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Magnetic properties of chosen powders were also investigated. Magnetic moment of 70...90
Am~/kg for powders N3 and N4 was measured.

Summary

The present study demonstrates that:

(1) Tt 18 possible to obtain powder particle size about 1.2 um implementing HD and high-energy
milling using heptane as wet agent to protect the powder from oxidation.

(2)Milling parameters, like BPR, speed of rotation, amount of the wet agent combined with time
and wet agent combined with speed have a great influence on the properties of final powder.
(3)After prolonged milling time at high energy input the powder is fine, but contaminated and
amorphous.

(H)Number of impacts is in correlation with average particle size. Powder was refined after small
number of impacts (~6x10°) and particle size was not decreased after further milling (up to ~5x10°
impacts).

(5)Marked influence from the wet process control agent, heptane was observed. Mechanisms of
these effects remaimn not understood. It was noticed, that in case of highest number of impacts,
higher amount of heptane yields decreased particle size and otherwise, in the case of smaller
number of impacts, smaller content of heptane yields decreased particle size.

(6) Regarding undesired contamination, amorphization and formation of a-phase the milling should
be performed under small impact energies and small number of impacts.
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(54) Meetod ja seade pulbermaterjalist toodete valmistamiseks

(57) Kaesolev leiutis kasitleb meetodit ja seadet pulbermaterjalide
valmistamiseks, kus pulbrite jahvatamine, sellele jargnev kaitlemine
ning konsolideerimine toimub vaakumikeskkonnas. Leiutisckohase
meetodiga vihendatakse toddeldava kergesti reageeriva pulber-
materjali saastumist eelkdige hapnikuga. Meetod on kasutatav
kergelt oksiideeruvatest materjalidest nagu magnetsulamitest,
kergmetallidest voi karbiidkermistest peenpulbrite ja neist valmis-
tatud toodete saamiseks.

(57) The present invention aims at providing a method and device
for manufacturing sintered material products, whereas milling of the
powders and subsequent handling and consolidation is performed
under vacuum atmosphere. The presented method allows reduction
of contamination of highly reactive materials, especially with oxygen.
The method is applicable for fine pulverising of easily oxidising
powder materials, like magnet alloys, light metals or ceramic-metal
composites and making bulk products from thereof.
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MEETOD JA SEADE PULBERMATERJALIST TOODETE VALMISTAMISEKS
Tehnikavaldkond

Leiutis kuulub masina, metalli- ja aparaaditéostuse valdkonda ning tépsemalt on leiutis ette

néhtud pulbritest tahkiste valmistamiseks jahvatamise ja kuumkonsolideerimise teel.
Tehnika tase

Peeneteraliste ning nanostruktuursete materjalide valmistamise meetoditeks on tildiselt
pulbermetallurgia meetod, nanostruktuursete materjalide sadestamise meetod ning
struktuurse peenendamise meetod kasutades siivaplastset deformatsiooni. Pulbermetallurgia
meetod koosneb pulbrite segamisest/aktiveerimisest ning sellele jargnevast kompakteeri-
misest ning paagutamisest. Jahvatamine viiakse ldbi reeglina kuulveskis, kompakteerimine

mehhaanilise pressi abil ning paagutamine iilerShu all v8i rohuta kaitsekeskkonnas.

Materjalide valmistamisel peeneteraliste ja nanostruktuursete metallide baasil
pulbermetallurgia meetodil tuleb protsessi etappidel reeglina viltida pulbrite oksilideerumist.
Hapniku olemasolu valmisdetailis v3ib olla soovimatu neodiilimmagnetite, supersulamite,
titaani, alumiiniumi, magneesiumi jt metalle sisaldavate komposiitide v&i toodete puhul.

Oksiideerimise viltimiseks viiakse protsessi erietapid 14bi kaitsekeskkonnas.

Uhe hapniku viltimise tehnoloogia puhul vdidakse kasutada kapseldusmeetodit.
Jahvatamine vdidakse teostada inertgaasis, vedelikus v&i1 vaakumis. Jahvatatud pulber
transporditakse inertgaasi keskkonnas kaitsekapslisse, kapsel vakumeeritakse. Vajadusel
kuumutatakse kapsel koos selles sisalduva pulbriga vaakumis, et eemaldada soovimatud
lisandid (nt vesinik, hapnik). Eelnevalt kompakteerimisele vdidakse kapsel sulgeda
mehhaaniliselt ning hermeetilisuse tagamiseks see keevitatakse. Kompakteeritakse reeglina
pulbrite kiilmisostaat-pressimisega (CIP), pulbrite valtsimisega, kuumisostaatpressimisega
(HIP), kuumpressimisega jt meetoditega. Dokumendis US7354490B2 kirjeldatakse
pulbermaterjalide valmistamise meetodit alumiiniumi baasil. Alumiiniumi baasil olevad
komposiidipulbrid jahvatatakse vedeliku- keskkonnas vedelas ldammastikus ja jérgnevalt
konsolideeritakse kuumisostaatpressimisel. Antud tehnoloogiad nduavad pulbrite
degaseerimist, et eemaldada materjalist gaasid, mis takistavad efektiivset konsolideerumist.
Antud meetodi puhul toimub kapseldamine kaitsegaasikeskkonnas. Jahvatatud pulber
kuivatatakse argoonis, et vdimaldada pulbrite transportimist veskist kapslisse. Antud
meetodi puudus on, et pulbri transportimise kiigus on vdimalik pulbrite saastumine

hapnikuga. _ 2E
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Teise pulbrite okstideerumise véltimise meetodi puhul kasutatakse traditsioonilist
pulbermetallurgia meetodit - jahvatamine, pressimine, paagutamine, kus kdik etapid on
kaitsekeskkonnas. Jahvatatakse inertgaasi-kaitsekeskkonnas — argoonis v&i ldmmastikus.
Jahvatatud pulbrite edasine t6tlemine — pressimine, paagutamine toimub samuti inertgaasi-
kaitsekeskkonnas. Pulbrite transpordiks eri etappide vahel kasutatakse hermeetilisi,
inertgaasiga tdidetud kambreid. Dokumendis US6491765B2 kirjeldatakse meetodit
magnetite tootmiseks haruldaste muldmetallide baasil. Metalli- v3i metallihiidriidi pulbrid
jahvatatakse jugaveskis ldammastiku keskkonnas. Sellele jirgneb magnetpulbrite pressimine
ning paagutamine kaitsegaasikeskkonnas. Pulbrid transporditakse kaitsekeskkonnas ning
paagutatakse reeglina vaakumis. Antud meetodi puuduseks on, et toostuslikult on
raskendatud magnetite valmistamine pulbritest, mille terasuurus on viiksem kui 1 pm.
Toostusliku puhtusega argoonis (puhtusaste 4N ehk 99,99%) on hapniku sisaldus
suurusjidrgus 40 ppm ja kastepunkt 72 ppm. Peened metallipulbrid okstideeruvad antud
tingimustes oma suure eripinna tdttu. Korgema puhtusastmega argooni kasutamisega voi

gaasipuhastite kaasamisega kaasneb protsessi kérgem hind.

