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KAMBIPBIMABIABIK, KOPbI

HALYK

CHARITY FOUNDATION

b «XAJBbIK)»

B 2016 rogy mist pa3BUTHS U YAYYIICHUS Ka9eCTBA )KU3HHU Ka3aXCTAHIIEB OBLT
CO3J1aH YacTHBIN briarorBopuTenbHbIH HOHT « XaTbIK». 3aTOIBI CBOCH eI TETHPHOCTH
Ha pealln3aluio OJaroTBOPUTEIIBHBIX IPOCKTOB B 001ACTSIX 00pa30BaHus U HAYKH,
COLIMANIbHOM 3allMThI, KYJBTYPBI, 3APaBOOXpaHEHUs] U cnopra, POoHA BBLACTHI
Oonee 45 MUITHAP/IOB TEHTE.

Ocoboe BHuUManue brnarorBopurenbueli  GoHn  «Xadblk»  yaenseT
00pazoBaTeNbHBIM IPOrpaMMaM, CUUTas 3TO HANpaBlICHHE OJHUM U3 KIIFOUEBBIX
B cBoell aesrenbHOCTH. OKa3biBasi MOAJEPIKKY OTEUYECTBEHHOMY OOpa30BaHMIO,
@DoH1 BHOCUT CBOW MOCWJIBHBINA BKJIaJ B Pa3BUTHE KAuCCTBEHHOI'O 00pa30BaHUs
B Kazaxcrane. Tem caMbiM crmocoOCTBYSl pOCTy 4YHcia JIIOAEH, CIIOCOOHBIX
MEHSTh KU3Hb B CTpaHe K JydleMy — NpodecCHOHAIOB B pa3IMuHBIX cdepax,
MOTCHLIUANBHBIX JIMACPOB U «BEIUKUX YMOB». ONHOW M3 3HAYMMBIX WHULIMATUB
¢donaa «Xansik» B 00pa3oBarenbHol cdepe cran npoekT Ozgeris powered by Halyk
Fund — nepBsrii B cTpane 6nzHec-nHKyOaTop utst ydamuxcs 9-11 kmaccoB, KOTOPBIT
MIOMOTaeT Pa3BUBaTh HEOOXOANMBIC B COBPEMEHHOM MHpE NMpeIIpUHIMATEIbCKHIE
HaBbIKU. Tak, Ha cozelicTBHE MaJloMy OM3HECY HIKOJILHUKOB OBIIO BBIZIEJICHO Oosiee
200 rpanrtoB. [y noanep:KKW TaJaHTIMBBIX U MOTHBUPOBAaHHBIX JeTed DoHn
HEOHOKPATHO BBIACIISUI TPAaHTHI Ha 00yueHue B MextyHapoIHoH mkoie « Mupacy»
u B Astana IT University, a Take MOMOT' Ka3aXCTaHCKHM HIKOJIbHUKAaM NPHUHATH
ydactue B mpectmxkHoM kKoHkypce «USTEM Robotics» B CIIA. Aropckue
paboTsI B pamkax npoekTa « Tamimrepy», koropomy DoHJ 0Ka3ail NOAICPKKY, JICIIIN
B OCHOBY y4yeOHOW MpOrpaMMbl, Y4EOHHKOB M Y4E€OHO-METOIMYECKHUX KHHI IO
npeaMeTy «OCHOBBI IpeIIPUHIMATEIbCTBA U On3HEecay, npenogasaemoro B 10-11
KJIaccax Ka3axCTaHCKMX LIKOJ M KOJIICIKEH.

[ToMuMO moOMOIIM MIKOJIBHUKAM, YYallUMCsl KOJUIe/Ked u cryneHTamM DoHp
CUUTAET BAXHBIM BHECTH CBOH BKJIaJ B MOBBINICHUE KBAJIM(HUKALNU MEaroros,
COBEPLICHCTBOBAHHE MX 3HAHWH M HABBIKOB, MOCKOJIBKY MMEHHO OHH SIBJISIOTCS
MPOBOAHMKAMM 3HAHWH OyaylIMX MOKOJICHMH Ka3axcTaHieB. [Ipu momnepikke
doHma «Xanplk» B KOKHOH CTONHWIE OBUT OpPraHW30BaH €XKETOIHBIN TOPOICKOM
KOHKYpc neparoros «Almaty Digital Ustaz.

BaxxHo#il MHMUIMATHBOM CTaJl peaau3yeMblii MPOEKT M0 OOYYEHHIO OCHOBAM
(MHAHCOBOM TPaMOTHOCTH IpenojaBaTesiedl U3 BocbMM obnacteil Kazaxcrana,
YTO JOJDKHO OKa3aTh CYIIECTBEHHOE BIMSHHE Ha BOCIHMTAaHHE (PUHAHCOBON
PaMOTHOCTH M IPEAIPHUHUMATEIBCKOTO MBILIJICHUS Y HOBOT'O OKOJICHUS TpaskAaH
CTpaHBbI.



HeoOxomumyto nomomps @onp «Xallblk» OKa3bIBa€T U TEM, KTO OCOOECHHO
OCTpPO B HEHl Hykmaercs. B pamkax coluanpHON 3aIlIMTBHl HACEJICHUS aKTHBHO
MpoBOAXTCS paboTa MO MOAJEPIKKE AETeH, ocTaBIIMXCs Oe3 poxuTenel, AeTei u
B3POCIBIX U3 COLMAIBHO YS3BUMBIX CIIOCB HACEJICHHUS, JIOACH C OrpaHMYCHHBIMU
BO3MOJKHOCTSIMH, @ TaKXe 00CCIICUCHHIO HYKAAIOMINXCS COLHMAJIbHBIM KHUIBEM,
CTPOUTENILCTBY COLIMAJIbHO BaKHBIX OOBEKTOB, TAKUX KaK JAETCKUE CaJlbl, AETCKUE
TUIOIIAAKH U (PU3KYIBTYPHO-0310POBUTEIBHBIC KOMITJICKCHI.

B xonmnky 106psix gen @onaa «Xasblk» MOKHO 100aBUTh OKa3aHUE TOMOLIH
JETCKOMY CHOPTY, KyZa OTHOCHUTCS IMOJJICP’KKa B Pa3BUTHU ACTCKOro ¢gyrdoia u
Kapate B Hauel crpane. JKu3HEHHO BasKHYIO ITOMOIb biiaroTBOpUTeIbHbIN (GOH
«XanpIK» OKa3aJl HalllUM COOTEYECTBEHHMKAaM BO BpeMsl HEIaBHEH MaHICMUU
COVID-19. Torga, B pasrap Tsbkenoil OopsObl ¢ KOpOHaBUPYCHOW MHQeKuuei
®onpx Bbtenun cBbimie 11 MWIIMAapIOB TEHre Ha MPHOOpETeHHEe HEeOOXOIUMOro
MEIUIUHCKOTO OOOPYAOBaHMS M JOPOTOCTOSIIMX MEAMLHMHCKUX Ipernaparos,
aBTOMOOWJICH CKOPOM MEIUIMHCKOM MOMOIIM M CPEACTB 3aIlUTHI, aJPECHYIO
MaTepraibHyI0 MMOMOIIL COLMANBHO YS3BHMBIM CJIOSM HACEICHHUS U JCHEKHBIC
BBIMJIATHl MEJUIMHCKUM PAOOTHHUKAM.

B 2023 rogy napsimy ¢ OIpyruMH MpPOEKTaMH, HALICNEHHBIMH Ha MOBBILICHUE
071arocOCTOSHUS Ka3aXCTaHCKUX IpaskaaH QOH pelu yIeIuTh 0co000e BHUMaHNE
HayKe, TIOCKOJIbKY OHa SIBJISIETCSl 4aCThIO OOIIECTBEHHOM KYJIBTYpHI, @ YPOBECHb €€
Pa3BUTHS ONPEACISIET YPOBEHb PA3BUTHUS TOCYIapCTBa.

[Monnep:xka @oHIOM BbIMycKa KypHanoB HamumonanbHOM AkaneMuu Hayk
PecnyOnukn KazaxcTtaH, KOTOpble BXOAAT B MEXAyHaponuHble (OHABI Scopus u
Wos 1 B KOTOPBIX IMYOJHMKYIOTCS CTaTbH OTEYECTBEHHBIX YUYCHBIX, JOKTOPAHTOB
W MarucTPaHTOB, a TAK)KE HAyYHBIX COTPYIHHKOB BBICHIMX Y4YeOHBIX 3aBEeICHMI
W HayYHO-HCCJIEOBATEIbCKUX MHCTHUTYTOB HAIICH CTpaHbl SIBISIETCS HE MEHEE
3HAYUMBIM BKJIaioM DoH/Ia B pa3BUTHE Ka3aXCTaHCKOTO OOIIECTBRa.

