SPECIFTCATION (-1567)

BR IT KNOWN, that we, SANAA B, KHALAFALLA and GEORGE W. REIMERS,
hsve inventod & new and useful improvament in MAGIETOFIUIDS AND THEIR MANU-
FACTURE, of which the followirg is a specifilcation.
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Ahgiract
Mognetofluids, comprising a stable, colloidal

susponsion of magnetite and elemsntal iron, are
produced by caridmting s moommagnetic or anti-
magnotic precursor compound to colloldal silgs,
dimpersing the procursor in a carrier £fiuid and
therenfter convorting the procursor to ferro-

megnetic forms vhile in stable suspension,

- olerroun Invention
Ferromagnétic liquids, comondy Joown as "ferroflulds" camrise a
permanent suspension of ferromagnetdc pm;'bicles in g liquid carrier. Typical
compositions consist of sulmleron-sized megnotite particles cuspended in en
organic liquid, such as kerosens, with a diaparsing agent sdded to provent
flocculation of the particles. Propertdes of the flulds are highly dependent
upon particle size and wpon the concentration of ferromagnetic particles in
the ligquid. A dotailed discussion of ferroflulds, thedr properties and their
uses may be fourd in en article by Re E. Rosenswelg published in Iniernotional
July 1956, pages 48-56. |
Perremagnotic 1iquids ave conventionally produced by the long-term
gririing of magnetite in a carrier liquid. Grinding times required in order

10 obta.{n & true colloidal suspension range to 1000 hours or more., Grinding
farramagnotic materials is complicated by interparticle magnetle flocculation
ardzing fron thae gtiroetion of-one particle to anothor, This mognetlce
atiraction is 1a addiiion to ithe usual iutorparticle atiraciion coused Yy

van der Waal's forces. Conaequently, the conventional preparation processes
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eproduced from
%egt available copY.

aro extromely inefficlent,
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We have found that the grinding or commiruting time necossary to
propars negmetofiulds may bo greetly reduced by appropriats use of a non-
nagnatle precursor campound. The nomagnetic precursor compound, preferably
a suboxide of iron, is caminuted to colloidal size and dispersed in m carrier
liguid., It ié then converted to ferrcmagnetdc forms vhile in suspension to
fora a stable magnotofluid. ' |

4 preferred cbodinont corprisss proparing subtnleron sized wustite
particles by controlled reduction of ferric axide and further carmimiting the
wustite particles In the presance of g dispersing egent until colloidal
dimensions ere obtained, Tho wustite particles aore then converted to ferro-
mgnetic forms by disproportionation 4o lron and magmetite.

Honce, it 48 an object of our invontion to prepare mmgnetofluids
fron nommagnetde precursor compounds.

Another objeet of our luventlon is to reducs tho grinding time
required in the production of stable magnetofiuids.

Yot another object of our inveation 1s to provide s megnetofluld

of noval composition.
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We have discovered that ferromagnetic liquids, hereafter referred
to as forroflulds, may bo produced in a sirple fashion bty commirnmting a none
magnotic or antimagnetic procursor compourd to produco a stahble, colloidal
suopenalon and thercafter converting ths precursor compound to forrcmagnetic
forms. As used herein, the term "nommegnetic® will be understood to include
antimagnetic compounda., This technique reduces grinding tdme required to
produce a stable, submicron sized perticulzte suspension to as 1little as 5%
of that roquired by conventional nethods,

Substditulion of marmetite by a normasnetic precurcor allcus grird-
ing or other comirution techniques to be nccorplizhed vithout caplicaticns

axrising fram intarparticle magnetic attraction. Precursor campowdds moy
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corprise the lower or sﬁboﬁ.ﬁes of iron or ferrous oxides generally. The
preforred precursor 1s wustito which is FeO with a defect structure. Ugsti‘be
is also ct-mrsonly reprosantad Ly .fomﬂa Foj.x0 wberein x will typically vary
fron about 0.01 to about .20,

Hustdte bas been the subjoet of a mumber of theoretical studies,
Tt is thermodyramically wnstable balow Lts ewtectoldal temperature of 570°C
bt the motastable phase can be prepared Ly vapid guenching from highar
tomperatures to room tamerature. Quenchirg will preserve or froesze tho
wstite structure due to extrame slugelshnoss of solid—sélid transformations
at ordinsry tamporatures., Hoating the metastable phase to taperatures below
the eutoctoldal polnt causes wustite to disproportionate to the therm
dynenically stable phases of d-iron and magnetite eccording to the follouing
goneral forrmlas

4L Fed =5 Fo + Fog0y
Tho kinetics of this reaction wore studied YLy Ilschner and Miitake, who found
that Fo1..0 decomposes in the terperature range of 220° to 450°C. They found
that the apparent ectivation ensrgy varied botueen 17 and 12 XCal per wole
megnotite formed as x changed frem 0,06 to 0,11, respectively, Growth of
Fe30y, particle with a specific orfentation relatfonship with respect to the
urtrix wae controlled by en interfaciel renctlon. This work was reported in
Agta Motolliumzian, V. 13, pagos 855-867 (1965).

