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CHUHTE3 Fe;N U Fes,N, I KAPBUJA KEJIE3A
METOJIOM MMIIYJIBCHOI'O HAI'PEBA

B pabore nccnenosan cunre3 kapouna (Fe;C) n aurpuma xenesa (Fe;N) ¢ ucmons3oBanreM MeTo1a HMITYIBCHOTO
JDKOyJieBa HarpeBa. JIaHHBIM METOAOM MOXHO JIOCTHUTATh SKCTpeMalbHBIX Temriepatyp (1o ~3000 K) 3a mumuce-
KyH[BI, 9TO MO3BOJISIET (JOPMHUPOBATH COEANHEHUS], HEIOCTYITHBIE TIPH MPUMEHEHUH TPAJUIMOHHBIX METOM0OB CHH-
Te3a. B xauecTBe MCXOIHBIX KOMIIOHEHTOB MCIOJIb30BAIMCH MOPOIIKK TEXHUYIECKOTO XKeJle3a, rpagura U ITHOKCHIA
TUTaHa. DJIEMEHTHBII cocTaB M (Ga3oBas MACHTH(UKAIMS OTYUYSHHBIX IPOAYKTOB HOATBEPKIEHBI KOMOMHUPOBAH-
HBIM TIPUMEHEHUEM YHEProJUCIIEPCHOHHON PEHTTEHOBCKOM CIIEKTPOCKOIIUH M Ka4eCTBEHHBIM aHau30M. [loydyen-
HBIE Pe3yJbTaThl JIEMOHCTPUPYIOT NEPCIEKTUBHOCTh METO/1a UMITYJIbCHOIO JDKOYJIeBa Harpesa Juisi sHeprodddek-
TUBHOTO U BBICOKOCKOPOCTHOT'O CHHTE3a (DYHKIIMOHAIEHBIX MaTepUaJIOB.

Kniouegvie cnosa: mopoImIKOBBIE CTPYKTYPbI, IMITYJIbCHBIN HAarpeB, HAHOCTPYKTYPHPOBAHHBIC MAaTEPHAIIBI,
AJITTOTPOINBI YIIEpoaa, KapOu skesie3a, HUTPUIbI KeJle3a, TUCTIEPCHbIE CPe/Ibl

BBEJEHUE

Hutpunel 1 xapOuipl kene3a MpencTaBIsSIOT CO-
0011 IepCreKTUBHBIE MaTEPUaNIbl C YHUKAJIBHBIMU (H-
3UKO-XMMUYECKHMHU CBOWCTBaMHU, KOTOpbIE Oaromapst
BBICOKOH M3HOCOCTOMKOCTH U KOPPO3UOHHOU CTOMKO-
CTHU aKTUBHO HUCHOJIB3YIOTCA JIA CO3AaHUA 3allIUTHBIX
MOKPBITHA B aBUAIMOHHOW MPOMBIIIJIEHHOCTH, CYIO-
CTpOeHMH W MamuHOCTpoeHnu. OcoOblii WHTepec
K HUM HPOABJISACTCA B IMOCJICAHNUEC ACCATUIICTUA. BCIb
BeIcokoazoTucThie (Fe-N) u BeicokokapOuanbie (Fe-
C) ¢a3bl xenesa ABISIFOTCS, B CBOK 0YEPEe/b, OCHOBOH
Uil TIONy4YeHns! (PyHKIIMOHAJIbHBIX MaTepHalioB C 3a-
OJaHHBIMH XapaKTCPUCTUKAMH, TAKUMH KaK BbICOKad
TBEPJAOCTb, U3HOCOCTOMKOCTh U MArHUTHBIE CBOMCTBA
[1-3]. B pabote [1] MeTogamMu TTI00ANBHOTO TTOMCKA
CTPYKTYp M pacyeToB INpejacKa3aHbl HOBBIE TEPMOAM-
HaMHMYECKH CTaOWIbHBIE HUTPHIBI XKele3a, BKIoYast
FeN,, FeNg u FeNg, ycroiiuuBble Ipu BBICOKUX J1aB-
JICHUSIX, A TAKXKe MTOKa3aHo Mo3TanHoe GpopMupoBanme
MOJIMHUTPOICHHBIX BHUIO0B OT H30JIMPOBAHHBIX
aTOMOB a30Ta J0 OECKOHEYHBIX Noo-IIeroyYeK, YTO
CBSI3aHO C PE3KMM POCTOM SHEPreTHYEeCKOW IIOTHO-
ctu (mo 2.02 x/x/r). OOHapyXeHO, YTO HEKOTOpHIE
W3 MpecKa3aHHbIX (a3, Takue Kak MapkasuT — FeN,,
FeN; u FeN,y, — HOposBISIIOT yJIbTpaHEC)KMMAEMOCTb,
CPaBHHMYIO C aJIMa30M, a X MEXaHUYECKHE CBOMCTBA
OTKPBIBAOT BO3MOXHOCTHU JIs1 CO3JJaHUSA CBEPXTBEP-
IBIX TOKPBITHHA. M3ydeHue (a3oBBIX mNpeBparieHui
U CBOWCTB 3TUX COEAVMHEHUN MPOBOAUTCS MPEUMYIIIE-
CTBCHHO Ha YJIbTPaJUCHCPCHLIX IOPOIIKaX WJIW TOH-
KHUX IJIEHKax. BBICOKOAa30THCTBIE M BBICOKOKApOMI-
HbIe (ha3bl Kelie3a SBISIFOTCS TSPMUICCKH HECTaOWIIb-
HBIMHU IIpY CTaHAAPTHBIX YCJOBUSAX CHHTE3a U 00pa-
60Tku. OOYCIIOBJIEHO STO MX METacTaOMJIBHOU MpH-
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pOIOH: HUTPUABI KeJie3a CKIOHHBI K Pa3iioKEeHHIO
mpu HarpeBe, a neMeHTHT (FesC) — Kk pas3nokeHuto
NOpU JUIMTETFHOM HarpeBe, YTO CO3/1aeT Cephe3HbIC
TPYAHOCTH IIPU UX IOJYYEHUH U IOCIEAYIOLIEM HC-
MOJIb30BaHUM. TpaguLMOHHBIE METOABI, TAaKHE Kak
HUTPUPOBAHUEC B aMMHAKE WU Kap6I/II[I/I3aHI/I}I B yTJIC-
poAcCOoAEpKAIINX CPEAax, MO3BOJIIOT MOJIyyaTh Ipe-
UMYHICCTBEHHO COCAWHCHHUA C HU3KHUM COACPKAHUEM
azota wim yriaepona (FeyN, FesC), Ho crankuBatoTcs
C CEpbE3HBIMHU TPYIHOCTSIMU NPH IONBITKAX CHHTE3a
(a3 c BBICOKUM COJIEp)KaHWEM HEMeTasla, TaKuX Kak
FeNs, FeNy u ap.

