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2 Clarivate
Analytics

NAS RK is pleased to announce that News of NAS RK. Series of geology and technical
sciences scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by
Clarivate Analytics to be accepted in the Science Citation Index Expanded, the Social
Sciences Citation Index, and the Arts & Humanities Citation Index. The quality and depth
of content Web of Science offers to researchers, authors, publishers, and institutions sets it
apart from other research databases. The inclusion of News of NAS RK. Series of geology
and technical sciences in the Emerging Sources Citation Index demonstrates our dedication
to providing the most relevant and influential content of geology and engineering sciences
to our community.

Kaszaxcman Pecnybnukacer ¥immuolx 2oiivim akademuscol « KP YA Xabapnapwr. ['eonocus
JICOHE MEXHUKANBIK RbLILIMOAD CepUsiColy &blibiMu dicypHanviubly Web of Science-min
arcayananean nycxacol Emerging Sources Citation Index-me unoexcmenyee KabulioanHeanwin
xabapaaiiovl. Byn unoexcmeny oapvicoinda Clarivate Analytics komnanuscol JHcypHAIOb
o0an api the Science Citation Index Expanded, the Social Sciences Citation Index scane the
Arts & Humanities Citation Index-xe kabuvinioay macenecin xapacmoipyoa. Webof Science
sepmmeywinep, agmopiap, 6acnawibliap MeH MeKemenepze KOHmeHnm mepenoici MeH
canacwin yeoinaowvl. KP YFA Xabapnapel. eonoeust scane mexHUKAIbIK 2bLIbIMOAP CEpUsicol
Emerging Sources Citation Index-xe enyi 0i30iy Koamoacmulx ywin ey 03eKmi dcone
6edendi eeonocus JHcoHe MEXHUKATIBIK bLILIMOAP OOUbIHULA KOHMEHMKe A0an0blebiMbI30bl

6in0ipeoi.

HAH PK coobwaem, umo nayunvii scypuan «Mseecmuss HAH PK. Cepusa ceonozuu u
MeXHUYecKux Hayk» ol npunsm 015 unoexcuposanusi 6 Emerging Sources Citation Index,
obnosnennol sepcuu Web of Science. Codeporcanue 6 3mom uHOEKCUPOBAHUL HAXOOUMCS
6 cmaouu paccmompenusi komnanuei Clarivate Analytics 0as Oanvbheuue2o npuHAmMUs
acypnana 6 the Science Citation Index Expanded, the Social Sciences Citation Index u
the Arts & Humanities Citation Index. Web of Science npednacaem xauecmeo u enyoumy
KOHmeHma O ucciedogamenell, asmopos, uzoameneii u yupedxcoeHull. Brmouenue
Uszeecmua HAH PK. Cepus ceonocuu u mexuuueckux Hayk ¢ Emerging Sources Citation
Index demoncmpupyem nauty npusepiceHHOCHb K Hauboiee akmyaibHOMY U GIUAMETbHOMY
KOHMEHMY NO 2e0102UU U MEeXHUYeCKUM HAYKAM 0I5l Haule2o coooujecmad.



BAC PEJJAKTOP

YKYPBIHOB Mypar JKypbIHy./IbI, XUMHUS FBUIBIMIAPEIHBIH TOKTOPSL, mpodeccop, KP YFA akanemuri, PKB
«Kazakcran Pecriyonukacel YTtk FouibiM akagemusicbinbiay npesuaenti, AK «/1.B. Cokonbekuii aTbIHIaFbI
OTBIH, KaTaJli3 JKOHE MICKTPOXUMHS HHCTUTYTHIHBIH» 0ac IupekTopsl (AnMarsl, Kazakcran), https://www.scopus.
com/authid/detail.uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489

BAC PEJAKTOP/IbIH OPBIHBACAPDI:

OBCA/IBIKOB Bakpir Hopikbaiiyibl, TexHHKa FbUIBIMAAPBIHBIH JOKTOpbI, mpodeccop, KP YFA
akagemuri, A.b. bexrypoB aTelHmarsl XUMHS FBUIBIMAApPBI HHCTHTYTHL, (AnMarsl, Kasaxcran), https:/www.
scopus.com/authid/detail.uri?authorld=6504694468, https://www.webofscience.com/wos/author/record/2411827

PEJAKIIUS AJTIKACBI:

OBCOMETOB Mouic Kyasicyabl (6ac  peaakTopiblH — OpbIHOAcapbl), I€ONOTHs-MUHEPAIOTUst
FBUIBIMIAPBIHBIH JOKTOPEI, mpodeccop, KP ¥YFA akamemuri, Y.M. Axmencadun atemparsl I'maporeomorus
JKOHE TEOdKOJIOTUsSI MHCTUTYTHIHBIH JupekTopsl, (Anmarsl, Kasakcran), https://www.scopus.com/authid/detail.
uri?authorld=56955769200, https://www.webofscience.com/wos/author/record/1937883

7KOJITAEB I'epoii KoJrraiiyJibl, reonorusi-MIHHEPAIOryst FRITBIMAAPBIHBIH TOKTOPHI, ipodeccop, KP YFA
KypMeTTi axazemuri, (Ammarsl, Kasakcran), https:/www.scopus.com/authid/detail.uri?authorld=57112610200,
https://www.webofscience.com/wos/author/record/1939201

CHOY J[Ipumen, PhD, xaysivmpacteipeurran mpodeccop, HeOpacka yruBepcureriniy Cy FhUIBIMIaphI
3epTxaHacbiHblH  aupekropel,  (HeOpacka  mrarer, — AKIH),  https://www.scopus.com/authid/detail.
uri?authorld=7103259215, https://www.webofscience.com/wos/author/record/1429613

3EJIBTMAHH Paiimap, PhD, Xep Typassl rpuibiMaap OemiMiHIH METPOTIOrHs JKOHE Maiaansl Kazdamap
KeH OPBIHIApHI CallaCBIHIAFEI 3epTTeyNIepiHiy jxerekurici, Taburu Tapux Mypakaitsl, (Jlonnon, ¥isiopuranus),
https://www.scopus.com/authid/detail.uri?authorld=55883084800,  https://www.webofscience.com/wos/author/
record/1048681

MNAH®WJIOB Muxaua bBopucoBny, TexHHKAa FBUIBIMIAPHIHBIH JOKTOpbI, HaHCH yHHBEpCHTETIHIH
npodeccopsr, (Hancu, @pannust), https:// www.scopus.com/authid/detail.uri?authorld=7003436752, https://www.
webofscience.com/wos/author/record/1230499

IIEH IIun, PhD, KpiTail reonorusyiblK KOFAaMbIHBIH Tay-KeH T'€OJOTHSICH KOMUTETI JUPEKTOPBIHBIH
opbIHOacapbl, AMEpPHKAHIBIK JKOHOMHKAIBIK T'COJOrTap KaybIMAACTHIFBIHBIH Mymieci, (Beibxin, Kpirail),
https://www.scopus.com/authid/detail.uri?authorld=57202873965,  https://www.webofscience.com/wos/author/
record/1753209

