PROCESS OF PRODUCI NG MAGNETI C MATERI AL FROM SLAG FI ELD OF THE | NVENTI ON
The present invention relates to processes of produci ng nagnetic
materials, and nore particularly to a process of converting slag into
magnetic materi - | HE | NVENTI ON Sl.ags are waste products
from net al prodﬁgg%mgﬁg@gwﬁ%EQ N@Té%lﬁkaFyR@éﬂ Blédied to
produce useful materials. For exanple, slags have been used to produce
cenment, pozzolan, railway ballast, insulating slag wool, agriculture
fertilizer and polishing material. Slags often contain high contents of

i ron oxide and siFIFCDOPRIMEINVERNGORN | Y, the majority of iron in slag

exi sts in non-magnetic (paranmagnetic, antiferromagnetic and weak-magneti c)
forns, such as wustite (FeO, hermatite (Fe233), iron silicate (Fe2Si &4),
and ferro-silicatl@e(resprignventiomeslates joprocasses dfippodiding hagstg be in

magnetic fo oc! udi tallic.iron (Fe), netite (Fe3O4), and ot her
magnet i c fepﬁ?g@fé’ %ﬁ%%rﬁ‘@)aﬂ(ﬁ%rlﬁo? ﬂc%(.}seo CAVEHING sl ditetmagaelic ar e
usual |y fermategaleti c and ferrinmagnetic materials. Heating slags with a
reduci ng agent to elevated tenperatures can produce netal iron through a

reduction reactign. ver. it is typically necessary to heat the
reactants to extgmﬁﬁlgﬂbt@ﬁﬁéﬂﬁﬂﬁﬁgﬂﬂw ch may be inconvenient,
inefficient, difficult or even inpractical in certain circunmstances or for
certain purposesgidodr4rBeiasth _ not ~result in a
material with desiaraeéd properm%&tgﬁ'teoqﬁgﬁsﬁ?(ﬁﬁéu ?@ipr%géﬁ@gto be
further treRiiosassewSlagamayehe troatetbtoaroduos USeR WARHARS FbP eRSmpRIOVed

from the rggéﬂsﬂfﬁ E]% slag. | t ia al so known that nagnetic material’'s may be

extracted fTom s 5% eeEd tharadpee sement. pargolan, sailwap heallast, imsclatingc al

alloying) . dlagWRhaayricituretiertii s arid Sollghiy hitkeifli N0 treated is ground to
9

fine powders throu

Slags often contain high contents of iron oxide and silicon oxide.
Generally, the majority of iron in slag exists in non-magnetic (paramagnetic,
antiferromagnetic and weék-magnetic) forms, such as wustite (Fe0),
hermatite (Fe;03), iron silicate (Fe2Si0y), and ferro-silicate (FeSiOs). A small
portion of iron in slag may be in magnetic forms including metallic iron (Fe),
magnetite (Fe;04), and other magnetic ferrites. Magnetic forms of iron are

strongly magnetic and are usually ferromagnetic and ferrimagnetic materials.

Heating slags with a reducing agent to elevated temperatures can
- * ~ produce metal iron through a reduction reaction. However, it is typically
R necessary to heat the reactants to extrefneiy high temperatures, which may
be inconvenient, inefficient, difficult or even impractical in certain
circumstances or for certain purposes. Further, heat treatment alone may not
resuit in a material with desired properties. The resulting material needs to be |

further treated. For example, the metal iron produced has to be removed from
the rest of the slag.

It is also known that magnetic materials may be extracted from slags
after mechanical milling (also known as mechanical alloying). In mechanical
milling, the material being treated is ground to fine powders through
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~material. The above process may induce a reaction to

1 nmechani cal forces. Thus, as the slag is broken up into small particles,
where sone particles are nmagnetic and sone are not magnetic, the particles
can be easily separated by magnetic or other known processes. Although
reduct i on meehatican®oreas THuephatRERMg [LBLIKR Wsﬁ%tﬁar‘i{i‘dfésngv ghani cal
mlling, only a small portion of iron is converted from nonmagneti ¢ forns
to magnet is@mgl??fﬁsc'% e §radnehin anscsreimiccaie mitl maguoetir, dbe peeticled danrlge

mgnet (914 B . ol hagneis, dhegmmticle
Ponmagnet 1501 5o AratelbY gl b B Al ien BOSiesBe. pllnaba relotigmer i

portions otactmnshad dismavément @sictiohs They oskagdinh® hiharfeAMhRiy 2
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froma sl ﬁ% i.ncl udi %Ha fer%ous conponent, the process includes, adding an
addi tive 1HgEReRYIPmnPasaiedhe nagnetiq postionsief the slgg fram tid restgfthe

m xture. kRgEnfd ' | 1 f or produci ng
magneti c nntgg[ idz;fjéf: F%%Bgcﬁlg Fa%@g%@ﬁ]eg%aﬂ? g%r%(g'ﬂggﬁ%%;tgﬁgﬁtj&ow d process
conpr i si nipchairtiesarnnaithinefieetive neaiedficdbagint eorfvering skigdhts fiagridtlc ng sai d
m xt ure, %%%I%g said additive' and said ferrous conponent to induce a
reaction Wo rma magnetic ferrite having a chem cal fornula AFenOn,
wherein A represents one or nore elenents, and wherein said ferrite

-contributes sulPhbssforalth¥rd i8 4 ﬁ@edrﬁgr@b}gceéymg%éh %gé%ﬁggﬂgn&gnet i C

I gnetic
ferrite Giyely.comatt azlag thtoral magretiomatesial.cont ri but es substantially to
the magnetic properties of said magnetic material. In the

chetni cal " t or iy MRSEPOF THE INVENTION

Disclosed herein is a process for
producing magnetic material from a slag including a ferrous component, the process
includes, adding an additive induce formation of a ferrite to the slag; and
milling the mixture. In a first aspect, there is provided a process for producing
magnetic material from a slag comprising a ferrous component, said process
comprising: 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 AFe,O,, wherein A represents one or
more elements, and wherein said ferrite contributes substantially to the magnetic
properties of said magnetic material.

The above process may induce a reaction to form a magnetic ferrite having

a chemical formula AFe,,0, that contributes substantially to the magnetic

properties of said magnetic material. In the cheficalformula AFe,O,, A
represents one or more elements. "



represents one or nore elenments. 2 Exenplary additives include barium
cobalt, iron, manganese, nickel, strontium titanium and zinc, calcium
oxi de and silicon oxide. Exenplary fornmed ferrites include CoFe2(4,

Nl Fe2dX4, N 2Fed™4, Ni MnFe04, MFe2O4, M2FeOQ, ZnFe2O4, BaFel20198Sr Fel2019.

© XYxFel2, 019, | 1 um o strontiu Y is cobalt or titanium and
X is 0 or tan rlﬁﬁég‘é’?& ﬁ?@@@#ﬁ*“&%’%@amﬂmw@ alf. drorp anangarkese frickol t e,
st r ont i unstrentafreptinienpah g W farrite,. anese ferrite and
spinel ferrites h vi ng band zine! ?%ﬁ"ﬂ?ﬁ‘ﬁéﬂﬂfﬂ@?h VSRR, vher e
0<x=1. Di 85"8538 8P diiglugle CoRe,Og i ebOn, Ni e, NMAFBRYNRAriEe tat eri al from

a slag. T a Ssnpimcl jde 111ing m xture of the slag and at
| east onemggfj?('?i %@@?ﬁé’ﬁ%ﬁ@djﬁv%?pé@% ob o 19.aWhere Xtis hariune o xt ur e

to producdrantiumant ioopbalt betivhiuRIacd kii8 RSk frﬁ@g%} @%&‘Eﬁsﬁeﬂcg%dqﬁpem 1
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there is provided a.magnetic material produced I'n h the
process Jga@é?tiﬂﬁegaf'\’\"ﬂ%xﬁfeﬂﬁ@. it hexafertite, cdbakikite, HiBREE | S