Tuntud on ka pulbrite oksiideerumise véltimise meetod, mis baseerub margjahvatusel.
Dokumendis W02010071580A1 kirjeldatakse kdvasulamist materjalide valmistamise
pulbersurvevalumeetodit. Antud meetodi puhul jahvatatakse pulbrisegud inertses vedelikus
(nt heptaan, isopropanool). Jahvatuse kéigus vdi pérast jahvatamist lisatakse vedelikku
plastifikaator, nt parafiinvaha v3i kautuk. Jahvatamisele jérgnevalt pulbrid kuivatatakse.
Kuivamisel vedelik aurustub, plastifikaator sadestub pulbriosakeste pinnale ning moodustab
kaitsva kile. Protsessi jargmised etapid — pressimine, paagutamine ning nendevaheline
transport toimuvad reeglina Shukeskkonnas. Vaatamata inertsele vedelikule toimub
jahvatamisel pulbrite osaline oksiideerumine, mistSttu antud meetodiga ei saa valmistada
saastumiseta kergesti reageerivaid materjale (nt neodiitimi baasil magnetid). Samuti lisandub
lisaetapp plastifikaatori véljapdletamiseks. Peeneteraliste materjalide valmistamise puhul on
vaja eriahjusid, mis vdimaldavad plastifikaatori véljapdletamist ning 18pp-vedelfaas

paagutust {ihes tstiklis.

Juhul kui kogu pulbermetallurgia tootmisprotsess viia alates jahvatamisest kuni
konsolideerimiseni ldbi vaakumikeskkonnas, on v@imalik pulbriosakeste oksiideerumist
tdhusamalt viltida. Toostuslike vaakumpumpadega on vdimalik tekitada vaakum
stigavusega kuni ca 10"® mbar. Antud siigavusega vaakum on kordades puhtam koige

puhtamatest saadaolevatest inertgaasidest.
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Seega, on olemas ndudlus meetodile, millega saab té6stuslikult toota suure puhtusastmega
hapnikuvabasid {ilipeeni v6i nanostruktuurseid metall-, keraamilisi v3i metall-keraamilisi

materjale.
Leiutise eesmirk ja olemus

Leiutise esimene eesmirk on tdiustada hapnikutundlike pulbrite jahvatuse ja
kompakteerimise tehnoloogiaid selliselt, et see vihendaks tootmisprotsessis jahvatuse
kidigus toimuvat ning jahvatamisele jiargnevat pulbrite oksiideerumist, mis omakorda

vGimaldab toota kdrge puhtusastmega ning kvaliteetsemaid produkte.

Piistitatud eesmiirk saavutatakse meetodiga puibermaterjalist toodete valmistamiseks, mille
kohaselt jahvatatav pulbrisegu sisestatakse veskisse ja jahvatatakse, jahvatatud pulbrisegu
teisaldatakse pulbrimahutisse. Pulbrimahutit kuumutatakse viljastpoolt kuumutusallika abil,
paagutades nii pulbrisegu. Pulbrimahuti transporditakse pressi juurde ja seda
konsolideeritakse avaldades pulbrimahutile vilist survet, pulbrimahuti avatakse ja toode
eemaldatakse. Seejuures pulbrisegu jahvatamine, teisaldamine, paagutamine ja
konsolideerimine ehk pressimine viiakse ldbi vaakumikeskkonnas, vaakumis stigavusega
10° - 10" mbar. Jahvatatud pulber on kogu tehnoloogilise protsessi valtel kinnises siisteemis
ja kogu tehnoloogiline operatsioon alates pulbrite asetamisest veskisse kuni paagutatud
detaili eemaldamiseni kaitsekapslist toimub vaakumikeskkonnas.

Eelistatavalt kasutatakse veskina kuulveskit, millesse sisestatakse enne jahvatamist
teraskuulid kui jahvatuselemendid. Kui on saavutatud soovitud vaakum, kiirendatakse kuule
labadega voi vibratsiooniga, et tekitada kuulidevahelised ning kuulide ja veskiseina
vahelised ja/v6i kuulide ja labade vahelised kokkupdrked. Jahvatusprotsessi ajal séilitatakse
aktiivne vaakumi tekitamine vaakumpumba v3i pumpade abil, et eemaldada
jahvatusprotsessis tekkivad gaasilised tihendid.

Eelistatult on temperatuur jahvatuse ajal -190 kuni 600 °C, veelgi eelistatumalt 20 kuni
100 °C.

Teatud materjalide puhul on soodne see, kui jahvatuse ajal lisatakse tsiikliliselt reageeriva

gaasina vesinikku, limmastikku vdi stisinikku ja nende iihendeid v3i stisinikmonooksiidi,

kusjuures jahvatus 1dpetatakse vaakumikeskkonnas. Antud protseduur vdimaldab tekitada

gaasikeskkonnas jahvatamisel metalli reageerimise gaasiga ning jdrgnevalt vaakumi ning

temperatuuri koosmdjul taandatakse jahvatamise viimases etapis tekkinud ihendid.
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Sellega vdimaldatakse materjalide puhastamine saastavatest ainetest, mida ilma reageeriva
gaasi lisamiseta ei saa vaakumis jahvatamisega eraldada.

Uks véimalus on see, et pulbrisegu teisaldamine kuulveskist pulbrimahutisse viiakse 1abi
kuulveskit kallutades. Pulbrisegu vdidakse teisaldada pulbrimahutisse ka pulbri teisaldamise

s6lmes, kasutades pulbri kogumiseks magnetit.

Leiutise teine eesmirk on uue meetodi realiseerimiseks vajalikn seadmestiku loomine,
viltimaks tootmisprotsessi kdigus pulbrite oksiideerumist. Meetod realiseeritakse seadmega
pulbermaterjalist toodete valmistamiseks, see sisaldab vaakumpumpa, veskit, veski ajamit,
veskiga iihendatud pulbrimahutit ja pulbrimahutit iimbritsevat kuumutusallikat, kusjuures

vaakumpumbad on iihendatud veskiga ja pulbrimahutiga.

Eelistatavalt on veski hermeetiline kuulveski, mis on kdrgenergeetiline veski. Magnetiliste
omadustega pulbrite teisaldamiseks on kuulveski ihendatud pulbrimahutiga pulbri
teisaldamise sdlme kaudu, mis sisaldab magnetit ja mittemagneetuvat kesta. Et tagada

kuulveski hermeetilisust, on kuulveski ajamiks eelistavalt magnetajam.

Pulbrianumat kuumutatakse vélise kuumutusallika abil, et kiirendada jiikgaaside
eraldumist. Kuumutamise ajal siilitatakse aktiivne vaakumeerimine. Pérast kuumutamist
eemaldatakse materjal kapslist juhul, kui temperatuuri ja vaakumi mgjul on toimunud
vedelfaaspaagutus ja materjal on tihenenud. Samuti v8ib konsolideerida materjali vaakumi-
keskkonnas koos anumaga, kasutades nt. kuumisostaatpressimist. Pulbrimahuti koos
jahvatatud pulbriga kuumutatakse vaakumikeskkonnas. Seejérel suletakse mahutit ja veskit
ithendav toru mehhaaniliselt, et tagada anuma hermeetilisus ning vaakumi séilimine anumas.
Pulbrianum transporditakse kuumisostaatpressi ning konsolideeritakse temperétuuri jé
tilershu koosmdjul. Meetodi abil on vdimalik saada 18ppkujule ldhedase kujuga nn

near-net-shape tooteid.
Jooniste liihikirjeldus
Joonisel fig 1 on kujutatud leiutisekohane jahvatus- ja kompakteerimissiisteem.

Joonisel fig 2 on kujutatud pulbrite vaakumis teisaldamise s6lm, mis on mdeldud

ferromagnetiliste pulbrite teisaldamiseks leiutisekohases seadmes.