ABTOpBl HccrenoBaHus [2] TOMy4miIH 0Opasibl
HUTpHZA >Kejie3a; B KayecTBE HMCTOYHHMKA a30Ta HC-
MoJIb30BasIcsl (IPUMEHSUJICS) aMMHaK, HUTPUpPOBaHHE
JKeje3a MPOBOJIUIIOCh B aMMHUAK-BOJOPOIHON ra30BoM
cmecu nipu Temrieparype 500 °C ans monmy4eHns dac-
i U ToHKUX IUieHOK FeysN. Coemmbenust FeNj
n FeN, He 00iagaroT MarHUTHBIMH CBOMCTBAMH B OT-
nmuune oT Takux (a3, kak Fey,N (y'-daza) u FeisN, (a"-
(haza), KOTOpbIe IEMOHCTPHUPYIOT BBIAAIOIINECS Mar-
HUTHBIE XapakTEpUCTUKU. HUTpuAbI kese3a 1eHsaTcs
3a CBOIO JOCTYIIHOCTh U HU3KYIO CTOMMOCTH B OTJIH-
Yhe OT COBPEMEHHBIX MAarHUTHBIX MaTepHaJOB, CO-
JepKalluX pefKo3eMeNbHble 31eMeHThl. CyIiecTByeT
MHeHHe [3], 4To cienyroiee MOKOJeHHEe MarHUTHBIX
MaTepHajoB — 3a HUTPHIAMHU JKejie3a, B 0COOEHHO-
CTH Ul IPUMEHEHUS TAKUX MAaTEPUAJIOB B TAKUX YCT-
pOHCTBax, Kak TpaHc(HOPMATOPbI, WHIYKTOPHI, JJIEK-
TpoABHrareiu, reaeparopbl. CoriacHo 3KCIEPUMEH-
TaJIbHBIM JaHHBIM W TCOPCTUYCCKUM pacueTaMm, Mar-
HUTHBIC MOMCHTBI HUTPUAOB KEJI€3a NOJIKHBI 3HAYM-
TEJIBHO MIPEBOCXOJUTH XaPAKTEPUCTUKN COBPEMEHHBIX
MarHUTHBIX MaTepuanos [3].
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[lony4yeHne HUTPUIOB XKeJe3a C BBHICOKUM COJEp-
’)KaHueM a3ota, Takux Kak FeN; u FeNy, npeacrasiser
cO0OH CIOKHYIO HAY4HYIO 3a7ady M3-32 UX TEPMOJU-
HAMHUYECKOH HECTAaOWILHOCTH TPU CTaHIAPTHBIX YC-
JIOBUSIX CUHTE3a. TpaguLMOHHBIE METOJbI, OCHOBAH-
HbI€ Ha HUCIIOJBb30BAHHUHN aMMHaAKa B Ka4E€CTBE HCTOY-
HUKa a30Ta, KaKk HpPaBWIO, IO3BOJSIOT IOJIyYUTh
toasko FesN u FeyN, Ho He Oosee HACHILIEHHBIE a30-
toM (hasel. [Ipu mombiTkax momyueHust FeN; n FeNy
TpaAUIUOHHBIMU METOJaMU HNPOUCXOAUT HYaCTUIHOC
pa3iokeHHe COeNWHEHHUsl C BBIIEIEHHEM a30Ta, 4YTO
NPUBOIUT K CHIDKCHHMIO KOHIEHTPALMM a30Ta B KO-
HEYHOM MPOJYKTE 1 00pa30BaHMIO IPUMECHBIX (a3.