C yBaxkenmnewm,
BbaarorBopurenbHblii ®oHa «XaabIK»!



KA3AKCTAH PECITYBJIMKACHI YJITTBIK FBIJIBIM AKAJIEMUSICBIHBIH
BASHIAMAJIAPDBI 2023 ¢4

BAC PEJAKTOP:
BEHBEPUH Banepuii BacuibeBny, MeIuIMHA FUIBIMIAPBIHBIH TOKTOPEL, Tpodeccop, KP YFA akanemuri,
Kaszakcran Pecryonukacer [lpesunenti Ic Backapmackl MeauuMHAIBIK  OPTaIbIFBIHBIH - IUPEKTOPbI  (AJMaThl,
Kasakcran), H=11

PEJAKIUAJBIK AJKA:

PAMA3AHOB Tinexka6b11 CoouTYIbI, (6ac peJakTOpABIH OpbIHOacaps!), GH3HKa-MaTeMaTHKa FhUIBIMIAPBIHEIH
Jnoktopsl, ipodeccop, KP ¥FA akanemuri (Anmvarel, Kazakcran), H =26

PAMAHKYJIOB Epnan Mupxaiizapyibl, (6ac permakrtopasiH opbiHOacapel), mnpogeccop, KP  YFA
KoppecroHaeHT-Mmy1eci, Ph.D GHoXuMus jKoHE MOJIEKYIAbIK TeHETHKA calachl OOMbIHINA YIITTHIK OHOTEXHOIOTHS
opraibrbiHbH 0ac aupekrops! (Hyp-Cyinran, Kazakcran), H =23

CAHTI'-CY Ksak, PhD (6uoxumust, arpoxumust), mpodeccop, Kopeit GHOFBUIBIM KoHE OHOTEXHOIOTHS FEUIBIME-
3eprrey uHCTHTYTEI (KRIBB), ecimMuikrepiH HIKeHEpIiK jKyHenepi FHUIBIMU-3€PTTEY OPTabIFBIHBIH 0ac FHUIBIMI
kpi3MeTkepi, ([]puon, Kopes), H =34

BEPCIMBAEB Paxmerkaxbl Eckenipy/ibl, Ononorus reUIbIMAApPBIHBIH JOKTOpHI, mpodeccop, KP ¥FA
axangemuri, Eypasus ynrteik yausepeunreri. JLH. l'ymunes (Hyp-Cyiran, Kasakcran), H= 12

OBUEB Pygar, Texuuka rFbUIbIMIapbIHBIH JOKTOpbI (Oroxumus), npodeccop, Cankr-IlerepOypr MeMIIeKeTTiK
TEXHOJIOTHSUIBIK, MHCTUTYTHI «XUMISUIBIK JKOHE OMOTEXHOIOIMSUIBIK alIlapaTypaHbl OHTaMIaHABIPY» Ka(eapachIHBIH
menrepyiici, (Cankr-ITerepOypr, Peceit), H= 14

JIOKIIHNH Bstuectas HoranoBmu, MeauiHa FBUIBIMAAPBIHBIH JTOKTOPEI, Ipodeccop, KP YFA akamemuri,
«PERSONAY xaJbIKapasblK KIMHUKAIBIK PENPOLYKTONIOTUsl OPTANIbIFBIHBIH AUPEKTOpbI (Anmarsl, Kazakcran), H = 8

CEMEHOB Baagumup I'puropbeBuy, Oronmorus FbUIBIMAAPBIHBIH JOKTOpBL —mpodeccop, UYysamr
pecryOniKachIHBIH €HOCK CIHIPreH FhUIBIM Kaiipartkepi, «UyBarl MEMJICKETTIK arpapiiblK YHUBepCHTETD Denepanabik
MEMJICKETTIK OIO/DKETTIK JKOFaphl OinmiM Oepy Mekemeci AKYILIEpIK oHE Teparus KaeIpachIHbIH MEHIEpYILICi,
(Yebokcapsr, Peceit), H =23

DAPYK Acana [lap, Xamaap ans-Mamkuna Xamaap)i yHUBEPCHTETIHIH IIBFbIC MeUIMHA (axyisreTi, [Ibrpic
MEIUIMHACKI KOJUTe/KiHIH npodeccopsl, (Kapauw, [Tokicran), H =21

HIENETKHWH Urops AsexcanipoBHY, MEIHIMHA FEUTBIMAAPBIHBIH JOKTOPbI, MOHTaHa ITAThI YHUBEPCUTETIHIH
npodeccops! (Monrana, AKII), H=27

KAJIAH/IPA IIberpo, PhD ({pusuka), HAHOKYPBUIBIM/IBI MaTepUaIap/bl 3ePTTEY HHCTUTYTBIHBIH TPOGECccopb
(Prv, Utamus), H =26

MAJIBM Amnna, dapmaneBTrKa FEUIBIMAAPBIHBIH JOKTOPSI, Ipodeccop, JII0OIMH MenuimHa yHUBEPCHTETIHIH
(bapmanepTika daxyasTeTiHiH AekaHsl (JIoomin, [onsma), H =22

BAUMYKAHOB [lacran Acbl10eKy.ibl, aybUl IIAPYaIIbUIbIFbI FRUTBIMIAPBIHBIH T0KTOpBI, KP ¥FA koppecrnon-
JIeHT Myleci, "Mail mapyanibuibFbl KoHE BETEpUHAPHS FhUIBIMU-OHIPICTIK opTaibibl" XKIIC man mapyaibuibEbl
JKOHE BETCPHHAPNBIK MEAVIMHA JerapTaMeHTiHiy Oac reumbivu KpiMertkepi (Hyp-Cynran, Kasaxcram), H=1

TUTUHSAHY Uon MuxaiisioBuy, (hr3nka-MareMaTika FbUIbIMIAPBIHBIH JJOKTOPBI, akaieMuk, Mosjosa Futbiv
AKaJIeMISICBIHBIH TIpe3uaeHTi, MolioBa TexHUKaIBIK yHIBepcuTeTi (Kummues, Monnosa), H = 42

KAJIMMOJIJAEB Maxkcar Hypominyibl, Qusnka-MaTeMaTHKa FhUIBIMAAPBIHBIH JOKTOPEI, Tpodeccop, KP
YFA axanemuri (Anmvarsl, Kazakcran), H="7

BOLIKAEB Kyanraii Arasbiyjibl, Ph.D. Teopusinbik xoHe sSaposblK (GU3MKa KaderpachiHbIH JOLEHTI, -
®Dapabu areigars! Kazak Ttk yHEBepeuTeTi (Anvarsl, Kazakcran), H = 10

QUEVEDO Hemando, ipoceccop, SIaporbIk FeuibiMaap HHCTHTYTH! (Mexuko, Mekcrka), H =28

JKYCIIIOB Mapar AG:kaHy/bl, (U3MKa-MaTeMaTHKa FHUIBIMIAPBIHBIH JOKTOPBI, TEOPHSUIBIK JKOHE SIPONIBIK
¢uzmka kadeapacsHbIH mpodeccopsl, an-Papadbu arbimars! Kasak yiTTeik yausepeureTi (Anmarsl, Kazakcran), H=7

KOBAJIEB Aunexcanap MuxaiiiioBuy, (r3ika-MareMarnka FhUIBIMIAPBIHBIH JOKTOpbI, YKkpanHa YFA
akazemuri, KoinanOasl MaTeMaTika skoHe MexaHuka MHCTUTYTHI (JloHenk, Ykpanna), H =15

TAKUBAEB Hypranu Kabarayiibl, (u3ika-MaTeMaTHKa FHUIBIMAAPBIHBIH JIOKTOPBI, mpodeccop, KP ¥YFA
axagemuri, on-Papabu aremHpars! Kazak yiTTeik yHuBepeuteti (Anmarsl, Kasakeran), H=5

XAPUH Cranncnas HukonaeBnu, (usnka-mMareMarvka FBUIBIMIApBIHBIH JOKTOPEL, mpodeccop, KP YFA
axagemuri, Kasakcran-bpuran texuukansik yHuBepeuteti (Anmarsl, Kasaxcran), H= 10

JABJIETOB Ackap EpOynanoBud, ¢u3nka-MareMarika FbUIBIMIAPBIHBIH JOKTOpbI, mpodeccop, KP YFA
akazemuri, an-Oapadbu  arsiaare! Kazak yiarTeik yHuBepeuteti (Anmvarel, Kazakcran), H= 12
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TOKJAJIBI 2023 ¢4
HALII/IOHAHBHOﬁ AKAJIEMHUUN HAYK PECITYBJIMKHN KA3AXCTAH