OUUIEP Axceas, KaybIMIacThIpsLIFaH npodeccop, PhD, /lpe3nen TexHuKanbIK yHUBEpcHTeTi, ([pesneH,
Bepmun),  https://www.scopus.com/authid/detail.uri?authorld=35738572100, https://www.webofscience.com/
wos/author/record/2085986

ATABEKOB Buagumup EHoxoBHY, XUMUsI FBUIBIMIAPBIHBIH JOKTOPEI, benapycs ¥FA akagemuri, XKana
Marepuaigap XUMHSICHI MHCTUTYTHIHBIH KypMeTTi aupekropsl, (Munck, Bemapycsk), https:/www.scopus.com/
authid/detail.uri?authorld=7004624845

KATAJIMH Credan, PhD, xaysiMpacteipsurran mnpodeccop, TexuukamsKk yHuBepcureTi ([[pesnew,
I'epmanus), https://www.scopus.com/authid/detail.uri?authorld=35203904500, https://www.webofscience.com/
wos/author/record/1309251

CAFBIHTAEB ‘Kanaii, PhD, xaysimaacteipsuiran npodeccop, HasapbaeB yHuBepcureri (Acrtawa,
Kasakctan), https://www.scopus.com/authid/detail.uri?authorld=57204467637, https://www.webofscience.com/
wos/author/record/907886

®PATTUHU IMaoao, PhD, xaysivpacteipsurran mpodeccop, bukokk Mmuman ynusepcuteti, (Muman,
Wranus), https://www.scopus.com/authid/detail.uri?authorld=56538922400

HYPIIEUICOBA Map:xaun Baiicankbi3bl — TexHuKa reutbIMaapbiHbIH JOKTOpBI, K.M. CoTOaeB aThiHIaFb!
Ka3zaky/iITTeIK3epTTey TEXHUKAIBIKyHIUBEpCUTEeTiHIHTpodeccopsl, (Anmarsl, Kasakcran), https:/www.scopus.com/
authid/detail.uri?authorld=57202218883,  https://www.webofscience.com/wos/author/record/AAD-1173-2019

PATOB Bopan6aii Toiidacapy/ibl, TeXHHKa FBUIBIMAAPBIHBIH JOKTOPBI, mpodeccop, «leodusmka sxoHe
celicmonorus» Kadenpacebly MeHrepymrici, K.M. CorGaeB arbiHmarsl Ka3ak YITTHIK 3epTTey TEXHHKAIBIK
yHuBepeuteti, (Anmarsl, Kasakcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100, https://
www.webofscience.com/wos/author/record/1993614

POHHU Bepuarccon, Jlynn yuuepcureriniy Tasty LIBIFbICTBI HEPCIEKTUBANBI 3€PTTEY OPTAJBIFHIHBIH
npodeccopsl, JIyHI yHHBEpCUTETIHIH TONBIK KypcTsl mpodeccopsl, (IIBemus), https://www.scopus.com/authid/
detail.uri?authorld=7005388716, https://www.webofscience.com/wos/author/record/1324908

MMUPJIAC Baagumup, ApHdib yHHBEPCUTETiHIH X UMISIIBIK HEKCHEepHs (paKyIbTeTi skoHe LIIBIFbIC FRUTBIME-
3eprrey opranbirbl, (M3pawis), https://www.scopus.com/authid/detail.uri?authorld=8610969300, https:/www.
webofscience.com/wos/author/record/53680261

«KP ¥FA» PKB Xa6apaapsl. I'eo10rus #oHe TeXHUKAJBIK FBLIBIMAAP CEPHSCHI».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
Menikreyi: «Kazakcran PecriyonukachiHbIH YIITTHIK FBUTBIM akageMusicb» PKB (AnMars K. ).
Kaszakcran PecrnyOnukachiHblH AKnapar J>koHE KOFAMIBIK JaMy MHHHCTDPIIMiHIH AKmapar KOMHTETiHJIe
29.07.2020 x. 6epinren Ne KZ39VPY 00025420 mep3iMaik 6acbuIbIM TipKeyiHe KOHbUTY Typallbl KyalliK.
TaKBIPBINTHIK OAFBITHL: [ eonoaus, eudpozeonoaus, 2eoepapus, may-KeH icl, MYHail, 2az jHcane Memanoapobvly
XUMUATBIK MEXHON02UANADb
Mep3iMaiiri: )KbUIbIHA 6 PET.
Tupaxsr: 300 nana.
Pepakuusnbig MekeH-kaibl: 050010, Anmarsi K., [lleBuenko xemr., 28, 219 Geur., ten.: 272-13-19
http://www.geolog-technical kz/index.php/en/
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IJTABHBIA PEJAKTOP

JKYPUHOB Mypar ’KypuHoBHY, JOKTOp XUMHYECKHX HayK, npodeccop, akanemuk HAH PK, npesunent
POO HauunonanbHoii akagemun Hayk Pecriyonuku Kaszaxcran, renepanbhbiii tupekrop AO «MHCTUTYT TOTUINBA,
karanmsa u snekrpoxumun uM. J[.B. Coxonbsckoro» (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.
uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489

3AMECTHUTEJIb ITTABHOI'O PEJAKTOPA

ABCAJIBIKOB Baxeit Hapuk6aeBu4, JOKTOp TEXHMYECKHMX Hayk, npodeccop, akazemuk HAH PK,
Wuctutyt xuMmudecknx Hayk uM. A.B. Bekryposa (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.
uri?authorld=6504694468, https://www.webofscience.com/wos/author/record/2411827

PEJAKIIMOHHAS KOJIJIET' ASI:

ABCAMETOB Mauuc KyabicoBuy, (3amMecTuTelb IVIABHOTO — pPEJAaKTOpa), JOKTOP  I'eoJIoro-
MHHEPAIOrHIeCKHX HayK, mpogeccop, akagemuk HAH PK, mupexrop MHCTHTYTa rTHAPOTE0IOTHI U F€0IKOIOTHI
um. Y.M. Axmencaduna (Anmarsr, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=56955769200,
https://www.webofscience.com/wos/author/record/1937883

YKOJITAEB I'epoii ’KosrraeBu4, 1OKTOp re0I0rOMHHEPATOTHYECKUX HAYK, TPOdeccop, MOUETHBIH aKaIeMUK
HAH PK (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.uri?authorld=57112610200, https://www.
webofscience.com/wos/author/record/1939201

CHOY Jpumnen, PhD, acconunpoBanusil npogeccop, aupexrop JlabopaTropuu BOXHEIX HayK YHUBEpCHTETa
Heb6packu (mrar HeGpacka, CLIA), https://www.scopus.com/authid/detail.uri?authorld=7103259215, https:/
www.webofscience.com/wos/author/record/1429613

3EJBTMAHH Paiimap, PhD, pykoBomutenb HCCIEIOBaHUi B 00JIACTH METPOJIOTMU U MECTOPOXKICHHM
MOJIe3HBIX UCKoTlaeMbIX B Otjiene Hayk o 3emie Mysest ecrectBernHol uctopun (JIonaoH, Aurms), https://www.
scopus.com/authid/detail.uri?authorld=55883084800, https://www.webofscience.com/wos/author/record/104868 1

