu-
facturing process for one multilayer element can take up
to 24 hours.

At the final stage of armor plate production, multi-
layer plates are bonded and sheathed. The resulting ar-
mor plate and elements are weighed, their thickness and
dimensions measured, and recorded in the armor plate
production protocol. Armor plates with a protection class
of Br3 weigh 1300 & 5% grams, which is 25—30% less than
existing counterparts.

TESTING THE LIGHTWEIGHT ARMOR PROTECTION

The development of a composite material for light-
weight armor is guided mainly by the results of experi-
mental testing, due to the complex nature of the processes
that occur at dynamic loading rates [27, 28]. Field tests
were conducted using an impactor with a speed ranging
from 390 to 410 meters per second. The test temperature
was up to +40 degrees Celsius, and the humidity was up
to 100 percent. All test results were recorded in the test
protocol.

CONCLUSION

The main advantage of the new armor plates is their
lightweight design, which eliminates the risk of ricochets
and recoil on the wearer’s chest, thereby reducing the
likelihood of traumatic injuries after impact. Additionally,
these plates do not produce any fragments. A technology
for manufacturing multilayer plates from aramid fibers
with bioadditives has been developed. Field testing of the
obtained plates as armor protection has been conducted.
The obtained products provide the possibility of using
them as protection against fragments and pistol bullets.
The results of these tests have shown that the plates are
able to withstand both shrapnel and pistol bullets.
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