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DEVELOPMENT OF UNIVERSAL HIGH-STRENGTH MAGNESIUM ALUMINOSILICATE
GLASS-CERAMIC MATERIALS FOR ARMOR PROTECTION

The necessity of creating innovative protective structures for armoring machinery and equipment is analyzed. A comparative analysis of high-strength
materials used for local and individual body armor has been carried out. The relevance of the development of domestic universal armored materials
that combine high strength properties and radio transparency based on lightweight technological magnesium aluminosilicate glass-ceramic materials
with high performance properties at the level of world analogues has been determined. Were formulated the purpose and tasks of the work, which
consist in: analysis of the current state of development of glass-ceramic materials for armor protection; development of magnesium-aluminosilicate
glass-ceramic materials with high armor resistance, impact resistance and radio transparency; investigation of the operational properties of the
developed glass-ceramic materials and their armor resistance; assessment of the competitiveness of the developed glass-ceramic materials. A set of
requirements for a glass matrix for obtaining protective glass-ceramic materials has been formulated. Compositions and technological parameters for
the production of glass-ceramic materials under the conditions of two-stage low-temperature heat treatment have been developed. The study of the
electrical properties of experimental glass-ceramic materials made it possible to establish the possibility of effective functioning of on-board wireless
communication systems when using the developed materials as elements of armor protection. It was found that the developed glass-ceramic materials
are characterized by high operational properties (KCU = 5.8 kJ/m? HV = 10.4 GPa; KIC = 8.5 MPa-m"?) and armor resistance STANAG 4569
(level 2). The competitiveness of the developed glass-ceramic materials based on mullite is analyzed. It has been established that a significant increase
in fracture toughness and a decrease in the density of the developed material when comparing properties with a similar armor element (corundum-
based plate) will significantly reduce the weight of the armor elements by ~1.4 times and its cost by five times, while maintaining its protective
properties.

Key words: armor plate, glass-ceramic material, mullite, competitive ability.
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PO3POEKA YHIBEPCAJIbHAUX BUCOKOMIITHAUX MATHIHAJTIOMIHOCIJIIKATHUX
CKIIOKEPAMIYHUM MATEPIAJIIB JJIA BPOHE3AXUCTY