MMAH®WJIOB Muxana BopucoBuy, 10KTop TeXHUUECKUX Hayk, Ipodeccop Yuusepcutera Hancu (Hancn,
Opannust), https://www.scopus.com/authid/detail.uri?authorld=7003436752, https://www.webofscience.com/
wos/author/record/1230499

IIEH Iun, PhD, 3amecturens aupexropa Komurera 1no ropHoil reosnoruu Kurtaickoro reojaoruueckoro
obmecTBa, WieH AMEPUKAHCKOH accoruanuy skoHoMmdeckux reosoros (Ilexwn, Kuraif), https://www.scopus.
com/authid/detail.uri?authorld=57202873965, https://www.webofscience.com/wos/author/record/1753209

@OUIIEP Axkcens, accounupoBanHbiii npopeccop, PhD, texuudeckuii yuusepcurer Jpesnen ([pesueH,
Bepmun),  https://www.scopus.com/authid/detail.uri?authorld=35738572100,  https://www.webofscience.com/
wos/author/record/2085986

ATABEKOB Buaagumup EHokoBHY, JOKTOp XMMHYecKuX Hayk, akagemMuk HAH Benapycu, nouerHsiii
mupexTop MHcTHTyTa XMMHH HOBBIX MarepuanoB (Munck, bemapycs), https://www.scopus.com/authid/detail.
uri?authorld=7004624845

KATAJIMH Credan, PhD, accoummmposanusii npodeccop, Texumueckuil ynusepcuteT ([lpesnen,
I'epmanus), https://www.scopus.com/authid/detail.uri?authorld=35203904500, https://www.webofscience.com/
wos/author/record/1309251

CAI'MHTAEB Kanaii, PhD, accorunpoanusiii npodeccop, Hazapoaes ynusepcurer (Acrana, Kasaxcran),
https://www.scopus.com/authid/detail.uri?authorld=57204467637 , https://www.webofscience.com/wos/author/
record/907886

®PATTHUHMU Ilaoao, PhD, acconumposanusii npodeccop, Munanckuii yausepcurer bukokk (Mman,
Uramus),  https://www.scopus.com/authid/detail.uri?authorld=56538922400 HYPIIEMCOBA  Map:kan
BaiicaHoBHAa — JOKTOp TEeXHHYECKHX Hayk, Ipodeccop Kazaxckoro HammoHanbHOro mccienoBaTelIbCKOro
Texuuueckoro ynusepcutera um. K.M. Carnaea, (Anmarsl, Kazaxcran), https://www.scopus.com/authid/detail.
uri?authorld=57202218883, https://www.webofscience.com/wos/author/record/ AAD-1173-2019

PATOB Bopan6aii ToiidacapoBu4, TOKTOp TEXHHYECKHX HaykK, mpodeccop, 3aBemyromuii kadeapoit
«T'eom3uka u ceiicmonorusy, Kasaxckuil HannoHansHbIN HCClIeOBATENIbCKUN TEXHHYECKHH YHUBEPCUTET M.
K.W. Carmaesa, (Anmarsl, Kasaxcran), https://www.scopus.com/authid/detail.uri?authorld=55927684100, https://
www.webofscience.com/wos/author/record/1993614

POHHMU Bepuarccon, IIpopeccop LleHTpa nepcreKTBHbIX OIMKHEBOCTOUYHBIX HCCIEeA0BaHUN JIyHACKOTO
yHuBepcHuTeTa, npodeccop (monuslii kype) Jlymnckoro ymmusepcurera, (IlIBemus), https://www.scopus.com/
authid/detail.uri?authorld=7005388716 , https://www.webofscience.com/wos/author/record/1324908

MUPJIAC Baagumup, DaxynsreT XUMHUECKOH HHXKEHEPHH U BOCTOUHBIN HayYHO-HCCIIENOBATEIbCKUIT
ueHtp, Yuusepcuter Apwousi, (M3pawmns), https://www.scopus.com/authid/detail.uri?authorld=8610969300,
https://www.webofscience.com/wos/author/record/53680261

«H3Bectust POO «<HAH PK». Cepusi reo/1oruy M1 TeXHHYECKHX HAYK».
ISSN 2518-170X (Online),
ISSN 2224-5278 (Print)
CobctBennuk: Pecrybnikanckoe oodiecTBeHHOe o0benHenne «HarronanpHas akagemus Hayk PecryOnuku
Kazaxcran» (. Anmarsr).
CBUJIETEIECTBO O IIOCTAHOBKE HA YydYeT IIEPHOAMYECKOro IredaTHoro u3fgaHus B Komurere wnHbOpManmu
MumnuncteperBa HHbOpManuK U oOUIeCTBeHHOro pas3BuTusi PecnyOmuku Kaszaxcran Ne KZ39VPY00025420,
BbIanHoOe 29.07.2020 .
TemaTnueckasi HANPABICHHOCTb: 2€0102Usl, 2UOPO2EON02UsA, 2e02Papus, 20pHOe 0eno U XUMUYECKUe MEXHON02UU
Heghmu, eaza u Memanios
IMepruommanocTs: 6 pas B TOZ.
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http://www.geolog-technical kz/index.php/en/
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EDITOR-IN-CHIEF

ZHURINOV Murat Zhurinovich , Doctor of Chemical Sciences, Professor, Academician of NAS RK,
President of National Academy of Sciences of the Republic of Kazakhstan, RPA, General Director of JSC "
D.V. Sokolsky Institute of Fuel, Catalysis and Electrochemistry " (Almaty, Kazakhstan), https://www.scopus.com/
authid/detail.uri?authorld=6602177960, https://www.webofscience.com/wos/author/record/2017489

DEPUTY EDITOR-IN-CHIEF

ABSADIKOV Bakhyt Narikbaevich, Doctor of Technical Sciences, Professor, Academician of NAS RK,
A.B. Bekturov Institute of Chemical Sciences (Almaty, Kazakhstan), https://www.scopus.com/authid/detail.
uri?authorld=6504694468, https://www.webofscience.com/wos/author/record/2411827

EDITORIAL BOARD:

ABSAMETOV Malis Kudysovich, (Deputy Editor-in-Chief), Doctor of Geological and Mineralogical
Sciences, Professor, Academician of NAS RK, Director of the Akhmedsafin Institute of Hydrogeology and
Geoecology (Almaty, Kazakhstan), https://www.scopus.com/authid/detail.uri?authorld=56955769200, https://
www.webofscience.com/wos/author/record/1937883

ZHOLTAEYV Geroy Zholtaevich, Doctor of Geological and Mineralogical Sciences, Professor, Honorary
Academicianof NAS RK (Almaty, Kazakhstan), https://www.scopus.com/authid/detail.uri?authorld=57112610200,
https://www.webofscience.com/wos/author/record/1939201

