FI ELD OF THE | NVENTI ON The present invention relates to pr

produci ng magnetic materials, and nore particularly to a proc ‘ﬁ\ﬁ’ %\I
converting slag into magnetic material. BACKGROUND OF THE | NVE l Sl ags
are waste products fromnetal produci ng and processi ngﬂgr ocesses. Sl ags may
be treated to RROGESS (FePRODHCEINGIMACNETICMATERIALSRGM BAES been used
to produce cenent, pozzolan, railway ballast, insulating slag wool,
agriculture ferti I i zer and poI i shing materi aI . Stags often contain high
contents of iron oxide and silicon oxide. Generally, the majority of iron
in slag exists 0, { ramagneti c, antiferronmagnetic and

weak- magneti c) I*f@}.ﬁ)BaFgﬂ-gﬁ?QMQI\Fe (FeO), hermatite (Fe203), iron
silicate (Fe2Si04), and ferro-silicate (FeSi03). A small portion of iron in

sl ag may be in Trgpeisent invention relhiedito provdsalelsiof produrind-eagnatignet i t e
(Fe304), and other nmagnetic ferrites. Magnetic forms of iron are strongly

magneti c dnatesials, @é‘dd’ﬂ@&ﬁ ?@?'P@'ﬁﬁﬁﬁ%ﬁl FHOQ%‘EF ‘Pfe‘?QﬂVﬁﬁt{j?%%'?g inQteagRetic Heating
st ags "“”}na’cgfri% ucing agent to elevated tenperatures can produce nmetal iron
through a re ion reaction. However, it is typically necessary to heat
the reactants to extrenely high terrperatures whi ch may be inconveni ent,
inefficient, diBACKGROUNDROINTHEJINMENTIQINiI n certain circunstances or for
certain purposes. Further, heat treatnent alone may not result in a

material with ired Jhe r L tina. rial needs to be
further treat eﬁaﬁ%.ar%xé%g oc@%&sfﬁgﬁgp%#g#d&?:ﬁ%ﬁ%pﬁ%%esﬁmgoe r enoved
fromthe rgetesdes Bfags may Uétrééieé't@‘prcb’dlﬁ@héd?@ltmmaﬁ IFor@bfipl@l s may be
extracted from stags after nechanical nmilling (al so known as nechani cal

al | oyi ng) .slags ReveBaer ssedite prodyicersament; perzalamdiriyay balasldinsslajingund t o

br oken_up 1188 WOBFfop BAEer apd BTG MabARErEs 2’ rmgnet i ¢ and some

are mot magnetic, the particles can be easily separated by magnetic or
ot-her known pr c&legsaﬁen/@ohtaiugﬂighemtehismf iroemiidemdasiiuboﬂics«dacerrent

- e3ed| Xx6RTbvpi ~mdwam PROCESS OF PRODUCI NG MAGNETI C MATERI MMWWWM

reactions ocC durin chani | i ng, onl mal I ion of iron
S Conver 1aateRlin the agHE: FErToR sde gistatinTaghalc Beare

mechani Ca'adfﬁéﬂrbfﬂggﬁéﬁﬁéﬁé%akﬁnbéﬁ% ROFhs %cﬁfaé\ﬂﬁsﬁté‘l?e@”t ent in the
treated matertal 1S still in nonmagnetlc forms. Thus, It is still necessary

to separ athermatitertes€a).drqrositicatadFesSiOhk anddgrrsiinate FeSi€h).A sttad sl ag i n

g L

mat eri al s.mahREMEYFE;0)NEAE ottferanagestid fefrites VagAGEC foiRls sfarbredrel ciently
and effectively convert a slag into a magnetic material. SUWARY OF THE

| NVENTI ON §tfp maﬁaﬁti@amtafﬁeaﬁua&p&ﬁomgw@ andtesimagnelamasenials. process
for producing nmagnetic material froma slag including a ferrous conponent,

i ncl udes, addi RSHfcSn pasci he slag; and
mlling the m %u%@ﬁﬁ?éwtﬁdéuces a 49gct |tg%\gt?§tén@gé%grﬁ§&atg ferrite
havi ng a atreducametakinn taraiighm@reductiorcreactionutiesesen dtiatwpicllyy to the
magneti c properties ai d etic terl n the chem cal formula
Ao A haBRsab DA 3% S cp ExERIElY Biob tpMReratuli MHGA Mt wde

bari um Coéla?llrfconVémant ri’?éfﬁ@éﬁﬁ@Iiﬁléhlﬁbﬁéveﬂrﬁ&%btléﬁﬂm tbftaim um and zi nc,

cal cium oxi de and silicon oxide ary formed ferrites include CoFe204,

Ni Fe204, mnmanws\mﬁ@mertWMD@emEméber zﬁabtzgatmemlaéom)my BtFe~20~s

, XYXFe~2 jfani um
and x is aégpﬁgrhyﬁﬁétgaé\}vﬁgla%t%%&%) g{égnﬁrﬂa ng%é%? Ir'he%éigé ééri te,

st ront i umfoetkef Beaicde FoE ekamnbld, ¢ hrictal |mr1:|kwddut:é<ﬂ hak@o bearegeeserdrarrite
and spinet ferrites having a fornula N ~_XZnXFe204 or M~_X ZnXFe204, where
0<x=1. |n thedesRfiibe si8%n anot her aspect of the present invention, there is
provi ded a process for producing a magnetic material froma slag. This 2
process includggigikh! 'k@@wﬁ tﬁbf%%gﬁeﬁé nielt&rists #ay?He eﬁfrai:t"eﬂsfforﬁga gdditive

i ncluding a ferrous substance eating the 'mxture to produce a
nanoconposifter nnéchargea tmillinga(atsol krawn &% hmrcrmnmataﬂo;angl) e machasioad t he

t t N t to i ordj kKill in th
Bt apon B0, e Materslde A AR LS o td s i POBGETS Ioiboi ront s of the

invention in conjunction with the acconpanying figures.
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BRI EF DESCRI PTI ON OF THE DRAWNGS In the figures illustrating exanple
enbodi nents of the present invention, FIG 1 is a process flow diagramof a
process for formng a nmagnetic nmaterial froma slag, exenplary of an

enbodi mrent of the present invention; and FIGS. 2-4 each illustrates two
hysteresis curves illustrating changes in nmagnetic properties of stags

treated bymachamigalforassetpuasrgs e slag ipbeientun imeamal pariges wirgye

DESCRI PTI i r i aqr i t L.Nng. enpl ary
process 100Dy PeEes A MRGRES pbo 3B A% Ambpneti 7% AR BBERRL N o
t he presendadilp\sephtated bismaghetis oedteer kbowh pgoddidessARRGIgMAsustibh an
additive 102 to formm xture 104 within mlIl 106. MIIl 106 used in the
exenpl ary Tgastiersand digplagementyeactiansmay laesvhdexne masdasical Mpllings 11 106
i ncl udes t A ] aapi cal f .are
appl i ed ¢ A bR, SRR ¥ pBvEled Holh AlimalRENE R 1ol BaGey
r epeat eﬂl yfognd ddwiggil«mowusmpﬁhamieali mtllm_grprrmgsee%.ﬁcmgepbmndéfmESmInf andI |
some other hard objects such as an agitated nedj a protruder, or a wall.
The i mpactodteRRdhe freatar Eatarial ifell i nanraachelicdoEag. Tais.Atis Sitel | 3
i eces, a I lah ke ! i have
1I‘O resh andqg?%ﬁggyﬂ%yé%aégt%@gr'?éa%@{oogéﬁlewﬁﬁ gﬁthcegéfltégfﬁr?rr@ eér?%%’g:oﬂ%;cti ons
may pr oceeslagin okder 1o dbtain avairangly aagnetic enatariaglo hieace, thesseknouwst ai ned
eriod of tipe, such as.whe | ded, inter-diffusion may.al so occur. An
exenpl ary GNTIAHRE 3 NPHARICETREICIos RIIGINI) CRBXALRBSRY [sle MaANAIc such as
a vibratedpafddaign ||, planetary ball mll, attrition mlls (described in,
for exanple U S. Patent No 2,764,359) and the |like, nay be used. Typically,