Joonisel fig 3 on joonisel fig 2 kujutatud pulbrite vaakumis teisaldamise sGlme suurendus.

Niidatakse magneti asukoht pulbrite kogumise etapil.
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Leiutise iiksikasjalik kirjeldus teostusniiidetega

Meetod pulbermaterjalist toodete valmistamiseks on realiseeritud seadmega, mis sisaldab
vaakumpumpa 1, kuulveskit 2, ajamit 3, pulbri etteandeseadet 4, pulbrimahutit 5 ehk kapslit,
kuumutusallikat 6, pulbri teisaldussdlme 7, hermeetilist sidurit 8 kuulveski 2 ja ajami 3
vahel, gaasiballooni 9, ventiile 10, magnetit 11, milleks on plisimagnet, ja mittemagneetuvat

kesta 12 timber magneti 11.
Pulbritest tahkete materjalide valmistamine leiutisekohase meetodiga toimub jérgnevalt.

Esmalt valmistatakse ette pulbrite segu, milleks segatakse kokku pulbrite osised.
Jahvatatavate materjalidena v&idakse valida grupi 2A metall, kaasa arvatud Be ja Mg ja
nende segud, grupi 3A metall, kaasa arvatud Al ja nende segud, grupi 4A metall, kaasa
arvatud Sn vdi Pb ja nende segud, grupi V metall, kaasa arvatud V vdi Nb ja nende segud,
grupi VI metall, kaasa arvatud Cr, W, Mo ja nende segud, grupi VII metallid, kaasa arvatud
Mn véi Re, grupi VIII metallid, kaasa arvatud Co, Ni, Ru, Rh, Pd, Os, Ir, Pt ja nende segud,
lantaniidid nagu Ce, La, Nd, Pr, Dy, Tb, Y, Er, Gd, Sm ja nende segud v4i siirdemetallid
nagu Cu, Ag, Au, Zn, Cd, Sc ja nende segud. Jahvatatavad materjalid, mida lisatakse
metallipulbritele, on poolmetallid, niiteks boor, rdni v6i mittemetallid siisinik, fosfor ja

halogeenid. Segatavad materjalid vdivad olla lisatud elementaarosadena v3i eellegeeritult.

Metallisiisteemide niidetena vdivad olla, aga ei piirdu Nd-Fe-B, Al-Mg, Al-Fe, Ti-Al-V,
Ti-Fe, Mg-Zn, Sm-Co, Al-Li.

Metallilistele lzhtepulbritele voib lisada tugevdavat faasi, milleks voib olla keraamiline
pulber (oksiidid, karbiidid, nitriidid, boriidid ja nende segud), intermetalliidne pulber
(aluminiidid, silitsiidid).

Samuti vdib metallipulbreid segada faasidega, mis ei ole keraamilised. Antud tihendid
vdivad sisaldada metalli alkoksiide, aga ka nitraate, karbonaate, sulfaate ja hiidroksiide.

Need vaivad olla segades nii vedelal kujul kui pulbrina.

Pulbritena (nii lihtepulbrid kui juurdelisatavad armeerivad faasid) kisitletakse
{thedimensionaalseid materjale (fiibrid, torud), kahedimensionaalseid materjale (liistakud,
helbed, laminaadid) ning kolmedimensionaalseid materjale (sfi#rilise, koonilise, silindrilise,

hulknurkse, ebaregulaarse kujuga ja sarnased).

Keraamilise faasi molaarkogus metallilise faasi suhtes ei ole k#esoleva patendiga

limiteeritud.
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Kui sisendmaterjalid on vélja valitud, sisestatakse pulbrid kuulveskisse 2 ja kuulveski 2
suletakse hermeetiliselt. Vaakumi tekitamise allika abil, milleks on vaakumpump 1,
tekitatakse vaakum nii kuulveskis 2 kui ka sellega lihenduses olevas pulbrimahutis 5.
Jahvatamine toimub vaakumikeskkonnas. Jahvatamise kestel v3ib jahvatusanumasse ehk
kuulveskisse 2 suunata niiteks gaasiballoonist 9 gaase v3i gaasilisi ithendeid (nditeks Ho,
N2, CHs, CO), et esile kutsuda pulbrite reageerimist antud gaasiga. Vaakumi sligavus
jahvatamisel on eelistatult vahemikus 10° kuni 10® mbar, soovitatavalt 10~ kuni 10" mbar.
Kui jahvatamisel lisatakse kuulveskisse 2 pulbritega reageerivat gaasi, v8ib vaakumi
katkestada. Reageeriva gaasi keskkonnas jahvatamisel tekitatakse kuulveskis 2 eelistatult
r8hk 10! kuni 10? bar. Jahvatamise viimane etapp ja jahvatamine ldpetatakse vaakumi-

keskkonnas.

Jahvatamise v&ib l4bi viia atriitor-tiilipi veskis, planetaartiitipi veskis, poorlevas kuulveskis
voi raputatavas kuulveskis (shaker type mill). Eelistatult viiakse jahvatamine labi
atriitorveskis. Atriitor on tiilipiliselt silindriline anum. Anumas olevad keraamilised v&i
metallist kuulid kiirendatakse poorlevate labade abil. Atriitor v3ib olla asetatud
horisontaalselt, vertikaalselt v&i teatud nurga all. Atriitori hermeetilisus tagatakse vdlli
poorlemise tekitamisel hermeetilise siduriga 8, milleks vdib olla magnetsidur, ferrovedelik
sidur, mehhaaniline sidur. Eelistatult kasutatakse magnetsidurit. Samuti v&ib volli
poorlemise tekitada lahendusega, kus ajam 3 on ithendatud otse atriitori kiilge, kusjuures

viljaspool veskit on staator, mis tekitab poérleva lilkumise veskis asuvale rootorile.

Jahvatamise kiigus avaldatakse pulbriosakestele deformatsioone, mille tdttu osakesed defor-
meeruvad plastselt, kalestuvad ja purunevad. Pulbripinna okstideerumist vilditakse pideva
vakumeerimisega ning kergemini lenduvad gaasilised iihendid eemalduvad jahvatamise
kaigus. Pulbrite puhastamiseks v3ib kasutada ka gaasikeskkonna tsiiklilist tekitamist, kus
ithes jahvatamise tsiiklis sisestatakse reageeriv gaas ning jérgmises tsiiklis eemaldatakse

vaakumiga metallipulbrist gaasiiihend, mille iheks koostisosaks on sisestatud gaas.

Jahvatustemperatuur on eelistatult vahemikus -190 °C kuni 600 °C. Tiilipiliselt toimub

jahvatamine temperatuuril 20 °C kuni 100 °C.

Jahvatatava pulbri hulka vdib lisada orgaanilisi poliimeere nagu poliiviniitilalkohol,
poliietiileenglitkool v&i orgaanilisi happeid nagu steariinhape, dodekaan v&i
siisivesinikithendeid nagu parafiin. Orgaaniliste {ihendite lisamine takistab metallipulbrite

adhesiooni jahvatusvahenditele ja kuulidele ning soodustab osakeste purunemist.
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Jahvatuskiirus sdltub atriitori mahust ja labade pikkusest. Naiteks 5-liitrise mahuga ja labade
pikkusega 150 mm atriitori podrlemiskiiruseks on eelistatult 300 kuni 1500 p-min’.
Atriitorisse sisestatav pulbrikogus s6ltub kuulide arvust ja nende 1ibimadddust. 5-liitrise
mahuga atriitorisse, kus on 5 kg 10 mm labimddduga teraskuule, sisestatakse eelistatult 500

grammi jahvatatavat pulbrit.