IpoananizoBaHO HEOOXiJHICTh CTBOPEHHS IHHOBALIIfHMX 3aXHUCHHUX CTPYKTYp UL OpOHIOBAaHHS TeXHIKH i oOmanHaHHS. IIpoBeneHO MOPIBHUIBHUH
aHali3 BUCOKOMII[HUX MarepiaiiB, sIKi 3aCTOCOBYIOTBCS [UISL JIOKAIBHOTO Ta iHIMBIAyaqbHOro OpoHe3axucTy. Bu3HaueHO akTyalbHICTH PO3pOOKH
BITUM3HSHUX YHIBEpCAJbHHX OpOHEMAaTepiaiB I10 MOEAHYIOTh BHCOKI MIIHOCHI BIACTHBOCTI Ta XapaKTEePHCTHUKH DPAAiONPO30pOCTI Ha OCHOBI
TIOJICTIIEHUX TEXHOJOTIYHUX MAarHiffalfOMOCHIIKaTHHX CKIOKPHCTAIIYHUX MaTepialiB 3 BHCOKMMH €KCIUTyaTallifHUMU BJIACTHBOCTSIMU Ha DiBHI
cBiTOBHUX aHaJoriB. C(HhopoMyIbOBaHO METY Ta 3aBJaHHS POOOTH, sKi MOJITA0Th Yy aHANi31 Cy4acHOro CTaHy pO3pOOOK CKIOKEpaMiuHHMX MaTtepiaiin
Ui OpOHE3axHCTy; pO3pOoOLi MAarHiHaJTlOMOCWIIKATHUX CKJIOKPHCTAJIYHMX MaTepialiB 3 BHCOKOIO OpOHECTIMKICTIO, yOapOCTIHKICTIO Ta
Ppazionpo3opicTio; IOCHIIKEHHI eKCIUTyaTalifHUX BIIACTHBOCTEH pO3POOJEHHX CKJIOKPUCTATIYHMX MarepiamiB Ta IX OpOHECTIHKOCTi; OLiHII
KOHKYPEHTHOI 3J]aTHOCTiI pPO3pOOJEHHX CKJIOKpUCTaliuHMX MarepianiB. C(HOpMyIbOBaHO KOMIUIEKCY BHMOT [0 CKJIOMATpHI IS OAEPXKaHHS
3aXUCHHUX CKJIOKPHCTAJTIYHMX MatepiaiiB. Po3poOneHo ckiagu Ta TEXHOJOTIYHI MapaMeTpu OJEpKaHHS CKJIOKepaMiuHMX MaTepialiB B yMOBax
JIBOCTaIHHOI HM3BKOTEMIIEPAaTyHOI TepMiuHOI OOpoOKH. JlOCHiIKEHHS eNeKTPHIHUX BJIACTHBOCTEH IOCTIIHUX CKJIOKPHUCTATIYHHX MaTepialiiB
JIO3BOJIJIO BCTAHOBUTH MOJKIIUBICTH €(peKTHBHOTO (YHKIIIOHYBaHHS OOPTOBHMX OE3MPOBIIHUX CUCTEM 3B’SI3KY MPH 3aCTOCYBaHHI PO3POOICHUX MaTtepiaiiB
SIK  €JIEMEHTIB OpoHe3axucTy. BCTaHOBIEHO, 10 pO3pOOJEHI CKIOKPHCTANUHI MaTepiaad XapakTepH3YIOThCS BHCOKHMH EKCIUTyaTal[iiHUMU
srnactuocTamu (KCU = 5.8kJlx/m% HV = 10,4 T'Tla; Kic = 8,5 MIla-mMY?) ta Gponecriiikictio STANAG 4569 (2 pisens). IIpoanaiizoBano
KOHKYPEHTO3JJaTHICTh PO3POOJICHNX CKIOKepaMiYHUX MaTepialliB Ha OCHOBI MYJITy Ta BCTAHOBJIEHO, 1110 BaroMe IiIBULIEHHS B’S3KOCTI PyHHYBaHHS
Ta 3HIKEHHS LIJIBHOCTI pO3pO0JIEHOro MaTepialy NpY HOPIBHSIHHI 3 aHAJIOTTYHOO IUIACTUHOIO HA OCHOBI KOPYH/Y JJO3BOJHTH CYTTEBO 3HU3UTH Bary
OponeeneMeHTiB y =~ 1,4 pa3u Ta Horo BapTicTh y 5 pa3iB mpH 30epe:KeHHi HOTro 3aXHCHHX BIAacTHBOCTell. Bu3HaueHO eKOHOMIUHMIT e(eKT Bix
BIIPOBA/PKEHHS BITYN3HSIHUX CKJIOKEPAMIYHUX MaTtepiaiB Juisi OpoHe3axXucTy.

Ki1r04oBi cjioBa: OpoHEETEMEHT, CKIIOKepaMIYHUIA MaTepiai, MyJIiT, KOHKYPEHTHA 3JaTHICTb.

O.B. CABBOBA, B./l. THMO®EEB, I .K. BOPOHOB, A.H. DECEHKO

PA3PABOTKA YHUBEPCAJIbHBIX BBICOKOITPOUHBIX MATHUMAJTIOMAUHOCUJIUKATHBIX
CTEKJIOKEPAMUWYECKHUX MATEPHUAJIOB JJI51 BPOHE3AIIUTBI