Taroke CymecTByeT M Jpyroe IepCHeKTHBHOE
U KJIIOYEBOE COCIMHEHHE B CHUCTEME JKeJe30 — yriie-
pon, umeromee (yHIAMEHTaJbHOE 3HAUCHHE IS
npomeinuieHHocTH, — 1eMeHTuT (Fe;C). Llementur
o0nasaeT CIIOKHON OPTOPOMOMYECKON pelIeTKon
U TIPOSIBIISIET MAarHWTHBIE CBOWCTBA IO TEMIEPaTyphl
210 °C, a npu mmtensHoM Harpese (500 °C) npowc-
xomuT ero pasnoxenne. Kapoun xemnesza (Fe;C) pac-
CMATpUBACTCA KaK IMPUBJICKATCIIbHAd aJlbTCpHATUBA
3JIEMEHTapHOMY JKeJIe3y, COUETaIoMIast BEICOKYIO Mar-
HUTHYKO HACBIICHHOCTL W XHUMHUYCCKYIO CTa6I/IJII>-
HocTh. KapOup sxenesa (Fe;C), sBNSAsACH OCHOBHBIM
KOMIIOHEHTOM B YE€PHOI METaulypruu, o0ecreurnBaeT
BBICOKYK) TBEPJIOCTb U HM3HOCOCTOMKOCTH CTalled
U 9yT'YHOB, €r0 4acTO IIPUMEHSIOT PH U3TOTOBICHUH
pexymiero uHcTpyMeHnTa. OIHaKo CHHTE3 YHCTOH da-
361 Fe;C mpencraBisieT 3HAUMTENBHYIO TPYIHOCTB,
MOCKOJIBKY BBICOKOTEMIIEpATYpHbIE W BOCCTAHOBH-
TCJIBHBIC YCJIOBHA, XapaKTECPHBIC IJI1 MHOT'UX METOJ0B
noNTydeHus] KapOWIoB, 4acTo MPUBOAAT K 00pa3oBa-
HUIO METaJUTMYECKOro JKele3a MM CMeceil jkeresa
u Fe;C. B coBpemMeHHOI HayKke IEMEHTHT Kiacch]u-
nupyercs o crocoOy obpa3oBanusi. Tak, mepBUYHBIHI
LEMEHTHT KPHUCTAUIN3YETCSI HEIIOCPEIICTBEHHO U3 pac-
iaBa MpH OXJIaXKACHUH CIUIABOB C COAEPKAHHEM YT-
nepona 6onee 2.14%. Bropuunsiii ieMeHTHT GOpMHU-
pyeTcs Ipu OXJaKACHUHM ayCTeHHTa B IpoLecce mpe-
BpalleHUs

v-Fe(C) — a-Fe + FesC,

YTO COOTBETCTBYET OJHOMY M3 OCHOBHBIX MEXaHH3-
MOB, UCIIONIB3YEMbIX B METAILTYpruu. TpeTHuHbIil 1e-
MEHTUT oOpasyeTcs npu oxjaxaeHun deppura. [lo-
MHUMO 3THX KJIACCHYECKHX MEXaHH3MOB TaKKe [[eMEH-
THT MOKHO (pOpPMHpPOBATH NMPH OTITyCKE 3aKaJEHHBIX
Ha MapTEeHCHUT CTalleil U yepe3 MeXaHHMYEeCKOe CILIaB-
JIeHUE CMeceil TIOPOIIKOB JKele3a M YIiaeposia B BBICO-
KOPHEProHANpsLKeHHBIX MenbHuIax [4]. Mccnemosa-
HUs [5, 6] IEMOHCTPHUPYIOT BO3MOXHOCTH (popMmpo-
BaHMs KapOuIa KeJje3a METOJOM TEPMOBAKYyMHOTO
HAITBUICHUS C MTOCIIEAYIONIHM OTKHTOM.
Cy1ecTByOIIIe METO/IBI CHHTE3a HUTPHJIOB XKele3a
U KapOHWJIOB KeJie3a TpeOyIoT MHOTOCTYIIEHUYaThIX Mpo-
Ie/Typ WM BBICOKHMX HEpProsarpar Ha MpoIecc CHHTE3a,
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HE TOBOPS YK€ O JOPOTOCTOSIINX XUMHYECKHX PeaKTH-
Bax. OCJOXHSIETCS TPOIlecC Takke U3-3a PaboThI MpH
OKCTPEMAITFHBIX BBICOKMX JABJIEHUSIX, YTO OCJIO)KHSET
TEXHOJIOTUUECKHUH MpoLiecc U eTIaeT ero 0oee J0poro-
crosimwM. [Ipy ycrmoBum ycrienmHoro cuHTe3a AaHHBIX
COCIMHEHHMM MX elle HECOOXOIMMO OYMILATH, HE CTOMT
3a0BIBaTh, YTO IIPH BBICOKMX TeMIIEpaTypax W Mpy JUTH-
TETLHOM HarpeBe HUTPUABI M KapOHIBI jKeme3a pasiia-
ratorcs. A cuHTe3 (ha30BO-4MCTOrO KapOuma >kenesa
npencTaBsieT coO0OH 3HAUMTENBHYIO CIOKHOCTh, IIO-
CKOJIBKY TpaAuIHUOHHBIE METO/JbI, TAKWUEC KaK MHKpPO-
SMYIIECHN WU OCAKACHUE, HE MOIXOIAT Tl (hOpMHPO-
BaHUS KapOWAHBIX CTPYKTYp. Takum o0pa3om, TOUHOE
yIpaBJeHHE TMapamMeTpamMH MpOIecca, BKIFOUasl COCTaB
ra3oBOM Cpezbl, AABICHUE U TEMIIEPATYPHBIA PEKUM,
CTaHOBHUTCS] KPUTHYECKH BKHBIM JIJISI TIONTyIEHUsI Kade-
CTBEHHBIX KapOWHBIX COSJAWHCHUN C 3aJJAHHBIMHU CBOW-
crBamu. OnHAKO CylecTByeT Oojee NeleBbld U Mpo-
CTO MeTof it POPMHUPOBAHHS KOMIIO3UTOB, M 3TO —
HUMITYJICHBIN JDKOYJIEB HArPeB.