the total charge in a ball mll includes a solid material and a nunber of
hard bal |'s. H ghh&teferei thesa is gineeddera ppptessdhabcamefficiandly atiar ge duri ng

mlling to r l. I terial to repeatedly

col lide w‘?ﬁ&éﬁ’%w%ﬁ\’gﬁ %ﬁl%ﬁmﬁ@hﬁﬁ‘ﬂag%%gf:?@é%ﬂa ‘he container. The mlling
notion causes repeated deformation, fracture and cold wel ding of powder
particles duri ngUMNMARYOQESTHEIINVENTION | - powder-wal | col lisions. MII| 106
produces resultant 108 that nmay optionally be subjected to heat treatnent.
Such heat treatnment be @E‘if ect ed {nﬁgny nunbter of . know vvaigs. For exanpl e
resul tant 108 nEyAR AR Wity aD ASRAG AEBERICPANHRYERINY: FRICEFSSIY 1 o
produce r esidiiail rhdgnetidmarsizrofia sﬁ@&c%?ﬁ%#@% tbipohBAt,are pl aced
wWthin mll 106 to formm xture 104, which is the starting material to be
treated. |includeseaddipg anadstiivenivdiice fergaton ofa &Fﬂtﬁ-tprtbﬁtﬁgag;@mdnet al

component a L mIRGE: S RERRSS R RRHGR ST el e T
oxi des. O &ehemygal tarimule RO thabtornthibgtesHubistaritiallg te tHe magnetic des as wel |
as inmpurities such as cal ci um oxides and al um num oxi des. Sl ag 100 nay be a

, , d al
copper sl aRfoperties ¢fsaid magnetis instayak Jpithe shemice) fomuatFen@udt of iron
oxi des, us r weight (10 wt% . Iron in slag 100 rmay
exist in d'iléﬁ%ér/eerﬁ%ls 8?&%&’?u%ﬁ'?‘t§2wmm te (FeO), magnetite (Fe304), and
hematite (Fe203), iron silicate (Fe2Si04), and ferro-silicate (FeSi03).
Dependi ng on t hexemplasy additises pradulie barivme cebaity irono marngasese, Bickel, anount
of metallic iron ar_iron alloy may.al so.be present. As i.s well known,
meta | o 1 sentmdtadbil SAdfe dmdire ah SRk ol Betiay Tert i e
(Ni Fe204) , foamned FefreQ IncIutRIOEF&£0 , NIFes €5 NbFe0)e NIhF8O, \WIBFeb®,, | 1 on
silicate and ferro-silicate are not_magnetic or only weakly magnetic.

Typi cal | y, MokEgQ180Fez0m BafshzOss Sibe12Pagnel €10 envhereXis Paruget i

because th jaori | AN b S LA ' . such as
hemati te, %ﬂ@!%,\p?lsrgénbdsigwggﬁ'ghgﬁaﬂ)g%r%-ag?ﬁi'capgfig%@;oéleﬁ i/glh i s chosen
;so t hat anmbgn:catiteobaaumimsg(atfer:mmrmmtmm Is%)eajeﬂrﬂé), crabaltdbmt%pnibkal r eact t]?
ormmagneti¢c ferrite in_resultant, 108. Additive 102 may . a_mxture o
sever al chéﬁﬁ't@amaé@ﬁﬁﬁﬁ%ﬁréﬁe ﬁ%géﬁlnﬁ??%ﬂt%j'fwg R/I]meﬁ"@ N‘@%’?xgehéi Ped for a
time wthig qn h )8, WHBlE BkyBfr anmeters that can be controlled during
mlling i nclnu'ée ¢ol1i°51on energy, collision frequency, balllpowder mass
ratio, mlling tinme, filling gas conposition and pressure in the container,
| ubri cant, and Ineaqperdangeswith anotherasaapl of thatpresendrinyention, thareiisig ener gy
is preferably.between 0.1 to 1.0.joule and the balll powder ss ratio

bot ween . AroViseELA Brbed ot Profigine adiefc el roB XS B THE 1 v- ef ght
hours but it may vary depending on the operating paraneters of mll| 106,
the nature of m xture 104 and any heat treatnent performed in vessel 110
after mlling. The mlling container of mill 106 may be filled with air or
inert gas such as argon or nitrogen. Qther paraneters may vary dependi ng on
the particular situation. As can be appreciated, for mll 106 to be

Y o, o Y . o AN A o A o



Simlarly, resultant 108 may include spinet ferrites having a chem cal
formul a A~_XZnXFe204, where A is Ni or M, and x has a suitable val ue
between 0 and 1, such as .2, .4., .5, .6 and .8. As is known, nechani cal
mlling can produce both anorphous and crystalline materials. Typically and
advant ageously, the mlled m xture, resultant 108, consists of small

particl es, pracess Hicluses millinga Inyixiure ohthe siagenskatdeastianeradditivg ;  di f f er ent

cLeTent s Sp AR Pl s 5ol APl HAEBT pglapsT o contact
resul tant déibosmpdiitesdfhagietile bAdheM. i ng, to be heated to high

tenperatures. In the exanple enbodinent, resultant 108 is provided to

heating vessel 110 to formresultant mxture 112. Qptigpally, m xture 104
coul d be subj ecPtieriaspretsand teaturesiof the prasent invengen wihbeed™Bor e cheni cal

reactions r‘t?'e:ﬁfd S may form
t he nagneté’%yafrgﬁtrﬁopgagggggﬁqlr| ut eI 'E“&Htgr#‘?%rmﬁ'%%i?”‘fﬁgsmﬁeu c ferrite
in the resdé&ca:ptnoﬁ%lsﬁzééiflcmwmwmgatasﬂme imeegriieniin coejunictien mth ther m at a

| ower terrperature iin the resultant 108 than in the m xture 104 that has not
been i | | CCOMMANAY bgurteﬁe reaction caused by additive 102 and associ at ed
mlling and optional heating may be expressed as additive + slag (ferrous
conponent) -~ nagnetic ferrite + by-products As shoul d be appreciated,
additive 102 and ferrous corrponent of slag 100 need not react with each
other directly. Additive 102 may) for exa be a catalyst for a

desirabl e cheni BB'EE@&ﬁq:BFPﬂQ%Qﬁ VHE@BZEWNQ}SQ mlarly participate in an
intermedi ate reaction, or one of a series of such reactions that results in

a reactant int Fex%m y be

converted into Igﬁhl&r’: gkerr%a l{rét‘?rge Bsu b‘? éﬂg%ﬁ,/ee ,JeQ;% g?l y, the slag
or its ferinvestimgnponent may be converted to an |nterrred| ate conponent. 6
These internediates may interact with each other; the additive; andlor the

slag to createlI_.1 er inter dla S _0or i{hef i nal etlcferrlte of
interest. Put a 'ﬁh P%EPCGJRE agrengc, aFt'P‘é??%{?é %mﬂ%ﬁéﬁ??”e

i nt er medi aiagdrial )‘rom’fa's'l‘ég?ré’x”%ﬁ'\pﬁécr)gﬁdf?én embodlmeﬁt dfthé pradindiriention:; -
magnetic ferrite + by-product course, the exact role of the addltlve
102, milliadand heating will depend on the conposi tion of slag 100; the
speC|f|c additive 102; the Iength and type of mlling; and the |ength,