[poananu3upoBaHa HEOOXOAMMOCTH CO3/IaHWSI MHHOBAIMOHHBIX 3alIUTHBIX CTPYKTYp Ui OpOHHpOBAaHHsS TEXHHKH M obopymoBanus. IIpoBeneH
CPaBHUTEIBHBI aHANTU3 BBICOKOINPOYHBIX MATEPHANIOB, HPUMEHSEMBIX [UI1 JIOKAIBHOrO M HWHAMBHIyalbHOH OpoHesammutsl. OmnpenerncHa
AKTyaIbHOCTh Pa3pabOTKH OTEYECTBEHHBIX YHHBEPCAIBHBIX OpOHEMATepHAIOB KOTOpHIE OOBEIWHSIOT BBICOKHE IIPOYHOCTHBIE CBOWCTBA U
paguoNpO3pauyHOCTh HAa OCHOBE OOJICTYeHHBIX TEXHOJOTMYECKHX MArHUHATIOMOCHIMKATHHX CTEKIOKEPAMHUUECKHX MATEPHATIOB C BBICOKHMH
9KCILTyaTalIOHHBIMI CBOWCTBAMH Ha YPOBHE MHPOBBIX aHauoroB. CopoMyaMpoBaHO Iienb U 3agaun paboThl, KOTOPBIC 3aKJIIOYAIOTCS B: aHAIM3E
COBPEMEHHOTO ~ COCTOSIHHS ~ Pa3pabOTOK  CTEKJIOKEPAMHYECKMX MATepHaloB [UIi OpOHE3alIUTHI; pa3pabOTKe MAarHWHAIFOMOCHIMKATHHX
CTEKJIOKEPAMHUYECKHX MATEpHaJloB C BBICOKOH OPOHECTOMKOCTBIO, YAapONPOYHOCTHIO M PaJHONPO3PAuHOCTBIO; MCCIICOBAHIN SKCILTYaTalIMOHHBIX
CBOWCTB pPa3pa0OTaHHBIX CTEKJIOKEPAMUYECKHX MAaTepHalOB W HMX OpPOHECTONKOCTH; OLEHKAa KOHKYPEHTHOH CIIOCOOHOCTH pa3pabOTaHHBIX
CTEKJIOKepaMIYecKuX MaTepruasioB. CHOpMyIHpoBaHO KOMILIEKca TpeOOBaHMH K CTEKJIOMATPHIIE ISl MONYYEHUS 3alIUTHBIX CTEKIOKEPAMHYECKUX
MarteprasioB. Pa3paboTaHBl COCTaBBI M TEXHOJOTHMYECKHE IapaMeTphl IOTYYCHHs] CTEKJIOKEPaMUYECKUX MATEpHANOB B YCIOBHSX IBYXCTaIHHHON
HHU3KOTEMIIEPAaTypHOil TepMHU4ecKoil 00paboTku. McciaenoBaHne 3JIEKTPUYECKUX CBOWCTB OMBITHBIX CTEKIOKEPAMUYECKUX MATEPHAIOB ITO3BOJIMIIO
YCTaHOBHTH BO3MOXKHOCTh 3(P(EKTHBHOrO (QYyHKIMOHHPOBAHUS OOPTOBBIX OECIPOBOIHBIX CHCTEM CBS3UM HPH INPHUMEHEHHH pa3pabOTaHHBIX
MaTepHalIOB KaK JJICMEHTOB OpOHE3aIUTHL. YCTAaHOBIEHO, YTO pa3pabOTaHHBIE CTEKJIOKEpaMHUYECKHEe MaTepHAabl XapaKTePU3YIOTCS BBICOKUMH
sKcruTyatarmmonnEMA cBoiicTBamu (KCU = 5,8 kJlx/m?% HV = 10,4 T'Tla; Kic = 8,5 MIla-mM'?) u 6ponectoiikoctsio STANAG 4569 (2 ypoBens).
IIpoananu3npoBaHa KOHKYPEHTOCIIOCOOHOCTh pPa3pa0OTaHHBIX CTCKIOKEPAMHYECKHMX MaTepUaloB HAa OCHOBE MYIUIMTa W YCTaHOBJICHO, YTO
3HAYUTEIHOE TOBBIIICHUC BSA3KOCTH Pa3pyIICHUS M CHIDKEHHUS IUIOTHOCTH Pa3pabOTaHHOrO MaTrepHaia NpH CPaBHEHUM CBOWCTB C aHAJOIMYHBIM
OpoHEedIEMEHTOM (ITACTHHON Ha OCHOBE KOPYH/a) MO3BOJIUT CYIIECTBCHHO CHH3UTh BEC OPOHEDIEMEHTOB B ~ 1,4 pa3a M ero CToMMoCTb B 5 pa3 mpH
COXPAaHEHHWH €ro 3alUTHBIX CBOHCTB. ONpeleneH 3KOHOMUYECKUH 3(P(MEKT OT BHEAPEHHS OTCUECTBEHHBIX CTEKIOKEPAMHUYECCKUX MATEpPHUaoB JUIs
OpOHE3aLIUTHL

KiroueBble c10Ba: OpOHEdIEMEHT, CTEKJIOKEPAMHIECKHI MaTepual, MyJUIUT, KOHKYPEHTHAs CIIOCOOHOCTb.