TakuM 00pazom, HECMOTpPSI Ha MPOJIOIKAFOIIAECS
uccienoanus [5, 7] B o0iacTé CHHTE3a HUTPHUIOB
1 KapOWJOB IMEPEXOHBIX METAJUIOB, MOlyYeHHE Me-
TAacTaOMIBHBIX ()a3 jKene3a C BHICOKUM COJIEPIKaHUEM
a3zota, Takux kak FeN; u FeNy, a taxke ynpapisemoe
(dbopmupoBaHue KapOWAHBIX CTPYKTYp, OCTAIOTCS
CIIOKHOM HAy4yHOM 3ajadeil u3-3a UX TEPMUYECKOUN
HeCTaOMIBPHOCTH NP CTAHJAPTHBIX ycIoBHAX. Llemsio
HACTOSILETO MCCIIEJOBAaHHUA SBISIETCS  pa3paboTKa
W onTuMm3aiys Merona cuHTe3a HUTpHIOB (FeNs,
FeN,) u kapOuma »xene3a C HCIOJIL30BAHUEM HM-
MyJECHOTO JPKOYJIeBa HarpeBa KaK BBICOKOCKOPOCT-
HOTO ¥ HeprodpGeKTUBHOTO MOX0/1a, TO3BOJISIONIe-
T0 JOCTHYb IKCTPEMAIBHBIX TEMIIEPATyp 3a MUJLIKCE-
KYH/IBI.

WUJIEU Y METO/Ibl

Meton OwicTporo mkoyieBa HarpeBa (Fast Joule
Heating) npezncraBnsier co00i TEpCIEKTUBHBINA TTOJ-
X0 K CHHTE3y MaTcpualioB, OCHOBAHHBLIA Ha CBEpX-
OBICTPOM pa3psific KOHJIEHCATOPHOW OaTapen ¢ BBICO-
KAM TOKOM. DTOT METOJ OOECIIEUMBAET JIOKAJIbHBIN
1 wHTeHCUBHBIA HarpeB (mo ~3000 K) 3a xopoTkwmii
npoMexxyTok BpemeHHu (20-100 mc) u, cieqoBaTelnb-
HO, OBICTpOE OXJaXJIEHHE MOCie TeIIOBOro yjaapa,
YTO CYIIECTBEHHO CHMKACT PUCK 0Opa3oBaHUS Jie-
(deKxToB B Mody4aeMbIX MaTepuanax. Yaiie Bcero o0-
pasell moMeInaeTcs B BaKyyMHYIO kamepy (IIpH J1aB-
nenun okoso 0.3 Oap), Tie ¥ moaBEepraeTCs BO3ACHUCT-
BHI0O HMITYJIbCHOTO TOKa BBICOKOH TIUTOTHOCTH [7].
Tarxoke 3TOT METOJI MO3BOJISIET JOCTHYDL IKCTPEMATBHO
BBICOKMX cKopocTeii Harpea (1m0 10°—10° K/c)
u oOecrieyrBaeT YHUKAJbHbBIC YCIIOBHS JUIsl CHHTE3a
METacTaOWIbHBIX (a3, KOTOPhIE HEBO3MOXHO IOJTY-
YUTh TPATUIIMOHHBIMUA METOJaMHu. THMUIHOE 000pY-
JOBaHKE Jisi OBICTPOTO JIKOYJIeBa HArpeBa BKIIOYAET
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KOHJIEHCAaTOpHYIO OaTapero, KBapleByo TpyOKy, Kyaa
momemaeTcst obpazer, TokompoBonsl [8]. Ilpm um-
MyJIBCHOM JIXKOYJICBOM HarpeBe HCIOJIb3YIOT 0aTapero
KOHJEHCATOPOB  pa3NW4HbIX eMKocted ot 30
no 180 M@, zapspkaembix o Hanpspkenust 100500 B,
JUTUTENTHHOCTD UMITyJIbca Bapbupyercst oT 10 mMc o 1 ¢
[7-9], 3agacTyro mapameTpsl MMOAOUPAIOTCA C YIETOM
cocTaBa 00pa3IoB. 3a CUET PE3KOro OXJIAXKICHHS 00-
Pas3loB CHIDKACTCS PHUCK IOSIBICHUS Pa3IMYHBIX Je-
(eKTOB B KOHEUHOM MaTepHae.

Jns momydeHus KapOMIOB W HUTPUAOB JKele3a
MPUMEHSJICST TIOPOILIOK JKejie3a C Pa3MEpOM YacTHI]
0-250 wMKM; TpeaBapUTENBHO IMOATOTaBIUBAJICS
B CTYIIKE HOPOIIOK Majo30JIbHOrO rpadura U HOpo-
IIOK JUOKCHUJa THUTaHa. I[J'I}I HCCIICOBAaHUA TMOBCPX-
HOCTH, 3JIEMEHTHOTO COCTaBa M paclpelesieHUsT KOM-
IOHCHTOB B IIOJIYy4aC€MbIX IMOPOHIKOBBIX MaTepuaiax
MPUMCHAJIACh SHEProAuCIICPCHUOHHAsA PCHTICHOBCKAasA
cnektpockonus (3/C). Ilpouenypa ananmza BkIo4a-
€T HEeCKOJbKO 3TanoB. [IpenBapuTenbHO MPOBOIUTCS
NEpBUYHAS BHU3yalIM3alUsl [OBEPXHOCTU o00Opasua
C HCMOJIB30BAHUEM CKaHUPYIOIIETO AJIEKTPOHHOTO
MHUKpPOCKOIIA, YTO IO3BOJISIET ONpEAETIuTh 007acTh
Uit mocnenyromero  aeranbHoro  JJ[C-ananmza
(puc. 1). U3o0paxenne NeMOHCTPUPYET arperaTHYyIO
CTPYKTYPY HOPOILKOBBIX YAacCTHL, KOTOpPbIE HMEIOT
HEPOBHYI0, (pparMEeHTHPOBAHHYIO MMOBEPXHOCTH U He-
OIHOPOAHYIO Mopdosioruto. Pa3mepsl oTAENbHBIX 3€-
peH Bapsupytotcsa B quanazone ot ~100 mo 400 Mk,
YTO MOJATBEPKIACTCS HAHECEHHBIMU Ha M300pakeHue
M3MEPUTEIBLHBIMU JinHelikamu. Hanpumep, Haubonee
KpYIIHBIE arperatsl JOCTUTAIOT Pa3MEpPOB  OKOJIO
400 MKM, B TO BpeMs Kak 0oJiee MEJIKHE COCTABIISIOT
nopsaka 100-200 MkM.