TJIABHBIMA PEJAKTOP:
BEHBEPHH Bauepuii BacuiibeBu4, TOKTOp MEIMIMHCKUX Hayk, mpodeccop, akanemuk HAH PK, mupekrop
MemuumHckoro eHtpa YipasneHust jienamu [pesunenta Pecrryonuku Kasaxcran (Anvarst, Kasaxcran), H=11

PEJAKINUOHHASA KOJJET US:

PAMA3AHOB Tiekkaya CabuToBUY, (3aMECTHTEIb IIABHOTO PENAKTOpA), JOKTOP (DPH3MKO-MaTeMaTHuecKuX
Hayk, npodeccop, akagemuk HAH PK (Anvarsl, Kasaxcran), H =26

PAMAHKYJIOB Epian Mupxaiinapsud, (3aMeCTHTENb INIABHOTO PEIAKTOpa), npodeccop, WieH-KOpPeCOHIeHT
HAH PK, Ph.D B obnact OMOXMMHM ¥ MOJEKYJISIPHOW TeHETHKH, [eHepaibHblil aupextop HarmoHanbHOTO IIeHTpa
ouorexnonoruu (Hyp-Cynran, Kazaxcran), H =23

CAHTI'-CY KBak, nokrop ¢unocoduu (Ph.D, Gnoxumusi, arpoxumus), mpodeccop, IIaBHbII HayqHbIiT COTPYIHHIK,
HayuHo-uccnenoBarenbekuil LEHTP MHKEHEPHBIX cUcTeM pacTeHni, Kopelickuii HayuHO-UCCIe0BaTeNbCKU MHCTUTYT
ouonayku u ouorexnonoruu (KRIBB), (I»4on, Kopest), H = 34

BEPCUMBAEB Paxmerka:u MckeHIHPOBHY, TOKTOp OHONOrHYECKHX Hayk, mpodeccop, akanemuk HAH PK,
EBpasuiickuii HarmoHanbHelii yausepcurer um. JLLH. T'ymunesa (Hyp-Cynran, Kazaxcran), H= 12

ABUEB Pydar, noxrop TexHHYeCKHX Hayk (Omoxumis), mpodeccop, 3aBemyronmii xkadenpoit «OnTHmMusarms

XUMHYECKOW 1 OMOTEXHONIOTMYECKOH anmaparypb», CaHkT-IleTepOyprekuii rocy1apCTBeHHbIN TEXHONIOTHYECKUIA HHCTH-
TyT (Cankr-IlerepOypr, Pocerst), H= 14

JIOKIIIUH Bsiuecia HoraHoBu4, JOKTOp MEIMIMHCKHX Hayk, npodeccop, akanemuk HAH PK, mupexrop
MexayHapOIHOTO KIMHIYECKOro neHTpa penponykroioray «PERSONA (Amvarst, Kazaxcran), H=8

CEMEHOB Buiagumup I'puropseBud, JOKTop OHOIOrMYECKUX HAyK, MPOQEccop, 3aCITy KeHHBIN e TeI b HayKH
Yysarckoii PecryOnuku, 3aBeyrorimii kadeapoit Mopdosoriu, akymepeTsa 1 tepaniu, OeaepaabHoe rocyIapcTBEHHOS
OlomKkeTHOE 00pa3oBaTebHOE YUPEXKICHHE BBICIIErO oOpazoBaHmst «UyBamICKMil TOCYNApCTBEHHBINH arpapHbIi
yausepcute» (Yebokcapbl, Uysarickas Pecrryonuka, Poceust), H =23

DAPYK Acana Jlap, npodeccop Kormtemka BocTouHOM MemuimHbl Xamaapaa anb-Mapkusa, (haKyisTeT Boc-

To4YHOMN MetHIMHbEI YHuBepenuTeTa Xamaapna (Kapauu, [akucran), H= 21

MIENETKHWH Hrops AnlekcaHApoBHY, IOKTOP MEIMIMHCKUX HayK, podeccop YHUBepcHTeTa mrara MoHTaHa
(CLIA), H=27

KAJIAH/IPA Iserpo, noxrop dunocoduu (Ph.D, dusuka), npodeccop UHCTHTYTA 10 M3YUCHUIO HAHOCTPYKTY-
pupoBaHHbIX Marepuaio (Pum, Utams), H =26

MAJIBM AnHa, 1oKTOp (hapMareBTHUeCKUX Hayk, Ipodeccop, ekaH (apMareBTHIeckoro haxynsrera JIroomm-
CKOro MeJMIMHCKoro yHuBepeutera (JIro6mun, [Monbnra), H =22

BAUMYKAHOB Jlacran0exk AcbLIGEKOBHY, JIOKTOP CEJIbCKOXO3SHCTBEHHBIX HAyK, YICH-KOPPECHIOH/ICHT
HAH PK, maBHblit HayuHbIH cOTpYIHUK JlenapraMeHTa »KUBOTHOBOJCTBA M BeTeprHapHOi Meuimubl TOO «HayuHo-
TIPOU3BOICTBEHHEII LIEHTP JKUBOTHOBOZCTBA U BeTepunapmiy (Hyp-Cyirran, Kazaxcran), H=1

TUTUHSIHY Won MuxaiisioBu4, 10KT0p (GU3MKO-MaTeMaTHueCcKUX HayK, aKaJeMUK, PE3UICHT AKaIeMUU HayK
Mornyiobl, Texuuueckuii ynusepcurer Monioss! (Kummxes, Moiosa), H =42

KAJIMMOJIJAEB Maxkcat HypaanioBud, JOKTOp (GpU3HKO-MareMaTHIecKHX Hayk, IIpodeccop, akagemuk HAH
PK (Anmarsl, Kazaxcran), H="7

BOLIKAEB Kyanraii ABraszpieBuy, noktop Ph.D, npenonaaresp, 101EHT Kadenpbl TEOPETUUECKOM U sIePHOM
m3nku, Kasaxckuii HalMOHaIBHBIA YHUBEpCHTET MM. anb-Dapabu (Anmmarel, Kasaxcran), H= 10

QUEVEDO Hemando, nipodeccop, HarmonanbHsiii aBroHomHbIH yHUBepcHTeT Mekcuku (UNAM), UHcTutyT
sinepHbIX Hayk (Mexuko, Mekcuka), H =28

JKYCYIIOB Mapar A0:kaHoBHY, TOKTOp (H3HKO-MaTeMaTHISCKUX HayK, Ipodeccop Kaheapbl TEOPETHIESCKON i
sepHoit pmsnku, Kasaxcknii HatmoHanbHbINH yHHBepcHTeT nM. anb-Dapabu (Anvarsl, Kasaxcran), H=7

KOBAJIEB Aunexcanap MuxaiiioBud, JOKTOp (H3HKO-MareMaTH4ecKuX Hayk, akagemMuk HAH VikpauHer,
VHCTHTYT NPUKNIAHOM MaTeMaTHKy 1 MexaHuky (JloHenk, Yikpauna), H=5

TAKUBAEB Hypraan JKa6araeBud, JoKTop (U3HKO-MaTeMaTHICCKHX Hayk, mpodeccop, akanemuk HAH PK,
Kazaxcknii HaMOHAIBHBI yHHBepeHTeT M. antb-Dapadu (Anmmarsl, Kasaxcran), H=15

XAPUH Cranncias HukomnaeBH4, TOKTOp (pH3HKO-MaTeMaTHUeCKHX Hayk, Ipodeccop, akagemuk HAH PK,
Kazaxcrancko-bpuranckuit Texanueckunii ynusepeuret (Anmarsl, Kazaxcran), H=10

JABJIETOB Ackap EpoOynanoBud, 10KTOp (U3MKO-MareMaTnyeckux Hayk, npodeccop, akagemuk HAH PK,
Kazaxckuii HaMOHAIBHBIN yHHBepcHTeT HM. anb-Dapadu (Aymarsl, Kasaxcran), H=12

Hoxaaasl HannonanbHoii akagemuun Hayk Pecnyosmuku Kazaxceran»
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Abstract. Composite coatings have emerged as a pivotal solution in enhancing
material properties, offering synergistic combinations of two or more constituents
to achieve superior performance characteristics. This comprehensive review delves
into the vast realm of composite coatings, elucidating the diverse materials utilized,
the myriad of fabrication methods, and their multifaceted applications across
various industries. From the integration of metal-ceramic coatings in aerospace
for high-temperature stability to the use of nanocomposite coatings harnessing
nanoparticles for enhanced mechanical and functional capabilities, the scope of
these coatings is expansive. Moreover, with the onset of green and sustainable
fabrication techniques, composite coatings are poised to meet both performance and

148



Reports of the Academy of Sciences of the Republic of Kazakhstan

environmental benchmarks. Through a methodical examination of peer-reviewed
publications, this review aims to provide readers with a holistic understanding of
composite coatings, highlighting their evolution, current trends, challenges, and the
future outlook. It stands as a testament to the transformative potential of composite
coatings in reshaping material science and engineering applications.