SNOW Daniel, PhD, Associate Professor, Director, Aquatic Sciences Laboratory , University of Nebraska
(Nebraska, USA), https://www.scopus.com/authid/detail.uri?authorld=7103259215, https://www.webofscience.
com/wos/author/record/1429613

SELTMANN Reimar, PhD, Head of Petrology and Mineral Deposits Research in the Earth Sciences
Department, Natural History Museum (London, England), https://www.scopus.com/authid/detail.
uri?authorld=55883084800, https://www.webofscience.com/wos/author/record/1048681

PANFILOV Mikhail Borisovich, Doctor of Technical Sciences, Professor at the University of Nancy
(Nancy, France), https://www.scopus.com/authid/detail.uri?authorld=7003436752, https://www.webofscience.
com/wos/author/record/1230499

SHEN Ping, PhD, Deputy Director of the Mining Geology Committee of the Chinese Geological Society,
Member of the American Association of Economic Geologists (Beijing, China), https://www.scopus.com/authid/
detail.uri?authorld=57202873965 , https://www.webofscience.com/wos/author/record/1753209

FISCHER Axel, PhD, Associate Professor, Technical University of Dresden (Dresden, Berlin), https:/www.
scopus.com/authid/detail.uri?authorld=35738572100, https://www.webofscience.com/wos/author/record/2085986
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CATALIN Stefan, PhD, Associate Professor, Technical University of Dresden, Germany, https://www.scopus.
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Jay Sagin, PhD, Associate Professor, Nazarbayev University (Astana, Kazakhstan), https://www.scopus.com/
authid/detail.uri?authorld=57204467637 , https://www.webofscience.com/wos/author/record/907886

FRATTINI Paolo, PhD, Associate Professor, University of Milano - Bicocca (Milan, Italy), https:/www.
scopus.com/authid/detail.uri?authorld=56538922400

NURPEISOVA Marzhan Baysanovna — Doctor of Technical Sciences, Professor of Satbayev University,
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webofscience.com/wos/author/record/AAD-1173-2019
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Abstract. The review article provides an in-depth analysis of armored steel
production technologies, highlighting key aspects of production, composition, and
the properties of various types of ballistic-resistant materials. The introduction
focuses on the comparative characteristics of armor protection materials, with
particular emphasis on steel grades such as ARMOX (manufactured by SSAB,
Sweden), MARS (ArcelorMittal Industeel, France), RAMOR (Ruukki, Finland),
as well as domestic grades like 44C and 56 (Research Institute of Steel, Russia).
Special attention is given to the characteristics of each grade and their applications
in various fields, such as armor for military vehicles and personal protective
equipment. The main part of the article is dedicated to the ballistic requirements
set for armored materials in accordance with GOST standards, which regulate the
protective characteristics needed to ensure resistance to both bullet impacts and
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explosive forces. The article also addresses the relevance and necessity of using
domestically produced armored steel in Kazakhstan, with a focus on the activities
of leading Kazakhstani enterprises such as Kazakhstan Paramount Engineering LLP
and Tynys JSC, which specialize in the production of armored vehicles and personal
protective equipment. The article also provides detailed coverage of steel melting
and casting technologies, exploring various production methods such as the use of
open-hearth furnaces, oxygen converters, and electric arc and induction furnaces.
The chemical reactions that occur during the melting process and the influence of
alloying elements on the properties of steel are also discussed. Additionally, the
article examines the thermal and thermomechanical processing of armored steels,
including annealing, plastic deformation, quenching, and tempering, and their
impact on the formation of structural phases. These processing stages are essential
for achieving the desired steel properties, such as hardness, strength, toughness,
and ballistic resistance.