Introduction.

For Ukraine, the importance of the urgent problem of creating new protective materials has significantly
increased recently in connection with the conduct of hostilities in the ATO zone. Currently, to protect special equipment
and technology, there are no reliable shock-resistant armor elements of domestic production with a reduced cost, density
and high manufacturability compared to existing foreign ceramic armor materials. The existing composite armor
elements based on ceramic, polymer materials and metal alloys are an effective means of individual and local protection
(transport, engineering structures, equipment) from high-speed dynamic load (debris, ball). However, the use of armor
elements based on corundum (Al,Os) and functionally-graded ceramic materials based on composites «steel-corundum-—
steel» or Al,Os, which is hardened by ZrO,, is limited by their high density and weight [1-4], and ceramics based on
B4C, B4Ti, SiC — high cost and complexity of the production process [5]. An effective solution to this problem is the
replacement of a destructive layer based on ceramics in the composition of composite armor elements with a destructive
and energy-absorbing layer based on glass-ceramic materials, which are distinguished by a reduced cost and high
operational properties. In addition, these glass-ceramic materials can have unique properties — they can be radio- and
optically transparent, which allows them to be used as independent protective elements for special machinery and
equipment. All this determines the relevance of creating a new type of universal domestic armored elements,
characterized by a combination of high armor resistance and radio transparency. This will ensure reliable protection of
military and civilian personnel and the operation of military equipment and technology, especially in combat conditions.

Literary review.

The widespread use of composite armor elements based on glass-ceramic materials (magnesium (MAS) and
lithium aluminum silicate (LAS) systems) as replaceable elements with a high degree of optical and radio transparency
is limited by high production temperatures, the cost of raw materials (LAS) and the complexity of the technological
mode (MAS) [6-9]. Promising for the protection of optical devices of small arms is the use of domestic glass-ceramic
materials based on lithium disilicate (LS2), which are distinguished by the simultaneous combination of high mechanical
strength to ensure resistance to the action of energy-destroying components and the ability to absorb and dissipate shock
loads [10]. Also known is a high-strength glass-ceramic material for personal protection based on B-spodumene of the
following composition, wt. % SiO 60,0; AlOs 15.0 — 18.0; Li,O 7.0 — 10.0; CaO 0.0 — 2.0; MgO 1.0 — 3.0; TiO, 0.0 -
2.0; ZrO, 0.0 — 1.0; ZnO 3.0 — 4.0; SnO; 0.0 — 1.0; P,0s 3.0; B,O3; 1.5 — 2.0; CeO; 0.5; MnO; 0.0 — 2.5 [11]. The
developed material, due to the structural features, is characterized by low density indices p = 2.7 kg m3 and temperature
coefficient of linear expansion a-107 = 21.34. However, insufficiently high indicators E = 95.6 GPa, Kic = 3.4 MPa-m'?,
HV = 8680 MPa do not allow the use of this material as high-strength for elements of soft-skinned armored vehicles. A
significant obstacle to the use of lithium-containing glass-ceramic materials as armor elements is their increased cost due
to the significant content of lithium oxide. Most foreign developments for this system refer to transparent or translucent
sitalls, which have low mechanical properties [12].

The efficiency of using cordierite glass-ceramic materials as protective elements is determined by their extremely
high mechanical and thermal properties. There is a composition of glass-ceramic composite for armor protection, which
contains alumina and glass-ceramic material, which is obtained by the method of liquid-phase sintering [4]. This glass-
ceramic was obtained on the basis of the MgO-Al.0s-SiO, system and had a composition (in wt. %): Al.O3 — 29.07;
Na2O — 0.17; Fe203; — 0.20; MgO — 15.83; SiO; — 43.25; CaO - 0.69; K,O — 0.19, characterized by the presence of
a-cordierite after firing. The use of glass-ceramics in the composition of the composite in an amount of 7 or 14 wt. %
allows one to reduce the time and temperature of composite sintering from 1670 °C for 5 h to 1570 °C for 0.5 h and
obtain a composite with a density of p = 2.7 kg/m?, hardness HV = 10.8 GPa and modulus of elasticity E = 310-343
GPa. However, the fracture toughness of the composite (Kic = 2.50-3.85 MPa-m*?) is not enough to ensure reliable
survivability of armor during shelling and operational survivability.