provi ded farr i a netic material from a slag,

Compr i o1 o R angahBte B S ol Peies baungta fmuta dedufieioyorso as
to produddna Zndiepsj whens Qegei or nore magnetic ferrites and one or nore
non- magneti c substance. In a fourth aspect, there is provided a process for
produci ng a magnetic material from a slag, conprising: mlling a m xture
of said slag abibchised®@fdin RNEpradstidti iqnehy di ferr ubst ance: and
heating said mxture; so as t% pr osélfaiégrdgnﬁg#%co r%g§ﬁ%t%¥é?ﬁﬁ§]n%§lﬁg‘e$§ﬁd
iron. In a fifth aspect, there is provided a magnetic material, produced in
accordance with the process as defined in the fourth aspect. QO her aspects
and features of the present invention will becone apparent to those o
ordinary skill in the art upon review of the follow ng '
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description of specific enbodi nents of the i m)ent lon in conjunction with
the acconpanying figures. BRI EF DESCRI PTION OF THE DRAWNGS I n the figures
illustrating exanpl e enbodi mrents of the present invention, FIG | is a

rocess fl | f s 0 roin netic erial froma
g | ag, exe p a(%g;?q ggf‘ R@r?%errqgiggi %gﬁlﬁ(ﬁg{e éfhtié'gpsgéggﬂﬁ qﬁ%%ﬁtq%?g&hﬁﬁ FIGS. 2-4
each il | ustcladiag & ferdysswrstanse cand @atihy Uaé hatkiuig t6 PrG@RSe hn  nagnetic

properties of slags.treated by a process exenplary of the present
i nvent i on"8OBRTR I§E®‘%§§€W¢¥?@@qﬂ@- | is a process flow di agram

il lustrating an exenplary process 10 for formng a nmagnetic materi al,
exenpl ary of ainasboeidaspechtherdiis poddeda magnetintaterial peoduced Bt aabetinca

sl ag 100witg t%g&%qasvg%he@m tﬂgqiiétia\égeétpz to form mxture 104 within ml]|

106. M Il 106 used in the exenplary process 10 may be any suitable known
type. Gener al | yn a itfitd aspeet, thece isdwevided anpradase forfppoducigea wiaggeti mbterial fi@a.

Mechani ca . ' . ] 4 iJ ] 106,..in a nner, so _as
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cont act 1o PR PRI RE SR o Wl SR RS 6t b

i nter-di ffesi on may al so occur.

In a fifth aspect, there is provided a magnetic material, produced in accordance with
the process as defined in the fourth aspect.

Other aspects and features of the present invention will become
apparent to those of ordinary skill in the art upon review of the following

description of specific embodiments of the invention in conjunction with the
accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

In the figures illustrating example embodiments of the present
invention,

FIG. 1 is a process flow diagram of a process for forming a magnetic

material from a slag, exemplary of an embodiment of the present invention;

and
- ""‘;

FIGS. 2-4 each illustrates two hysteresis curves illustrating changes in

magnetic properties of slags treated by a process exemplary of the present
iinvention. ‘ | |



An exenplary suitable mll 106 is a high-energy nechanical ball mll, such
as a vibrated ball mll, planetary ball mll, attrition mlls (described
in, for exanple U S Patent No 2,764,359) and the |ike, may be used.
Typically, the total charge in a ball mll includes a solid material and a
nunber of har dDEFAIBED DEHCEIPE ',Q energies are applied to the total
charge during mlling to cause the hard balls and the solid naterial to
repeatedly collide with each other and wth the walls of the container.

The nilling mofl@nt inassecesplawatiagieho/ilustiaing 4 éﬁéﬁfp%@rﬁ?oé%sldwve' di ng
of ppm@erf&%iﬁb% c%,rl"l gg ba{ | - gowcler-I bal | and bal | - powder - wa

col I'i si ons. Tagnsdh raatenagl axemplanoef amgmbegimept obine present

subj ect edinventitveaAstilwsti4tea; a sf%{?I?Ob?@Foﬂbﬁﬂﬁﬂ%rﬂa%%&ﬁyéabg%‘?g@ gngny

nunber of know  ways. For exanple resultan
heat ed i n"REHEG Hod Withinnmill 106. t o produce resultant 112. In operation, slag

100 and additive 102 are placed within mlIl 106 to form m xture 104, which
is the startingy; Lal ; eated. In the exanpl e enbodi nent slag 100
is a by- p&gdug’g:g?é%%g# "?@??%ﬁ%@'p?%@%?%1ﬁ@%¥bﬁr%w&§ﬁab@ knowresses and
cont ai ns €1 iGereralypailietO6 inclidns &SYOP S .S, | aa10Stly in the
formof i r&ghoxi dlefs. Q her tglgi cal é;)ggir}{rﬁ?]ent spéﬁﬁgﬁlfgkgﬁr?&ude silicon
oxi des as'igEhanical Toreas: Ak appliastie mixtursal 04 bynroilli1désinanthaines6 WE texi des.
Slag 100 . | ead slag, and may contain a
signifi caﬁﬁgmﬁeﬁ%@%%@%@@?’%ﬁ‘@ﬁ%ﬁ gimomepiaycostactwithwei ght (10
wt 99 . | r dtselfrans agnew]eﬂya@@tﬁécisrbuﬁihu%gg itfél%edia?‘bc@raqt?@d‘gfs“ te
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FeO, m i "Fe304 d hematit , | Fosi og)
S PO T N I T R A N e

sl ag, sonetines a small anount of netallic iron or iron alloy my also be
present. As is well known, netallic iron, nmagnetite, as well as magnetic
ferrite such as N -ferrite (N Fe204), are strongly nagnetic, whereas 4
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hematite, wustite, iron silicate and ferro-silicate are not magnetic or
only weakly magnetic. Typically, slag 100 as a whole is not magnetic or
only weakly magnetic because the ngjority of iron in the slag is in
nonmagnetic ~forms, such as hematite, wustite, iron silicate and

ferro-sil ﬁ%‘f@: andpvantualiyo poneestilse partiales. H%nactufedrpmtudesnhavarfneghcorrponent

I I tic ferrite in resultant
105 Addi 11 o oRGARHERN SUrkB8s, ol UK R el Carchoh Bt 5, ac
detail ed Iprbosed M.wcklyr eWHeh tive sirfdced drefin @ohtafa@ fof & BliStaiAdd of YPI cal
paraneter§ that _can be control|led during mlling include collision energy,

col I'i si on WMSRHEASS When weldeddeterrdifusipamay ahOI o¢owy- time, filling gas

conposition and pressure in the container, lubricant, and tenperature. In

f er ahl b tween 0.1
to 150 J bule. and eramplary pitable mitldd SRR B REA l  uee
U B giediy dy ”"‘m"" Sall il plénctafyscmil toh ol (Rerbed oV 21y
104 and" semals Rkl 27AIER B teuike mes{baticed. Typicalsipe The
mi | 1ing C%lbabﬁ@@eqﬁ A1bbH mP frollles sbid hielodhtd hufind i brgRsye ucn o

argon or mtrogen QO her paraneters may vary depen

si t uat i on Higla kmﬁlctﬁ{l%m@reamﬂedft@theﬁdtal dtﬁﬁ'gé(ddﬂlﬁgeﬁﬂll?@tbvﬁusét | east
some of sult of mlling within

mll 106, %%bﬁ CF%%‘? 43’8% u‘l“ngP m'a'ﬁes %g%ﬁ@qﬁsglwwq witheashgdhekand As wi | |
be appr ecivithatle walfsesf theccdntaife THOMIGhY rid? |Pnr@cﬁ1§%§'r8885t‘éﬂe”'es formed

fromferrlc oxide and a basic oxide or fromferric roXirde and a base.
Typi cal | ydefarmations imgtuse andreold welding of pbwder paiicles thmnge bammwdm— a

‘sui t abl e .ﬁhﬁ%atbﬂrp&ﬂagpwa“géwg %f el ements. For exanple, A may be a

nmetal such as 1Tron," nic manganese, barium strontiumor the
| i ke. Thus, the magnetic ferrite in resul tant 108 may, for exanple, be one

of Mill 106 produces resultant 108 that may optionally be subjected to
heat treatment. Such heat treatment may be effected in any number of know

| ways. For example resultant 108 may be provided to and heated in heating
vessel 110 to produce resuitant 112.