Pdrast jahvatamist suunatakse pulbrid konsolideerimisele sel wviisil, et siilib
vaakumikeskkond. Pulbrite transpordiks saab kasutada niiteks kuulveski 2 kallutamist, kus
pulber voolab 14bi avause (ei ole nididatud) pulbrimahutisse 5 ning jahvatuskuulid jdivad
kuulveskisse 2 ténu avausel olevale sGelale (ei ole ndidatud). Jahvatatud pulbreid vdib
koguda pulbri teisaldussdlmega 7, mis on liigutatav kuulveski 2 ja pulbrimahuti 5 vahel.
Niiteks voib ferromagnetilisi pulbreid koguda magnetiga 11 (niidatud joonisel fig 2), mis
on eraldatud mittemagneetuva kestaga 12. Pulbrite kogumiseks viiakse magnet koos
mittemagneetuva kestaga 12 vaakumis kuulveskile 2 piisavalt 1dhedale (joonisel fig 2, pos
1), et pulbriosakesed liituksid mittemagneetuva kestaga 12. Kui vajalik pulbrikogus on
kogutud, viiakse magnet 11 koos mittemagneetuva kestaga 12 kuulveskist 2 kaugemale
(joonisel fig 2, pos 2). Pulbri suunamiseks pulbrimahutisse 5 eemaldatakse magnet kestast
12. Vastu mittemagneetuva kesta 12 otspinda (ei ole ndidatud) jasnud pulber ei saa enam

magnetiga 11 kaasa litkuda ning pulbriosakesed kukuvad pulbrimahutisse 5.

Kogutud pulbrite konsolideerimiseks v8ib kasutada nii lisarGhuga kui lisarShuta
konsolideerimismeetodeid. Konsolideerimisel ~siilitatakse pulbrimahutis 5 vaakumi-
keskkond. Lisardhuga konsolideerimise puhul deformeeritakse pulbrimahutit 5 selliselt, et
selle seinad suruvad vilisrdhu majul pulbriosakesed kokku. Parema tiheduse saavutamiseks
kasutatakse reeglina lisaks rShule ka temperatuuri. RShuga konsolideerimisel v8ib kasutada
nditeks kuumisostaatpressimist, kapsliga sepistamist, kapsliga valtsimist ja kapsliga
kuumpressimist. RShuta konsolideerimisel v3ib kasutada niiteks vaba pulbri paagutamist.
Nii rdhuga kui ka rohuta konsolideerimise puhul kuumutatakse pulbrimahutis olevat pulbrit
viljastpool mahutit, kasutades nditeks konvektsioon-, mikrolaine v&i induktsioonkuumutust.
Eelistatult kasutatakse konvektsioonkuumutamist. Juhul kui materjal paagutatakse ilma
vedela faasi moodustumiseta, valmistatakse poorseid materjale. Vedelfaaspaagutamisega on
voimalik  valmistada  korge tihedusega materjale.  Paagutustemperatuur on
tahkefaaspaagutuse puhul eeldatavalt 60% kuni 95% materjali sulamistemperatuurist.
Vedelfaaspaagutuse puhul on paagutustemperatuur eeldatavalt 10 °C kuni 150 °C iile

siisteemis oleva metalli v8i sulami madalaima sulamistemperatuuri.
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Konsolideerimisele jédrgnevalt eemaldatakse kapsel ehk pulbrimahuti 5 eelistatult
mehhaaniliselt ning vajadusel teostatakse materjali termotdétlus ning 16ppkuju andmine

mehhaanilise to6tlemisega.
Niide 1

Alumiiniumisulam AlsMg stinteesiti pulbritest vaakumjahvatuse ja kapslis sepistamise teel.
Jimedateraline AlsMg algpulber (35 grammi) sisestati vaakumattriitorisse ning jahvatati
toatemperatuuril. Jahvatuselementidena kasutati teraskuule, kuulide ja pulbri suhe oli 20:1,
jahvatusaeg 12 h, labade p&orlemiskiirus 960 p-min’'. Jahvatuslisandina lisati atriitorisse
viike kogus (0,4 kaalu%) poliietiileengliikooli, et viltida alumiiniumi pulbrite adhesiooni
kuulide ning labade kiilge. Jahvatatus viidi 1abi 2x103 mbar vaakumis. Jahvatusjérgselt
teisaldati jahvatatud pulber 14bi atriitori kiiljes oleva liiiisi pulbrimahutisse (teraskapsel
siselibimddduga 20 mm, pikkus 60 mm). Teisaldamine viidi 14bi atriitorit kallutades, kuulid
jdid ludsi ava ees olevale sdelale. Pulbrite teisaldamisel siilitati pumpadega vaakumi
tekitamine. Pulbriga tdidetud pulbrimahuti kuumutati véljastpoolt 600 °C-ni toruahjus.
Kuumnutuskiirus oli 5§ °C-min' ning hoidmine temperatuuril 4 tundi. Pulbrimahuti koos
jahvatatud pulbriga transporditi kuumalt, 5 sekundi jooksul, hiidropressi juurde ning pulber

konsolideeriti sepistamise teel. Kapslile avaldatud joud oli 1000 kN.

Siinteesitud AlsMg tahkisel m&&deti hapnikusisaldus ning mehaanilised omadused -~
tombetugevus, voolavuspiir ja purunemissitkus. Hapnikusisalduseks algpulbris mdddeti
0,11% ning kasutatud poliietiileengliikool lisandist arvutati hapnikulisandiks 0,21%.
Siinteesitud tahkisel md&6deti hapnikusisalduseks 0,40%. Arvestades maha algpulbrist
tulenev ja plastifikaatorist lisanduv hapnik, on hapnikulisand vaakumis jahvatamisest ning
konsolideerimisest 0,08%. V&rdluseks valmistati katsekehad samast materjalist ja
teadaolevatel meetodite]l — mirgjahvatus vaakumis (Kollo, Lauri, et al. "Investigation of
planetary milling for nano-silicon carbide reinforced aluminium metal matrix composites."
Journal of Alloys and Compounds 489.2 (2010): 394-400.) ja argooni kaitsegaasis (Kollo,
L., et al. "Nano-silicon carbide reinforced aluminium produced by high-energy milling and
hot consolidation" Materials Science and Engineering: A 528.21 (2011): 6606-6615).
Pulbrite transport jahvatamiselt sepistamisele viidi 1&bi argooni kaitsegaasi keskkonnas.
Hapniku lisandumine pérast jahvatamist ja sepistamist oli vastavalt 1,06% maérgjahvatuse
ning 0,13% argoonis jahvatamise puhul, mis on kdrgemad kui vaakumis jahvatamisel ja

sepistamisel.
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Vaakumis jahvatatud ja sepistatud AlsMg tOmbetugevuseks mdddeti 505 MPa,

voolavuspiiriks 480 MPa ja purunemissitkuseks 5,5%.