The use of transparent glass-ceramic materials based on the MgO-Al,Os-SiO, system as transparent protective
structures is widely known. Transparent glass-ceramic material containing, by wt. %: SiO, — 48.41; Al,Os; — 26.15; MgO
—9.74; TiO, — 8.00; ZrO, — 0.89; B,03 — 1.52; Sh,03 — 5.29 is obtained by a two-stage heat treatment mode: the first
stage (I st.) at a temperature (T) of 727 °C, during (t) 5 hours; the second stage (II st.) at T = 900 °C for T =3 h. Long
exposure at the stages of nucleation of quartz (I st) and spinel (Il st) allows to provide high values of HV = 9880 MPa.
However, they have insufficiently high indicators of mechanical properties E = 105 GPa, Kic = 3.0 MPa-m*? [8].

Therefore, the urgent task of increasing the reliability of the protection of special equipment and equipment, which
is operated under conditions of high temperatures and mechanical loads, is the development of domestic universal armor
materials that combine high strength properties and radio penetration, based on lightweight technological magnesium
aluminum silicate glass-ceramic materials with high operational properties at the level world analogues.

The aim of work

The aim of this work is to develop universal high-strength magnesium aluminosilicate glass-ceramic materials for
armor protection.

To achieve it, the following tasks were set:

— analysis of the current state of development of glass-ceramic materials for armor protection;

— development of magnesium aluminosilicate glass-ceramic materials with high armor resistance, impact
resistance and radio transparency;

— research of operational properties of the developed glass-ceramic materials and their bullet-resistant protection;

—assessment of the developed glass-ceramic products competitiveness.



The results of the experiment and their discussion.

To obtain protective glass-ceramic materials, the glass matrix must be in conformity with following set of
requirements: the ability to finely dispersed bulk crystallization with the formation of high-strength crystalline phases
(a-cordierite, spinel, mullite) in a two-stage thermal treatment; density below 3.0 g/cm?; high heat and fire resistance.

To establish the area of existence of the initial glasses, the system was chosen K;O—RO-R0O2>—P,05-R,03-SiO. It
was limited to the following concentration limits, wt. %: K.O 2.0 — 7.0; MgO 9.0 — 14.0; CaO 2.0 - 5.5; ZnO 2.0 — 2.5;
SrO 2.0 — 4.0; TiO, 2.0 — 8.0; ZrO; 2.0 — 2.5; Ce0; 0.0 — 0.5; Al;,03 20.0 — 30.0; B205 0.0 — 5.0; P20Os 0.0 — 3.0; SiO>
45.0 - 53.0.

In laboratory conditions, 10 compositions of magnesium-aluminosilicate glasses with the KGC marking were
made, which were proposed for obtaining a glass-ceramic material. A comparative assessment of the properties of the
developed glass-ceramic materials (table 1) and well-known ceramic and glass-ceramic materials, which are widely used
as armor elements, has been carried out [12]. All experimental glasses were melting under the same conditions at a
melting temperature (Tm) of 1550-1600 °C in corundum crucibles, followed by cooling on a metal sheet. The marking
of glass-ceramic materials corresponds to the marking of the glasses on the basis of which they were obtained. Glass-
ceramic materials based on glasses were obtained by ceramic technology with a two-stage heat treatment mode: heat
treatment temperature (Tt) stage | — 780-850 °C, for 1 hour, stage Il — 1050-1150 °C, for 1 hour. When designing the
compositions of research glasses for obtaining armored elements, one of the main factors is to ensure the ability to form
at the stage of nucleation (I st), by the mechanism of phase separation, nanostructures under conditions of low-
temperature processing for a short period. Subsequent heat treatment of such samples (Il st) should ensure the
occurrence of crystallization with the presence of an interconnected structure, which determines the high operational
properties of glass-ceramic materials and the possibility of their use under conditions of significant mechanical and
thermal loads.