In operation, slag 100 and additive 102 are placed within mill 106 to
form mixture 104, which is the starting material to be treated.

In the example embodiment slag 100 is a by-product of metal refining
and other metal processing processes and contains multiple components.
One of the components is iron, mostly in the form of iron oxides. Other typical
components of slag 100 include silicon oxides as well as impurities such as
calcium oxides and aluminum oxides. Slag 100 may be a copper slag or a
lead slag, and may contain a significant amount of iron oxides, usually over
ten percent by weight (10 wt%). Iron in slag 100 may exist in different forms,
such as wustite (FeO), magnetite (FesQ4), and hematite (Fex03), iron silicate
(Fe2S5i04), and ferro-silicate (FeSiO3). Depending on the process that
produced the slag, sometimes a small amount of metallic iron or iron alloy
may also be present. As is well known, metallic iron, magnetite, as well as
magnetic ferrite such as Ni-ferrite (NiFe,04), are strongly magnetic, whereas



magnetite, cobalt ferrite, nickel ferrite, manganese ferrite, barium
hexaferrite, and strontium hexaferrite. Comon nmagnetic ferrite in
resultant 108 may have 5. a formula Fe304, CoFe204, N Fe2O4, MFe2O4,

Ni 2FeO4, Nh2FeO4, ZnFe2O4, BaFel2019, SrFel2019, or BaMkFel 2_X0O19 or

Sr MkFel2 maﬂt@weﬁataw@ﬁwwte@@Bafetrofmhctateane oot magneticerdnly  an i nt eger

bet ween 1 esyl t 108 i nclude spinel ferrites
havi ng a C\ﬁ%%](@'nagﬂ nﬁ)}ﬁ%ﬂ"ykghﬁ%ﬂ Ignpgn}qgngfclgﬁon d X has a
sui tabl e webakly nliagjnmwbébamd the raajelityast wéh in the slaéls mgn ﬁt a'l A ne

known, rrechanl cal mlling can produce both anorphous an
mat er i al s.ToRPHi sugh gs Hﬁﬂ’aé'iﬁsa/mﬁﬁ@d[@] gilicatiecantd faremsilicateur e resul t ant
108, consists of small particles, with sizes typically in the range of 0.1

to 10 m); diff : ‘ ' Jri Xt ure ar aII uni formy
di sper sed; COn%@*"éﬁb?g@%@%ﬁ%ﬁ,??@%@%‘b %Béﬁ?mgbggn’éﬁo@q g

Opt i onal | leMnnmywhenilﬁaﬂ}oreanewfdrﬁnma@ﬁétlmtttﬂrﬁml@uﬁéﬁlems OABG‘iﬁ% ng, to
be heat ed 159% ﬁ&?ﬁ atures In t he exanpl e enbodi nent, resultant 108

i s provide %%Ise‘ﬁ’@ PBem!ﬁﬁerPEWnﬁatﬂ asidatailes’ balow.
Optionally, mxture 104 coul d be subjected to heat treatnent within mll

106. One or no I pﬁyé: heat i ng.
These react|on;mmlﬁaem(ﬁ%r{]wgagggﬁgﬁc Igﬁrﬁfrlnle ore@'g?l?d 8%@&9 S%aet
formati on Ggn bmeomtﬂyleet during mﬂhng indlude bellisienwriergy, cliBidi fequency,

Advant age ferr.i may format a |lower tenperature in the
resul t ant %@%ﬁ%ﬁéﬁ EPet'%rQ' et'ni%éfr "ﬂ%@aﬁgemmetw@w PRESBYER iNGener al | vy,
the react it contansst, Ribrraft, taﬁ@teﬁ%raﬂﬁe%stﬁ%' IE‘e'rﬁBdlﬂma ‘ihé?p“ona'

heating may be expressed as additive + slag (ferrous corrpone * magnetic
ferrite +Mmifingraneigy is pricrahfibetweenddfrtedi.ajade amddheubaﬂ/pbﬁ)\memmdaéer rous

(igrzrponent frgt’; io Eéﬁ\%er}gq 0385611 "Phe ifiing tfhd B ﬁm?c%ll;?tless ‘(ha'nrfgngfy-e}/ghtAddI tive

hours but it may vary dependmg on the operatlng parameters of mill 106, the

_ nature of mixture 104 and any heat treatment performed in vessel 110 after
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 ferite is a compound with
o magnetic properties formed from ferric oxide and a basic oxide or from ferric
’ hydroxide and a base. Typically, ferrites have a chemical formula

AFe,, O,

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, banum,
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



be a catalyst for a desirable chenmical reaction. Additive 102 coul d

simlarly participate in an internediate reaction, or one of a series of

such reactions that results in a reactant in the final reaction. For

exanpl e, addltlve 102 mag be converted into an internmediate as a result of
B

milling, Sifermula §esQneokepAds NiFer@s MoFedls Nidigt, MiFetly, HaFegDyerted to

t I nier ne t era w th each
ot her: 1 nEL Qe P B B nOrt, OE U e ion SHRGTR B4 it oo of
the fi naI cobgiter titarfi@hraridex & 0 b_ﬁhﬁrﬁ@%er bBH!DeéWQHF@FS way, Additive + sLag
(ferrous corrponent) -> i nt er medi at es( --> internedi ates(2) -> L. -

i nternedi ates (] netic ferrite + by-products Of course, the exact
role of the ad ““Pi'@'éy f@QU‘fﬁ\ﬁfl 08gay iciHdaspig! igmites hrjepa cherisal

conposi ti g4} t | ength and type of
w1 ing: riia i R0, BcRPRTE NiorM A £ ntR A sUipbie S8y *An

exenpl arybetimem Oeanﬁoz suchblagd@s .4as, l.@aﬁdrbonate (BaC33), which nay react
with ferro-silicate (FeS103) in slag 100 and produce magnitZ;:cS gglrl ug o
hexaferrite (B he ferrite-formng reaction eSi + Ba +
302- 4 BaFelZE')l S'Séﬁg‘“)ﬁj"‘eﬁc hisa 'k"w cag;pipbee pothuarmpiphausiand may i ncl ude

ur - cour SYstaiie Matbrialde TyBRAIP Sna R At ahd R e i ipidups! (b, Wi eh I
1E glr Po&oﬁgre%&@nr eact 308, consiitosf smisliqarticles| with @mels tglﬁcén’.y ma()j]g rémgesofappar ent, .
l.ar | dded di t n additive.
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k|@roducts include a magnetic ferrite, such as the exenplified bari um
Optionally, mixture 104 or resultant 108 may be subjected to heating,

to be heated to high temperatures. In the example embodiment, resultant 108
is provided to heating vessel 110 to form resultant mixture 112. Optionally,
mixture 104 could be subjected to heat treatment within mill 106. One or more
chemical reactions may be induced as a result of heating. These reactions
may form the magnetic ferrite or contribute to the formation of the magnetic
ferrite in the resuitant 108/112. Advantageously, magnetic ferrite may form at
a lower temperature in the resultant 108 than in the mixture 104 that has not
been milled.