Keywords: composite coatings, fabrication methods, materials science,
nanocomposite coatings, mechanical properties, wear resistance
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AnHotanmus. KOMIIO3UTHBIE TOKPBITHS CTalld KIIFOUEBBIM pEIICHUEM B
VAYYIICHUH CBOWCTB MaTepUaIIOB, peJyiaras CHHepreTHIeCKue KOMOWHAIINY JIBYX
nnn Oojee KOMIIOHEHTOB AJISl JOCTHIKEHHS MPEBOCXOAHBIX HKCILIyaTal[HOHHBIX
XapaKTepUCTHK. ITOT BCECTOPOHHUN 0030p yryOmsieTcss B OOMIUPHYIO
chepy KOMIIO3UTHBIX TIOKPBITHH, pacKpbiBas pa3zHOOOpa3HbIe HCIOIb3yeMbIe
MaTepHalIbl, MHOXXECTBO METO/IOB H3TOTOBIICHUS 1 UX MHOTOTPaHHOE MPUMEHEHNE
B pa3iMyHBIX oOTpacisax. OOnmacTb NPUMEHEHHsS JSTHX MOKPBITHHA O0OIIupHa:
OT BHEAPEHHsS METAUIOKEPAMHYECKHX TOKPBITHA B a3pPOKOCMHUYECKYIO
MIPOMBIIIUIEHHOCTD JIJIsi 00€CIIeYeHNsT BBICOKOTEMITEPATYpHOH CTaOMIIBHOCTH O
WCTIOJIb30BAHUSl HAHOKOMITO3UTHBIX TOKPBITHH, HCIOJIB3YIONMX HAHOYACTUIIBI
JUI YOy4IIeHWs MEeXaHW4YecKMX W (DyHKIIMOHANBHBIX CBOMCTB. bomee Ttoro, c
MOSIBJIGHUEM DKOJIOTMYECKH YUCTBIX M YCTOMYMBBIX TEXHOJOTHH MPOU3BOJICTBA
KOMITO3UTHBIE TTOKPBITHSI TOTOBBI COOTBETCTBOBaTh KaK 3KCILTyaTallHOHHBIM, TaK
Y DKOJIOTUYECKUM cTaHfaprtaM. Llenpio naHHOTo 0030pa SBISIETCS METOANYECKOe
W3y4YeHHE pPELEeH3UPYEeMbIX MyONMKauui, melb KOTOPOro — MpPEAOCTaBHTh
YUTATENSM IIEIOCTHOE TPEICTAaBICHNE O KOMITO3UTHBIX TMOKPBITHIX, OCBEIas
WX SBOJIOIMIO, TEKYIIME TEHJICHIIMHU, MPOOJeMbl M TEpCIeKTHBBl Ha Oymyliee.
DTO SBIAETCS CBHJETEIHLCTBOM IPEOOPA3yIONIEro ITOTEHIMANa KOMITO3UTHBIX
MOKPBITUH B U3MCHEHNH IPUMEHEHHSI MATEPUATIOBEICHHS U TEXHUKH.

KiroueBble ci10Ba: KOMIO3UIMOHHBIE IOKPBITHS, METOIAbl W3TOTOBICHMS,
MaTepHaJIOBeIeHHEe, HAHOKOMIIO3UTHBIE MOKPBITHA, MEXaHWYEeCKHEe CBOICTBa,
HU3HOCOCTOMKOCTH

Introduction

Composite coatings are typically composed of two or more distinct materials
blended strategically to enhance properties beyond what individual components
can offer, such as improved wear resistance, corrosion protection, electrical
conductivity, and thermal insulation (Ang, 2014). By capitalizing on the synergistic
advantages of their combined constituents, composite coatings frequently
surpass the performance of traditional single-material counterparts across
various applications. Delving into the myriad of composite coatings available,
we encounter a vast spectrum tailored to specific uses. Metal-Ceramic coatings
merge the ductility of metals with ceramics' hardness and wear resistance, making
them suitable for aerospace applications due to their high-temperature resilience.
Polymer-Ceramic coatings, which marry polymers' flexibility with the robustness
of ceramics, commonly address wear resistance and corrosion protection. In the
realm of electronics, Metal-Polymer coatings fuse metals' strength and conductivity
with polymers' flexibility and insulation. Nano-composite coatings, integrating
nanoparticles within their structure, offer enhanced mechanical attributes, protective
barriers, and specialized functions, like the antibacterial capabilities of coatings
containing silver nanoparticles. Multi-layered coatings employ a layered approach,
with each stratum serving distinct roles, such as a foundational layer for corrosion
resistance topped with one for UV shielding (Ashokkumar et al., 2021). Hybrid
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coatings blend both organic and inorganic constituents to strike a balance between
hardness and adaptability, often intertwining polymers with sol-gel processes.
Functional Gradient coatings shift their composition from their point of attachment
to their external surface, adjusting properties like hardness, thermal conductivity,
or electrical conductivity along the gradient. Advanced Self-healing coatings
possess the unique ability to revert to their initial condition post-minor damages,
usually facilitated by releasing contained healing compounds or triggering specific
chemical reactions. The selection of a composite coating is inherently tied to its
intended application and the desired characteristics. As materials science propels
forward, the evolution of composite coatings continues, branching out to serve an
expanding array of specialized needs (Chen et al., 2007).

Historically, the need for composite coatings can be traced back to humanity's
quest for materials that could combine the best qualities of two or more constituents
to address specific challenges not achievable by a single material. From ancient
civilizations, who inadvertently developed composite materials like mud bricks
reinforced with straw to prevent cracking, to more deliberate efforts like the early
metallurgists alloying copper and tin to make more durable bronze, the groundwork
for composite coatings was laid. As we transitioned into the industrial age, the
demands of rapidly evolving industries necessitated more sophisticated protective
coatings. The 20th century witnessed significant strides in the development of
composite coatings. Aerospace and automotive sectors, for example, began to
prioritize lightweight yet durable coatings, leading to innovations like polymer-
matrix composites (Chen et al., 2020). Concurrently, the electronics sector was
leaning towards coatings that could offer protection without compromising
conductivity. By the latter half of the century, nanotechnology had entered the fray,
allowing for the manipulation of materials on an atomic or molecular scale, birthing
nano-composite coatings with unprecedented properties. This continual evolution
has been fueled by both the challenges posed by new technological frontiers and
our expanding understanding of materials science. Today, composite coatings, born
from centuries of innovation and necessity, have become integral to numerous
industries, each iteration reflecting humanity's drive to better its surroundings (De
Lima-Neto et al., 2007).

The fundamental principle behind composite coatings lies in the synergy of
combining two or more materials to achieve properties that individual components
might not offer on their own. At its core, the concept revolves around compensating
for the deficiencies of one material by incorporating the strengths of another,
leading to an enhanced composite performance. For instance, while one material
might possess exceptional hardness but is prone to brittleness, another could offer
the needed ductility or flexibility but might lack the required wear resistance. By
merging these two, the resulting composite coating can achieve both hardness
and flexibility, addressing a wider array of needs than either material could on its
own. On a microscopic level, the distribution, interaction, and bonding between
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the combined materials play pivotal roles in defining the characteristics of the
composite coating. Interfacial bonding between the constituents, particle size and
distribution, and even the orientation of fibers or particles can greatly influence the
resultant properties. Furthermore, composite coatings don't just bank on the passive
combination of materials; they often leverage the active interactions between
them, such as chemical reactions or phase changes, to instigate novel properties or
functionalities. In essence, the principle of composite coatings is a strategic alliance
of materials, capitalizing on their individual strengths while mitigating their
weaknesses, to create a product that transcends the capabilities of its individual
components (Deepaka et al., 2019).

Utilizing multiple phases or materials in composite coatings offers a plethora
of advantages by marrying the inherent properties of each constituent, enabling
the creation of coatings that outpace the performance metrics of individual
components. One of the primary benefits is the potential for tailor-made solutions.
By judiciously selecting and combining materials, designers can achieve a specific
set of desired properties, catering to niche applications or stringent performance
criteria. This multi-material approach also allows for enhanced durability. For
instance, while one material may provide hardness and wear resistance, another
might impart corrosion resistance, ensuring the coating's longevity across multiple
fronts. Furthermore, the incorporation of multiple phases can lead to the emergence
of new functionalities, often unattainable by single-phase materials. For example,
a composite coating combining conductive and insulating materials might exhibit
controlled electrical conductivity, making it suitable for specialized electronic
applications (Dong et al., 2009). Additionally, these coatings can provide a balanced
combination of mechanical, thermal, and chemical properties, thereby optimizing
performance. The presence of one material can also mitigate the drawbacks of
another, ensuring a holistic improvement. For example, the brittleness of ceramics
can be offset by combining them with ductile metals or polymers. On a broader
scale, multi-phase systems can be economically advantageous, as cheaper materials
can be combined with more expensive ones to produce cost-effective solutions
without compromising on quality. In essence, the amalgamation of multiple phases
or materials in composite coatings unlocks a vast realm of possibilities, enabling
the creation of high-performance, versatile, and efficient coatings tailored for an
expansive range of applications (Gonzalez et al., 2016).