t enper at ure and V. cl udes
barium car bonat%ﬁ%%ﬁa%ﬁmﬁ: stﬁﬁ%%&/ﬂ?@gé{ér&éﬁ?%ﬂ@r%@%tﬁ (t%ea%gé éHOS) in
sl ag 100 amdgheticlpesperieset slagd teated beaafrocsdd exdrBplaey-a0the) presenthe
ferrite-formng reaction: 12FeSi 03 + BaC03 + 302 BaFe~20~9 + C02 (T) +
12Si 02 (1)'”3?%9‘?%rl y, additive 102 may include ni ckel nonoxide (N 0) that
may be added to produce nickel dioxide, which in turn could react with
ferro-silicate HETANEDH DE‘S@R@BTI@Q in the follow ng reaction, 2FeSi03 +
Ni 02 -~ N Fe204 + 2Si02 (2) As is apparent, nickel dioxide could simlarly
be added directly as an additive. Al ternatl vely, nmetallic nickel may be
added as an addfﬁ& 1elsanrqq¢ésélﬁmagmvll@%tratmamﬁ?(@@plﬁmwece%1&<e|
nonoxi de, i d t
ferrite- fo@?nfér@'ﬁ ac rﬁa@h&fcﬁ}n % ?%é'h%@% @%ﬁﬁo&%ﬂgﬂﬁ&fﬁﬁé}bﬁ %lg%'ﬂf errite,
such as t hiaventiom| Abiilktrated, lmsllagxlmes cotrebivgd Withled additive uez té&Xdrar

suitabl e additives include cobal t, manganese, strontium and their oxides
or car bonahedure, 4 wit mmib%ctl vel y induce the formation of Co-ferrite,
WMnh-ferrite, and Sr-hexaferrite. Additive 102 may al so be added for purposes
ot her than indu ediﬂf@l hdwe 102
may be added tomew‘g%u%gé mafth%oéh orﬁbla%l bﬁ%%tgléﬁgb gyggbstané%byﬁk%wqorm a
certai n detypeal§benerally,guillst0fniocludesa ¢ardainet &r ranelam@lmlxdwerfe% be added to
inhibit or uce eformatl f magnetic iron during the
{reat ment . MeBRR iR LR o PR o S MG 102 HamIEifE e sttt go e
formati on gdudesi tdlfép‘éaltédlﬁfaﬁa doRaRLIBOSTy contdl ity FrRdnesntarPaoact with avai | abl e

for the desired ferrite form ng reaction. Calciumoxide (Ca0) or silicon

oxi de (Si Ofselfriyd semediber hand ghjeets fychesrn agitatedwnediaba peefriderspn2~Ca0) .

a wall. The impact of contact may cause the material to break up into small



Addi tive 102 may include a substance for nodifying the magnetic properties
of the resultant 1081 112. For exanple) titaniumor cobalt nay be added to
partially replace the iron in the barium(strontiun) hexaferrite. Additive
102 may al so include a conponent that enriches the iron content in the
m xture. For this purpose, additive 102 may include iron. Additive 102 may
thus i ncl Udiecestand eventually, ppwear-ike aﬁrtldeaarfr@%u%p@mcasrr@vef feesh ¢ or

ferrous o |ve 102 and

t he concexé ?togﬁrﬁgl %g%: ?g Qﬁ]a\rvmcﬁgrppgg ?Hé‘\ﬁ@ ¥eég'8ﬁ9 eleZ may vary
dependi ng mceeequknoswhenctwbrwmeela‘rem pentacefo assustained peribd @fis of the
treatnent. Additive 102 may be solid, |iquid, or gaseous. Thus, additive
102 and t HEG; $YGhas wﬁ&nwégeﬂgnt%wdfﬂﬁ'%mvrﬁ's?&@5% 10 may vary so |ong
as they, in conbination, induce, facilitate, or pronote one or nore

cheri cal react s afpiiigisitadRUARLIGE £ Figheridiay Addrafital baRhGA2

Resultant 108 (or 112 process Is a gnetic material including a
conposite mchraasgaevibrate‘deball mél, @lah%arryfbaﬂtmélr atttition oulls leisstibert i for

Ad I f fi I h
magnet | ¢ PR S PRRREING 21 s incnine ke S U el e n e
exanpl es dgefichBRsb A Bal nﬁl‘ﬁrdllicﬁ'ﬂ;té*gom ﬁfdﬂérﬁ’al%@ﬂ @ﬁuh‘%ﬁoﬁﬁafﬁiﬁél%t Ic

starting materials wthout further separation of the magnetic ferrite from
t he ot her HWigbrinetic em@rgtmesepmdrt@ttreeitotalrcﬂwgendurmggml gttarcauses,

neat t 1 cacheeny 8P AL sBlie RS B ppeelReRle iR eatneihdihd
si ntering With b Walldonhew ¢dlﬁaiﬁ\ent'ﬁ1é3mrlhm@mdti‘owﬁauk@8 répeatelii gh tenperature
and t hen aIIovvs it to cool s|lo During m|ling, internal stress and

st r uct ur al defefraatien. feactyre and ?QJGW@'"QMP@NV@?&)PE‘@% fudagppl-pamdest the
magneti c pl{,é]pgﬁ bgff B(thep (ﬁpéd”%%'{gaterl al. As is known, annealing may

rel ease interna ess and cure Tnternal structural defects in a materi al ,
t hus causi ng desi rabI e changes in the material's magnetic properties.
Siintering is td\Adb‘laO&aptmiLm:esmesdtammarthairmay@pﬂenalq bekubjebtechteat i ng. The
mlled m tur b eat ed n esired attainable tenperature for
2 parti culieatiabeBt. SHrerertfeaentingy bR FRetigsee dhaomoc.
Heat | ng thQ% hF&@%@hﬁﬂé‘?@sd’l‘l&htﬁ%'n‘réﬁ@é%r&ﬁ@edRf&ﬁ@h@@té@frn%attrﬁpn desired
subst ances or exa i hexaferrites typically format a tenperature

hi gher tha\rE9§§b1@tC8pm mgsuigntrid@ui re heating to tenperatures up to 1000
C. Resultant 1081112 produced by the exerrpl ary process 10 incl udes a
significant anoy [ formof a
magnetic ferri tlérgpﬁ%t'%%?’%llpo a(P'Porms fdor rrearégé% W'ﬁ‘rd 'H] ar ing slag

100, addi tfovm rﬂa&mreamall whach istthe atamting maresial tosyd tréidid1 12 rray i ncl ude
conposites of nagnetic ferrite crystal lites in a nonmagnetic matrix. For

exanple, resultant 10811 2 r sul.ti n tre er sI accordi ng
to process 10 E’ meg %?ﬁéﬁf&)gpmcgpg ?’gf‘ﬂ a matrix
of non- magged b&é?*ﬁ&ﬁﬁp@é@@srﬂé p?béb"sse@%(ﬁd ArdliRs rﬁﬁlﬂp@t®mﬁ§$éﬂt§ ant 108/112

may be used as starting material for, for exanple, manufacturing permanent
magnet s an@nawditke cempeoentsi la@ronetnoetly irethe foamtofigan axddesraPtherdypicahpri se

car'ci um 51 §abp SeREd fo"Tpg e Sidd GHes B8 R AP e et ¢
cement is guitiant oxatey adll dnimihuee BRiles slagvﬂ)mma@aae & c@pbeb@lag&tﬁ(ﬂa for
m cr owave absor ption, EMC magnetic shi el , hon-destructive failure

anal ysi s, 1#agmag, ANSURaY SoBLaN A IgnITeaNt AR WLekiToBi GXdas. UsHall e¥n ons.
Ve t
bRl © @Yo ] by PIOYRR. 5] GBI ) BB bl gt

2Ca0' Si 0) such agwustifeq(FeQ)nmagestie (F8;0g), ramd Hematitei(Be)Q;)uben sdisatehe
starting e fact n nts,, ver, the cements produced
from sl agn&[ﬁé&?@n%\ﬁ%qr 6?*89(% @3)n§;5re p\é\gh@proqgégl ﬁ?be 102 may
al so_cont apfdRchb§iheYfgs %’ﬁﬂeﬁﬁfe% a Eﬁ%LWt%f riehfikliloh drfiksh ARy be added
as additive 102 to the“slag 100 and the resultant 1081112 may conprise
nanoconposinayalsd bepraseritr és iame!intmpvet,imetallidfirdne magretite, agpwelliased
according to e nt s _ of e (g ventlonlsma tic,as a whol e,
Sonet | o RanEng BT e 7o N ErBlE ME L aeh BER SEORAY BTl WhBiPaBont ent
froma slag so the remaining slag can be used as an iron-free starting
material. In these cases, the magnetic forns of iron in the resultant
108/ 112 may be renoved by a known magnel ic or other process.