Generally, the reaction caused by additive 102 and associated miiling
and optional heating may be expressed as

additive + slag (ferrous component) — magnetic ferrite + by-products

As should be appreciated, additive 102 and ferrous component of slag
100 need not react with each other directly. Additive 102 may, for example,
be a catalyst for a desirable chemical reaction. Additive 102 could similarly
participate in an intermediate reaction, or one of a series of such reactions
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.



hexaferrite or nickel ferrite. Qther suitable additives include cobalt,
manganese, strontium and their oxides or carbonates, which may
respectively induce the formati on of Co-ferrite, Mi-ferrite, and
Sr-hexaferrite. Additive 102 nay al so be added for purposes other than
induci ng &l hefserintarmeidiates moay FretacowithFeschesthan ltie additivey 8nd/f they be added
to avoid forEEtion gjnan.undesi rabl e substance or to forma certain

desi r abl e SPZ [fhSteate Birthesintermediates os the iaakmagnetio femiteafdeterest. i nhi bit or

reduce the formation of nonmagnetic fornms of iron during the treatnent.
Sodi um car bpaghRothEp ) may be added for reducing the formation of
barium silicates (BaSi 286), which takes away barium available for the
desired ferrite formng reaction. Calciumoxide (CaO or silicon oxide

(Si 02) may bAddiwed stagifermus campenent) s istermaatiatés($pd> MePhAiGaA)2)

Addi tive 102 may incl gp?e %,subziiance for npdifying the magnetic properties
of the resultant--TOSNELIPICCHHEES by appnagnetia feniterm by-peediiats nay be added to

partially replace the iron in the bariunm(strontiun) hexaferrite. Additive
102 may al so i of &sifs@ thB " theeiron content..in the

m xture. For this pu?p’otg'e,@% gﬁ’?ﬁﬁ%%a%@gﬁﬁgr Eﬁlgn%;%m.heai'ﬁ‘gi‘?"i"ve 102 nay
t hus i ncl dependtoal theccampositiom ohslagl 100; the specific dagitive W2 e IRtk ahgor q
ferrous oyide Lon salts and.the |ike. The quantjty of additive 102 an
“the conceﬁf&aﬁwﬁ% %ﬁ:‘heﬂgpgﬁh@?ﬁﬁper Bra,3nd Rtoprarties af berfind.ve 102 may
vary depending on the purpose and the specific paraneters and conditions

f the t t nem hial i [Hh J CLUL . .Thus,
0 e treatme neﬁ@lﬂp[aryﬂdéﬁaﬁgmﬁ iReludes Ha‘ﬁgrﬂ b%bﬂaté){)sréotg@g)g%ch us

additive 102 and the mlling a eating conditions 1n may vary
'so | ong a¥@nesact withderrersilicate (Fe$i) i slagat00 andipmdure magnetie one or

Rosul ¢ ant P04 EPEFRETE (BARPUEL i TRERGHHS orfibe FéadtBrtr s a1 1 nci uding &

12FeSi03 + BaCOs + 302-> BaFe,01s + CO, (1) + 12810,
(1)

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

2FeSiO; + NiO2 — NiFe 04 + 2Si0, (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



conposite of magnetic ferrite and some ot her chenmical substances.

Advant ageously, the magnetic ferrite contributes significantly to the
magnetic property of resultant 108 (or 112), as will be denonstrated in
the exanpl es described below. The treated m xture can be used as magnetic
starting SyRstancg Soninstance, famradditive omy be addedto inigbitegraidce therrite from

! ) it ! YA
rocul t ant BREHT B nORRLASHT Porvisorit dundatinySatmennaadum subj ect to
heat treatcaponats (Na2COPmMeyIRehdddd for .wapemggmf &Hﬁéﬁt%%%' ng or

sintering or both. Annealing heats 8 resulta i to a nper at ure
and t hen &ilicgigs (RaSiOgowhid akes away baiumreviailablg, for teedesitedsfarges and

structura 1 N d.~which may . sigpificantly affect the
nmagnet i c g?lg@hsﬁ %égﬁgﬁ C?Eﬁ%'hm {)ﬁggi%@rqrﬁ"?m&s&f'@e(ﬁ mayhaaddedy may
rel ease i fordfonmingsagnstic sement haseeon Fiogtcaos. ural defects in a
material, thus causing desirable changes in the material's magnetic

roperties. Sintering Is to coal esce a | oose powder into a den.se solid by
Eea? ing. The nﬁqﬁc{g@eﬂég oY ipghidea sebstance dorangdifiding teel maghedict ai nabl e

; ' , | L,s typically in the range of
200 to Lot pg oF e festiiahe POSMRT POt M, SRl eLbebRheBchemt on of
certain addedéd padislyaaplese theiroexathé barilaxshertiurhPheiampmal |y format a

tenperature higher than 600 C. Sintering may require heating to

tenperatures u . 10 C. Resultant 108/112 produced by the exenplary

pr(r)rgess 10 | nc%?t&@yea ?@ii@?% UG lﬁ%g"%ﬁi%&?ﬁit@@%ﬁﬁ?efizrl ;gpm;
ticula ing i oFoR thi _ . _

P Ly achent it ne HanunesFor iSRRSHS doRiol Rp ARG RBIRASHLE! " T oy

(Resul t ant Addisive 1t0Z2vaayithds lnvg.:dﬁ)mabalhc &ren, iwbn mHgydtdrcofides ot etisarystal i tes

' ' | | |tant 108/ 112 resulting from
treati ng g bb feAidoes ol AR R E kS 10 ey

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, resuitant 108 or a portion of
resuitant 108 may optionally be subject to heat treatment in heating vessel
110, which may include annealing or sintering or both. Annealing heats



I ncl ude conposite of BaFel2019 (or SrFel2019) in a matrix of non-magnetic
oxi des such as Si2, CaO Al 203, and etc. Resultant 108/112 may be used as
starting material for, for exanple, manufacturing pernanent magnets and
magneti c recor di n% medi a. Resultant 108/ 112 nmay al so conprise magnetic
ferrite pdetultantJd08tehigistegparature mpddheaalipwsrit toegoad stovdyle Miiringa cal ci um

i Frd X | etic cenent. efic cenent is
ot ent 1 al 15k i 3680 and, st f it P efR oy b B¥pRLiged fh haheve
absor pt i osigrifidantiyoatédct the magribtioproperties GF Hhé Hilldd mdtefidluAS i@RAOWS, S
magnetic concrete structure, and other simlar applications. Mgnetic
cement is a@pe@ﬁ@g m%&e;{%a%mt@@ﬁi@tr@wamq cunealrlt@mag.struﬁuraimfemsm aulic

: ' N , Si. O2 d 2Cda0 SO are

Che.my or THAWAEE thie BusihiestafietNatlacs 16YE nleteBstioonel s i g nacer) al s

for manuf properties. Simienng is tduuakes cegé /I&sg)g_@tqm éir Oigw Q@églﬁg gbg@sﬂz : ﬁgaUSi ng
hnol. . tic. itive ma (

forr ous S HBSHag TR ByllSh saikers mavias heried toran desirasbandiebarabladdi i ve 102

to the sl 0 /l'ﬂwél% : hse.nano sites of
nmet al iroggg%g%égggri t%é'%%ﬂi.a@ﬂ?%?%er igva p}sﬁégéﬁmﬁ'ﬁer@nﬁa 05?6@ odi nent s
of the pr4260tC. Haating l@hiQtstenmaMrem@yﬁciﬂt@tb&Peﬁ@ﬂﬁéﬁ?ﬁéf Gértq[ir;i] desirabl e
to renove . C S possible the jron content, froma slag so e

r emai ni ng d%?g%&‘égﬁs%gcgﬁséar %@'ﬂﬂ'ei' }‘Gﬁaﬁ:gétés Q@E@'i%fj)rghﬁtf% eapperatur ehg?rgved
cases, theigrgmeas g ; | _

by a knowﬁI magEIZ?ﬂl] ?Ogr %ﬁgﬁenﬂg% srgg&IAd\r/]gﬁtﬁg e%Egs é,%ot%@é ﬂg)g?;]et ic
portion ofCresultant 108/ 112 and the nonmagnetic porti on (which contains
ttle iron content) are of added comrercial value. As will be

|

BT o, ST 2 Ao el SRl e Rk oSS
significant amount of magnetic forms of iron, particularly in the form of a
magnetic ferrite. The particular forms formed depend on the starting slag 100,
additive 102, and their treatment. Resultant 108/112 may include composites
of magnetic ferrite crystallites in a nonmagnetic matrix. For example, resultant
108/112 resulting from treating a copper slag according to process 10 may
include composite of BaFe201g (or SrFe4,049) in a matrix of non-magnetic
oxides such as SiO,, Ca0, AlLO3, and etc. Resultant 108/112 may be used as
starting material for, for example, manufacturing permanent magnets and
magnetic recording media.