Tabel 1. Hapnikulisand AlsMg valmistamisel

M3dddetud hapnik | Hapnikulisand

Jahvatatud | Tahkis, | Plastifi- | Alg- Lisand jahvatus- ja konsoli-
Meetod pulber, % |% kaatorist, |pulbrist, [deerimisprotsessist (=% tahkis
% % — % plastifikaatorist - %
algpulbrist)

o

Vaakum-
jahvatus ja - 0,40 0,21 0,11 0,08
sepistamine
(kdesolev
leiutis)

Mirgjahvatus
heptaanis,
degaseeri- 0,55 1,17 - 0,11 1,06
mine ja
sepistamine
vaakumis

Jahvatamine
argoonis ja
sepistamine
vaakumis

0,21 0,27 0,03 0,11 0,13

Niide 2

NdFeB ribavalu pulber (25 grammi) jahvatati atriitorveskis sarnaselt naites 1 kirjeldatud
parameetritega. Algselt tekitati atriitorveskis vaakum stigavusega 10~ mbar. Seejarel suunati
veskisse reageeriva gaasina vesinik. Vesiniku keskkonnas jahvatati NdFeB pulbrit 15 min.
H, iilerdhul 0,2 bar. Jahvatusel reageeris jahvatatav pulber vesinikuga ning faasidena
tekkisid NdH ja FeB. Vesinikuga jahvatamisele jargnes veski vakumeerimine, kuni saavutati
vaakum 107 mbar. Seejidrel jahvatati 5 minutit vaakumikeskkonnas, millega vesinik taandus
hiidriidifaasist. Jahvatusjirgselt mdddeti NdFeB osakeste suurus ning moddeti
hapnikusisaldus. Pulber transporditi ferromagnetiliste pulbrite teisaldamise s6lmega
(ndidatud joonisel fig 2) pulbrimahutisse, pulbriosakesed suunati 2 T magnetviljas ning

paagutati kasutades sideplasma paagutusseadet temperatuuril 800 °C ning 50 MPa tilershul.

Algpulbri hapnikusisaldus jahvatusele eelnevalt oli 0,08%. Stinteesitud materjalis mdddeti

pérast jahvatust 0,11% ning pérast paagutust 0,19% hapnikku.
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Valmistatud NdFeB magnet oli tiistihedusega (7,5 gem™) ning struktuur iilipeen
(0,1-0,3 pm). Vordlusena jahvatati samast algmaterjalist pulbrid standardsete
pulbermetallurgia meetoditel ning sarnaselt eeltoodud niitega paagutati sddeplasma
paagutuse seadet kasutades. NdFeB pulbrid hiidrogeeniti toatemperatuuril vesinikus,
seejirel hiidreeritud pulbrid jahvatati jugaveskis ldimmastikukeskkonnas. Jahvatatud pulbrid
suunati 2T magnetviljas. Jahvatatud pulbrid transporditi puhta limmastiku keskkonnas
(0 <0,1 ppm, H20 < 0,1 ppm) sddeplasmaseadmesse ning paagutati vedelfaaspaagutusega
temperatuuril 800 °C ning 50 MPa iilerdhul. Hapnikusisaldus m&ddeti pérast hiidro-

geenimist (0,11%), peale jugajahvatamist (0,2%) ning pédrast sideplasma paagutust (0,23%).

Kiesolevas patendis kirjeldatud meetodiga lisandus protsessi jooksul 0,11% hapnikku,
standardtehnoloogiat kasutades lisandus 0,15% hapnikku. Samas, kiesoleva meetodiga
valmistatud materjali terasuurus oli 0,1-0,3 pm ning standardmaterjali terasuuruseks

mdddeti 5-8 pm.

Tabel 2. Hapnikulisand NdFeB magneti valmistamisel

Meetod Madddetud hapnik, % Lisand jahvatus- ja konsoli-
o - o o
Algpulber | Pérast Loppdetailis E}ezrllmilsﬁﬁs)e SOS/ISt (=% tahkis

jahvatamist o a'gp 70

Kiesolev 0,08 0,11 0,19 0,11

leiutis

Standard- 0,08 0,20 0,23 0,15

tehnoloogia
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PATENDINOUDLUS

1. Meetod pulbermaterjalist toodete valmistamiseks, mille kohaselt

- jahvatatav pulbrisegu sisestatakse veskisse ja jahvatatakse,

- jahvatatud pulbrisegu teisaldatakse pulbrimahutisse (5),

- pulbrimahutit (5) kuumutatakse viljastpoolt kuumutusallika (6) abil, paagutades nii
pulbrisegu,

- pulbrimahuti (5) transporditakse pressi juurde ja seda konsolideeritakse avaldades
pulbrimahutile vilist survet, pulbrimahuti (5) avatakse ja toode eemaldatakse, erineb selle
poolest, et pulbrisegu jahvatamine, teisaldamine, paagutamine ja konsolideerimine ehk
pressimine viiakse 1abi vaakumikeskkonnas, vaakumis siigavusega 10° — 10" mbar.

2. Meetod vastavalt ndudluspunktile 1 erineb selle poolest, et veskina kasutatakse
kuulveskit (2), millesse sisestatakse enne jahvatamist teraskuulid kui jahvatuselemendid.

3. Meetod vastavalt ndudluspunktile 1 erineb selle poolest, et temperatuur jahvatuse
ajal on -190 kuni 600 °C, eelistatult 20 kuni 100 °C.

4. Meetod vastavalt ndudluspunktile 1 erineb selle poolest, et jahvatuse ajal lisatakse
tsiikliliselt reageeriva gaasina vesinikku, limmastikku v3i siisinikku ja nende iihendeid v&i
siisinikmonooksiidi, kusjuures jahvatus 18petatakse vaakumikeskkonnas.

5. Meetod vastavalt ndudluspunktile 1 erineb selle poolest, et pulbrisegu teisaldamine
kuulveskist (2) pulbrimahutisse (5) viiakse 14bi kuulveskit (2) kallutades.

6. Meetod vastavalt ndudluspunktile 1 erineb selle poolest, et pulbrisegu teisaldamine
pulbrimahutisse (5) viiakse 1dbi pulbri teisaldussdlmes (7), kasutades pulbri kogumiseks
magnetit (11).

7. Seade pulbermaterjalist toodete valmistamiseks, mis sisaldab vaakumpumpa (1),
veskit, ajamit (3) veski kditamiseks, veskiga tihendatud pulbrimahutit (5), pulbrimahutit (5)
timbritsevat kuumutusallikat (6), erineb selle poolest, et vaakumpumbad (1) on {ihendatud
veskiga ja pulbrimahutiga (5).

8. Seade vastavalt ndudluspunktile 7 erineb selle poolest, et veski on hermeetiline
kuulveski (2).

9. Seade vastavalt ndudluspunktile 8 erineb selle poolest, et kuulveski (2) on tihendatud
pulbrimzihutiga (5) pulbri teisaldussdlme (7) kaudu, mis sisaldab magnetit (11) ja
mittemagneetuvat kesta (12).

10. Seade vastavalt ndudluspunktile 7 erineb selle poolest, et ajamiks (3) on

magnetajam.




1/2

EE 05786 B1

000000

3
1
8
| 10
10
e
- 7N
Cl— © 9
o4 - O —\
FO dﬂ _oQ UC
00 <t Qg%‘,, .
. p—

FIG 1




EE 05786 B1




Paper IV  Mural, Z., Kollo, L., Veinthal, R., Xia, M., Bahl, C., Abrahamsen,
A.B. and Neves Bez, H. The Effect of Nano-TiC Addition on
Sintered Nd-Fe-B Permanent Magnets. Journal of Magnetism and
Magnetic Materials, 429, 2017, 23-28 (in press).