Keywords: armor steel, induction furnace, melting, casting, heat treatment,
protection class.
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Annoramus. lllomy wmakamacel OpoHIBI OONATTHI Ay TEXHOJIOTHSIIAPHIH
TEpeH Tajay[bl KAMTaMachl3 e€Te/li, OH/IPICTIH MaHbBI3Ibl ACTICKTUIEPiH, OPOHIBI
MaTepHalIapbIHOPTYPIIi TYPIIepiHIH KYpaMbl MeH KacheTTepiHkepcerei. baceiama
OpOHBJIBI KOPFAHBIC MaTepUaJIaPBIHBIH CaJBICTBIPMAIIBI CHITATTaMalapbiHa Oaca
Hazap aynmapbutajel, onapablH iminge ARMOX (ssab enmipici, HIserus), MARS
(ArcelorMittal Industeel, ®panmms), RAMOR (Ruukki, ®uansHANS) CHUAKTHI
Ooat Mapkanapsl, connai-ax 44c xone 56 (bomar F3U, Peceii) CUSKTBI OTaHIIBIK
COpTTap epekKiie Ke3re Tyceai. ©p OpeHATIH epeKIIeNiKTepiHe, oJapAbl SCKepH
TEXHHKA MEH KeKe KOPFaHBIC KYpaJIaphl CUSKTHI OPTYPIIi HYCKalap/aa KOJIIaHyFa
Oaca Hazap aymapbuiaipl. MakanaHbIH HETi3ri 0eriMi OKKa J1a, )KapbUIFBIII dcepre
Je TO3IMJIUTIKTI KaMTaMachl3 €Ty YVIIH KaKeTTi KOpPFaHBIC CHUIaTTaMaliapbiH
perreiitin I'OCT coiikec OpoHbIBI Kypanaap YIiH OesriieHreH 0ayuIiCTHKAIIBIK
tanantapra apHanraH. «Kazakcran Ilapamaynr Wmxuaupuar» XXIIC xone
«TeraBICHY AK CHSKTHI KETEKII Ka3aKCTaHABIK KOCIMOPBIHAAPIBIH KbI3METiHE Oaca
Hazap ayzapa oThIpbIn, KazakcTaHma oTaHABIK OHAIPICTIH OPOHBIBI OOJATHIHBIHBIH
©3CKTLIIr MEH KaXKETTIJIT1 Moceleci KoTepinei, oap OpOHB/IbI TEXHUKA MEH JKEKe
KOPFaHBIC KYpaJIapbIHBIH OHIMIepiHe OaFapianasl. boixaTTel 0aIKbITy XKoHE KYIO
TEXHOIIOTHsIJIapbIHA EPEKIIIe Ha3ap ayAapbllaibl, OHAIPICTIH SPTYPIIi epeKIIeNiKTepi
3epTTeneni, MpIcaibl, MapTeH IMemTepid, OTTeri TYPIEHAIPTilTepiH, COHmal-aK
AIIEKTP JIOFAChl MEH WHAYKTUBTI MeITep/i naiaanany. bankeiTy nporecinie sxoHe
JIETUPIIEYII 3IeMEHTTEepAiH OoJaTTapablH KacHeTTepiHe oacepi Ke3iHAe KYPETiH
XUMHSUTBIK peakiusiiap kenripinren. Conaii-ak, OpoHIbI 00IaTTap bl TEPMUSITBIK
KOHE TEPMOMEXAHUKAIBIK OHJIEY MPOIeCTepi, MBICAIBI, KYHIipy, TUIACTUKAIBIK
nedopmanys, KaTaity, 6ocary oHe olapiblH KYPBUTBIMIBIK (pasanap/eiH naina
OoybpiHa ocepi KapacThIpbLIaabl. by eHaey Kamamaapbl KaTThUIBIK, OEpiKTIK,
MBIKTBUIBIK KOHE aTryFa TO3IMIITIK CHSIKTBI OOJaT MaTepUabIHBIH KakeTTi
cUMarTamMaliapblHa KOJ JKETKi3y YIIIiH KaXeT.
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Aunnoranus. O030pHast craTbs oOecreunBaeT NTyOOKHH aHANINU3 TEXHOJIOTHH
MONTy4eHHs] OPOHEBOW CTalli, OCBEIas Ba)KHBIE aCTEKTHl NMPOU3BOACTBA, COCTAaB
Y CBOMCTBa pa3IMYHBIX THIOB OpPOHECTOMKHMX MaTephaioB. B Hawame aemaercs
aKLEHT Ha CPABHUTEJIbHbIC XaPAKTEPUCTHKH OPOHEBBIX 3aIUTHBIX MaTEepHUaoB,
Cpel KOTOPBIX OCOOEHHO BBIIEISIFOTCS Takue Mapku craned, kak ARMOX
(mpomzBoactBo SSAB, IlIeeuusi), MARS (ArcelorMittal Industeel, ®panmms),
RAMOR (Ruukki, ®uninsHans), a Takke OTEUECTBEHHBIC COPTa, TaKUE Kak
44C u 56 (HUU Cramu, Poccus). BaxxHoe BHUMaHHE YIETISETCS OCOOCHHOCTSIM
KaXJOW MapKH, MX NPUMEHEHHIO B Pa3JIMYHBIX BAapHUAHTAX, TaKMX Kak OpOHs
Il BOGHHOM TEXHMKHM M CPEACTBA MHAMBUAYaJIbHOHN 3ammThl. OCHOBHAS 4acTh
CTaThH OTBEACHA OAITMCTUUECKUM TPeOOBaHUSIM, YCTAHOBICHHBIM JUIsl OPOHEBBIX
cpeactB B coorBeTcTBUH ¢ ['OCTaMu, KOTOpbIE PETyaUpyIOT XapaKTepUCTHKHU
3alIUThI, HEOOXOAUMBIE ISl 00ECTICUCHHsI YCTOWYMBOCTH KaK K MyJIbHOMY, TaK U K
B3pBIBHOMY BO3/IeHCTBHIO. [loHIMaeTCst BOpOC akTyaaIbHOCTH U HEOOXOIUMOCTH
HCTIOJIb30BAaHUS OPOHEBOM CTajIM OTEYeCTBEHHOIo Ipou3BoicTBa B Kaszaxcrane, ¢
AKLEHTOM Ha JIeATeJIbHOCTh BEAYIINX Ka3aXCTAHCKUX IPEANPHUITUi, Takux kak TOO
«Kazaxcran [lapamaynt Unxnnupunr» u AO « TeIHBIC», KOTOpBIE OPUEHTUPYIOTCS
Ha TPOAYKIHIO OPOHETEXHWKH W CPEICTB MHAMBUAyaJbHOH 3amuThl. Ocoboe
BHUMAaHHE yAEJSETCs] TEXHOJIOTUAM IIJIaBKU U JINThS CTAJIHN, U3y4YaloTCs pa3InyHbIe
OCOOCHHOCTH TPOU3BOJICTBA, TaKW€ KaK MCIIONB30BaHME MAapTEHOBCKHUX IE€YEH,
KHUCJIOPOJHBIX KOHBEPTOPOB, @ TAK)K€ 3JIEKTPOAYTOBBIX M MHIYKTHBHBIX IEUEH.
[IpuBeneHbl NPOTEKAIOUIME XUMHUYECKHE PEAaKUUU HpU IpoLecce IUIaBKU U
BIIMSIHMS JIETHPYIOLUX JIEMEHTOB Ha CBOMCTBa cTanell. Taxke paccMaTprBarOTCs
MpoIecchl TEPMUYECKOH U TEPMOMEXaHWYEeCKOW 00pabOTKM OpOHEBBIX CTajeid,
TaKye KaK OTKUT, IJIacTHUecKas JIedopMaliys, 3aKaika U OTIYCK, U MX BIUSHHE
Ha 00pa3oBaHHE CTPYKTYpHBIX (a3. DTH 3Tambl 00pabOTKH HEOOXOTUMBI IS
JNOCTHKEHHS TPEOyEeMBIX XapaKTepHCTUK MaTepualla CTajy, TAaKUX KaK TBEPAOCTb,
[IPOYHOCTb, yAApHAs BI3KOCTh U YCTOHYNUBOCTB K BBICTPEJIAM.

KiroueBble ciioBa: OpoHeBas CTalb, MHIYKIMOHHAS I€Yb, IJIaBKa, JIUTHE,
TepMHUuecKas 00paboTka, KJlacc 3alIuThI
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Introduction

At present, the development of armor-resistant material in Kazakhstan with
a complex of high physical and mechanical and armor-resistant properties is a
promising direction for material engineers. One of the fields of application of armor-
resistant material is body armor facilities (BAF) and military equipment armoring.
Metal (steel, titanium, aluminum alloys), composite (ultra-high molecular weight
polyethylene (UHMWPE), aramid fabric and others) or ceramic (oxide, carbide and
mixtures) armor-resistant materials are used as armor in modern BAF and military
equipment for protection against destruction means (machine gun and rifle bullets).
Among the materials presented, steel-based armor is the most widely used. Steel
armor can provide protection up to the 5th level with 11mm thick armor plate, while
armor based on ceramics and/or aluminum alloys requires an increase in thickness by
3-4 times (up to 36 and 43 mm). This is evidenced by the protection characteristics
of armor materials by thickness and density, which are shown in Table 1 (Yang, et al.,
2017: 18-26; Maffeo, et al., 2000: 768-777; Zhao, et al., 2017: 619-625).

Table 1. Specification comparison of materials protection by thickness/density

Type of material | Threat level

1 2 3 4 5
Steel alloys 135/1,7 187/2,4 343/4,4 500/6,4 860/11
Titanium alloys 135/3 155/3,5 310/7 445/10 -
Aluminum alloys |135/5 190/7 590/22 860/32 1160/43
Ceramics - - - 380/19 440/36

* in the numerator — density is indicated in g/dm3, in the denominator — thickness is shown in mm

Steel armor is used in almost all means of protection: from individual protection
to armoring of military equipment and special transport vehicles. The main task
of steel armor is to protect a person from various means of destruction. For this
purpose, steel armor shall have all the required properties of strength, hardness,
plasticity and toughness to withstand direct hits of bullets fired from small caliber
firearms. At the same time, the protective material should not be too heavy, so as
not to reduce the speed and maneuverability parameters of vehicles. An important
task in the manufacture of armor is to give the metal such properties that it has the
ability to evenly distribute the kinetic energy it encounters when hit by a projectile
and significantly reduce the point damage, which ultimately preserves the steel
from penetrating damages (Madej-Kielbik, et al., 2015: 1800-1808; Kumar, et al.,
2020: 5625-5637).