Resultant 108/112 may also comprise magnetic ferrite particles, such
as Ni-ferrite or Co-ferrite, embedded in a calcium silicate matrix, which can be
used as magnetic cement. Magnetic cement is potentially of high commercial
value as it can be used for microwave absorption, EMC magnetic shielding,
non-destructive 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 (3Ca0siO,
and 2Ca0’8i0) 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.



subst'antially hi gher fhan 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 treatnment. As is well known,

t he magnetic propeLti of a material are reflected in its hysteresis
curve or | oop. %Pcﬁ{y‘éﬁ i&gé‘i‘%\’é PENGHB sferouisfathstanceafiosexample, material as

a functio | i i ol {t::?(ﬁ’ Y. S] cyrves are
i1 lustrat @a@t{a”?cﬁfo&ﬁﬁg %aﬁ&&gﬁéeagg&i@ys 2er es I@Eél%éj?f\()g ﬁ@% Hggtélt?ri{h_r ee

si gni fi car08itl ey aonprspoadocamposites efemetad iohiarminaghafict eri stics of a
magnetic material. The highest point on the curve indicates the maxi num

ic m e : . | s.th m
frera, wni cn i vl fitdualifgaBEed Atouine loyMObPAI IR of M PIESeR o ! nt er cept
of the clyfventionds pRbdifeticies QW'IU'rllé,. é’tfm%tiﬁ&@%Eirébl%'tﬂr@ﬁ@&‘é%ﬁ]o bring the

magnet i zation back to zero, which is known as the coerciv _ e y-axis
i nt er cept ngiicheas ppasibigyihetiromcontentfromea slagkscetheatenainlnd slabicah bes. known as

mgnet | 2ot ea a5 e rbR SR rllinllbdnCes faraTIS agratignansohe.
sat urat i ofiroREE s réiliapt 108/ M2 mbh BeSehRners %B ﬁ‘(ngggngﬁngpﬁeﬁé BPBﬁfee'?- The

desirabl e range of coercivity and renmanence vary de ng on t
appl i cat i PFoceSsAdvastagenssly, hatinbesnagneiihporion dfirgbultardri®is/12 and and 10

remanence ' l e .. ' ft magnets, which haye |ow
coercivit F%%hgﬁ%%gg%gggﬁg@p&@&ggéh% @ﬂe‘frﬁé' ‘g)dﬁ%n@{%ﬁﬁ?gﬁq?‘yenbpd! ment s
of the incentmemiaiaaluze better appreciated with reference to specific
exanpl es detailed below. Two types of slags, Slag 1 and Slag 2, were used

‘in the foll ow exanpl es., Their_ chem cal conpositions are shown in Table
M. Table 1. Chg%ﬂ'W@%%M@é’@?@r@%ﬂrﬂﬁﬁl%S%'I@&Sfa@dﬂgtlﬂ'»’z'ﬂ@ﬂn W %

exemplary 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 iliustrated in FIGS. 2 to 4. On each hysteresis curve there are
fhree significant points, corresponding to three significant characteristics of a

oy magnetic material. The highest point on the curve indicates the maximum

o magnetization a2 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
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Constituent Wi
Slag 1 Slag 2

. iron oxide 20 50
- Ferro-silicate 38 24
Silicon dioxide 33 21

Aluminum oxide 4.6 2.9
Zinc oxide 1.5 0.94

Calcium oxide 2.1 1.3

Sulfur 0.17 0.11

Slag 1 Slag 2 iron oxide 20 50 Ferro-silicate 38 24 Silicon dioxide 33 21
Alum numoxide 4.6 2.9 Zinc oxide 1.5 0.94 Calciumoxide 2.1 1.3 Sulfur
0.17 0.11 EXAWPLE 1: Producing N Fe2O4 by adding NO Saturation Coercivity
Mat erial Content Magnetization (testa) (AnR/kg) Slag 100 10 g of Slag 1 <
1 - Addi t reanence, geglesiable, andmsruetimes softanapmets) whiad Mﬁembla. 5OI T_hlel
m xture Lcal 1 |.Led for for hours. A SPEX 8000 vibrated m
was usedvgéeﬁ?ﬁpggaéa ré'i\?@?h@’s@@eqe%%ﬁqt%‘ were | oaded with the m xture. .
The powder/ball mass ratio was 10:1. The resultant is strongly magnetic
with a high saflirecdbove erangiaryzeiibdriviahticoftBBiINEMBhahdy $8%dter t hat of
pure Ni-ferrite (-50 AnP/kg). 11 Experinental results indicate that the
mlling t2REreriatedwith refarensettospecificegyarapleadetailedibalow. r esul t ant. For
exanpl e, another m xture of the sane conposition was mlled for only

t ty h | ke A i Lgation of the
mwi'? u%/e %;Soﬁﬁﬁ"‘g{’@%‘ﬁ%&@hg’@? éﬁéﬁﬁﬁéﬁ& tl%@dﬁﬁgﬁgfﬂbl %’”ﬁad been
formed. Hewemples.dineiechemitaheatpositiohs ahe shewn in Takleife to a tenperature
of 800 C for 1 hour in air) again resulted in a

Table 1. Chemical compositions of sample slags

EXAMPLE 1: Producing NiFe;0,4 by adding NO

Saturation Coercivity
Material Content Magnetization (tesla)
(Am?/kg)
Slag 100 10 g of Slag 1 <1 -
Additive 102 1 g of NiO - -
Resultant 108 Containing NiFe,O, 18.5 -

' The mixture was mechanically milled for forty hours. A SPEX 8000
vibrated mill was used as mill 106. Several steel balls were loaded with the
mixture. The powder/ball mass ratio was 10:1. The resultant is strongly
magnetic with a high saturation magnetization value approximately 40% of
that of pure Ni-ferrite (~50 Am?kg).
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resultant 112 with a saturation magnetization of 20 An2/kg. Annealing the
same mxture to tenperatures of 900 and 1000C produced no significant
increase in saturation magnetization. Both resultants 108 and 112 descri bed
above had very | ow coercivit val ues (< 50x10-5 testa) and are suitable
for soft magnet®esnatabiasyis indicatanhattie nﬁhm@iﬂmematﬂrlﬂg@ﬁecﬂtﬁezm or

Ni 0. 5Z | | 0 the magnetic
plr gper '? ?e?ﬁ%’zﬁ}ﬁgﬁ%ﬂ%%&: Ita?l?ﬂ‘é&?;@ﬁ@%cgﬁo%% ”Hﬁ&'&%@&t e SHReL i al
subst i t ut icompfsitiGreies nhiyed ifovcoriligtwentichalesniet afdathe hiingans! bl e

| nprovenent i n . nmagnetic, properties, two productions were “carried out in
t Ws ex anﬁPBJfat!%&Lﬂﬂnedﬁaion chthe mixtyre weastaniy & Am?fkgemlldwggéhaizldtle on

Co t éé{‘e@ Additive 102 3.8 ¢
of erN|CI. VI— Wi féR@si%Hé g)nt% @%ﬁt ?Ii %ﬂ%’%ﬁﬁ@%@i‘%ﬁﬁ%ﬁ%’g e BABRUCt i on 2

Sat ur at i omlﬂmedmmltempdbﬁtmé o BO0OW foiRt ﬁ&ﬁﬂﬁ%lﬂ@ghﬁﬁe@hﬁé&% a (A”Q/ kg) 12
Slag 100 20 Slag 2 5 - Additive 102 1. Zn.