3areM, (hokycHpys SJEKTPOHHBIH My4OK Ha BHI-
OpaHHBIX Y4YacTKaX, PETUCTPUPYETCS XapaKTePHCTH-
YEeCKOe PEHTTCHOBCKOE H3JIy4YeHHE, BO3HHUKAIOIIEe
MpU B3aUMOJICHCTBUH DJIEKTPOHOB C aTOMaMH 00pas-
na. Tak, Ha puC. 2 IPEICTaBIEH CIEKTP paccesHus
MOPOLIKA Kejle3a, KOTOPBI MCIOIb30BaJICS B MalbIX

I'. 10. MOTHUH

Puc. 1. COM-1300paskeHre MOPOIIKa TEXHUUECKOTO JKele3a.
VBenuuenue x100, yckopsroumee Hanpskenue 30 kB, pa-
6ouyee paccrosiHue 14.5 MM

KOJIMYEeCTBaX Kak IpHcaiKka K IOpolKaM rpadura
W AMOKCHUA THTaHa. B Muokcuae THTaHa mpuUcyTCTBO-
BaJ a30T, nopsanka 5%; W3Ha4aabHO 00pasibl pUMe-
HSUIMCh B KayeCTBE OCHOBBI JJIsI MOJIyYeHHs KapOuna
tuTana. OHAKO B XOZ€ SKCIIEPUMEHTA MPU HaTIpsKe-
Husx paspsaga ot 100 mo 500 B Bcero 6puto moaro-
TOBJIEHO 3 o0pasiia ¢ M3MEHEHHEM KOHLIEHTpaIuu
nuokcuaa turtada ot 50-70% ot obuie Macchl.

Ha puc. 2 mpencraBieH 3HEproAMCrepCHOHHBIH
PEHTI'CHOBCKHMH aHaJIN3 MCXOHOTO MOPOIIKA KeJe3a,
a TaKKe YXKE CIEeUEHOro IMOpOoIIKa C J00aBIEHHEM
JMoKcHia TuTaHa. Kak BUIUM U3 NMUKOB, HA puC. 2, 0,
€CThb MUKW, KOPPETUPYIOLIME C HUCXOTHBIMH KOMIIO-
HEHTaMH, JT00aBIsIEMbIMU B TIOPOIIKOBYIO cMech (Ti,
0, C), ogaaxo Takxke BuaeH muk N Ko, KOTOpsIi cBH-
JIETEeTILCTBYET O HATMYWU HUTPUAOB B 0Opasie. Taxke
HQJINYME HUTPUAOB MOIATBEP)KIAECTCS KayeCTBEHHBIM
AHAIIM30M, MPOBeZeHHBIM Ha JudpakTtomerpe JIPOH-6,
rje Obu10 00HapyxeHo 2.3% FesN.
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Puc. 2. DxciepuMeHTalIbHBIE KAPTUHBI PACCESIHUS.

a — TIOPOIMIOK KEJI€3a 1 60— TIOPOMIOK AUOKCHUJA TUTaHa MOCJIE UMITYJIBCHOT'O HarpeBna
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1510 30.0KV 14.6mm x45 SE 17.06.2025 10:40

Puc. 3. O0paseny Ne 1 muokcuja TuTaHa, xeesa, rpa-
¢uta npu yBenmaeHUN x45.

Pabouee paccrosaue 14.6 MM, yCKopsromiee Harpspke-
uue 30 kB

[onmy4yanuce HUTPHUIBI, CKOpPEe BCEro, M3-3a IMpo-
BEJICHHS IKCIIEPUMEHTa Ha OTKPBITOM BO3IyXe, OTCIO-
Jla MOXXHO U OOBSICHUTH YBEIHMUCHHUE COJIEpKAHUE KH-
CJIOpOJia B CPaBHEHHHU C UCXOIHBIMHU 0Opa3iaMu.

Ha puc. 3 u 4 npeacraBieHsl AIEKTPOHHO-MUKPO-
cKomuyeckne u3obpakeHus obpasua Ne 1, momyuen-
Hble mpu yBenwmdeHUH x45 m X300 cCOOTBETCTBEHHO.
MukpocTpykTypa obpas3la JeMOHCTPHPYET HEOTHO-
pO/IHOE paclpeieleHHe KOMIIOHEHTOB: Ha0I01a0TCs
OTJeNbHBIE arperaTbl JUOKCUAA THUTaHA, BKPAIUICHUS
YacTull JKeye3a U obJacTu, odoramieHHble rpaduToM.
Ha puc. 4 mpu 6ompiieM yBeTHYeHUH CTAaHOBUTCS 3a-
METHOW OoJjiee AeTaln3upoBaHHas Mopdosorus mo-
BEPXHOCTH YacCTHIl — BEIPaKCHHAsI 3epPHHUCTAST CTPYK-
Typa y OKCHAHBIX (a3 W TUIaCTHHYAThle (OPMBI
y TpaduTa, 4TO XapaKTEpPHO JUII €ro KPHCTaJUTHde-
CKOM pEeIIETKH.