Table 1 — Properties of the developed glass-ceramic materials and known [12] ceramic and glass-ceramic
materials for armor protection

Properties
Marking of materials H, HV, Kic, E, KCU, | a10’, P, te5-10°| &
GPa GPa |MPa-mY?| GPa | kJ/m? | °C? g/cm?®

corundum ceramics AD-995 || 1800 400500 370 | - | - | 3% | - | -
Industrial Ceramic Materials

Boron carbide - 28.00 (3.70-4.30| 475 - - 2.40-2.52 - -

Silicon carbide - 20.00 |2.90-3.50| 330-370 - - 3.00 - -

Spinel glass-ceramics — 9.88 3.00 105 — — 2.43 — —

CGC-1 9.20 9.40 3.50 120.6 5.0 48.9 2.63 70 7.5

CGC-2 9.20 9.30 3.30 110.5 4.0 43.8 2.47 72 7.6

CGC-3 9.50 9.55 3.50 140.7 5.0 31.8 2.50 5 55

CGC-4 9.35 9.40 3.40 130.4 4.2 45.7 2.49 10 6.0

Developed CGC-5 9.40 9.45 3.40 138.9 4.8 37.2 2.48 8 6.0

materials CGC-6 9.20 9.30 3.30 115.7 4.7 44.8 2.47 58 6.5

CGC-7 9.20 9.40 3.30 120.9 4.6 36.8 2.47 22 6.8

CGC-8 9.50 9.60 3.40 300.2 5.2 38.7 2.74 55 4.0

CGC-9 9.60 9.80 3.50 340.8 5.3 44.8 2.76 55 4.0

CGC-10 9.60 9.80 3.50 350.6 55 57.7 2.80 50 3.9

CGC-10-ZD-5 10.00 | 10.40 8.52 360.2 5.8 56.5 2.82 46 4.0

Investigation of the electrical properties of experimental glass-ceramic materials of the CGC series made it
possible to establish the following features. At frequencies of 101° Hz for test materials, fixing the dielectric loss tangent
index tgd = 0.0003-0.0050 (Tab. 1) indicates a decrease in relaxation processes (dielectric losses with pronounced
relaxation polarization sharply decrease when going from 107 to 10%° Hz). This is especially important for glass-ceramic
dielectrics based on mullite or cordierite, the crystalline phase of which consists of substances that are characterized by a
structure with loose packing of ions and have increased dielectric losses caused by relaxation polarization.

Low tgd values at a current frequency of 10'° Hz associated with the satalization of the structure of experimental
materials, which consists in the formation of a significant number of fine crystals and their mutual penetration, which is
accompanied by the leveling of the gradient of properties at the phase boundaries, a decrease in the contact area and the
boundaries of surface polarization. Thus, the smallest tgd value is observed for the CGC-3 material, and the highest for
the CGC-1, CGC-2 and CGC-4 materials, which is associated with a decrease in the content of the crystalline phase of
a-cordierite in them. The tgd ~ 0.005 value for glass-ceramic materials CGC-8, CGC-9, CGC-10 will ensure the
effective functioning of on-board wireless communication systems (lack of interaction in the infrared, ultraviolet and
visible ranges). Ensuring the radio transparency of the experimental materials CGC-8, CGC-9, CGC-10 at the level of ¢
~ 4.0 will increase the thickness of the armor element to increase the ballistic resistance of the equipment. The stability
under the action of an open flame for test materials is determined by their high heat resistance. The value of the thermal



coefficient of linear expansion (TCLE) for glass-ceramic materials is determined by the content: for samples with
CGC-1 to CGC-7 — a-cordierite and is the lowest for CGC-3 material with a content of the indicated crystalline phase of
75 vol. %; for glass- ceramic materials CGC-10, CGC-9 and CGC-8 — mullite content. The presence of aluminum-
magnesium spinel, characterized by a high TCLE (80-97 - 107 °C™Y), leads to the appearance of stresses at the interfaces
and increases the TCLE value of the CGC-1 material.