Well-known steel alloys — high quality steels — are used as armor materials.
Until now, the following grades of steels have been developed in many countries:
ARMOX (SSAB, Sweden), MARS (ArcelorMittal Industeel, France), RAMOR
(Ruukki, Finland), 44C and 56 (NII Stali, Russia) and others (Table 2). The
presented grades of armor steels have all necessary optimal characteristics and meet
modern requirements for armor resistance, strength, hardness, ductility and weight.
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One can find the main characteristics of these steel alloys (chemical composition,
physical and mechanical properties and their application area) in open sources, but
the manufacturing technology (equipment used, melting conditions, heat treatment
and deformation, in particular quenching and tempering) is kept in strict secrecy
(Yang, et al., 2017: 18-26; Maffeo, et al., 2000: 768-777; Zhao, et al., 2017: 619-
625; Wang, et al. 2005: 581-585).

Table 2. Content and properties of some armor steels

Steel grade Nominal chemical composition G, MPa Hardness, HB
ARMOX 500T |0,32C-0,4Si-1.2Mn-1Cr-1.8Ni-0.7Mo 1750 470-540
ARMOX 560 |0,35C-1,0Mn-1,2Cr-3,0Ni-0,65M0-0,002B | 1850 534-601
ARMOX 600 |0,43C-0,3Mn-0,25Si-0,5Cr-2,0Ni-0,35Mo | 2150 570-640
MARS 270 0,35C-0,75Cr-3,10Ni-0,40Mo 2000 534-601
MARS 300 0,50C-0,80Si-4,0Ni-0,40Mo 2180 578-655
4340 TOD 0,4C-0,3Si-0,6Mn-0,8Cr-1,5Ni-0,2Mo 1900 477-514
RAMOR 550 |0,36C-0,7Si-1,5Mn-1,5Cr-2,5Ni 2100 540-600
44C 0,44C-1,1Cr-0,9Ni-0,8Mo 2100 560-610
56 0,50C-3,0Cr-1,7Ni-1,95Mo-0,3V 2300 570-600

Armor steel is divided into two types: homogeneous and heterogeneous.
Homogeneous armor has a homogeneous composition of one alloy, while
heterogeneous armor has different layer composition. For example, Figure 1 shows
a picture of homogeneous and heterogeneous steel armor. The 1st layer is made of
hard steel, the 2nd layer is made of medium-strength and -ductility steel, and the
3rd layer consists mainly of ductile steel. The principle of operation of multilayer
protection is as follows: upon impact, the hard layer destroys the bullet slug, then
the middle layer stops the slug fragments, and after it the plastic layer absorbs the
shock wave, distributing the energy over an area (Dong, et al. 2022: 7035-7050;
Sorensen, et al. 2008: 1808-1815; Kraus, et al. 2019: 2125).

Homo- Heterogeneous

2
e

1

1 — hard layer; 2 — middle layer; 3 — ductile layer.
Figure 1. Scheme of homogeneous and multilayer heterogeneous protection (Dong et al. 2022:
7035-7050; Sorensen et al. 2008: 1808-1815; Kraus et al. 2019: 2125)
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Each armor implies a certain production technology using a wide range of
structural materials with the required mechanical properties. In order to obtain
homogeneous armor, one needs armor steel with carbon content of 0.25 to 0.4%.
This armor has strength of more than 2000 MPa and impact strength of more than
500 kJ/m?. Heterogeneous armor is obtained from steel through heat treatment
or carburizing processes. For heat treatment, higher-carbon steel is used. The
carburizing process requires metal with a lower carbon content and alloyed with
carbide-forming elements. Thanks to carburization, armored steel obtains the
following specifications: strength more than 1600 MPa; impact strength more than
800-1000 kJ/m?; Brinell hardness more than 9000 MPa (Yang, et al., 2017: 18-26;
Maffeo, et al., 2000: 768-777; Dong, et al. 2022: 7035-7050; Sorensen, et al. 2008:
1808-1815; Kraus, et al. 2019: 2125).

Ballistic requirements for BAF and armor equipment are established by the
state standards (GOST). For systematization by threat levels there are the following
GOSTs: GOST R 50744-95 (2002), GOST R 50744-95 as amended (2014),
GOST 34286-2017, GOST R 50963-96, DSTU 4103-2002. For example, Table 1
summarizes main threat levels by resistance against the effect of weapons according
to GOST 34286-2017 (Ahmed, et al., 2019: 17-26; Poplawski, et al. 2020: 1-13;
Chabera, et al. 2014: 853-859).

Table 1. Main threat levels by resistance against the effect of weapons.

Threat | Name of weapon Weapon Core type Velocity,

level m/s

Br1l 9x18mm pistol cartridge with a | 9-mm APS Steel 335
bullet Pst

Br2 | 9x21mm cartridge with a bullet | 9-mm SR-1 Lead 390
P

Br3 9x19mm cartridge with a bullet | 9-mm PYa Steel heat-strengthened | 410
Pst

Br4 5,45-39mm cartridge with a PP | 5,45-mm automatic | Steel heat-strengthened | 895
bullet weapon AK74
7,62x39mm cartridge with a PS | 7,62-mm automatic | Steel heat-strengthened | 720
bullet weapon AKM

Br5 7,62x54mm cartridge with a PP | 7,62-mm rifle SVD | Steel heat-strengthened | 830
bullet
7,62x54mm cartridge with a|7,62-mmrifle SVD | Steel heat-strengthened | 810
bullet B-32

Bro6 12,7x108mm cartridge with a|12,7-mm OSV-95 Steel heat-strengthened | 830
bullet B-32

In order to meet the protection requirements of the standards and GOSTs, high-
strength steels or high-hardness composite multilayered armor are used in modern
armored vehicles and tanks. These requirements provide good anti-bullet, ballistic
and shellproof protection for armored vehicles up to threat level Br6. However, these
requirements do not work with respect to armor-piercing, fin-stabilized, discarding
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sabot projectile (APFSDS projectile) and other newest means of destruction. This
requires modern means of protection: reactive armor, slat armor, active protection
systems and others (Chabera, et al. 2014: 853-859; Waseem, et al. 2022: 1-17;
Josua, et al. 2022: 261-281).

The development of armor steel technology continues to be relevant for our
country, as the produced domestic BAF and military vehicles and equipment
need to replace imported expensive armor materials with domestic ones. For
example, shells of domestic armored vehicles “Arlan” and “Barys” produced by
“Kazakhstan Paramount Engineering” LLP (Astana) are made of ARMOX steel,
which is supplied from Sweden. Steel-armored panels of classes Br2-Br4 for body
armor produced by “Tynys” JSC (Kokshetau) are also of foreign manufacture.
Replacement of materials used for shells of armored vehicles and body armor by
the engineered domestic armor-resistant steel alloy is a promising direction in the
development of high-hardness steel production not only for military purposes but
also for other industries of the country.