Resul t ant ’"qqlg a@éﬂf‘@l"\’il"h@ aaﬁwagzn@mgatlae Oiﬂ@)Am&gAAﬁneals@tiﬁe pl anetary
m il was usafh Askillid to thRAfhdr3iurds of 88bSnY 1ébdc 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;Q4, ZnFe,0, or Nio sZno sFe,04 by adding
Ni and/or Zn

 Asis weli known, the magnetic properties of a nicke! 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 Coercivit
Material content Magnetization reviy
(Am?/k a) (tesla)
Slag 100 20 g of Slag 2 5 -
Additive 102 3.8 g of Ni. - -
Resultant 112 | Containing NiFe,0, 29 < 50x10°
Production 2:
Saturation Coercivity
Material content Magnetization
{tesla)
(Am?kg)
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powder/bal |l mass ratio of 10:1 for both m xtures and annealed to 900 and

1000 C for one hour in air atnosphere. The saturation nagnetization of

resultant 112 in the two productions were very different. The product of

Product i on (2—whi-ch—-has—t-he additional Zn elenent, has a nuch hi gher

Saturati on | ISrgNeE0 zat | )Qotgr@rsﬁg‘@t of Production gl and|is conparabje to
11 l

t hat of comventional—plu ferrite mn ts. The hysteresis |opp of

Resul tant 1 ogdacti | 51 in FIIG 2 _together with the
hyst er esi sm \;gg@gﬁg\im ?nﬁjﬁ)ﬂdpd Sliag 2. As cam be seen, Slag 2

is weakl Arf} ; 'r') ¥hi i reslence weakl y Wti C
mat eri al ys a2 '@g%éﬁﬁg%o}sh%%um of rrgégnet L ¢ Dﬁgse. sulch. as

netallic iron, netite and ferrite. In contrast, the _resu!_tant exhibits
good magnetic p‘{m aplangtannil was used asrrall)ikdo for dphauramitns. EXAMPLE

3: Produci : | S| a Sat yr at i Coercivity
Mat eri al (!ontogﬂ't ﬂﬁgng? ?%%fgg’}ﬁ?&ﬁéﬁﬁt&ﬂn{)&é%s%ﬁgd @pré%atiﬁééo %@ng Slag 1 <
1 - Addi t i10901%2f& aheoholiaiR@ir atmodphievé.t ant 112 Contai ni ng BaFel2019 13
0.35 The m xture was mlled for twenty hours in the sane way as descri bed

I n Exanpl e 1. e mxture was then anneal ed at tenperatures ranging
bet weenrrpmo t oT’gm)S@Uﬁitorbmgﬁ@matm efi resuifants1 12 ierthe twb Erodoctiansl 100C f or

h h j AT | 1 2 i § the.m nimum anount
roqui red vrerg Lo TR Rt Sttt o 27 B e e AT BREH 2 e of
Sl ag 1 i ntederbant, vas enmurheighéesdtBefontaghetiZtivnehan et GFFodaBRst | Ng

' ] co und uch as BaO Si O2, excess BaCO3 in the m xture
ir gatr:]teleggg 1I %’Ecmshgompa%?e o ﬁ'la% o? conventional pure nicke! 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 émount 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 BaFe 1,049 by adding excessive BaCQO;

Saturation .
Material content Magnetization | Coereivity
(Amzlkg) (tesla)
Slag 100 10 g of Slag 1 <1 ' -
Additive 102 2 g of BaCO, - -
Resuitant 112 Containing BaFe 2049 13 0.35

The mixture was milled for twenty hours in the same way as described
“in Example 1. Thfe 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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ensure that sufficient bariumis available for the formation of BaFe, 2019.
After twenty hours of mlling, no significant anobunt of barium hexaferrite
was formed. The resultant 108 had a very |ow val ue of saturation ‘

rragnetlzatlon h as er Ci The magnetic property val ues shown
T he. anGoBveRaldrdl: &XHes of fs-siiceté indn armmac! Siad SatalaiarDn

magnet | zateqBteRfitd (EFI0LD! Shogherd Ao dinpSRfY RHIBREY rnﬁg oof the

saturation magnetization of pure , o sugges hat
appr oxi maicempozdiisciuchias BabuSiCun extdss BaCB}% ihéhaheikiuré ¢ nddded toesul t ant

has a coercivit es] a, . whi ¢ch rly twice of the value of
convent i off3FY ﬁﬁgfﬁgl@t“?q{[’@ i) f?a%‘@r\lﬁb Z"[‘ fc}lrmatwf@a Retefdrst ood;, the
hi gh coercivity of the final resultant is I i kely due to its small particl e

si ze, which '%f@r%ni@h&rshﬁ'rﬁimnbhﬁo%'lg‘rﬁf@arﬁ%ﬂﬁétﬂ'lt%rbta' Fh? size (1 pm.

Smal |l particle size is a convenient t of nmechanical mlling. As can
be appr echgxalgrritenwas fermed. drhe iesoltaniotD Srhgd et very fowpaiud efssatocitioan be used

as perman r gedia. After sintering, the powder is
nearly fuﬁ%qn(fg%gﬂgﬁ%@masﬁa@ Cg)gﬂ‘gl 59 is close to the theoretical density
of the conposite. The sintering tenperature range is significantly |ower

than sinteri ngmenrpagnetm: proprsityl vaded Showa My Y 5B tdbe aRenlRUrdd €

magnet s copsi stin ure BaFel2019 and the reduction of sintering
t enper at ufBef @n *% Jueationdeagnetization i the resulting materal i9xi des  whi ch

reduces y. terial is
sui t abl e”?g?} usebgéswgte)%ngf]gjntéar%%ag% Srﬁgﬁ%étk%gbhbog@? é%ﬁ%@%&g Fi um

car bonat esuggesiingsthiat approximiately 26% oftheussaltantontl is EShexBentadThe
{conposite of St ntium hex ferrite %%SrFeJ 2019) may be simlarly produced.

Either of "gS D& GUICLY B&&Qé’& Tegla ‘HB'CtDs'ﬁd’eéélin&iethﬁbe valugofal for,
gag elzgggé%ﬁbeggg{ﬂﬁﬂ ng'iefﬁéﬁﬁé Rgnﬁgﬁé’ﬁtdrhagneﬁeﬂb%a%maﬂd%rﬁoog rgduci ng
hlg)(] coercnvnty of the final resultant is likely due to its small particle size, which.
is close to or below the single domain particle size (1 pm). 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 2049 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 (SrCO;) 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 BaFe42049 by adding BaCO;and NaCO,
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14 I n Exanple 3, an excessive ampbunt of barium carbonate was added to
ensure the formation of BaFel20l9, which conpetes with the possible
formati on of conpounds such as BaO- Si 2. Alternatively, the formation of

BaO-Si Q2 may b oi ded by inducing the formation of silicate conpounds
that are nore glf‘g%faem[’%aﬁ 9&@5‘@3@2’% %’HEH“*&%%WS@@Q”%@%@@@@ Bedin
this exandmsut et FEUESLEL L Whi ' fization
(AMR/ kg) (testg;@gl ag ﬂf%(r)b 59¢g éé?%”%““%@gsﬁﬁg?eﬁq@@ﬁ%pwgge of BaCO3 +
1.76 g of feEafion of ceapounds suth 2s@ad-SibkhnAlBaraihaf] e fordfatibrdof The

m xture 1d:led._and heat ed. i n.the. sane nner as i n Exanple 3.

Ba- hexaf ﬁ?%étﬁgns%gﬁ@?yoﬁe[depy g\d;ﬂt:maw& fg?mgg@ PgS'ﬁe@*@éomn@u@féﬁ uration
magnet i zatthahaRf mohe stdie! tHatBaOssRoYhcR enti onal
Ba- hexaferrite magnet. FIG 3 il Iﬁ%ﬁ ra%egswéﬁn%(ﬁgétésﬁrgg{)se@ae%ﬁgxl oop of
t he resul tthistexeropleid  conparison with the hysteresis |oop of untreated

Slag 2. EXAMPLE 5 - Produci ng MhFe2O4 by adding Mh In this exanple,
material including of Mi-ferrite (MhFe204) have been prepared in a process

simlar to {that of Exanmptes—t and 2—Saturation—Coerctvity—jvateri-a
content Magnetization (tesla) (AnR2/kg) SlaglO0 Z0g3itGragign 2 @ggkiwtve 102
4.7 g of M} - - 15 Material Content Magnetization y
{(Am?/kg) (tesla)
Slag 100 5gof Slag 2 5 -

Additive 102 1.2 g of BaCO; + 1.76 g of NaCQ, - -

Resultant 112 Containing BaFe ;04 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 resultant is about 30 to 40% of that of a conventional Ba-
hexaferrite magnet.