Advant ageously, both the magnetic porti‘on of resultant 1081112 and the

nonmagnetic portion (which contains little iron content) are of added
corrrrercr aI vaI ue. As vvr |1 be apprecr at ed after treatr ng a sarrpl e sl ag 100

o o o o - . -, = Y "



Magneti zati on (AnZl kg) Coercivity (tesla)Slag 10010 g of Slag 1< 1-Additive
1021 g of N 0--Resultant 108Contai ni ng Ni Fe20418. 5- The m xture was
mechanically mlled for forty hours. A SPEX 8000 vibrated mll was used as
mll 106. Several steel balls were |oaded with the m xture. The powder/ bal |
mass ratio was 10:1. The resultant is strongly magnetic with a high

sat ur at i onheragtiles wustites fropagiligateppd (S%"‘Prﬁt"éﬁeﬁ af'@%‘%fm@gﬁﬁt'cd?r HilYe Ni-ferrite

(~50 Ang/ er I t.S. Ll 1 LLiong tine
mat eri al | bﬂ g‘?‘flé(jg?aqrjf?eiﬁha-gﬁ%"ga?%gﬁwgfésf ﬁ%@ghﬁ@%ég%\& Serﬂxéé'lr'wl%l e, anot her
m xt ur e ofwédalkly sragneticriEraiuse tie wagonty Idf ddnfiotheslay is Wwenbymiagnetic and after
the mlli ntg the saturation magnetization of the mxture was only 5 An2/ kg,
i ndi cat i ngfo{/M&: SyGh 8 Bematite wWystite Hran glicatempdfeto-siisAeer, subsequent
heating of the same m xture to a tenperature of 800 C for 1 hour in air)

agai n resul ted Adqivé 992li 6HéseélriL§o ‘ﬂﬁtét%rﬁir&%&ﬁt@miﬁﬁ‘cgﬁggﬁéhtziﬁtél of 20

AnRl kg. Annealing the same mxture to tenperatures o 0 and 1000C
produced nt0G i@y dhaminally reack tasforimmagnetiafardite inugagltant 4080 rAddiiven

resultants 8 and 112 descri bed above. had very |low coercivity values (<
Sox10- o 1 cAfRmaY e 48R Bt SRRl PRBIA FatPeafans etdiletsidloV L E -
Produci ng N Fe204, ZnFe204 or Nio SZno 5Fe204 by adding N and/or Zn As is

wel | known, themMpagret 04 isphpearfor §5intd withini el 06TaYpRIal pargmhéterathagan be
i nproved by partial substitution of nickel by zinc (Zn). To denonstrate the

possi bl e i ¢at be eaptielledduing Blilling indyds colisionansrgy. s@llisianiieauRne, carri ed

cont ent Meche PO CmeRh SAYE T b iy &G B SBORBE Rl aH Bk Bae e 1025, 5

g of Ni .--ﬂResadrﬁainér,ldkﬂ(émﬁ,fén“d twnMrE&RGAMHemmléerhb)nﬂMEPOmr)\é: I
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112Contai i tifleSA901 FEBA4HREIRIIE nd IEHEIAD ISSRARTABigH | Vs used

as mill ours wth a powd ss'ratio of 10:T tor both
m:xt ur es anaurarn il redy varyodepenting 00 the&operatingepdrameténs odimill 406ptheher e. The

saturati on, BAnSt hidlie*fof hnd S5y Het trebtehlbdrhSimeiinRioddé 6 Ber
milling. The milling container of mill 106 may be filled with air or inert gas such
as argon or nitrogen. Other parameters may vary depending on the particular
situation. As can be appreciated, for mill 106 to be effective, at least some of

mixture 104 should be in solid phase.

As a result of milling within mill 106, resultant 108 including a magnetic
ferrite is produced. As will be appreciated, a ferrite is a compound with
magnetic properties formed from ferric oxide and a basic oxide or from ferric
hydroxide and a base. Typically, ferrites have a chemical formula

AFenOn,

where A may be a suitable element or a combination of elements. For
example, A may be a metal such as iron, nickel, cobalt, manganese, barium,

strontium or the like.

Thus, the magnetic ferrite in resultant 108 may, for example, be one of
magnetite, cobalt ferrite, nickel ferrite, manganese ferrite, barium hexaferrite,
and strontium hexaferrite. Common magnetic ferrite in resultant 108 may have



were very different. The product of Production 2, which has the additional
Zn el enent, has a nuch higher saturation magnetization than that of

Production 1 and is conparable to that of conventional pure nickel ferrite
magnets. The hysteresis |oop of Resultant 112 of Production 2 is shown in

FIG 2 together with the hysteresis Ioolg of sanples fromuntreated Sl ag 2.
As can be aemulasFagO2 CofeePaldliren@gidnl e)O0pNibghly MnaEePa, Zneslesence of

weakly ma | cAmated al~ such it sral | { ghetic
phase. sudERRiRR ST eeQpeh BARREEnDe S SFRE 0k (BN Pay B R,
resul tant cvaitirttisargoedambg ie0 iof aprialeger betvean 1 apldes)f or soft magneti c
applications. EXAVMPLE 3: Produci ng BaFe~20~9 by addi ng excessi ve BaC03
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g of Slag 1< 1-igdafly\iesytiont P& maydeglade spigl ferrtesinaving e shemigal

BaFe, 20~9 h 3 r N r i e same way as
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rangi ng bdietwean 00and ¢, 0t & fHr4.o1fe .Bamd .Bn air and sintered at 1000 to
1100C for three hours in air. The anpunt of additive 102 added is the

m ni nrum anount Ae%iredto]r%ﬂj onyert all iron oxides gr ferro-silicate
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m xture is needed to ensure that sufficient bariumis available for the
f or mat i on resulRMe080 consiafst efrsmalbpanjiclesuwdh sizes typically imthesiaggefafcant

f i h . i f d. Th I 108 d I
Sarue of <t BN kb Siafiut & Pihaolfifs IT RPN dhe magnetico
property Valilpsiysdepersen; EoRagbartadeadfony aiffastsatcrtirs Iagaeal i ng. The

saturation magnetization of the resulting material is approxinmately 20% of
the saturation nmagnetization of pure Ba-hexaferrite, suggesting that
appr oxi mat el y Zopi@nallynhmixtee 104 At resuitant 108 maybe skbjected teHeat®gul t ant has

a coercivi i i S r 1 . V, f

convent | oribeiedtedle DR Rrdktbfilet M ERimRar S R By Pt Rt 198 e

hi gh coer dsyrévided td heatingeésset 140 tafdrm seduitaat mixtuee 112.i Optisnally, particle
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as pernmanent magnets or ordi ng nedi ter sintering, the powder is
near |y fulmhgy femsthe magnetic fesritteorséantributedd dse farmation aftbemeadredic density