Materials and Methods

To prepare this comprehensive review on composite coatings, a meticulous
and structured literature search was executed across several established scientific
databases, including PubMed, Scopus, Web of Science, and Google Scholar.
Preliminary screening eliminated duplicates, reviews, and non-relevant articles
based on their titles and abstracts. The remaining articles underwent a detailed
assessment, wherein their full text was scrutinized for relevance and quality
of content. Inclusion criteria involved articles that presented novel insights,
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demonstrated unique applications, or expanded on advanced fabrication techniques
for composite coatings. Data extracted from these sources were categorized based
on material type, fabrication method, and application. Additionally, references
cited within these primary sources were reviewed to ensure a comprehensive
capture of relevant studies. This methodical approach provided a broad yet in-
depth perspective on the evolution, current state, and future prospects of composite
coatings in various industries and applications (Gonzalez et al., 2016).

Results and Discussion

Fabrication Techniques. Electro-deposition, a widely used technique in surface
engineering, involves depositing a material onto a substrate by applying an electric
current through an electrolytic solution containing metal ions. This process not
only allows for precise thickness control and uniform coatings but also facilitates
the incorporation of various secondary materials into the primary matrix, thereby
creating composite coatings (Hasani et al., 2021). The pivotal role of chemical
reactions in this process can't be overstated. When a potential is applied across the
cathode (the object to be coated) and the anode (often a sacrificial electrode), metal
cations from the electrolyte migrate towards the cathode, where they undergo a
reduction reaction. This chemical transformation leads to the metal cations gaining
electrons and being deposited as a metal onto the cathode's surface. Beyond
the basic metal deposition, other in-situ chemical reactions can be leveraged to
incorporate secondary materials, such as nanoparticles, fibers, or other agents, into
the coating. For example, certain reactive species in the electrolyte can precipitate
or co-deposit alongside the primary metal, leading to the formation of composite
coatings with enhanced properties. Such in-situ chemical reactions during electro-
deposition can significantly influence the morphology, composition, and overall
performance of the resultant coatings. For instance, by controlling the bath
composition, pH, temperature, and electrical parameters, one can promote the co-
deposition of ceramic particles within a metal matrix, creating a metal-ceramic
composite coating with augmented hardness and wear resistance. In summary,
electro-deposition combined with in-situ chemical reactions offers a versatile tool
in materials engineering, enabling the synthesis of advanced composite coatings
with tailor-made properties (Huh et al., 2014).

One of the classic examples of obtaining composite coatings through electro-
deposition accompanied by chemical reactions is the co-deposition of nickel and
dispersed hard particles, such as silicon carbide (SiC) or tungsten carbide (WC), to
produce composite coatings with enhanced wear resistance. In the case of a Nickel-
Silicon Carbide (Ni-SiC) composite coating, the electrolyte bath is first prepared
using a nickel salt solution, such as nickel sulfate, as the source of nickel ions. SiC
particles intended for co-deposition are then dispersed in this solution. To maintain
the dispersion of SiC particles and prevent them from settling, stabilizing agents
and surfactants are often added (Ibrahim et al., 2007). During the electro-deposition
process, an electrical potential is applied between the anode, typically made of pure
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nickel, and the cathode, which is the substrate to be coated. As the current flows,
nickel ions migrate from the solution towards the cathode, undergoing a reduction
reaction to form solid nickel. Simultaneously, the SiC particles move, driven by the
convective currents in the bath and possibly by electrophoretic effects, becoming
embedded in the growing nickel matrix. The primary chemical reaction at the
cathode involves the reduction of nickel ions, represented as

Ni?* + 2¢” — Ni (s) (1)

As the nickel metal deposits onto the cathode, the dispersed SiC particles become
entrapped within the metal matrix, leading to the formation of a composite coating.
After deposition, the coated substrate can be subjected to heat treatment or other
post-processing steps to enhance properties such as hardness, adhesion, or corrosion
resistance. The resulting Ni-SiC composite coating offers significant advantages
over pure nickel coatings. The embedded SiC particles increase the hardness of the
coating, reduce the wear rate, and can enhance the coating's resistance to certain
types of corrosion, making Ni-SiC coatings particularly beneficial for applications
like mechanical components, tools, and molds where enhanced wear resistance is
paramount.

Thermal spraying is a versatile coating process wherein a material, often in
the form of powder or wire, is heated to a molten or semi-molten state and then
propelled as fine droplets onto a surface, forming a protective coating. This heating
is achieved using various heat sources, such as oxy-fuel flames, plasma jets, or
electric arcs. The resultant coatings can serve a myriad of purposes, from corrosion
and wear resistance to thermal and electrical insulation. For instance, consider the
application of a ceramic coating, like zirconia (ZrO[7), onto an aerospace component
for thermal barrier purposes. In a plasma-sprayed thermal barrier coating process,
zirconia powder, often stabilized with yttria (YJO[), is fed into a plasma jet. Here,
the powder is rapidly heated to its melting point. As the molten zirconia particles
exit the plasma jet, they are propelled towards the substrate (Ivanov, 2021). Upon
impact, these particles flatten, solidify, and adhere to the surface, creating a lamellar
structure characteristic of sprayed coatings. The primary chemical reaction, in this
case, is not a complex transformative one but rather a phase change

Metal (M)+n/20,—Metal Oxide (M O,)
Tetragonal ZrO,—Cubic ZrO,
Monoclinic ZrO,—Tetragonal ZrO,

The zirconia undergoes a transition from solid (powder form) to liquid (molten
state) and then back to a solid upon deposition. However, during this process,
potential interactions with ambient gases, especially if not adequately controlled,
can lead to oxidation or other minor chemical changes. The finished zirconia-
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yttria coating acts as a thermal barrier, protecting the underlying component
from excessive temperatures, making it especially valuable in high-temperature
applications like jet engine turbines.

Layer-by-layer (LbL) assembly is a versatile method for fabricating multi-layered
thin films with nanometer precision by sequentially adsorbing oppositely charged
materials onto a substrate. This method harnesses the electrostatic interactions
between materials of alternate charges, though other forces like hydrogen bonding
or hydrophobic interactions can also be exploited. For instance, let's consider the
LbL assembly of a polyelectrolyte multilayer using poly (allylamine hydrochloride)
(PAH) as the polycation and poly(styrenesulfonate) (PSS) as the polyanion. Starting
with a cleaned substrate, the process might involve immersing the substrate into a
solution of PAH, allowing the positively charged PAH to adsorb onto the surface.
After rinsing to remove any loosely bound material, the substrate is then immersed
in a solution of the negatively charged PSS, leading to the adsorption of PSS over
the PAH layer due to electrostatic attraction. The chemical reactions involved are
essentially ionic attractions between the amine groups of PAH and the sulfonate
groups of PSS. This process can be repeated multiple times to create a multilayer
film of desired thickness and properties. The LbL assembly offers precise control
over film thickness, composition, and function, making it a valuable technique in
fields ranging from sensors to drug delivery systems (Laad, 2022).

The layer-by-layer (LbL) assembly of polyelectrolytes, as described in the
scenario with poly (allylamine hydrochloride) (PAH) and poly (styrenesulfonate)
(PSS), mainly relies on electrostatic interactions between charged groups on the
polymer chains. The specific chemical groups involved in this interaction are the
amine groups from PAH and the sulfonate groups from PSS.