109






Journal of Magnetism and Magnetic Materials 429 (2017) 23-28

Contents lists available at ScienceDirect

Journal of Magnetism and Magnetic Materials

journal homepage: www.elsevier.com/locate/jmmm

0

a3

The effect of nano-TiC addition on sintered Nd-Fe-B permanent magnets

CrossMark

@

Zorjana Mural®*, Lauri Kollo*, Manlong Xia", Christian R.H. Bahl”, Asger Bech Abrahamsen®,

Henrique Neves Bez”, Joosep Link?, Renno Veinthal®

2 Department of Materials Engineering, Tallinn University of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia

® Department of Energy Conversion and Storage, Technical University of Denmark, Frederiksborgvej 399, 4000 Roskilde, Denmark
© Department of Wind Energy, Technical University of Denmark, Frederiksborgvej 399, 4000 Roskilde, Denmark

4 National Institute of Chemical Physics and Biophysics, Akadeemia tee 23, 12618 Tallinn, Estonia

ARTICLE INFO ABSTRACT

Keywords:
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TiC

This paper addresses the effect of nano-TiC addition on sintered Nd-Fe-B permanent magnets. TiC
nanoparticles were added to sintered Nd-Fe-B magnets with a specific aim to improve the Curie temperature
and thermal stability. A standard powder metallurgy route was adopted to prepare the magnets. It was found
that introducing nano-TiC prior to jet milling was effective as the nanoparticles dispersed in the final alloy,
concentcalcrating in the neodymium-rich phase of the magnets. Magnets with optimal properties were obtained

with the addition of 1 wt% TiC nanoparticles. The hysteresis loop for such magnets showed an improved shape
and VSM analysis a coercivity value of 1188 kA/m, a remanence value of 0.96 T and a maximum energy product
of 132 kJ/m®. The maximum working point and the Curie temperature of the developed magnets were 373 K

and 623 K respectively.

1. Introduction

Since the discovery of the Nd»Fe 4B compound in the 1980s [1],
continuous efforts have been made to enhance not only the magnetic
properties but also the thermal stability and corrosion resistance of
Rare-Earth (RE)-based magnets. This aim can be reached by optimiz-
ing the microstructure and chemical composition of the magnets [2-5].

The largest application segments for Nd-Fe-B permanent magnets
are expected to be those related to electric motors and power genera-
tion. These application areas require magnets that in addition to a
reduced size and higher performance have an ability to work at high
temperatures. Neodymium and iron are usually substituted by different
elements to influence the properties of Nd-Fe-B magnets. In order to
improve coercivity, anisotropy, corrosion behaviour or thermal stability
of these magnets, various minor additives have been investigated.
While a significant enhancement of coercivity occurs with the addition
of Al, Cu, Nb, Tb, Ga, Dy,O3 or ZrO, to magnets, most of these
elements lead to a decrease in remanence or thermal stability of the
magnetic material [2—5]. Microalloying magnets with Co, V, Cr or Ni
surpasses the corrosion issue of magnets but degrades their magnetic
properties in some cases [6,7].

Commonly, Dy is added to Nd-Fe-B magnetic material to ensure
higher thermal stability. For Dy nanoparticle addition, the maximum
effect of coercivity increase was reached at 1.5 wt%. A further addition

* Corresponding author.
E-mail address: zorjana.mural @ttu.ee (Z. Mural).

http://dx.doi.org/10.1016/j.jmmm.2016.12.115

of Dy appears not to remarkably increase the properties of Nd-Fe-B [8].
In case of micrometer-sized Dy powders, up to 10 wt% can be added to
reach the same effect. Co is also known to positively influence the Curie
temperature. Alloying with not more than 0.2% of Co is recommended;
otherwise, the saturation magnetization and anisotropy energy de-
creases. In order to supress the decrease in magnetic properties, it is
recommended that apart from Co, other elements like copper or
niobium should be added to the material. The replacement of Fe for
Co improves the temperature coefficient, which will allow using such
magnets in high temperature applications [9-13].

Most investigations in alloying have been focused only on the
manufacturing stage of magnetic alloys, including strip casting and
rapid quenching. Ti and C have been used separately or together to
modify the Nd-Fe-B alloys. Minor additions of Ti and C resulted in an
increase in coercivity with a modest decrease in remanence [14,15].
The content of Ti and C should not exceed 3 at%; otherwise, the TiB,
phase will appear instead of the TiC phase and decrease the volume of
the hard phase [14,16]. TEM analysis showed Ti or Ti and C addition to
produce finer and more homogeneous grains, which is beneficial for the
coercivity of the magnet [17,18]. Adding TiC to Nd-Fe-B alloys results
in a more uniform microstructure with a strengthened exchange
coupling effect [17,19]. It was also found that due to a smaller grain
size Nd-Fe-B-TiC bonded magnets absorb less hydrogen and have
higher corrosion resistance characteristics [20].
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This paper is aimed at analysing the effect of nano-TiC addition to
sintered Nd-Fe-B magnets prior to the refining stage of a hydrogenated
alloy with focus on the microstructure, thermal stability and magnetic
properties of the doped Nd-Fe-B sintered magnets. To the authors’
knowledge, this approach has not been reported in any previous
research in the field.

2. Experimental

The conventional powder metallurgical route was adopted to
produce sintered RE magnets. Commercial strip cast alloy in the form
of flakes with the total RE content of 32 wt%, 67% Fe and about 1% B
was applied as a starting material. The magnet alloy was Hydrogen
Decrepitated (HD) at atmospheric pressure, and at room temperature
with a holding time of 120 min. Jet milling (JM) under nitrogen
atmosphere was performed, using the Micromazinacione spiral jet mill
equipped with the Impakt™ powder feeder by Powder and Surface
GmbH. Nano-TiC powder with the average particle size of 20 nm
(SigmaAldrich) weighing from 0.1 to 5.0 wt% was added to HD powder
before feeding it into JM. The nanopowder was introduced by mixing
the substance with a spoon. Cold isostatically pressed green compacts
were sintered at 1353 K for 4 h under a vacuum of 10~ mBar. The
sintered magnets were slowly cooled down to room temperature with a
total cooling time of approximately 3 h.

Magnetic properties at room and elevated temperatures were
measured applying a Vibrating Sample Magnetometer (VSM) installed
into the Cryogenic Limited HTVSM 700 system with a maximum field
of 14 T and a maximum temperature of 700 K. Demagnetization factors
for rectangular samples to correct the measurements were calculated
using analytic expression provided by Aharoni [21]. Sometimes
descending and ascending hysteresis loops are not totally symmetrical
due to instrument drift. In case of minor discrepancies in coercivity and
remanence values, the hysteresis loop shifts were calculated and
adjusted. Force calculations were based on the experimental informa-
tion of magnetic moment, sample volume, demagnetization factor, and
external and internal fields. Vacuum permeability was used to convert
the measured data to the external field.

X-ray diffraction patterns were obtained using the Rigaku
SmartLab diffractometer with Cu Ka radiation on crushed (powdered)
samples placed on a silicon plate. The densities of the samples were
measured by the Micromeritics AccuPyc 1340 helium gas pycnometer,
providing a skeleton density value. The phase concentration and the
average grain size were analysed adopting the ImageJ software applied
to Scanning Electron Microscope (SEM) micrographs. Energy
Dispersive X-ray Spectroscopy (EDS) mapping was performed with
the Hitachi TM3000 electron microscope. Total oxygen content was
determined by the Eltra ONH2000 oxygen analyser for bulk samples of
about 150 mg each as an average content of at least five measurements.