f th it Th i ' t t ' ignifi tly, |
Chan 'si nt dRITg % e euentid iz, A Aodd e todGnade BB ML & nagne: s
consi st i ngy RfwdriempBratare Pribeaadultdit 108aHSEH IR thePmidUrY £04 ththREIRtature is
due to the presence of silicon oxide and ot her oxides which reduces nelting

t enper at urkeastmilled2. The tightly packed dense material is suitable for use
as permanent magnets. In the above exanpl e, barium carbonate can be

substituted by l E@d}g r ; cé?.g) j rantium
hexaferrite (Sr%éﬁ%Hg;Wﬁaqgé e s{:%fﬁr%g%‘?@g%égﬁ |€%gtr6?a(§€&tnﬁfe“hgonposi tes
produced camd bptiorsd theating teayt bengxpretssedals for, e.g., bonded magnets or
magneti c recordi ng nmedi a. EXAMPLE 4: Produci ng BaFe~20~s by addi ng BaC03

and NaC03 14 | n,.Exa e 3, an excessive anmpunt of_ barium carbonate was
S0ded o eneur AMIS Beian ferols CampoORT0GS TAGS CISRTE bOY- R e

possi bl e formati on of compounds such as BaO-Si 02. Alternatively, the

formation of Bafs $hOQId'BY apisredisfed &féidel TORShA Gortdlss é&hg@ﬁérﬂrbfoé'la@i licate
conpounds that are nore stable than Ba0O-Si 02, such as Na20-Si 02, as
denonst r at H0 heed hotreachwitheath dhendisadtlyn Gudditives 102 maye fora¢xample,

Cont ent Magnet i zat,i AnPl ka) (tes] a).Slaa 1005 f. Sl 25-Additive 1021.2 ¢
of Baco3 88 gty gRo dass ek dheie st Arlinng B2 SlilSo s e
m xt ur e vWasarfitipb&inadilintediiiatetehbfors AFDONEESTEEerfss bisUera@akBors

that results in a reactant in the final reaction. For example, additive 102 may

be converted into an intermediate as a result of milling; similarly, the slag or

its ferrous component may be converted to an intermediate component.



Ba- hexaferrite was forned after sintering at 900 to 1000C. The saturation
magneti zation of the resultant is about 30 to 40% of that of a conventi onal
Ba hexaferrite magnet. FIG 3 illustrates the nmagnetic hysteresis | oop of
the resultant 112, in conparison with the hysteresis |oop of untreated Sl ag
2. 'EXAVPLE_5 - Produci ng MiFe204 by adding Mh In this exanple, material

i ncl udi ng Bresenintesmadiates prmeinterpchwiia e@égmtmrémﬁ additive;ans/eckes sini | ar

to that of ; ' YA + 2l :

cont ont NegER T (v B B LB A SRR B st et ve 1024, 7
g of Mh-- 15 Resul tant 112Contai ni ng conposite of MFe20430- 35<

50x10' 5and sPut aaofflee wayst ure was milled using Fritsch 5 planetary m Il for
48 hours. The m |l ed powders were anneal ed at tenperatures in the range of
800 to 1000C, The resultant 112's saturatign magnetization is abouj. 40% of
convent i onal AgRLtive+ shag ( %@mﬁ@n?wg Ex iMprmae '?teé"‘t(lﬁ) 2 inferm F&ze)nt i s

suitable for sqft | Ci l-hcat) Eféﬁi\(gl,r ), cing Co-ferrite by
addi ng Co Nat—gr'r'aigalgg)bﬁrb{eeqtﬁ@g%lr)a_?mg t'gcne |zaﬁgﬁr¥c{&9n%¥kg) Coercivity
(tesla)Slag 10020 g of Slag 25-Additive 1023 g of Co--Resultant

112Cont ai ni ng @fedlréé the0ékatt Thie ofithe additivad0@) hiiling anttheatihgivtibch 5

pl anetary ball mll for 20 hours with a rotati, speed of 250 rp The
M ed m 3eRend R the-FRmPesan of glagetod: e soaeliaadhitived 02 troisoetsaed

sintered ihQr | id 2Bt i ned
Co-ferri tg&%g@ﬂ@ghg, %@@Eﬁ'ﬁ?@ﬁ{'ﬁ%ﬂé‘ gﬁtgt’ﬁ %@(ﬁpg outI %gﬁg@nﬁgﬁat of pure
Co-ferrite (80 An2/kg). After annealing at 900 and 1000C, the resultant

exhi bi t ed good Amgnemplanyadiditivei H32 ingkuidels| hasiunatadonate-(BaCQ@s), Widch

Ivity h .hi gh 1.h hat ~ Qf. - f It d d_by.. ti |
methods, | VRPLRSHS il B ot a8 FRRI0A i SaLd shd RO Qi Sl E ncer o wer o
ggnsa Y pasdrfitn hexaidrtite (BaFel Olu¥ intheFefaddrmiingreadibri:i onal Co and Fe203

12FeSiO; + BaCO3 + 30,— BaFe;049 + CO, (T) + 12Si0,
(1)

Similarly, additive 102 may include nickel monoxide (NiO) that may be
added to produce nickel dioxide, which in turn could react with ferro-silicate
(FeSiO3) in slag 100, in the following reaction,

2FeSiO3 + NiO; — NiFeO4 + 2Si0Oq (2)

As is apparent, nickel dioxide could similarly be added directly as an additive.
Alternatively, metallic nickel may be added as an additive.

In the above examples, barium carbonate, nickel monoxide, or metallic
nickel as additive(s) induce and facilitate a ferrite-forming reaction in which
the products include a magnetic ferrite, such as the exemplified barium
hexaferrite or nickel ferrite. Other suitable additives include cobalt,
manganese, strontium, and their oxides or carbonates, which may
respectively induce the formation of Co-ferrite, Mn-ferrite, and Sr-hexaferrite.

Additive 102 may also be added for purposes other than inducing a
ferrite forming reaction. For example additive 102 may be added to avoid
formation of an undesirable substance or to form a certain desirable



Mat erial content Saturation Magnetization (AnRl kg) Coercivity (tesla)Slag20 g
of Slag 25-Additives6.1 g of Co + 10 g of Fe203-- Resul tant Cont ai ni ng
CoFe204550. 21 The mi xture was mlled and subsequently heated in the sane
way as described in Exanple 6. In this exanple, the saturation

magneti zation of the resultant has been enhanced by adding extra iron oxide
and net al | subséaneg. For instaes Ancadditve meytheadded taiphilil or redueethe i n t he

final resultaghon CPABARGENER. dHnd SEHA aindf &t sdfifpsat urati on
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same. EXAMArboRate (RiapC@:) htayieg adtied forawdntingahe favinmatiosh sariunt y Mat er i al
cont ent Magneti zation(tesl a) (An?l kg) Sl ag 10010 of Slag 25-Additive 10220 g
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hour. An Xor forming magrictiorcementi(basedon HiOREa®ksul t ant 112 i ndi cat ed t hat
the resultant 112 was mainly a m xture of cobalt ferrite and cal ci um

ilicates, whi Iy, i.tabl e, f ti d | i ent. M ti
Pydr aal o cemerhIdie ADATREY B R ayRSience far motinGg e MASTRRG e rite or
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Fel Fe304 nanoconposite by addi ng netall eria

cont ent Sataddad tnpanigheraptace the ifanin the)tasisim(strontum) bexafesitag 10010 g of
Slag 11-Additive 1022 g of Fe--Resultant 112Fe30~I Fe nanoconposite~30 The

m xture 104 was, Qi | ) 1L Wi pal | / powder
mass ratio of 1'6&1&'1‘/%’?!853@%%?[%% E@Sg%C%S?rg@ﬁ)ig%%n%%%gpgI"JI%i%ne m xture
of metal ic¢antentia theshiktuee. Fordbisngurbase daddithah 202 mapieeiudesieamy
measurenent. The resultant 108 was heated to tenperatures in the range of

200 to 700&ddifve d@2dBay Eseinsiudednetaliigdfon. dogcrionpber @xideserdh®icr yst al | i ne

ferric or ferrous oxides, iron salts and the like.