For experimental glass-ceramic materials CGC-1, CGC-2, CGC-3, CGC-4, CGC-5, CGC-6 and CGC-7, the
strength properties are in direct proportion to the content of the crystalline phase of a-cordierite (HV = 8.2 MPa, Kic =
2.3 MPa-m*?, E = 139 GPa). Thus, the highest values of Vickers hardness (HV) and fracture toughness (Kic) are
observed for the CGC-3 composition with a high content of a-cordierite, and the lowest values are for the CGC-2 and
CGC-6 warehouses, respectively, with a low content of a-cordierite. For samples CGC-8, CGC-9 and CGC-10, which
are characterized by a significant content of mullite (HV = 11.0 MPa, Kic = 2.6 MPa-m'?, E = 220 GPa), a significant
increase in HV, Kic and impact strength (Kcu) (tab.1). For the density indicator, a similar trend is also observed,
however, a slight increase in p is not a determining factor for ensuring the mobility of armored vehicles. It is extremely
important to solve the problem of decreasing the tendency to fracture at “critical” loads. To create a material structure
that would include elements that prevent crack propagation, change its trajectory, or blunt (block) the crack tip, thereby
reducing the stress concentration, 5 wt. % yttrium-stabilized zirconia was introduced into the composition of composite
materials. The developed glass-ceramic material CGC-10-ZD-5 is distinguished by high performance characteristics.
The carried out ballistic tests showed that the developed glass-ceramic material CGC-10-ZD-5 withstood shelling
according to the requirements of STANAG 4569 (level 2).

Comparative evaluation of the developed glass-ceramic material KSK-10-DC-5 and well-known representatives
of ceramic armor materials made it possible to establish that the developed material is somewhat inferior to ceramic
armor elements in terms of elasticity and hardness (tab. 2). However, a significant increase in fracture toughness and a
decrease in the density of the developed material when compared with a corundum-based plate of a similar thickness
will significantly reduce the weight of the armor element by ~1.4 times and its cost by 5 times while maintaining its
protective properties. An important aspect of the effective implementation of the developed element is its reduced cost
due to the use of cheaper raw materials and simplified technology. The introduction of the developed high-strength
glass-ceramic materials will increase the competitiveness of domestic armored materials and provide indicators of their
properties at the level of world analogues.

Table 2 — Comparative characteristics of the density and cost of known ceramic and glass-ceramic armored
materials and the developed glass-ceramic material

Material Density, Cost raw The cost of the
(basic system, manufacturer or developer, country of origin) g/cms3 materials, product,
USD/kg USD/kg
(CarSIK-B,C, E; rsocnhﬁing ?oup, Germany) 2.50 26-30 300-1000

(SiC, Hexoloi/lcgct?; g:irr?tlfjgobain, USA) 3.20 10-20 300
(Alumina ballistic armour, I\(/:Ig:sgr?irzvanced Materials, England) 3.90 8-10 150
(AIuminum-magn\zfilLr:r(;I ;—priigsl?ag::gl\ﬁr\gocrorporation, USA) 6.50 10-12 40
(ALON Transpar’:r:'tJ Trrr]#(;? cgﬁirrlrllzzrt"éeorporation, USA) 7.00 20-25 60
(LAS glass cera?nlﬁsz-gi;znj;gzhnology, USA) 2.35 2-5 30
(MAS glassG (I:if‘:rﬁ?(r:zrn )I(CP?SS:I\?H?-&/[O-S?\/-IS Bbekertosa, UA) 2.80 0.5-10 28

Conclusions.

The prospects for creating domestic armor elements based on high-strength glass-ceramic materials have been
determined. The main provisions of the technology for obtaining protective glass-ceramic materials are formulated and
the compositions of composite materials based on glass-ceramic magnesium-aluminosilicate materials and a filler —
zirconium dioxide under conditions of two-stage low-temperature heat treatment are developed. It was found that the
developed glass-ceramic materials are characterized by high operational properties (Kcu = 5.8 kJ/m?; HV = 10.4 GPa;
K¢ = 8.5 MPa-m*?) and armor resistance (level 2) and can be used as a basis when developing a composite element of
body armor. The introduction of the developed materials as protective structures in the armoring of machinery and
equipment will make it possible to solve the strategically important problem of providing the defense industry with
reliable competitive domestic materials.
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