3. Results and discussion
3.1. Phase composition and density

X-ray studies were performed to identify the phase composition of
the magnets and to clarify the influence of carbide on their micro-
structure. XRD measurements were performed for the sintered mag-
nets with 0, 0.1, 0.5, 1 and 2 wt% of nano-TiC added as shown in Fig. 1.
The well-defined peaks were indexed as Nd>Fe 4B hard phase for all
samples, refined with the Rietveld method. The black full lines indicate
the measured data. It was not possible to identify the TiC phase for the
samples with low dopant content up to 1 wt%. The analysis of XRD
patterns showed single low intensity peaks corresponding to the TiC
phase that were observed at approximately 20 =36° and 61° for the
samples with higher dopant content (1 and 2 wt%) [22]. It is important
to note that phase quantification through XRD measurements is
limited when the total content of the phase is less than 5 wt%.
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Fig. 1. X-ray patterns of 0, 0.5, 1 and 2 wt% nano-TiC Nd-Fe-B sintered magnets.

The single peaks not defined by Nd,Fe 4B and TiC phases were
observed at 20 =27°, 30° and 52°. The comparison of peak intensities
at 20 =27° suggests that the secondary phase peaks are decreasing with
increasing TiC concentration. This leads to a conclusion that the
secondary phase corresponds to the Nd-rich phase or neodymium
oxide since the amount of the Nd-rich phase decreases with increasing
TiC content from about 11% for the undoped sample to 7% for the
magnet with 1 wt% nano-TiC inclusion. Visually, it can be observed on
microstructure figures in Fig. 2 Section 3.2. Most probably the other
single peaks correspond to the minor TiB, phase with the maximum
peak at 26 =52°. As shown in Table 1, the total oxygen content appears
to increase slightly for the samples with higher dopant concentration.
This increase can be attributed to the oxygen pickup by finer
intergranular RE regions and formation of oxides.

Lattice parameters of the hard magnetic phase were determined
from the Rietveld refinement as demonstrated in Table 1. They are
close to the values reported with a = b =8.789 A and ¢ =12.189 A of the
tetragonal Nd>Fe 4B unit cell [23]. There is practically no change in
lattice parameters with the increase in additive concentration, which
suggests that the hard magnetic phase is not doped with TiC and
carbide particles behave as inclusions between the grains in RE-rich
phase regions. It seems that TiC does not decompose during processing
and acts as a grain refinement agent in the Nd-rich phase.

With increasing TiC content, the theoretically expected maximum
density decreases by 2.4% at the highest TiC content of 5 wt%. The
relative skeleton density for the doped samples is in accordance with
the expected maximum density shown in Table 1. Generally, with
increasing TiC content, the density is slightly decreasing. All samples,
except for the one with the highest TiC content of 5%, comply with the
industrial standards in regard to the density of the magnet and can thus
be used for further characterization.

3.2. Microstructure

SEM-EDS was performed to determine the distribution of additives
in the microstructure of the magnets. SEM images of the initial sample
and 1 wt% nano-TiC containing sample are displayed in Fig. 2a and b
respectively, and EDS mapping of magnet with 1 wt% nano-TiC in
Fig. 2d. The lighter phases correspond to the mixture of RE-rich phases
and the darker phase to the Nd,Fe;4B. TiC-free samples have a coarser
structure with an average grain size of about 8 ym (Fig. 2a), whereas
1 wt% nano-TiC addition produces a finer more homogeneous struc-
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Fig. 2. Microstructure: a) SEM image of the initial sintered magnet without TiC addition, b) sample with 1 wt% of TiC, ¢) sample with 1 wt% of TiC, TiC particles are visible, d) EDS

mapping of the whole area of the Fig. 2¢ for Ti, Nd, Fe and O.

ture with an average grain size of about 6.5 um and a lower percentage
of nonmagnetic phase (Fig. 2b). Fig. 2¢ and EDS mapping of the Ti
element (Fig. 2d) indicate that this element is concentrated mostly in
the RE-rich phase and in between of the grains and is almost not
present in the hard phase. This result is in agreement with X-ray and

Rietveld along with oxygen content (Fig. 2d) results presented in the
previous paragraph. The TiC particles look like thin long clusters
(lamellas) lined along the grains (Fig. 2¢). The grain refinement can be
explained by the effect of nano-TiC particles distributed between the
grains acting as inhibitors of the grain growth. The proposed mechan-
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Table 1

Lattice parameters a, b and ¢ of the Nd-Fe-B phase doped with TiC determined from
Rietveld refinement of X-ray diffraction patterns. The relative density and oxygen
content of the sintered magnets is also listed.

Designation a, b[A] c[A] Relative Oxygen
Density Content [ wt%]
0TiC 8.792 12.176 0.99 0.22
0.1TiC 8.796 12.189 0.99 0.28
0.2TiC - - 0.94 0.29
0.5TiC 8.796 12.189 0.96 0.29
1TiC 8.797 12.179 0.96 0.30
2TiC 8.798 12.183 1.00 -
5TiC - - 0.92 -
a ‘ b
A,
K1 i
RE2FelsB 1 !
/ “
Nd-rich, .
~| oxides T
. i
‘ TlC — y “r,
=

Fig. 3. Mechanism of microstructure development with the magnet composition
modified by TiC addition.

ism of microstructure development is illustrated in Fig. 3. In Fig. 2¢
two RE-rich phases can be clearly identified. The mapping of oxygen
(Fig. 2d) indicate that less bright RE regions correspond to RE oxides,
while bright areas surrounding the oxides (Fig. 2¢) attributes to the
metallic Nd as no oxygen has been detected. TiC particles occupy the
regions rich of metallic Nd (Fig. 2¢).

The elemental concentrations were determined by EDS quantitative
analysis in the core of the Nd,Fe 4B grains and intergranular regions. It
was found that the concentration of Ti varies significantly through the
RE-rich region. Ti content was not higher than 0.4 wt% (+0.05%) for
the hard phase and varied between 1 (+0.1%) and 13 wt% (+ 0.5%)
for the RE-rich phase. EDS quantification proved the carbide was not
dissolved in the hard magnetic phase. Similar results that in compar-
ison with the hard phase, where the Ti content was not more than
0.1 at%, grain boundaries and triple junctions contained 2.8...45 at% Ti
have been reported in previous research [24]. EDS analysis revealed
also a significant variability of oxygen content in different phases.
Generally, for the hard phase the oxygen level was below the detection
limit of EDS analysis. In RE-rich regions, the oxygen content reached
6..10 wt% with the measurement uncertainty of about 2%. These
measurements support the data addressed above in regard to the
higher oxidation of the RE-rich phase and oxides mixture as minor
phases.

Fig. 3a provides a schematic illustration of the initial magnet.
Fig. 3b shows the influence of TiC addition.

3.3. Magnetic properties

Magnetic properties of remanence (B,), coercivity (H,;) and max-
imum energy product (BH,.x) measured at room temperature can be
seen in Fig. 4. In comparison to the samples without carbide,
introducing a small amount of TiC causes a sudden decrease of
remanence at TiC concentration 0.1 wt% and at the same time a
remarkable increase in coercivity. The effect was confirmed with
several experiments with the same additive concentration. This phe-
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Fig. 4. Magnetic properties of TiC doped Nd-Fe-B magnets at room temperature as a
function of TiC content.

nomenon is often caused by ineffective alignment of the powder during
the production phase; however, this was not the case in this experi-
ment. With the small concentration of 0.1 wt% TiC the difference in
properties is quite significant, which may be related to the influential
effect of nano particles. Generally, TiC has a positive influence on
coercivity, which increases with TiC higher concentrations (Fig. 4) and
tends to decrease with TiC concentration exceeding 1 wt%. The
remanence value remains nearly unchanged and it decreases with
higher dopant concentrations at 2 and 5 wt% of carbide addition due to
the nonmagnetic TiC phase. The maximum energy product is the
highest for the magnet with 1 wt% TiC as can be seen in Fig. 4.