The quantity of additive 102 and the concentration of each particular
component within additive 102 may vary depending on the purpose and the
specific parameters and conditions of the treatment. Additive 102 may be
solid, liquid, or gaseous.

Thus, additive 102 and the milling and heating conditions in process 10
may vary so long as they, in combination, induce, facilitate, or promote one or
more chemical reactions producing magnetic ferrite in resultant 108/112.

Resultant 108 (or 112) of process 10 is a magnetic material including a
composite of magnetic ferrite and some other chemical substances.
Advantageously, the magnetic ferrite contributes significantly to the magnetic
property of resultant 108 (or 112), as will be demonstrated in the examples
described below. The treated mixture can be used as magnetic starting
materials without further separation of the magnetic ferrite from the other
chemical substances.

As noted, after milling mixture 104, resultant 108 or a portion of
resultant 108 may optionally be subject to heat treatment in heating vessel
110, which may include annealing or sintering or both. Annealing heats



Fe and Fe304. Since netallic Fe and Fe304 may be oxidi zed into Fe203 at

t enperatures above 700C, it is preferable in this case that the heat
treatment is pertorned at tenperatures bel ow 700C. The resultant 112

i ncl udes nmagnetic nanoconposite of Fe and Fe304 in a matrix of other

non- magneti c oxi des, which was confirned by X-ray diffraction, nmagnetic and
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by a persor-of ordinary skill in the art. For exanple, while in the
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19  WHAT Pddes augiepsSi02,10aQ, Alblsedn sitapt Ho8/itdgreay be vaedasal from
a slag co O&Rh addi ng an
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addi ti ve amagsaticlrécardiogsmediaponent to i nduce a reaction to forma magnetic
ferrite having a chem cal formil a AFenD~, wherein A represents one or nore

el enents, and rr contrlbutes Sy tantially to t

manet i o pr oper Reedialt arti by elsd Sapkst Hiorpte At piicles. SpbH i m 1,
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process of claim2, wherein said high energ mechanical mlling provides a
19

col | i si on ésRe @y magnetie cemeyy. Megoetic eemenbisj rateatially offrigh pemerersiabf cl ai m
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reaction. Focess o | arm wher ei ng corrprl ks at
| east one mbn-destructlve failure analysis, magnetic concrete structure, and other similar

applications. Magnetic cement is at the present not commercially available. In
most hydraulic cements produced today, two calcium silicates (3Ca0’SiO;
and 2CaQ’Si0) are the major components. Slag has been widely used as the
starting materials for manufacturing cements. However, the cements

produced from slag using known technology are not magnetic.



anneal ing and sintering. 6. The process of claim5, wherein said mxture is
heated to a tenperature in the range of 200 to 1200C. 7. The process of
claim1l1, wherein said additive acts as a catalyst to formsaid ferrite. 8.
The process of claim1l, wherein said additive inpedes a chem cal reaction

that conpetes with said reaction to formsaid ferrite_ 9. The process of
claim 1, whereifdditiye 18ddnay alsoconhrin alermpussubstancey5ef axaeres as to

| ncr ease | £ RRoRLEMay B 88h8d B tddifis 62 1oHE MPI66 BrBinelakdiaty Wherei n
sai d ferrous substance conprises one 20 or nore of iron, iron oxides, and

i ron sal t s108/112 hirsy eoraprse nahocdraposifes offiraetal ironand megnétitee conpri ses an
el ement selected fromthe group of barium cobalt, iron, manganese, nickel,

strontium titanj d zinc. 12. The, f claim1, wh [ id
magnet i ¢ ferri (ONiE aEaf ProjiyRed aceordiig (o FmRRdRENs of the BIESSAL i um
hexaf erri tiﬁv?ﬁﬁﬂ}?‘ilstmfa%éﬁéés ari/l/riﬁ‘dé@,' sdrBEfimES it i8AdsBNEaneemolBrds te. 13. The

process of claim 12, erein sa magnetic material conprises a conposite
of sai d nagwehias gassitile thaninon sontembrfrgnea istagssh thearereaining. slageapibecess of

claim12, wherein said nagnetic terial,,conmprises,a nanogonposite of iron
and oai d riHLET EnpRITTPe SEENG e ol RubESERasBE e HASTRIETBIRS o o
magneti ¢ fiesn irf helt@SuRaitorgBM R2 Arlyasd Rindved by Bkrdwetimaghelt bedfer Ni 2Fe04,
Ni MnFe04, MFe204, and Mi2Fe04, 16. The process of claim 12, wherein said

magnet i ¢ fRIOCES® Adandagenusly, Lot themagnetic prrionnfgesdltanif1 08/t 2and,

brocess of e NGNS Ertbh CuiEh AnlAhT MR RF foend ofd ofghled = > T

XYxFe~2_ xQemmureinkvafueés barium or strontium Y is cobalt or titanium and
Xx is 0 or an integer between 1 and 5. 19. The process of claim 12, wherein

said magnetic ferrite has a formula N ~ xZnxFe204 or ~ X ZnXFe204, where
0<x=1. 20. The g?&‘ﬂ Be appregiated @hem%@tm%a§§m?‘?’r§@ﬁe GUspg@N al is a

conposi t € gxemplary process 10, the saturation magnetization of the resulting material is
substantially higher than that of the original slag. The coercivity of the
resulting material may vary in a wide range as it can be adjusted by varying
the additives, in addition to heat treatment.

As is well known, the magnetic properties of a material are reflected in
its hysteresis curve or loop. A hysteresis curve shows the magnetization of a
material as a function of the applied magnetic field. Exemplary hysteresis
curves are illustrated in FIGS. 2 to 4. On each hysteresis curve there are
three significant points, corresponding to three significant characteristics of a
magnetic material. The highest point on the curve indicates the maximum
magnetization a material can achieve under an external applied magnetic
field, which is known as the saturation magnetization. The x-axis intercept of
the curve indicates the magnitude of external field needed to bring the
magnetization back to zero, which is known as the coercivity. The y-axis
intercept gives the magnetization at zero external field, which is known as the
remanence. Different materials have different values of saturation
magnetization, coercivity, and remanence. Generally, the higher the
saturation magnetization value, the stronger the magnetic strength. The
desirable range of coercivity and remanence vary depending on the
application. Sometimes, hard magnets, which have high coercivities and

10



of said magnetic ferrite in a nonmagnetic matri x. 21. The process of claim
1, wherein said magnetic material is a nagnetic cenent. 21 22. The
process of claim 21, wherein said additive conprises one or both of cal cium
oxide and silicon oxide so as to forma calciumsilicate based magnetic
cenent. 23. The process of claim 1, wherein said slag conprises nore than
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6109%& ()-F*@10%&' ()- $ . L}[OW; )!1s910%& ()-!Y+ 10%& ()-9!Yl 10%& () -
3 109%& ()-!VY10%&' ()-F- 10%&' ()-LNOPQCOC )! 10%& ()-Y910%&' ()-Y

1098 ()-Y10%& ()- 10 10 10f, >s109%&' ()-CS dEbC )!Y109%&' ()-3 L10%&' ()-3
109&' ()-Y 109%& I()Z);pe,nr_nLgn@i (9stits indiggte thatthempitling time materially affect the

- @0% () - bR dton GFIQ s itant. Por xaHipI6) anth8fhiktlid 8f the same
composition was milled for only twenty hours and after the milling the
saturation magnetization of the mixture was only 5 Am?%/kg, indicating that little
Ni-ferrite had been formed. However, subsequent heating of the same
mixture to a temperature of 800 °C for 1 hour in air) again resulted in a
resultant 112 with a saturation magnetization of 20 Am?%kg. Annealing the
same mixture to temperatures of 900 and 1000°C produced no significant

increase in saturation magnetization.