Earlier, the present authors in the scientific center of JSC “National Center
of Space Research and Technology” (Almaty) for the first time have obtained
aluminum-lithium alloy of Al-Mg-Li-Zr system, which is an analogue of grade
1420. The obtained light alloy has all the required performance: armor resistant
to shots from AK-74 assault rifle with bullets of 5.45mm caliber with steel core
at a distance of 13m. Bullet penetration depth is 13-15mm with plate thickness of
28 mm, compressive strength of 559 MPa, tensile strength of 346 MPa, Brinell
hardness of 141 HB, impact resistance of 91 kJ/m? The results on aluminum-
lithium alloy of Al-Mg-Li-Zr system are given in works. Moreover, engineers of
the scientific center JSC “National Center of Space Research and Technology” have
developed technologies for obtaining high-strength products from carbon plastic,
organic plastic, prepreg (Ablakatov, et al., 2022: 5-14; Ablakatov, et al., 2023: 32-
40; Ismailov, et al., 2017: 81-89; Absadykov, et al.,2024: 8-16).

This work will be devoted to the armor steel technology, as well as the study of
influence of alloying elements on the properties of steels, running processes and
transformations during melting, heat treatment and deformation.

Armor steel technology

Armor steel is produced in the same way as other known high-strength steels.
Armored steel properties are achieved by special thermal and thermomechanical
treatment, namely deformation, hardening (heating and cooling rate) and tempering
(low or high). Steelmaking consists of many complex technological operations and
processes: from raw materials preparation for melting and casting to obtaining
quality armor steel. The basic technological operation of steelmaking is as follows
(Bestera, et al., 2012: 1-5; Muzammil, et al. 2020: 28-38):

—  Melting and casting

—  Thermal and thermomechanical treatment

Melting and casting. The most common types of steel are produced by melting
and casting in open-hearth furnaces, oxygen converters, electric arc furnaces and
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induction furnaces (Figure 2) (Johaness Schenk, et al., 2015: 1-89; Yulim Choi, et
al., 2021: 1121). The open-hearth and oxygen-converter methods as well as electric
arc furnaces are mainly used in large industries with a capacity of 10 thousand
tons or more, using pig iron, scrap and waste as charge materials. These furnaces
can produce traditional steel types. To obtain prime quality high-strength steels,
induction furnace is often used, sometimes electric arc furnace (Bestera, et al.,
2012: 1-5; Muzammil, et al. 2020: 28-38; Ivica, et al., 2019: 186-196; Showalter,
et al., 2008: 2-9).

Flunes / Refractory
4 /"' P Medten metal cemant
Refracoory lined
stee] shell
Copper
/ Induction coils
Tap hole X
Wiiter
Cooling
hases
a) b)

Figure 2. Steel melting and casting furnaces. Basic oxygen furnace (s), induction furnace (b)
(Johaness Schenk. et al., 2015: 1-89; Yulim Choi et al., 2021: 1121)

Each of these two types of electric furnaces has advantages and disadvantages.
Steel smelting in high-frequency, induction furnaces has a number of advantages
over arc furnaces. The absence of electrodes will make it possible to obtain steel
with low carbon content and low gas content. Induction stirring of metal under
alternating currents promotes uniform heating, obtaining a uniform chemical
composition and better separation of non-metallic inclusions and gases. These
furnaces have high capacity, low losses of alloying elements and high efficiency. At
the same time, induction furnaces have a number of disadvantages: they are used for
remelting and alloying of pure materials, high cost of lining and equipment, and in
industry the capacity is limited from 50 to 4.000 kg, difficulties with desulfurization
and dephosphorization (Bestera, et al., 2012: 1-5; Muzammil, et al. 2020: 28-38;
Ivica, et al., 2019: 186-196; Showalter, et al., 2008: 2-9; Laura Mustafa, et al.,
2024: 1-11).

Steel smelting in induction furnaces is carried out in basic crucibles based on
fused periclase (magnesite) or in acid crucibles (liners). Initial substance (charge)
for induction furnaces is used with strictly maintained chemical composition of
both basic and deleterious elements (mainly phosphorus and sulfur). Various steels
with minimum permissible content of impurities and non-metallic inclusions, pure
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alloys and ferroalloys are used as charge materials. Ferromanganese, ferrosilicon,
aluminum and others are added to the liquid alloy to deoxidize the steel. The
charge is loaded into the crucible in the following order: steel scrap, refractory
ferroalloys are loaded, after melting the low-melting-point alloying materials are
introduced, at the end deoxidizing materials are added. In the smelting process, the
formed slag is removed from the surface. If necessary, a slag mixture consisting of
magnesite powder (10-20%), lime (60-80%) and fluorspar (10-20%) is introduced.
After completion, casting of the molten substance into the molds made of refractory
material (mainly magnesite) is carried out at a metal temperature of at least 1500°C
(Bestera et al., 2012: 1-5; Ivica et al., 2019: 186-196; Showalter et al., 2008: 2-9;
David et al., 2011: 65-71; Hakan et al., 2013: 271-277; M.B. Ismailov et al., 2016:
67-71).

During the smelting process, three main reactions take place in liquid-alloy:
oxidation period, reduction period and slag formation (Muzammil, et al. 2020: 28-
38; Ivica, et al., 2019: 186-196; Showalter, et al., 2008: 2-9; David, et al., 2011:
65-71; Hakan, et al., 2013: 271-277).

Oxidation period:

2Fe + 0O, — 2FeO
2Mn + O, — 2MnO
Si+ 0, —Si0,
S+0,— SO,
4P +50, — 2P 0y

Reduction period:

C+2FeO — 2Fe + CO,

Si +2FeO — 2Fe + SiO,
Mn + 2FeO — 2Fe + MnO,
2A1+3FeO — 3Fe + ALO,
Fe/Me + FeO — Fe + MeO

Slag formation:

FeS + CaO — FeO + CaS
3Ca0 +P,0, — Ca,(PO,),
CaO + S0, — CaSO,

Influence of alloying elements and impurities on the properties of steels.

Practically all armored steels have a complex chemical composition. The steel
includes not only the basic alloying elements such as carbon, chromium, nickel,
molybdenum, silicon, manganese and others, but may also contain phosphorus and
sulfur impurities. Interaction of iron with oxygen, nitrogen and hydrogen forms
non-metallic inclusions, oxides, nitrides, flakes and other pollutants. Let us consider
the influence of alloying elements, impurities and air atmosphere on the properties
of steels in more detail (Showalter, et al., 2008: 2-9; David, et al., 2011: 65-71;
Hakan, et al., 2013: 271-277; Pradipta, et al., 2020: 1-13).

— Carbon is primarily responsible for steel strength enhancement. As the carbon
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content increases up to 1.2%, the strength, hardness, cold-shortness threshold,
yield strength and electrical resistance increase. At the same time density, thermal
conductivity, ductility, viscosity, values of relative elongation and contraction, as
well as the value of residual induction decrease. Increasing carbon also reduces
deformability and weldability.

— Chromium mainly increases the tensile strength and hardenability of steel,
and contributes to a slight increase in its toughness due to the refinement of the
austenitic grains. Chromium steels are susceptible to temper brittleness, which can
be avoided by their additional alloying with molybdenum.