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

EXAMPLE 5 - Producing MnFe,04 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 | 4 1)
(Am/kg)
Slag 100 20 g of Slag 2 5 -
| Additive 102 4.7 g of Mn ' - -
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Resul tant 112 Contai ni ng conposite of MFe204 30-35 < 50x10 and sili ca The
m xture was mlled using Fritsch 5 planetary mll for 48 hours. The mlled
powders were annealed at tenperatures in the range of 800 -to 1000C. The

resul t ant 112 s—Sat-Ura aflnn ion.is ahout 40% of C. nventlona

M- ferri tjeReagiast Bl2 ACdritaifng s ske 81inRe,g,n€ | r esygplagnt i e for
soft magrjetic appli catarﬂrgq,caEXAkEEE 6: Producing Co- ?errlte by a(] _:] Co
Sat ur at i dn—Coerci 1‘\] Material caontent I\/hnnp'ri ation (teSl a) (AITQ/ (g)
Slag 100 20 g of Slag 2 5 Addltlve 102 3 g “of Co - - ResEItaEt 112h c

Cont ai ni ng CoF 044 2 The mxture was mlled with a Fritsc

pl anetary bal | eir%\el i ‘2@3 RilRd ugingFritgch & planetgns milkfer 48 howrsy phe The

'l ed t n_700 d
Cntereq SMEEpRAREAORER: SnBchEitatifes B N SindE Rt 0010 J0hoRe!
Co-ferrite and had a saturation magneti zati on about 60% of that of pure
Co-ferrite (80T Theekgkantf12s satunatdn mg&ﬁt'gg?‘wﬁwqg%mi r$ﬁgl t ant

i bited d ' ties, as_illustrated in Fig.
%QLE: E/iGt I 'mm%nﬁ'tf@“ r'%gghﬁi?ﬁaﬁs'ﬂf Examplesti ard grmf@@ultapt isonvent i onal

met hods, [ 1}% 0.1 Tesla. The sintered powders were
densel y pg‘gi&%ﬁle fér%@d;%tllﬁ%?%&éng CoFe2O4 with additional Co and Fe203
16 Saturation Coercivity Material content Magnetization (tesla)

EXAMPLE 6: Producing Co-ferrite by adding Co

Saturatiop Coercivity
) Material content Magnetization (tesla)
(7 (AmZkg)
Slag 100 20gof Slag 2 5 -
Additive 102 | 3 g of Co . -
Resultant 112 | Containing CoFe,04 45-50 0.2

The mixture was milled with a Fritsch 5 planetary ball miil 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
b 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,0, with additional Co and Fe,O;
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(Am2/kg) Slag 20 g of Slag 2 5 Additives 6.1 g of Co + 10 g of Fe203 - -
Resul tant Cont ai ni ng CoFe2®™4 55 0.21 The m xture was mlled and .
subsequently heated in the same way as described in Exanple 6. In this
exanpl e, the—saturation Lzation of the resyltant has heen enhanced
by adding gxtra iron oxide and netallic cobalt tad iggugsea t he CJeFéi‘\ﬁg) on of
magnetic fgrrite in the flinal regildfBintefOMPar €d Mayrdchiatiohs [ tart1t f
Exanpl e 6, |the saturation nmagnetization was signijfi mz“é)ahl gh_er(essmereas
the coerci ity remni nedwhe same. EXAMPLE 8 - Pradu dt tgnetlc(:A(r:TS/rrEnt
Sat uration civit rj al tent Magnetization esta g
Slag 100 1(%(:1' f Sl aé 2 Eitzﬁc?ld‘?ftslléi?oz 20 g of CaD + 1.% g of({ Co - -

=4

Resul t ant jjﬁ%g“?%é}?l y am éw‘?ﬁfgggﬁgﬁ?z@d -30 0.2 CaO-§ 2 The mxture

104 was mililLe 24 hours The resultant _10f8' was heat ¢d
to tenperat om 900 00C ne hour. An X-ray diffraction
exam gt i of ll%e}féﬁ[{t%}rg resul f gg)p%a?qgg f{r?g{eé@ﬂ ed that the |5§sul t ant 1§§1was
mainly a m xture of cobalt ferrite and cal ci um si Ilcaftes,h v |c|h_|s t
sui tabl e for . neti,c .hydraul i c cepgent. tic raulic cenen
cont ai ni ng o-{ﬁéﬁ‘"g@é SJ“F%F’#W‘L%” %ﬁﬂ*e&gﬁhﬁa*%ﬁ&ﬁﬁ s&me%@yf%sr rite may be
produced i n desdribedan Bxapfe . EXAMPLE 9 - Produci ng Fe/ Fe304 nanoconposite
by adding netallic 17

in this example, the saturation magnetization of the resultant has been
ehhanced 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 8, the saturation magnetization was significantly higher
whereas the coercivity remained the same.

EXAMPLE 8 — Producing magnetic cérnent

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,0, and ~30 0.2
Ca0-8i0;

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 cobait 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/Fe;04 nanocomposite by adding metallic
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Fe Saturation Coercivity Material content Magnetization (testa) (An2/kg)
Slag 100 log of Slag 1 1 Additive 102 2 g of Fe - Resultant 112 Fe304/ Fe
nanoconposite -30 The m xture 104 was mlled for 24 hours using a Spex ml|
wth a ball/powder mass ratio of 10:1. The resultant 108 conprised a
nanocryst &1® i ne ni xture of metal iron and wustite, judging based Myssbauer
spectroscopy neasurenent. The resultant 108 was heated to tenperatures in
the range of 200 to 700C. At these tenperatures, wustite deconposed into
nanocrystalline Fe and Fe304. Since netallic Fe and Fe304 may be oxi di zed
into Fe203|at tenperatures above 700C, it is pre ble injthis case that
the heat {reatnent ig perforngd at tenperatures ﬁﬂﬁ‘ﬁa@c TQeEDAY) ¢ hint
112 incl udés magnetic [nanoconpBaier@dteontant ang FeB0Ad R & Mt ri Xtesfa) ot hfr
non- magnet i c oxi des, ich was confirmed by X-ray &Amkeictifon, magnetit
and Nbssbaug nic?psurenents. The magneti c propertijes of the Fe/ Fe30%
nanoconposi 2g 1P e imMYDoeH29dy partially subs{itutihg thd Fe eFement|in
the additiyes wt tHer Terromagnetic elenents|such as Co,{ N, ™ —angd
the |ike. Fzﬁdd@X%Hﬂge, 298ty cobalt may result{in a produdt suitable |
maki n er manen net s_and recordi ng nmedi a ang adding ni gket—or
mangagege %sufﬁ%ﬁﬁgi PP 8 NaPeeRBROStEi t abl e f or sof30 magreti c
applications. As can be appreci ated, magnetic material s cam be extract

fromvaste Fhamiifs s ol miled fob 24tiTBlaing PSBERTHIYARLA1 bed herel n.

The conversion rate of iron from nonmagnetic to magnetic formis
hi gh. ball/powder mass ratio of 10:1. '
(o 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 nanocrystailine
Fe and Fe30Q4. Since metallic Fe and Fe304 may be Voxidized 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;0, in a
matrix of other non-magnetic oxides, which was confirmed by X-ray
diffraction, magnetic and Mossbauer measurements.

The magnetic properties of the Fe/Fe304 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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18 The heating tenperature required is not very high and can be | ower than
what is required in known techniques for producing the sanme material. The
magnetic properties of the resulting materials are good and can be
controlled i1]1_ certain cases. Certain desirable property or structure of the
resul tant is!P8 ngdemperiitEs rRAVifRid i aot vaayhigh and eampedowehthanesul t ant

ddit | ] . ies include, for. le,
sral T par ¢ AngPIEERReh RhGRR 1o CHAGe . FFOULFRgIBR ot meleudi ARE ©
conpounds,  fragmetit propdrties wh s rmftmydmmmmp@%bbe%ndaé% gc. The

exenpl ary enbodi ”Eent's of the inventiaon described herein can be nodified in
any nunber ofPRESHediRcartainsases; Gertaip slesirablegpropaty orstiucturerof théwe art .