CpaBHEHHE TpeX MOATOTOBJIEHHBIX 00pa3LOB
C pa3NMUYHBIM coJiepKaHueM nuokcuaa tutana (50, 60
u 70%) mokazano, 4ro c yBeiamueHueM noiu TiO,
BO3pacTaeT OJHOPOMHOCTb PACHPENENICHNsI OKCHIA
B MaTpHie, OJHAKO NpH KoHueHTpauuu 70% Habmro-
JIAfOTCSI JIOKAJIBHBIE arJioOMepaIiii, CHIDKAIOIHEe TOMO-
TeHHOCTh CMECH.

PentrenorpadupoBanre 00pasoB MPOBOAHUIOCH
Ha nudpakromerpe JIPOH-6 B Cu-Ko wuznyuyenun.
WuTerpan yrnoB ckaHupoBaHus 2°—145° ¢ marom
0.05°.

Ha kaprune paccesHus (puc. 5) 3amMereH HeOOJb-
moi (GoH OT aMOpGHON YTIEPOTHON COCTABISIONICH.
KauecTBeHHBII1 aHau3, BBITOJHEHHBIH B MpOrpaMme
QUAL, nokasan HeOoJbIIOe HAU4IKME B 00pasLe Kap-
Oupa xenesa u yriepoaa. [locieannii mmeeT rekcaro-
HAJIBHYIO PEIIETKY.
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¢uta npu yexmuernn x300.
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uue 30 kB
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Puc. 5. Kapruna paccestHUSI PEHTTEHOBCKHX JTydeit
Ha o0pasiie

Ha puc. 6 mpuBeleHO KaueCTBEHHOE CpaBHEHHE
Iu(PaKIMOHHBIX JaHHBIX MOJENN KapOuma >kernesa
W JKCTIepUMEHTaJIbHOro obpasua. Kak Buaum, u3 mo-
JIO)KEHHUS ¥ BU3YAIFHOTO COBIIQJICHHS NMUKOB MOXKHO
cAenaTh BBIBOJ O HAIMYMU B 00paslie KpUCTaUIHue-
CKOH (pa3sl KapOua xesesa.

BBIBO/IbI

B xozxe nmpoBeneHus OBICTPOTO JKOYJIEBa HAarpeBa
MOJyYEeHbl KakK KapOWIbl KeJe3a, TaK M HUTPUABL
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Puc. 6. CpaBHeHHE ITPUX-IUAarpaMM MOJAETH U 00pasia

XKeJes3a, YTO CBUAETENCTBYET O JIOCTHM)KEHHHM HE0O-
XOAMMBIX Temrepatyp mins Auddy3un 1 npoTeKaHUs
(hazoBeix mpeBpameHuii. Hammaue Qa3 moarBepxma-
€TCs DHEProJUCIIEPCHOHHBIM PEHTTCHOBCKUM aHAIH-
3oM COM wu3o0OpakeHui, T11e 3adUKCHPOBAHO MPH-
CyTCTBUE XapakTepHbIXx 3nmeMmeHToB — Fe, C u N.
A Takke, pac4eToM YCJIOBHBIX KOHLIEHTpaUMi B IIPO-
rpamme PDWin, mokas3aBmuM COBMaJeHHE SKCIIEPH-
MEHTAJIbHBIX AU(PAKIMOHHBIX MHKOB C TEOpeTHde-
CKUMH IITPUX-TUarpaMMaMH COOTBETCTBYIOIIMX (a3.
JlocTmKeHrne BBICOKHX TEMIEpaTyp 3a MUJUTUCEKYH-
Ibl, @ TAKKE PE3KOE OXJIAKICHUE MO3BOJIAIOT cTabu-
JU3UPOBATh METacTaOWIIBHBIE COCTUHEHUS W IONY-
4aTh TpeOyeMble COEANHEHHUS.

Paboma evinonnena ¢ pamxax Iocyoapcmeennozo 3a-
Odanusi Munucmepcmea Hayku u 6vlcuie2o0 00pa308aHUs
Poccuiickoii.  @edepayuu  Ne  075-00444-25-00  (om
26.12.2024), mema HUP FFZM-2025-0006.
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SYNTHESIS OF Fe;N AND Fe,N AND IRON CARBIDE
BY PULSE HEATING

G. Y. Motin

Petrozavodsk State University, Institute of Physics and Technology, Petrozavodsk, Russia

The synthesis of carbide (Fe;C) and iron nitride (Fe;N) using the method of pulsed Joule heating is investi-
gated. This method allows you to reach extreme temperatures (up to ~3000 K) in milliseconds, which makes it
possible to form compounds that are not available using traditional synthesis methods. Powders of technical
iron, graphite and titanium dioxide were used as the initial components. The elemental composition and phase
identification of the obtained products were confirmed by the combined use of energy dispersive X-ray spec-
troscopy and qualitative analysis. The results obtained demonstrate the promise of the pulsed Joule heating me-
thod for energy-efficient and high-speed synthesis of functional materials.