Both resultants 108 and 112 described above had very low coercivity
values (< 50x10° tesla) and are suitable for soft magnetic applications.

EXAMPLE 2: Producing NiFe;04, ZnFe,04 or NigsZng sFe,0, by adding
Ni and/or Zn

As is well known, the magnetic properties of a nickel magnetic material
can be improved by partial substitution of nickel by zinc (Zn). To demonstrate
the possible improvement in magnetic properties, two productions were
carried out in this example.

Production 1:

Saturation . .
Material content Magnetization Coercivity
( Am?/kg) (tesla)
Slag 100 20 g of Slag 2 5 -
Additive 102 3.8 g of Ni. - -
Resultant 112 | Containing NiFe,04 29 < 50x10°
Production 2:
Saturation Coercivity
. Magnetization
Material content (tesla)
(Am%/kg)
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109%&' () - Sl ﬁ@é&lt&ﬁtﬂ@"/ obhtaﬁ{m’g)m&%ﬁ@d&m@ Y)Y!3UPR () <4B@BE () - &
109K ()-| 1098 (V- YZ100UR' (V- 100K () - <5np5H Rf R7r||:~_@ ) YE. 100/&_9- n3

, F109&' F&* 10‘V F (Y %LO‘V
O- rﬁgch é planetary(r%\lll was used gg; mill 106 for 48 hours with a

powder/ball mass ratio of 10:1 for both mixtures and annealed to 900 and

1000 °C for one hour in air atmosphere.

The saturation magnetization of resultant 112 in the two productions
were very different. The product of Production 2, which has the additional Zn
element, has a much higher saturation magnetization than that of Production
1 and is comparable to that of conventional pure nickel ferrite magnets.

The hysteresis loop of Resultant 112 of Production 2 is shown in FIG. 2
together with the hysteresis loop of samples from untreated Slag 2. As can be
seen, Slag 2 is weakly magnetic, probably due to the presence of weakly
magnetic material such as hematite and a small amount of magnetic phase,
such as metallic iron, magnetite, and ferrite. in contrast, the resultant exhibits

good magnetic properties suitable for soft magnetic applications.

EXAMPLE 3: Producing BaFe420+g9 by adding excessive BaCOs

Saturgtio_n Coercivity
Material content Magnetization
(Am?/kg) (tesla)
Slag 100 10 g of Slag 1 <1 -
Additive 102 2 g of BaCO; - -
Resultant 112 Containing BaFe,04g 13 0.35

The mixture was milled for twenty hours in the same way as described
in Example 1. The mixture was then annealed at temperatures ranging
between 700 to 900 °C for one hour in air and sintered at 1000 to 1100°C for

three hours in air.

The amount of additive 102 added is the minimum amount required to
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The magnetic property values shown in the above table are measured
after annealing. The saturation magnetization of the resulting material is
approximately 20% of the saturation magnetization of pure Ba-hexaferrite,
suggesting that approximately 20% of the resultant 112 is Ba-hexaferrite. The
resultant has a coercivity of 0.35 Tesla, which is nearly twice of the value of
conventional Ba-hexaferrite permanent magnets. As may be understood, the
high coercivity of the final resultant is likely due to its small particle size, which
is close to or below the single domain particle size (1 um). Small particle size
is a convenient benefit of mechanical milling. As can be appreciated, the
resultant had good magnetic properties and can be used as permanent
magnets or recording media.

After sintering, the powder is nearly fully dense, i.e., its density is close
to the theoretical density of the composite. The sintering temperature range is
significantly lower than sintering temperature required for conventional Ba-
hexaferrite magnets consisting of pure BaFe 2019 and the reduction of
sintering temperature is due to the presence of silicon oxide and other oxides
which reduces melting temperature of SiO,. The tightly packed dense material
is suitable for use as permanent magnets.

In the above example, barium carbonate can be substituted by
strontium carbonate (SrCO3) and a composite of Strontium hexaferrite
(SrFe12019) may be similarly produced. Either of the composites produced can
be used as starting material for, e.g., bonded magnets or magnetic recording
media.

EXAMPLE 4: Producing BaFe1,019 by adding BaCO; and NaCQ3;
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that are more stable than BaO-SiO,, such as NayO-SiO,, as demonstrated in
this example 4.

Material Content M:;:“:;?:::i’:m Goeraivity
(Am?/kg) (tesla)
Slag 100 5 g of Slag 2 5 -
Additive 102 1.2 g of BaCO; + 1.76 g of NaCO;3 - -
Resultant 112 Containing BaFe1,019 20-25 0.3

The mixture was milled and heated in the same manner as in Example 3.

Ba-hexaferrite was formed after sintering at 900 to 1000°C. The saturation

magnetization of the resuitant is about 30 to 40% of that of a conventional Ba-
hexaferrite magnet.

FIG. 3 illustrates the magnetic hysteresis loop of the resultant 112, in
comparison with the hysteresis loop of untreated Slag 2.

EXAMPLE 5 — Producing MnFe204 by adding Mn

In this example, material including of Mn-ferrite (MnFe.04) have been
prepared in a process similar to that of Examples 1 and 2.

Saturation Coercivity
Material content Magnetization (tesla)
(Am?/kg)
Slag 100 20 g of Slag 2 5 -
Additive 102 4.7 gof Mn - -
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EXAMPLE 6: Producing Co-ferrite by adding Co

Saturation Coercivity
Material content Magnetization (tesla)
(Am?%/kg)
Slag 100 20 g of Slag 2 5 -
Additive 102 | 3 g of Co - -
Resultant 112 | Containing CoFe,O4 45-50 0.2

The mixture was milled with a Fritsch 5 planetary ball mill for 20 hours with
a rotating speed of 250 rpm. The milled mixture was annealed at
temperatures between 700 to 1000°C and sintered at 1000°C for three

hours in air.

The resultant contained Co-ferrite and had a saturation magnetization
about 60% of that of pure Co-ferrite (80 Am?%/kg).

After annealing at 900 and 1000°C, the resultant exhibited good magnetic
properties, as illustrated in Fig. 4. The coercivity is much higher than that
of Co-ferrite produced by conventional methods, which is normally less
than 0.1 Tesla. The sintered powders were densely packed.

EXAMPLE 7: Producing CoFe,04 with additional Co and Fe,O;
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Resultant Containing CoFez04 55 0.21

The mixture was milled and subsequently heated in the same way as

described in Example 6.

In this example, the saturation magnetization of the resultant has been

enhanced by adding extra iron oxide and metallic cobalt to increase the

fraction of magnetic ferrite in the final resultant. Compared to the resultant

of Example 6, the saturation magnetization was significantly higher

whereas the coercivity remained the same.

EXAMPLE 8 — Producing magnetic cement
Saturation Coercivity
Material content Magnetization (tesla)
(Am?/kg)
Slag 100 10 g of Slag 2 5 -
Additive 102 | 20 g of CaO + 1.5 g of Co - -
Resultant 112 | mainly a mixture of CoFe,O, and ~30 0.2
Ca0-SiO,

The mixture 104 was milled for 24 hours in a Spex mill. The resultant 108

was heated to temperatures from 900 to 1000°C for one hour.