The amine group in PAH, when protonated (common in aqueous solutions),
carries a positive charge:

NH,—NH,"

On the other hand, the sulfonate group in PSS is an anion and carries a negative
charge:

SO,H—SO,+H"

The electrostatic interaction, which isn't a traditional chemical reaction where
bonds are broken and formed but rather a physical interaction based on charge
attraction, can be represented as:

NH,+SO,/—NH,"SO,"

This interaction represents the ionic pairing between the protonated amine
(cationic site) of PAH and the sulfonate anion of PSS. This pairing is the driving
force behind the LbL assembly of these particular polyelectrolytes. Repeated
immersion and rinsing cycles effectively build up the multilayered structure on
the substrate due to these interactions. The beauty of the LbL technique is that
it harnesses these relatively simple interactions to construct intricately designed
architectures on surfaces.
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The sol-gel method is a widely-used technique to produce inorganic and hybrid
organic-inorganic materials at a molecular level. It involves the transition of a
system from a liquid 'sol' (colloidal solution) into a solid 'gel' phase. The sol-gel
process starts with the hydrolysis and condensation of metal alkoxide precursors.
For instance, if we consider the synthesis of silica (SiO[]) coatings or films,
tetraethyl orthosilicate (TEOS) is a common precursor. When TEOS is introduced
to an aqueous solution with an acid or base catalyst, it undergoes hydrolysis to
produce silicic acid, which then further undergoes condensation reactions to form
a three-dimensional network of SiO[]. The primary reactions involved are (Li et
al., 2022) :

1. Hydrolysis:

Si(OC,H,),+H,0—Si(OC,H,),(OH)+C ,H,OH

2. Condensation:

28i(OC,H,),(OH)—Si(OC H,),08i(OC,H,),+H,0

Subsequent reactions lead to the formation of Si-O-Si bonds, creating a silica
network. By controlling the processing conditions, one can obtain diverse materials
ranging from thin films to monolithic ceramics through the sol-gel method. This
process also allows for the inclusion of dopants or the creation of hybrid materials,
thereby broadening the scope of obtainable materials and their potential applications.
The resultant gels can be dried and further heat-treated to produce glasses, ceramics,
or aerogels, depending on the desired end-product and processing conditions.

Chemical vapor deposition (CVD) is a versatile technique used to produce high-
quality, high-performance solid materials, typically in the form of thin films. In
CVD, a precursor gas is introduced into a chamber, where it reacts or decomposes
on a heated substrate to deposit a solid material. The by-products of this process
are typically gaseous and are evacuated from the chamber. One classic example
of CVD is the deposition of pure silicon for semiconductor applications. In this
process, silane (SiH[) is used as the precursor gas. When silane is introduced into
the CVD chamber and comes into contact with a heated substrate, it decomposes
to deposit silicon:

SiH,—Si+2H,

The hydrogen gas produced in this reaction is then removed from the chamber.
The deposition rate, film quality, and other properties can be meticulously
controlled by adjusting parameters such as substrate temperature, precursor gas
flow rate, and chamber pressure. Apart from elemental deposits like silicon, CVD
can be utilized for the deposition of compound materials, such as metal oxides,
nitrides, and carbides. The precise control CVD offers over film composition and
thickness makes it a cornerstone technique in industries like electronics, where
thin-film layers are integral to device fabrication. The method can be adapted and
modified in various ways, leading to sub-methods such as plasma-enhanced CVD,
low-pressure CVD, and others, each catering to specific material requirements and
applications (Li et al., 2017).
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Factors Influencing Coating Properties. Composition and phase distribution
are crucial determinants of the overall properties and performance of composite
materials, including coatings. Essentially, the composition refers to the proportion
and type of each constituent material present in the composite. This could mean the
percentage of ceramic in a polymer-ceramic coating or the fraction of fibers in a
fiber-reinforced polymer (Lukina etal., 2011). The chosen composition significantly
influences characteristics like strength, flexibility, thermal conductivity, and optical
properties. Phase distribution, on the other hand, pertains to the spatial arrangement
and dispersal of these constituents within the composite. Uniform distribution often
leads to predictable and consistent material behavior, while localized agglomerations
can introduce weak points or zones of differing properties. For instance, in a metal-
matrix composite, the even distribution of ceramic particles ensures consistent
hardness and wear resistance throughout the material. Conversely, clumps or
clusters of ceramic particles could introduce stress concentrations, potentially
leading to premature failure. The interface between different phases also plays a
pivotal role in determining properties. A strong bond between the matrix and the
dispersed phase, for example, can lead to enhanced load transfer and improved
mechanical properties. In contrast, a weak interface might result in delamination or
other modes of failure. The choice of materials, processing techniques, and post-
processing treatments all influence both composition and phase distribution, which
in turn govern the real-world applicability and performance of the composite.
Achieving the desired composition and optimal phase distribution often requires
a deep understanding of materials science, combined with meticulous process
control, to harness the full potential of composite materials (Ma et al., 2014).

Coating thickness plays an instrumental role in determining a myriad of
properties and overall performance of coatings, whether they're protective,
aesthetic, or functional in nature. The thickness of a coating directly influences
its durability, protection capability, optical properties, and even its electrical and
thermal characteristics. For instance, a protective coating that's too thin might not
provide sufficient barrier against environmental factors such as moisture, oxygen,
or corrosive agents, leading to the underlying substrate's premature degradation.
Conversely, overly thick coatings might become prone to cracking or delamination
due to internal stresses or external forces. The optical properties of coatings, like
their color, transparency, or reflectivity, can also change with thickness variations.
This is especially pertinent in industries like electronics or photonics, where even
slight thickness deviations can result in significant performance shifts. Furthermore,
in coatings that provide electrical insulation or thermal barrier functionalities, the
thickness determines the degree of resistance to electrical currents or heat flow.
Achieving the correct coating thickness necessitates a balance: it's a dance between
ensuring the desired properties are met while avoiding potential drawbacks
associated with excessive material buildup. Measurement of coating thickness is,
therefore, a critical quality control step in many manufacturing processes. Several
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techniques, ranging from simple mechanical gauges to sophisticated ultrasonic
or eddy current-based devices, have been developed to accurately gauge coating
thickness, ensuring adherence to specifications and consistent performance across
products and applications (Oreshko et al., 2020).

The interface between the matrix and secondary phases in composite materials
is a defining region that dramatically influences the composite's macroscopic
properties. This interface, often a thin transition zone between the two materials,
dictates how stresses, heat, or other external stimuli get transferred or distributed
within the composite. A strong and well-bonded interface ensures efficient load
transfer from the matrix to the secondary phase, such as fibers or particles, thereby
enhancing the composite's mechanical strength and toughness. In contrast, a weak
or poorly bonded interface can become a site for stress concentration, potentially
leading to delamination, micro-cracking, or premature failure under load. The
chemical compatibility, wetting characteristics, and interfacial bonding mechanisms
play pivotal roles in determining the quality of this interface. For instance, in
fiber-reinforced composites, the use of coupling agents or surface treatments
can enhance the fiber-matrix bond, ensuring better stress transfer and reduced
interfacial failure. Moreover, the interface can also act as a barrier or conduit for
various phenomena; for example, it might impede or facilitate moisture absorption,
electrical conductivity, or thermal transfer based on its nature. Any disparities
in thermal expansion coefficients between the matrix and secondary phase can
lead to interfacial stresses during temperature fluctuations, which emphasizes the
importance of matching or accommodating such material properties. Overall, the
interface characteristics are paramount, as they largely determine the efficacy with
which individual phases in a composite synergize to yield enhanced, combined
properties. Adjusting and optimizing these interfacial properties is a primary focus
in advanced composite design, given its profound impact on material performance
(Poza et al., 2022).

Properties of Composite Coatings. Mechanical properties are fundamental
descriptors of a material's behavior and performance under various forces and
conditions, and they encompass a broad spectrum of attributes. Among these,
hardness signifies a material's resistance to localized deformation, typically
indentation or scratching. It's a crucial property for applications where surface
durability is paramount, such as tooling or wear-resistant coatings. Harder materials
can withstand abrasive environments better and retain their shape and functionality
longer. Wear resistance, closely related to hardness, characterizes a material's ability
to endure repeated mechanical abrasion without significant degradation. Materials
with high wear resistance are sought after in applications with moving parts or
where prolonged friction is involved, like engine components or conveyor systems.
Beyond these, other mechanical properties include tensile strength, indicating
the material's resistance to being pulled apart; compressive strength, its ability to
withstand compression; and modulus of elasticity, which describes its stiffness or
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rigidity. Ductility and toughness, on the other hand, speak to a material's ability
to deform without breaking and absorb energy, respectively. The balance and
interplay of these properties are critical. For instance, while increasing hardness
often results in a material becoming more brittle, the challenge lies in achieving
a combination where the material remains tough yet hard. These properties are
not just inherent to the base material but can be significantly influenced by factors
such as composition, microstructure, heat treatments, and any introduced defects
or inclusions. In the realm of coatings and composites, the synergy between
multiple phases, their distribution, and interface characteristics profoundly impact
these mechanical properties, offering a tailored performance spectrum for diverse
applications (Pradhan, 2014).