Keywords: powder structures, pulsed heating, nanostructured materials, carbon allotropes, iron carbide, iron nitrides,
dispersed media
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INTRODUCTION

Iron nitrides and carbides are promising materials
with unique physicochemical properties. Due to their
high wear and corrosion resistance, they are widely
used to create protective coatings in the aviation,
shipbuilding, and mechanical engineering industries.
They have attracted particular interest in recent dec-
ades, as high-nitrogen (Fe-N) and high-carbide (Fe-C)
iron phases are, in turn, the basis for producing func-
tional materials with desired characteristics, such as
high hardness, wear resistance, and magnetic proper-
ties [1-3]. In [1], global structure search and calcula-
tion methods were used to predict new thermodynam-
ically stable iron nitrides, including FeN,, FeNs, and
FeNGg, stable at high pressures, and to demonstrate the
step-by-step formation of polynitrogen species —
from isolated nitrogen atoms to infinite Noo chains —
which is associated with a sharp increase in energy
density (up to 2.02 kJ/g). It was found that some of
the predicted phases, such as marcasite — FeN,,
FeN;, and FeN; — exhibit ultraincompressibility
comparable to diamond, and their mechanical proper-
ties open up possibilities for creating superhard coat-
ings. The study of phase transformations and proper-
ties of these compounds is carried out mainly on ul-
tradispersed powders or thin films. High-nitrogen and
high-carbide iron phases are thermally unstable under
standard synthesis and processing conditions. This is
due to their metastable nature: iron nitrides are prone
to decomposition upon heating, while cementite
(Fe3C) decomposes upon prolonged heating, creating
significant difficulties in their production and subse-
quent use. Traditional methods, such as nitridation in
ammonia or carbidization in carbon-containing envi-
ronments, produce predominantly compounds with
low nitrogen or carbon content (Fe,N, FesC), but en-
counter significant difficulties when attempting to
synthesize phases with high non-metal content, such
as FeN3, FeNy, and others.

The authors of the study [2] obtained iron nitride
samples using ammonia as the nitrogen source. Iron
nitridation was carried out in an ammonia-hydrogen
gas mixture at 500°C to produce Fe,N particles and
thin films. Compounds FeN; and FeN, do not have
magnetic properties, unlike such phases as FesN (y'-
phase) and FegN, (o"-phase), which demonstrate out-
standing magnetic characteristics. Iron nitrides are
valued for their availability and low cost, in contrast
to modern magnetic materials containing rare earth
elements. There is an opinion [3] that the next genera-
tion of magnetic materials beyond iron nitrides is es-
pecially suitable for the use of such materials in de-
vices such as transformers, inductors, electric motors,
and generators. According to experimental data and
theoretical calculations, the magnetic moments of iron

nitrides should significantly exceed the characteristics
of modern magnetic materials [3].

The production of iron nitrides with high nitrogen
content, such as FeN; and FeN,, is a complex scientif-
ic challenge due to their thermodynamic instability
under standard synthesis conditions. Traditional me-
thods, based on the use of ammonia as a nitrogen
source, typically yield only Fe;N and FeyN, but not
more nitrogen-rich phases. Attempts to produce FeNj
and FeNy by traditional methods result in partial de-
composition of the compounds with the release of ni-
trogen, which leads to a decrease in the nitrogen con-
centration in the final product and the formation of
impurity phases.

Cementite (Fe;C), another promising and key
compound in the iron-carbon system, is of fundamen-
tal industrial importance. Cementite has a complex
orthorhombic lattice and exhibits magnetic properties
up to 210 °C, and decomposition occurs with pro-
longed heating (500 °C). Iron carbide (Fe;C) is consi-
dered an attractive alternative to elemental iron, com-
bining high magnetic saturation and chemical stabili-
ty. Iron carbide (Fe;C), a key component in ferrous
metallurgy, provides high hardness and wear resis-
tance to steels and cast irons and is often used in the
manufacture of cutting tools. However, synthesizing a
pure Fe;C phase presents significant difficulties, as
the high-temperature and reducing conditions charac-
teristic of many methods for producing carbides often
result in the formation of metallic iron or mixtures of
iron and Fe;C. In modern science, cementite is classi-
fied by its formation method: primary cementite crys-
tallizes directly from the melt upon cooling of alloys
with a carbon content greater than 2.14%. Secondary
cementite forms during the cooling of austenite
through the transformation y-Fe(C) — a-Fe + FesC,
which corresponds to one of the main mechanisms
used in metallurgy. Tertiary cementite forms during
the cooling of ferrite. In addition to these classical
mechanisms, cementite can also be formed during the
tempering of martensite-hardened steels and through
the mechanical alloying of iron and carbon powder
mixtures in high-energy mills [4]. Research [5, 6] de-
monstrates the possibility of forming iron carbide by
thermal vacuum deposition followed by annealing.

Existing methods for synthesizing iron nitrides and
iron carbides require multi-step procedures or high
energy consumption for the synthesis process, not to
mention expensive chemical reagents. The process is
also complicated by the need to operate at extremely
high pressures, which complicates the manufacturing
process and makes it more expensive. Even if these
compounds are successfully synthesized, they still
need to be purified. It's important to remember that
iron nitrides and carbides decompose at high tempera-
tures and with prolonged heating. Synthesizing phase-
pure iron carbide presents significant challenges, as



traditional methods such as micro-emulsions or preci-
pitation are unsuitable for forming carbide structures.
Thus, precise control of process parameters, including
gas composition, pressure, and temperature, becomes
critical for obtaining high-quality carbide compounds
with the desired properties. However, a cheaper and
simpler method for forming composites is pulsed
Joule heating.

Thus, despite ongoing research [5, 7] in the field of
synthesis of transition metal nitrides and carbides, the
production of metastable nitrogen-rich iron phases
such as FeN; and FeN,, as well as the controlled for-
mation of carbide structures, remains a challenging
scientific task due to their thermal instability under
standard conditions. The aim of this study is to devel-
op and optimize a method for the synthesis of nitrides
(FeNs, FeNy) and iron carbide using pulsed Joule heat-
ing as a high-speed and energy-efficient approach that
allows reaching extreme temperatures in milliseconds.