3.4. Thermal stability

Magnetic properties for sintered Nd-Fe-B magnets with TiC at
elevated temperatures were measured. The second quadrant of the
magnetization curves for the 1 wt% doped sample at temperatures
from 293 to 498 K is shown in Fig. 5. The temperature stability of
magnetic materials is often described by the temperature coefficients
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Fig. 5. Second quadrant magnetization curves of 1wt% TiC
different temperatures.

containing magnet at
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Table 2
Temperature coefficients, the maximum working point and the Curie temperature.

Designation a[%/K] B [%/K] Tm [K] Te [K]
373K 373K

0TiC -0.148 -1.466 333 (£5) 583 (+10)
0.1TiC -0.112 -1.338 353(%5) 613(+10)
0.2TiC -0.139 -2.184 373(%5) 623(+10)
0.5TiC -0.116 -1.912 373(%5) 633(+10)
1TiC -0.098 -2.699 373(x5) 623(+10)
2TiC -0.160 -1.852 353(%5) 603(+10)
5TiC -0.306 -1.902 333(%5) 593(+10)

for specific temperatures. The temperature coefficients for remanence a
are defined by the difference in remanence divided by a temperature
change multiplied by remanence at reference temperature:

_B.(T,) = B.(T))

T B.(D)(Tr-T)’ ()]

where B,(T,) refers to remanence at room temperature T, and B,(T) to
remanence at reference temperature T. The temperature coefficient of
coercivity B is given by the difference in coercive strength divided by a
temperature change times the coercivity at reference temperature:

_(Hy(T,) — Hy(T))

T (Hg(D)+(Tr-T) " @

where H(T;) refers to coercivity at room temperature T, and H;(T) to
coercivity at reference temperature T [24]. The maximum operating
temperature T, was estimated as a temperature at which not more
than 5% loss of remanence occurred [26,27]. The Curie temperature Tc
was considered as a temperature at which remanence reached 0T,
because the Curie point is reached when the magnetic material changes
its behaviour to paramagnetic [3,25].

The temperature coefficients for remanence (a) and coercivity (B)
together with the Curie temperature (T¢) and maximum operating (T,,,)
temperatures are displayed in Table 2. Compared to the initial
characteristics, the highest working temperature and the Curie tem-
perature of 373 K and 633 K respectively are found for the magnet with
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0.5 wt% nano-TiC. The magnet with 1 wt% TiC showed 10 K lower
Curie temperature. The mechanism influencing the thermal stability
improvement of magnets with TiC additions are not clearly defined and
understood. Several reasons have been proposed. Zhang et.al. propose
the maximum operating point being influenced only by the increase of
coercivity inhibiting the reversal processes [16]. In accordance to Chin
et.al., alloying with Ti results in reduction of reversible losses at
temperatures up to 498 K due to the intrinsic improvement of
anisotropy field [28]. This allows magnets to work at higher tempera-
tures for longer period of time. Goto et.al. propose the coercivity and
consequently thermal stability improvement due to strain induced in
Nd,Fe;4B lattice for TiC alloyed materials [29]. In addition, the
ferromagnetic behaviour of RE-rich phases especially grain boundaries
have been reported [30,31]. Moreover, adding small amounts of V, Mo
or W to Nd-Fe-B magnets results in formation of intergranular boride
phases like V,FeB,, MoofeB, or WFeB acting as domain walls pinning
sites and are responsible for increased coercivity and thermal char-
acteristics. It is believed that similar TiFeB phase may occur [32,33]. In
the present work as TiC is situated in RE-rich areas, it is assumed to
have the influence in there or at the grain boundaries. Curie tempera-
ture of the magnets is increased already with 0.1 wt% of nanoTiC
inclusion, and remains constant even with TiC inclusions up to 2 wt%.
As such phenomenon was not seen with micrometer sized TiC alloying,
we believe the mechanism of increased thermal stability is related to
solubility of TiC in RE-rich phase and in the grain boundaries. The
mechanism could lay in increased internal strains in microstructure or
altered grain boundaries. Revealing the exact mechanisms need further
investigations in the future. VSM measurements made at 700 K proved
the samples with TiC behave as ferromagnetics and show a weak
magnetic loop while undoped sample became nonmagnetic. Fig. 6
shows the change of coercivity (b and d) and remanence (a and c) at
high temperatures in terms of stability. The whole temperature range
between 293 K and 673 K can be observed in graphs ¢ and d and losses
at lower temperatures (293..523 K) in graphs a and b. At low
temperatures the difference in remanence is not significant, but at
elevated temperatures the magnets with nano-carbide are more stable.
In respect to coercivity, the outcome is quite similar at higher
temperatures, whereas at lower temperatures the coercive force
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===0.1Ti€
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—v—0.5TiC
~$=1TiC
—<e—2TiC
——5TiC
T T T T T T T T
300 350 400 450 500
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Fig. 6. Temperature dependence of remanence (a and ¢) and coercivity (b and d) for magnets with different TiC addition levels. Fig. 6a and b show lower temperatures region (293...

523 K) while Fig. 6¢ and d show the whole range of temperatures (293...673 K).
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decreases slightly faster. At temperatures higher than 598 K, coercivity
becomes irregular and it is difficult to predict the total loss of the
coercive force of materials. This can be confirmed by the temperature
coefficients shown in Table 2.

The current trend in Nd-Fe-B magnet fabrication is to increase the
thermal stability of RE magnets by Dy addition. However, the avail-
ability of Dy is quite critical and at higher Dy concentrations rema-
nence decreases significantly. Diffusion technique is adopted to enrich
just the boundaries of Nd,Fe 4B grains with Dy; however, the size of
these magnets is limited to several millimetres only [34]. TiC addition
can become an alternative to Dy doping in order to improve the
thermal properties of magnets. A benefit of introducing TiC nanopar-
ticles into RE magnets composition lies in a possibility to mix the
nanoparticles after casting the strip cast flakes of the magnetic alloy.

4. Conclusions

This paper examined the effect of 0.1..5 wt% TiC nanoparticles
addition into Nd-Fe-B sintered magnets on their magnetic properties,
thermal behaviour and microstructure. According to the findings
obtained in the research, the following conclusions can be drawn:

—

In the main, TiC particles are concentrated intergranularly in the
RE-rich phase and show almost no evidence of dissolving in the
main phase. Already at as small concentrations as 0.1 wt% TiC
nanopowder additions lead to a finer microstructure and decreased
volume fraction of the nonmagnetic phase.

The addition of nano-TiC to RE magnets by mixing the carbide
together with hydrogen decrepitated strip cast powder produced an
improvement of their magnetic properties, in particular coercivity.
The concentration of up to 1 wt% of nano-TiC appears to increase
coercivity without a significant decrease in remanence.

The hysteresis loop for magnets doped with 1 wt% TiC generated
properties as follows: coercivity 1188 kA/m, remanence 0.96 T and
maximum energy product 132 kJ/m®.

TiC addition can significantly improve the thermal stability and the
Curie temperature of the magnet. At 1 wt% of nano-TiC the Curie
temperature Tc can be raised to 623 K.
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