Thermal properties of materials elucidate their behavior when exposed to
varying temperature conditions or when heat is applied or extracted. Central to these
properties is the thermal conductivity, which signifies a material's ability to conduct
heat. Metals, for instance, typically have high thermal conductivity, making them
excellent conductors of heat, while insulating materials, such as certain polymers or
ceramics, possess low thermal conductivity, inhibiting heat transfer. Another vital
property is the coefficient of thermal expansion (CTE), which defines the rate at
which a material expands or contracts with temperature changes. Materials with
mismatched CTEs can experience stresses when joined together and subjected to
temperature fluctuations. Heat capacity is a measure of the energy required to raise
the temperature of a material by a specific amount and is crucial in applications
where temperature stability is required. Thermal diffusivity combines the effects of
conductivity and heat capacity, reflecting the speed at which temperature changes
spread through a material. For materials exposed to high temperatures, their
thermal stability and resistance to degradation, often termed as thermal degradation
resistance, become critical. Materials might also undergo phase transitions, like
melting or crystallization, at specific temperatures, which are characterized by their
melting or crystallization points. In composite materials, the thermal properties often
result from a combination of the individual components' thermal behaviors. For
instance, embedding particles with high thermal conductivity into a polymer matrix
can enhance the composite's overall thermal conduction capability. Understanding
and controlling these thermal properties is vital in applications ranging from
electronics, where heat dissipation is essential, to aerospace, where materials might
face extreme temperature variations (Ma et al., 2014; Moridi et al., 2014).

Corrosion resistance is a material's inherent or acquired ability to withstand the
damaging effects of corrosive environments, most commonly the electrochemical
attack by moisture, oxygen, or other oxidizing agents. Corrosion often results in the
degradation of metal surfaces, leading to reduced structural integrity, compromised
aesthetics, and in some cases, malfunction of mechanical or electronic systems.
Several factors influence corrosion resistance, including the chemical composition
of the material, its microstructure, and environmental conditions. Certain metals,
such as stainless steel, owe their corrosion resistance to a passive oxide layer that
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forms on their surface, which acts as a protective barrier against further oxidation.
Aluminum, for instance, forms a protective aluminum oxide layer in the presence
of oxygen, giving it substantial resistance to corrosion. In contrast, iron rusts when
exposed to moisture and oxygen, a process that can be mitigated by alloying it with
other elements like chromium or coating it with protective layers. External coatings,
paints, or treatments can also enhance corrosion resistance. For example, zinc
galvanization provides steel with a sacrificial layer, as zinc corrodes preferentially,
protecting the underlying steel. Besides metals, polymers and ceramics can also
display corrosion resistance, especially against chemicals that might corrode metals.
Factors like pH levels, temperature, salinity, and presence of aggressive ions can
speed up or slow down corrosion rates. Ultimately, ensuring corrosion resistance is
of paramount importance in industries such as maritime, automotive, infrastructure,
and many others, where the longevity and safety of materials and structures are at
stake. Understanding and enhancing corrosion resistance not only prolongs the life
of materials but also contributes to economic savings and environmental safety
(Laad, 2022).

Electrical properties of materials encompass a broad spectrum of characteristics
that define their behavior in the presence of electric fields or when subjected to
electrical stimuli. One of the most fundamental properties is electrical conductivity,
which measures a material's ability to conduct electric current. Metals, with their
sea of free-moving electrons, typically exhibit high conductivity, making them the
material of choice for most electrical conductors. In contrast, insulators, such as
ceramics or certain polymers, prevent the flow of electricity due to their lack of free
charge carriers, making them valuable in applications where electrical isolation is
essential. Semiconductors, like silicon or gallium arsenide, occupy an intermediate
position, with their conductivity being tunable by impurities, temperature, or
external voltages. Another vital property is dielectric constant, which characterizes
a material's ability to store electrical energy when subjected to an electric field,
crucial in capacitors. Materials with high dielectric constants can store more
energy than those with low values. Related to this is dielectric strength, a measure
of how much electric field a material can withstand without breaking down or
getting electrically shorted. Resistivity, the inverse of conductivity, defines how
strongly a material opposes the flow of electric current. Other essential electrical
properties include piezoelectricity, where materials generate a voltage under
mechanical stress, and ferroelectricity, where materials have switchable electrical
polarization. In composite materials, the electrical properties can be tailored by
combining conductive and insulating phases, resulting in functionalities like
electrical percolation or tunable dielectric behavior. These properties are pivotal
in a multitude of applications, from electronics and telecommunications to sensors
and energy storage devices. As technological advancements continue, the nuanced
understanding and manipulation of these electrical properties become increasingly
central to innovation (Nguyen-Tri et al., 2018).

Barrier properties of materials refer to their ability to restrict or prevent the
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passage of various agents, such as gases, liquids, or even specific molecules. These
properties are crucial in numerous applications, especially in packaging, where
materials must prevent the ingress or egress of moisture, oxygen, or other gases
to protect and prolong the shelf-life of packaged products. For instance, certain
polymers are excellent moisture barriers but might be permeable to gases like
oxygen or carbon dioxide. Conversely, another polymer might effectively block
gases but be less effective against moisture. The molecular structure, crystallinity,
and density of a material play a vital role in determining its barrier properties.
Imperfections or voids within the material can act as pathways, reducing its
effectiveness as a barrier. Multi-layered materials or laminates are often used to
combine the barrier properties of several materials, achieving a composite that can
resist a broader spectrum of agents. Nanocomposites, wherein nanoparticles are
embedded within a matrix, have garnered attention for potentially enhanced barrier
properties, as the dispersed particles create a tortuous path, hindering the migration
of molecules through the material. In the realm of coatings, barrier properties can
also mean protection against ultraviolet radiation, chemicals, or even microbial
penetration. The ability to engineer and optimize these properties is paramount in
industries ranging from food and pharmaceutical packaging to electronics, where
barrier materials protect sensitive components from environmental factors. Thus,
understanding and harnessing barrier properties hold significant implications for
product preservation, safety, and overall performance (Pripisnov et al., 2018).
Advantages and Challenges. Enhanced multifunctionality in materials and
coatings refers to the integration of multiple, often disparate, properties and
functionalities within a single material system. This concept has emerged as a
focal point in materials science and engineering, especially with the advent of
nanotechnology and advanced composite materials. Traditional materials were
often designed with a primary function in mind, be it mechanical strength, electrical
conductivity, or thermal insulation. However, modern demands, spurred by
technological advances and evolving industrial needs, increasingly require materials
to perform multiple roles simultaneously. For instance, a structural material might
be expected not only to bear mechanical loads but also to conduct electricity,
provide thermal insulation, and even offer self-healing capabilities. This paradigm
shift towards multifunctionality often leverages the synergistic combination of
different material phases, nanostructures, or engineered interfaces. A classic
example is the development of conductive polymers that merge the mechanical
flexibility of polymers with the electrical properties of metals or semiconductors.
Another illustration would be hybrid materials that combine organic and inorganic
components to achieve properties like simultaneous optical transparency and
electrical conductivity. Advanced composites, embedding sensors within structural
materials, or coatings offering both self-cleaning and antimicrobial properties are
further instances. By achieving enhanced multifunctionality, materials can meet
the complexities of modern applications, reduce system weight by eliminating the
need for separate components for each function, and open pathways for innovative
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solutions in sectors as diverse as aerospace, electronics, healthcare, and energy
(Sarkar et al., 2009).

Tailoring properties based on requirements represents a profound shift in the
materials science paradigm, moving from a one-size-fits-all approach to a bespoke
design methodology where materials are engineered to fit precise application needs.
Traditionally, materials were chosen based on their inherent properties and adapted
as best as possible to fit various applications. However, as technology has advanced,
the demand for materials with specific, sometimes highly niche, characteristics
has grown. This shift recognizes that modern applications, whether in aerospace,
biomedicine, electronics, or energy storage, often have nuanced needs that generic
materials cannot optimally fulfill. Enter the era of tailored materials: using advanced
synthesis, processing techniques, and a deep understanding of structure-property
relationships, scientists and engineers can now design materials from the molecular
or nanoscale upwards to exhibit desired behaviors. For example, if an application
requires a lightweight material with high strength and thermal stability, a composite
material might be engineered with carbon fibers embedded within a polymer
matrix. In the realm of electronics, semiconductor properties can be finely tuned
by manipulating doping levels, crystal structures, or nanostructuring to achieve
desired electrical or optical behaviors. Biomedical implants might require materials
that are not only biocompatible but also possess specific mechanical properties,
degradation rates, or drug release profiles, leading to the design of specialized
polymers or bioceramics. This move towards bespoke materials design allows for
more efficient, durable, and optimized solutions, paving the way for innovations
that push the boundaries of what's possible across myriad sectors.