— Nickel increases the resistance of steel to brittle fracture, ductility and
toughness, reduces susceptibility to stress concentrators and provides high resistance
to brittle fracture, but the disadvantage of these steels is their high sensitivity to
temper embrittlement. As in the case of chromium alloying, this can be avoided by
additional molybdenum alloying.

— Molybdenum provide enhanced resistance to austenite grain growth. It is
introduced to prevent temper embrittlement. At the same time, molybdenum, while
slightly increasing the hardness of ferrite, reduces its impact toughness.

— Silicon, like carbon, hardens steel, increases the strength of steel and reduces
its toughness more than other alloying elements. The steel must contain a sufficient
amount of silicon, but not reducing the resistance to cracks formation. Silicon is also
added purposely into steel for deoxidation. The silicon content as a technological
impurity usually does not exceed 0.37%. In steels intended for weld assemblies, the
silicon content should not exceed 0.12-0.25%.

— Aluminum (Al) increases the heat resistance and scale resistance of steels.
It is also used as an element for the deoxidation of steel during melting or casting.

— Manganese is introduced into steels as a processing additive to increase the
degree of deoxidation and eliminate the harmful effects of sulfur. Manganese is
considered to be a process-related impurity if its content does not exceed 0.8%.
Manganese as a process-related impurity does not significantly affect the properties
of steel.

— Sulfur. Sulfur limits as a process-related impurity are 0.035-0.06%. Increase
in sulfur content significantly reduces mechanical and physicochemical properties
of steels, in particular, ductility, impact toughness and corrosion resistance. During
hot deformation of steels and alloys, high sulfur content leads to red-breaking. In
addition, high sulfur content reduces the weldability of finished products.

— Phosphorus. Phosphorus limits as a process-related impurity are 0.025-
0.045%. Phosphorus, like sulfur, is one of the most harmful impurities in steels and
alloys. Increase in its content, even by a fraction of a percent, increasing strength,
simultaneously promotes fluidity, brittleness and cold fracture threshold and
reduces ductility and toughness. The harmful effects of phosphorus are particularly
strong at higher carbon contents.

— Oxygen and nitrogen. Oxygen and nitrogen dissolve in negligible quantities
and contaminate the steel with non-metallic inclusions (oxides, nitrides, gas phase).
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They have a negative effect on the properties, causing embrittlement and increased
cold-shortness threshold, as well as reduce toughness and enduring quality. Oxygen
content of more than 0.03% causes steel ageing, and more than 0.1% causes red
breaking. Nitrogen increases the strength and hardness of steel but reduces ductility.
Increased amounts of nitrogen cause strain aging. Aging develops slowly at room
temperature and accelerates when heated to 250°C.

— Hydrogen. An increase in its content in steels and alloys results in
embrittlement. In addition, flakes may occur in rolled products, which are induced
by hydrogen released into the pores. Flakes initiate the fracture process. Metal with
flakes shall not be used in industry.

Heat treatment of armor steel.

The main task of steel heat treatment is to obtain the required equilibrium fine-
grained structure by heating to a certain temperature, soaking and cooling. The
necessary heat treatment is performed depending on the composition of steel (low-
alloyed, medium-alloyed, high-alloyed), on the carbon content in iron according to
the diagram of state, deformability, hardenability and other factors. Heat treatment
of traditional types of steels is quite well studied and many books and publications
describe their methods in greater detail (Showalter et al., 2008: 2-9; David et al.,
2011: 65-71; Hakan et al., 2013: 271-277; Pradipta et al., 2020: 1-13; Michael
Saleh et al., 2016: 437-442).

Thermal treatment includes annealing, deformation, case hardening,
tempering. There are several types of steel annealing: homogenization (diffusion),
recrystallization, pre-crystallization, stress relief annealing, annealing of the 1 and
2" kind, complete, incomplete, isothermal, normalizing and others. Steel hardening
involves heating and rapid or slow cooling. Different media are used for quenching:
air, water, oil, salt water, nitrogen and other substances that affect the rate of
cooling. Tempering is the process of heating the quenched steel, holding it and then
cooling it down to form the final structure of the steel. Steel tempering is carried
out at low, medium and high temperatures. Low tempering ranges from 150 to
250°C, medium tempering — 350-480°C, high tempering — 500-680°C. There is also
thermomechanical processing of steels, which combines plastic deformation and
hardening followed by low tempering. Thermomechanical treatment is an effective
way to increase the resistance of steel to embrittlement, as it allows to significantly
change the structure. The most common technology of steel production in the
form of rolled sheet is heating of billets to the temperature of hot deformation,
followed by rolling with specified compression and hardening with tempering; in
this case heated billets before rolling are subject to hot forging at a temperature
of 1100-800°C, isothermal annealing at a temperature of 630-670°C with furnace
cooling and reheating for rolling to a temperature of 1050-1100°C in furnace with
neutral atmosphere, and after quenching and tempering the billets are subjected to
additional tempering, and rolling is carried out at a temperature of 1100-800°C with
overall reduction up to 80%. The disadvantage of this method is labor-intensive and
complex multi-stage technology with high-energy consumption. Also known is the
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technology of obtaining high-strength medium-alloy steel by smelting in an electric
arc furnace with subsequent slag treatment in a ladle, continuous casting into billets
and rolling. The rolled sheet billets are then subjected to heat treatment, including
pressure quenching at a pressure of 250 kg/cm? with water cooling at a water flow
rate of 0.3 m*hour and low tempering at a temperature of 150-250°C. Through
annealing, deformation, quenching and tempering, the following transformations
occur in the steel structure: austenite, pearlite, ferrite, cementite, martensitic,
trostitic and sorbitic. The change in steel structure depends on the carbon content
of iron. (David, et al., 2011: 65-71; Hakan, et al., 2013: 271-277; Pradipta, et al.,
2020: 1-13; Michael Saleh, et al., 2016: 437-442; Kartikeya, et al., 2019: 514-520;
Arkadiusz, et al., 2020: 1-13).

Armor steel technology in developed countries, namely their melting and casting
conditions, used materials and equipment, heat and thermomechanical treatment
conditions are strictly classified and prohibited for publication in open sources.
Despite these limitations, based on the above-mentioned methods and methods of
obtaining traditional and well-known steels, it is possible not only to improve the
basic mechanical properties, but also to obtain armor-resistant steel alloys.

Conclusion

Thus, the results of literature data analysis of armor resistant steels shows as
below:

— Strength properties of armor steels are influenced not only by alloying
elements, but also by heat treatment conditions: strain hardening, quenching and
tempering.

— In order to increase ductility while still maintaining optimum hardness it
is necessary to bring the non-equilibrium structure of armor steels closer to the
equilibrium martensitic structure by quenching and tempering.

— To increase the strength of armor steels, it is necessary to attempt to obtain a
ultrafine-grain structure by strain hardening, saturated with dislocations.

Increase of impact toughness of armor steel occurs at high tempering of around
400-650°C.
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