An X-ray diffraction examination of the resultant 112 indicated that the

resultant 112 was mainly a mixture of cobalt ferrite and calcium silicates,

which is suitable for use as magnetic hydraulic cement. Magnetic

hydraulic cement containing other magnetic ferrites such as Ni-ferrite or

Mn-ferrite may be produced in a similar process.

EXAMPLE 9 - Producing Fe/Fe30O4 nanocomposite by adding metallic
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The mixture 104 was milled for 24 hours using a Spex mill with a

ball/powder mass ratio of 10:1.

The resultant 108 comprised a nanocrystalline mixture of metal iron and

wustite, judging based Mossbauer spectroscopy measurement.

The resultant 108 was heated to temperatures in the range of 200 to

700°C. At these temperatures, wustite decomposed into nanocrystalline

Fe and Fe30,4. Since metallic Fe and FezO4 may be oxidized into Fe;O3 at

temperatures above 700°C, it is preferable in this case that the heat

treatment is performed at temperatures below 700°C.

The resultant 112 includes magnetic nanocomposite of Fe and Fe;O4in a

matrix of other non-magnetic oxides, which was confirmed by X-ray

diffraction, magnetic and Mossbauer measurements.

The magnetic properties of the Fe/Fez04 nanocomposite can be improved

by partially substituting the Fe element in the additives with other

ferromagnetic elements such as Co, Ni, Mn, and the like. For example,

adding cobalt may result in a product suitable for making permanent

magnets and recording media and adding nickel or manganese can

resulting in a product suitable for soft magnetic applications.

As can be appreciated, magnetic materials can be extracted from waste

slag 100 by applying the exemplary process described herein. The

conversion rate of iron from nonmagnetic form to magnetic form is high.
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110% & () resultant is conveniently obtained without having to subject the resultant to
additional processing steps. These properties include, for example, small
particle sizes, uniform dispersion of component elements and compounds,
formation of composites and nanocomposites, and etc.

The exemplary embodiments of the invention described herein can be
modified in any number of ways understood by a person of ordinary skill in
the art. For example, while in the exemplary embodiments only slags are
used as the starting material, it is possible to use other industrial wastes or
other wastes that contain ferrous component. Such other industrials
wastes may be wholly or partially solid and may include what are known
as sludges. In addition, while mechanical milling is applied in the
exemplary embodiments, other mechanical processes and techniques
may be used to deform and fracture the slags and to disperse the resulting
powders evenly. Further, additives may be mixed with the slag after some
milling. Alternatively, additional additives may be added after a step in the
process. For instance, certain reactive gases may be introduced during
the heating step. Other modifications may include removing or extracting
certain materials from the mixture during or after the process.

The invention, rather, is intended to encompass all such modification

within its scope, as defined by the claims.
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10.

adding an additive to said slag to form a mixture;

milling said mixture, causing said additive and said ferrous component
to induce a reaction to form a magnetic ferrite having a chemical
formula AFenOn, wherein A represents one or more elements, and
wherein said ferrite contributes substantially to the magnetic properties
of said magnetic material.

The process of claim 1, wherein said milling comprises high energy
mechanical milling.

The process of claim 2, wherein said high energy mechanical milling
provides a collision energy in the range of 0.1 to 1.0 joule.

The process of claim 1, further comprising heating said mixture so as

to further induce said reaction.

The process of claim 4, wherein said heating comprises at least one of
annealing and sintering.

The process of claim 5, wherein said mixture is heated to a

temperature in the range of 200 to 1200°C.

The process of claim 1, wherein said additive acts as a catalyst to form
said ferrite.

The process of claim 1, wherein said additive impedes a chemical
reaction that competes with said reaction to form said ferrite.

The process of claim 1, wherein said additive comprises a ferrous

substance so as to increase iron content in said mixture.

The process of claim 9, wherein said ferrous substance comprises one
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13.  The process of claim 12, wherein said magnetic material comprises a

composite of said magnetic ferrite and a nonmagnetic substance.

14.  The process of claim 12, wherein said magnetic material comprises a
nanocomposite of iron and said magnetic ferrite.

15.  The process of claim 12, wherein said magnetic ferrite has a formula
selected from the group of NiFe;04, NioFeO4, NiMnFeO4, MnFe, Oy,
and anFeO4,

16.  The process of claim 12, wherein said magnetic ferrite has a formula
COF6204.

17.  The process of claim 12, wherein said magnetic ferrite has a formula
BaFe1201g or SI’FG12019.

18.  The process of claim 12, wherein said magnetic ferrite has a formula
XYxFe12.x019, Where X is barium or strontium, Y is cobalt or titanium,
and x is O or an integer between 1 and 5.

19.  The process of claim 12, wherein said magnetic ferrite has a formula
Ni1xZnxFe204 or Mnyx ZnFe, 04, where 0<x=1.

20. The process of claim 1, wherein said magnetic material is a composite

of said magnetic ferrite in a nonmagnetic matrix.

21.  The process of claim 1, wherein said magnetic material is a magnetic
cement.

21



109" & ()-1 13 10%"& ()- |1 FGLO%" & ()- 13 109" & ()-g9| [: vU410 |

|1 0GLO%" & ()-1 13 -10%" & ()-1 13 +Y10%"& ()-1 |1L*GLo%" & ()- |3
10%" & ()- |1,8&GLO%" & ()-, u}|[:-410P"l |,=10%"& ()-1 13 :MLO%"& ()-I
| Yf8109%" & ()-1 13 510%"& ()- | YF4 109" & ()- 13 1109%"& ()-' nbA410P'l | J

"POUR& ()-f 13_10%R& ()- J109%&R& ()- 13 109%&& ()- O .

+10%R& § 3 2210pT I‘QFWPF\é)%S[ ofelaigpef ( v?vbe@m/aa'd(e)do(@wem@mn%qs one 21 Hokxk: () -

| 109&& ()- 1,1 [ hd Ak AR ()i ‘ A = R [0 @ 03+-
0%tz % y-f ??/ ok g%vdef@ri'lrggﬁé%ri §”."9F§f%%i§ﬁ‘?f ™9 Fi‘é@éﬁg&@f%r mal "

"Headi ng 13] c" babeddiagnetidloemertieadi ng 33] ¢" "Headi ng 43]c" "Heading 53] c"
"Headi ng 63]c" "Heading 73]c" "Heading 83]c" "Heading 93]c"A "Default

P h t Y&, 5=Fd Y. gl.gh kP"' . 3: ,

DISLEL 003000 KIPRATARTS P WA pH Blale SadSipa spmRsisse smare dhamden

T' TNTy TTTUHUI UGkEHERE fRoH ixide 5y weight\ j |~ ~a: ahaTbgkd yI I | | mKooooopf pqaqr
>r st #UMuzuuv| wwwbs x| xygzzzz{{J}~hLgvwxyz{| } ~6Ti nes New RomanAri al Couri er

New'h Root EntryWr dDocunent " #$9&' () *+, -./0123456789: ; .
<=>7 @G\BCDRAGH SINRSIEAREAtsNa rpdyced istaeserdangedviih dir pecessed eigjm~
1.

25. A process for producing a magnetic material from a slag, comprising
milling a mixture of said slag and at least one additive so as to produce
a composite of one or more magnetic ferrites and one or more non-
magnetic substance.

26. A process for producing a magnetic material from a slag, comprising:

milling a mixture of said slag and at least one additive including
a ferrous substance; and

heating said mixture;
so as to produce a nanocomposite of magnetite and iron.

27.  The process of claim 25 wherein said ferrous substance is selected

from the group of iron, iron oxides, and iron salts.

28. A magnetic material, produced in accordance with the process of claim
26.
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