Achieving a uniform distribution of phases in composite materials is a critical
yet challenging aspect of material design and synthesis (Smith et al., 2020).
Uniformity in phase distribution ensures consistent material properties, leading to
reliable performance across the entirety of the material. However, several challenges
impede the attainment of such homogeneity. First, the intrinsic differences in
the physical and chemical properties of the constituent phases, such as density,
surface energy, and chemical compatibility, can lead to phase segregation during
synthesis or processing. For instance, during melt processing of polymer blends,
differences in viscosity between the polymers can result in one phase dominating
the continuous matrix, leading to a non-uniform distribution. Second, processing
conditions, including temperature, shear rate, and cooling rate, can influence
phase distribution. Rapid cooling might trap one phase within another, while slow
cooling might allow phases to segregate. Third, interfacial interactions between
phases play a crucial role. Insufficient adhesion or interaction between phases can
cause one phase to agglomerate, forming clusters rather than a uniform dispersion.
Achieving the right interfacial chemistry, often through the use of compatibilizers
or surfactants, is essential for uniform distribution. Fourth, the size and shape of the
dispersed phase particles can influence distribution. Nano-sized fillers, for example,
have a higher tendency to agglomerate due to their high surface area, requiring
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specialized dispersion techniques. Lastly, external factors such as gravitational
settling during processing or storage can result in phase separation, especially in
materials with significant density differences between phases. Addressing these
challenges requires a deep understanding of material science, synthesis methods,
and processing conditions, underpinned by an emphasis on characterization
techniques that can accurately assess phase distribution (Vanerio et al., 2021).

Emerging Trends and Future Prospects. Nanocomposite coatings represent
a significant advancement in the realm of protective and functional surfaces,
leveraging the unique properties exhibited by materials at the nanoscale. These
coatings incorporate nanoparticles—tiny particulates with dimensions typically
less than 100 nanometers—into a matrix material. The integration of these
nanoparticles imparts enhanced or even entirely new properties to the composite as
compared to the base material alone. One of the primary benefits of nanocomposite
coatings is the significant surface area provided by the nanoparticles, which
can lead to stronger interactions with surrounding environments or improved
mechanical interlocking within the coating. For example, the addition of nanoscale
silica particles to a polymer coating can drastically enhance its hardness and wear
resistance without significantly compromising its flexibility. Similarly, embedding
metallic nanoparticles, such as silver or zinc oxide, can confer antimicrobial
properties, making the resulting coatings valuable in healthcare or food packaging
applications. Beyond that, the integration of carbon-based nanomaterials, like
carbon nanotubes or graphene, can impart electrical conductivity to otherwise
insulating coatings, opening doors to applications in flexible electronics or sensors.
Furthermore, the tunable optical properties of certain nanoparticles allow for
coatings with adjustable transparency or specific light-filtering characteristics.
However, challenges persist in ensuring uniform dispersion of nanoparticles within
the matrix, preventing agglomeration, and achieving consistent properties across
large surface areas. Despite these challenges, nanocomposite coatings stand at the
forefront of material innovations, bridging the gap between the atomic/molecular
scale and macroscopic applications, and promise to revolutionize a vast array of
industries by providing multifunctional surfaces with tailored properties (Xiang et
al., 2017).

Self-healing coatings are at the cutting edge of materials innovation, reflecting a
remarkable convergence of nature-inspired design and advanced materials science.
These coatings possess the inherent capability to recover and repair themselves after
being subjected to minor damages, such as scratches, cracks, or wear. The principle
underlying these coatings often takes cues from biological systems, like human
skin, which can heal after injury. There are various mechanisms through which
self-healing can be achieved. One prevalent approach involves the encapsulation of
healing agents, such as monomers or reactive compounds, within micro- or nano-
capsules embedded in the coating. When damage occurs, these capsules rupture,
releasing the healing agent which then reacts, either with the surrounding matrix or
with a catalyst, to seal the damage. Another approach is based on reversible chemical

164



Reports of the Academy of Sciences of the Republic of Kazakhstan

bonds, wherein the polymer chains in the coating can reform bonds after they are
broken, effectively "healing" on a molecular level. Yet another strategy employs
shape memory alloys or polymers that can revert to a predetermined shape when
subjected to specific stimuli, thereby healing mechanical damages. The potential of
self-healing coatings is vast: they can significantly extend the lifespan of materials,
reduce maintenance costs, and provide sustained protection against environmental
factors like corrosion, wear, or UV radiation. However, challenges remain,
particularly in ensuring the longevity of the self-healing function, optimizing the
healing response speed, and scaling up the technology for widespread industrial
applications. Regardless, the promise of materials that mimic the resilience and
adaptability of living organisms positions self-healing coatings as a transformative
advancement in the world of materials science (Xin-Yuan Dong et al., 2021).

Smart and responsive coatings represent a groundbreaking leap in material
technology, signifying coatings that can dynamically react to environmental stimuli
or changes in their surroundings. Unlike traditional passive coatings that have a
static behavior once applied, these intelligent coatings can alter their properties
or functionalities based on external triggers such as temperature, pH, humidity,
electrical or magnetic fields, and even specific chemical agents. For instance,
thermochromic coatings can change their color in response to temperature
fluctuations, offering potential applications in temperature sensing or mood rings.
Similarly, pH-sensitive coatings, often utilized in drug delivery systems, can
release their contents when the local environment becomes either acidic or alkaline.
Another compelling category includes electro-responsive coatings that can alter
their optical properties, adhesion strength, or permeability when subjected to an
electric field, paving the way for applications in smart windows or dynamically
tunable adhesives. On a similar note, magnetic field-responsive coatings have the
capability to change their alignment, stiffness, or even color based on magnetic
stimuli. Additionally, there are moisture-responsive coatings that swell or change
their properties when exposed to humidity, and these have seen applications ranging
from humidity sensors to "breathable" protective layers. At the heart of these
smart coatings lies a deep understanding of material chemistry, nanotechnology,
and molecular design, allowing for the creation of systems that can bridge the gap
between passive materials and active, adaptive functionalities. While the potential
of these coatings is vast and transformative, challenges persist in enhancing their
sensitivity, repeatability, durability, and scalability for real-world applications.
Still, the promise of surfaces that can dynamically interact with and adapt to their
surroundings positions smart and responsive coatings at the forefront of future
material innovations (Yin et al., 2018).

Green and sustainable fabrication methods have become increasingly central in
the modern manufacturing landscape, emphasizing the production of materials and
products with minimal environmental impact. These methods prioritize the efficient
use of resources, minimize waste, and often incorporate renewable or biodegradable
materials. At the core of this approach is the desire to reduce the carbon footprint,
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decrease energy consumption, and eliminate or minimize the use of toxic solvents
and reagents. For instance, the use of supercritical fluids, like supercritical CO,,
as solvents in material synthesis offers a cleaner alternative to traditional organic
solvents, and the product can be easily recovered by simply depressurizing the
system. Water-based synthesis and processing are another avenue, sidestepping the
environmental and health issues associated with organic solvents. Green synthesis
routes also consider the source of raw materials, favoring bio-based or recycled
precursors over petrochemical derivatives. The shift towards using biopolymers,
derived from renewable resources like starch, cellulose, or chitin, is also an
emblematic representation of this movement. Electrospinning and electrospraying
are examples of techniques that can be adapted to use green solvents and produce
nano or micro-scale structures without harmful by-products. Furthermore, the rise
of additive manufacturing or 3D printing has enabled more efficient material usage
by building structures layer by layer, drastically reducing waste associated with
traditional subtractive manufacturing techniques. However, while these sustainable
methods present a promising step towards an eco-friendly future, challenges remain
in scaling up these processes, ensuring product performance meets or exceeds
that of traditionally-produced counterparts, and developing robust recycling or
degradation pathways. Nevertheless, as societal emphasis on sustainability grows,
green and sustainable fabrication methods are poised to become the standard,
reflecting a holistic approach that balances performance, cost, and environmental
stewardship (Youjuan et al., 2023).

Conclusion

In conclusion, the realm of composite coatings has witnessed exponential
advancements over recent decades, bridging innovative scientific research and
practical real-world applications. With a foundation in multi-material synergy, these
coatings have transformed how we approach wear resistance, corrosion protection,
thermal management, and myriad other challenges, ushering in a new age of tailored
material solutions. Notably, as we've delved into green and sustainable fabrication
methods, there's a clear indication that the future of coatings is not just about
performance enhancement, but also about ethical and environmental responsibility.
The trend towards sustainability, combined with the application of nanotechnology
and smart, responsive features, paints a promising picture of coatings that are
more adaptive, longer-lasting, and environmentally friendly. Looking ahead, the
emphasis will likely shift towards even more customized solutions, leveraging
artificial intelligence for material design, exploring bio-derived and bio-inspired
materials, and achieving a circular economy where coatings can be recycled or
degraded without harm. The integration of multifunctionality, where coatings
can perform multiple roles simultaneously, from self-healing to sensing, will also
be at the forefront of research and development. While challenges persist, the
convergence of technology, science, and sustainability offers an optimistic outlook
for the next generation of composite coatings, poised to meet the nuanced demands
of a rapidly evolving world.
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