For exanpl e, ' ' ; ' | y.sl are, used as the
ctar i ng mat MRt ibdrVenr AR A TR R Y i dtRa TR o her
wast es that additienal grecessing tero Térbe propérties ecludedes bxaiple, siRgf es may
be wholly or h%al I%/’ sq\l I d q?nd may i nclude what are known as sludges. In
addi ti on, mPg'S{C RIRSHi WHIONR dispergiqrsobenmpenent elementsanadspanppunds,

enbodi nent s, | qmgﬁ “techniques may be used to

def orm and fﬁdgﬁéﬁégl&gﬁgﬁg&agésgﬁg to drs ergég’t%gdg Sulting powders

evenly. Further, additives may be mxed with the slag after sone mlling.
Al t er nat i vel Jhe ggamplasyambedimenis of theyinkentioldddsafticet hereii ean be t he

rocess. For i e...certain reactiv ses, may be introduced during the
IEleati ng stepm()%g’pﬁ iqq@ﬁ i %f;\‘g’aiﬁ%yﬂﬁﬁ#%? bY@)rg%ﬁfﬁﬂﬁogPr@Q@Wa?d@”Wg
certain mat ethoddrts FopexahplaTiatiiylin th k8o rhissaiiObARSIsas 2RE

|1 modif PCAtToR © wi t hin

invention, rather, is intended to enconpass all suc _
{its scope, a4Sefbas hristgytinghmaterialniis possitiato LSe@theMEDuLSial Wasfegoocess

for produci ngnERARSIdCHERES o] e fD Arip&%rit8hah B Bdustrials
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 reacti\}e 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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ferrous conponent, said process conprising: adding an additive to said slag
to forma mxture; mlling said m xture, causing said additive and said
ferrous conponent to induce a reaction to forma nagnetic ferrite having a
chem cal fornmula AFenOn, wherein A represents one or nore el enents, and

wherein sgj | | butes substantially to the magnetic properties
of said n%ﬁ'&t[?gh\‘i&ﬁ@ I’é‘( 2. The process of claim1l, wherein said

mlling conprises high energy mechanical mlling. 3. The process of claim
2, wherein sai \ Bratas8T8F BodIRFTAA o gl ' J1lsion energy
I n the range of g lto 1.8 j oul €. mfgﬁ#ﬂg}%értgcgsfg%%%%‘éiscm‘?ﬁ%'@ ?her :

conpri si ng heatférgus sbthpenent,rsaid precesstaoniprigimgr | nduce said reaction. 5.
The process of claim4, wherein said heating conprises at |east one of
anneal i ng and gj Lng., Q. The process of claim5b, wherein said mxture is
heated to a t%%@hfda%ﬁ%gdﬁwettﬂe%ﬁ%ﬁ Bifopp@ 'E"'HH]‘_‘L'?)OC. 7. The process of
claim1, wherein said additive acts as a catalyst to form said ferrite. 8.
The process of millingraaid mikeire] casing saddidditne gﬁ@@gﬁpfe@r&gedgnqﬁéne,{teact ion
that conpetes with said reaction to formsaid ferrite. 9. The process of
claim1, wher eit®indyce amractiondodera megnatie tarritaubavingisschenieako as to

~increase iron tad ai ] r T ess ,of claim,9, wherein
said ferrous sﬁ stlgﬁc“é't%ﬁé r\?géepseﬁ)ﬁergpg%%ms ﬁﬁ?g’l’rgﬁoﬁar%ﬁmepk%ﬁngxi des, and
iron salts. 11whEreinsaiddesitotontributeslsubdianitally t8ahd naghdticosropeniesi ses an
el ement  sel ect ?d fdr omthe rouHalof barium cobalt, iron, nmanganese,

ni ckel . ol said magnetic mate
( 2. The process of claim 1, wherein said milling comprises high energy

mechanical milling.

3. 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.

4, The process of claim 1, further comprising heating said mixture so as
to further induce said reaction.

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

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

.'l“ ‘r\\

temperature in the range of 200 to 1200°C.

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

reaction that competes with said reaction to form said ferrite.

8. The process of claim 1, wherein said additive comprises a ferrous
substance so as fo increase iron content in said mixture.

10.  The process of claim 9, wherein said ferrous substance comprises one
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strontium titanium and zinc. 12. The process of claim1l, wherein said
magnetic ferrite is one of nmagnetite, barium hexaferrite, strontium
hexaferrite, cobalt ferrite, nickel ferrite, and nanganese ferrite. 13.
The process of claim12, wherein said magnetic material conprises a
conposi te of s&rdnwgﬁétqrb Imérqxld%smlaomeahagnetuc subst ance. 14. The
process of claim 12, wherein said nagnetic material conprises a

nanoconposit e ) ' 15 . The ss of claim
nanosorpost e S sRRea0t Sl TIHLIESH A Ge eSB! (oo
N Fe204, Ni 2Fe©éledtecwfr5aﬂhe dfobp PhariumnedBaRi-R6¥; mhRgan8ss Riigk&ass of claim
12, wherein said magnetic ferrite has a formul a CoFegO4 17. The process

of claim12, WS PEF'H"’S&F%'%gﬁB@@q errite has a fornula BaFel2019 or
SrFel2019. 18. The process of claim 12, wherein said nagnetic ferrite has a

formila X . Pt fbestbPLisin 1, ikt fn%a.a&n{é il 1ohd gfoPal t or

titanium and x iI's or an | nteger et ween process of
claim 12, wher enagredite, ariume hezafegrite, strontismehd>afenita codalt-faritaFe204 or
Mhl. x ZnxFe2O4, . e .0<x=1. 20. The qcess of claim1, wherein said
magneti c mat er 4 eﬁerﬁ Jophgangse &ﬂ'ﬁ’ magnetic ferrite in a nonmagnetic
matrix. 21. The process of claiml, wherein said magnetic material is a

nmagneti c 18ememhe ptbcads oﬂ'ﬂalrﬁHQC%r@ih éﬂi@hﬁﬁgﬁﬁlc‘i‘ﬁ'@ﬂéﬁ NeSib ﬂs@'\?g' tive

conprises one or both of calci um oxi de and silicon oxl e so as to forma
cal ci um si | i cacemposie®f saighwagoetie famite 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, NizFeQ,, NiMnFeO,, MnFe,0,,
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
BaFe12019 or SrFe12019.

18.  The process of claim 12, wherein said magnetic ferrite has a formula
XYxFe12x019, where X is barium or strontium, Y is cobalt or titanium,
and x is 0 or an integer between 1 and 5.

19.  The process of claim 12, wherein said magnetic ferrite has a formula
- NirxZnFea04 or Mnyyx 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.
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23. The process of claim1, wherein said slag conprises nore than ten
percent of iron oxide by weight. 24. A magnetic material produced in
accordance with the process of claim 1. 25. A process for producing a
magneti c terial froma slag, conprising mlling a mxture of said slag
and at | edt on@‘%ﬂ@cﬁﬁ%@@'@"ﬁs’?& wharetiusaid additiveeaprisesf onmer bothmor e

magnetic ferrit o] magnet.i ¢ subst ance. 6 A process
for producing a(ﬁ?r:agi :n!eilp er| Q'I OB %lﬁ!%sg'aﬁdo ?:rgf‘rﬁr"fai‘?'Hﬁ' silicatel i ng a

m xture of sai cb@edgnagnbtﬁicémaﬁt, one additive including a ferrous
subst ance; and heat i ng said mxture; so as to produce a nanoconposite of

magnet i te I. process of claim25 wherein said ferrous.
subst ance 4 se-lrl'&lPré)&eS? Pgﬁ'\ai'ﬁé yyhripinosaid stag comprisescmase thamien ron sal ts.
gg g\zrragnet iC ﬁ@&éﬁt'@'mn%&@é’ﬁ?@vé@h?ccor dance with the process of claim

24. A magnetic material produced in accordance with the process of claim
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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