IDEAS AND METHODS

Fast Joule heating is a promising approach to mate-
rials synthesis based on the ultrafast discharge of
a capacitor bank with a high current. This method
provides localized and intense heating (up to ~3000 K)
in a short period of time (20-100 ms) and, conse-
quently, rapid cooling after thermal shock, significant-
ly reducing the risk of defect formation in the result-
ing materials. Most often, the sample is placed in
a vacuum chamber (at a pressure of approximately
0.3 bar), where it is exposed to a high-density pulsed
current [7]. This method also enables extremely high
heating rates (up to 10°~10° K/s) and provides unique
conditions for the synthesis of metastable phases that
cannot be obtained by traditional methods. Typical
equipment for fast Joule heating includes a capacitor
bank, a quartz tube into which the sample is placed,
and electrical leads [8]. Pulsed Joule heating utilizes
a capacitor bank with various capacitances ranging
from 30 to 180 mF, charged to a voltage of 100-
500 V, and pulse durations ranging from 10 ms to 1 s
[7-9]. The parameters are often selected based on the
sample composition. Rapid cooling of the samples
reduces the risk of various defects in the final materi-
al.

To obtain iron carbides and nitrides, iron powder
with a particle size of 0-250 pm was used, along with
low-ash graphite powder (pre-treated in a mortar) and
titanium dioxide powder. Energy-dispersive X-ray
spectroscopy (EDS) was used to study the surface,
elemental composition, and component distribution in
the resulting powder materials. The analysis proce-
dure involves several steps. Initial visualization of the
sample surface is performed using a scanning electron
microscope (SEM), which allows identifying areas for
subsequent detailed EDS analysis (Fig. 1). The image

demonstrates the aggregate structure of powder par-
ticles, which have an uneven, fragmented surface and
non-uniform morphology. The sizes of individual
grains vary from ~100 to 400 pm, as confirmed by
measuring rulers applied to the image. For example,
the largest aggregates reach sizes of approximately
400 pm, while smaller ones are approximately 100—
200 pm.

Fig. 1. SEM image of technical iron powder.
Magnification %100, accelerating voltage 30 kV,
working distance 14.5 mm

Then, by focusing the electron beam on selected
areas, the characteristic X-ray emission generated by
the interaction of electrons with sample atoms is rec-
orded. For example, Figure 2 shows the scattering
spectrum of iron powder, which was used in small
quantities as an additive to graphite and titanium dio-
xide powders. The titanium dioxide contained approx-
imately 5% nitrogen: the samples were initially used
as a base for producing titanium carbide. However,
during the experiment, at discharge voltages from 100
to 500 V, a total of three samples were prepared with
varying titanium dioxide concentrations ranging from
50-70% of the total mass.

Fig. 2. Experimental scattering patterns of (a) iron
powder and (0) titanium dioxide powder after pulsed
heating.

Figure 2 shows the energy-dispersive X-ray analy-
sis of the original iron powder, as well as the sintered
powder with the addition of titanium dioxide. As can
be seen from the peaks in Fig. 2, 6, there are peaks
that correlate with the initial components added to the
powder mixture (Ti, O, C), but an N Ka peak is also
visible, indicating the presence of nitrides in the sam-
ple. The presence of nitrides is also confirmed by qua-
litative analysis conducted using a IPOH-6 diffrac-
tometer, where 2.3% Fe;N was detected.

Nitrides were most likely obtained due to the expe-
riment being conducted in open air, which may ex-
plain the increased oxygen content compared to the
original samples. Figures 3 and 4 show electron mi-
croscopic images of sample #1, obtained at x45 and
%300 magnification, respectively. The sample's micro-
structure demonstrates a non-uniform distribution of
components: individual titanium dioxide aggregates,
inclusions of iron particles, and graphite-rich areas are
observed. In Figure 3, at higher magnification, a more
detailed particle surface morphology becomes notice-
able — a pronounced granular structure in the oxide



phases and lamellar forms in the graphite, which is
characteristic of its crystal lattice.

Fig. 3. Sample No. 1, titanium dioxide, iron, graphite
at x45 magnification, working distance 14.6 mm,
accelerating voltage 30 kV.

Fig. 4. Sample No. 1, titanium dioxide, iron, graphite
at X300 magnification, working distance 14.6 mm,
accelerating voltage 30 kV.

A comparison of three prepared samples with vari-
ous titanium dioxide contents (50, 60, and 70%)
showed that growing the TiO, content increased the
homogeneity of the oxide distribution in the matrix.
However, at a concentration of 70%, localized agglo-
merations were observed, reducing the homogeneity
of the mixture.

X-ray diffraction analysis of the samples was per-
formed using a JIPOH-6 diffractometer and Cu-Ka
radiation. The integral scan angles were 2°-145° with
a step of 0.05°.

The scattering pattern (Fig. 5) shows a slight back-
ground from the amorphous carbon component. Qua-
litative analysis performed using the QUAL software
revealed a small presence of iron carbide and carbon
in the sample. The latter has a hexagonal lattice.

Fig. 5. X-ray scattering pattern of a sample.

Figure 6 shows a qualitative comparison of the dif-
fraction data for the iron carbide model and the expe-
rimental sample. As can be seen from the position and
visual coincidence of the peaks, we can conclude that
the sample contains a crystalline phase of iron car-
bide.

Fig. 6. Comparison of the bar diagram of the fitted
curve and the experimental one.

CONCLUSIONS

Both iron carbides and iron nitrides were obtained
during fast Joule heating, indicating that the required
temperatures for diffusion and phase transformations
were reached. The presence of the phases is confirmed
by energy dispersive X-ray analysis of SEM images,
which revealed the presence of characteristic elements
— Fe, C, and N. Furthermore, calculation of relative
concentrations in the PDWin program demonstrated
a match between the experimental diffraction peaks
and the theoretical bar diagrams of the corresponding
phases. Achieving high temperatures in milliseconds,
coupled with rapid cooling, allows for the stabilization
of metastable compounds and the production of the
desired compounds.