It is elso krown that wustite has a sodium chloride structurs and
that the inmber of metel ion vacanciss in Fey .0 1s tiwlce as large as the
iron daficlency would indicate. The extra iron 1s loeated interstitially
in telrahodral sites while vacancies in the crystal lattice represent extra
cctzchedrel eltos. 48 e rosuli thoe coystal hes = .local configmation snalow
gous to that of Fes0; and mammetite resulting i‘rom nortial decommosition of
the vuztdito phoso o oxloundsd identdecdly with and Zoous epitencially ou the
parent substrate,

In practicing our imvention, it is hiphly advantasoous to obtain

vaotdte of a very sanll porticle siso in oxdor to cubstanidally poduco the




anount of grinding required 4o reach colloidal dinmensiona., Hence, we prefer
10 prepare wustite by tho lov taperature reduction of finely divided iron
oxides such as hamtite. It iz knowm that metellic dron produced by low
tamerature hydrogen reduction of iron oxides is pyrophoric. 7This forn of
iron ignltes casily, even spentaneously.in elr amd is reoxddizeds Presumebly
when roductlon procecds ot relatively lov tamperaturos, only a skoleton
framovork of iron stoms romain vhers tho iron oxido was beforsy thermal notion
of the atoms boing too sluggish 4o cause arystellization into a denser and
more stable form. Pyrochoric iron has been roported at reduction temperatures
as high as 600°C.

thile nothing is knowm gbout pyrophorde iron o:ddcs,‘ it wes
Iroothesized that low tepoerature reduction of hamatite mipght yield wustite
in the pyrophoric state. These predictions were verified by experiments in
uhtch respont grads iron oxde powder (hamtite) wns roduced ot 650°C with
25% C0-~75% €O in one case end with 50% CO=50% COs in & second case to yiold
maznetite ard tuotite respectively. Bot;: products were found to be pyrophoric
in tho ssnse that thoy reoxddized spontancously srd caucht fire vhon exposed
to air. Hence, 1t was clear that wustite Ah'_vving a vory suell particle sizn
corld be prepared but the product coudd not be further procossed by convazp-‘-
ticnal meana beczuze of Lts vyrophorie maturo.

He then found that wustite in thse pyrophorle state could bo pro-
tected from oxidation during further processing by coating or covering it ulth
o diaporeing egent. A dlspersing agont 4s a nocessary corponent of any ferro-
fluid eormondtion., Its mwrpose is to madntoin a conting sround each individul
formomegmotie particle of sufficient thiclkress to provent agglomeration ox
ﬂoccufatim induced by the attrective ven der Veals forces Essontdally, tho
dispersing agent acts as =b elastic coating around sach colloidal particle

proreniing the cloce sporoach of ons particlo to erothor. Digsorsding ogonts

gousrelly usolul in favrelluld projeratdon camprise lorg-cliin organde nele-

cules heving £ reactive and prowp. Alivhatlc nomoearboxylie acids having from




atout 8 to ebout 24 cerbon atoms cre tynicel of dispersing egents useful in
forrofiuid proeparation. Olele acid iﬁ particuler is comonly used and
p:;oduces ezeollent resulte. Dispersing agents useful in forvofluid stobiliza-
tion wore found to be sampletoly satisfactory for protecting wustite from
pyrophoric o:dciation. Hance the disporsing agent parforned a dual funciion;
first to prevent pyrophoric o:d.datidn and pecond to stubllize the fémfluid
product.

Broadly, owr process ccprises cormimiting & non or antimagnetic
suboxzide of iron to colloidal dinensions, dispersing the oxide in a corrier
liquid to form e stable non-setiling suspension and thereaftor converting the
nomagnotic ivon oxide to ferramagnetio forms vhile redntaining the particles
in stsble euspension. Our preferred lower iron oxide precursor corpound is
wustito. | |

Qur most preforred embodiment caprlses first subjecting a higher
oxide of iron, such o8 hemtite, to low taperature reduction to produco
wastito of gimilar particle size. The wustite is them quenched to.a low
tamerature, emblent or somewhat above, to recover the wvuctite in a metastable
but pyzophoric state. Hext the pyrophoric viustits is protected sgainst
oxidation by coating it with a disnersing agent such o9 oelic acid. The
qi:cbure 1s thon added to & carrier liquld, typically & hydrocerbon such as -
keroseno, and subjected to grinding for a tine sufficlent to reduce the
vustite particles to colloidal dimensions. After formation of a stable
guspengion, the wustite is converted to ferramagneotic forms, corprising
motallic iron and magnetite, by rofluxing at tamperatures cbove about 200°C.
The resulting ferrofluid product displzsys a strong magnetie response ard 1s
stable and noo-sebtling under the influence of gravitational or magnetds
fleldo. It is to be rnoted that our forroflwld compositions differ from those
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s mige oot in thed thsy cormrioso oonimmhuee O colloidal poriiclos of
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magmotite and elementel iron., Ferrofluids of convantional mamilacture

cormrise a suspension of ferrite nsborial.
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_ It is not necesaary that the precwrsor capomnd be prepared or
obtained in a finely divided form prior to tﬁe coprainution gtep. Iarge
particls, non-pyrophoriec wustito could be used uith cubstantlial advantage over
prior art nethods. However, preparetion of wvustite in a finely dividéd forn
subgtantially decreases comminution or grirding tine required to obtain a
colloidal suspension. Forric oxido having = medisn particle diameter sube
gtantially loss than 1 micron is cormercizlly avallabls and controlled |
roduction of euch products will give wustite particles of approximately the
same slze. 4 stable, colloidzl suspension is formed vhen the maxdimm particle
size 48 less than ebout 0.01 microns (100 4°), provided of course that
floceulation of the purticlea 1s avoided, Advantages erlsing from production
of the wustlte precursor in a firely divided form are readily apparent.

_ Reductlon of ferric oxddes must be carried out at tameratures
abofe the wustite eutoctoidel temerature, or 570°C. Temermgtures within the
goenerol range of about 570° to 800°C produce satisfactory results. A pro-
ferred reduction tampersture is in the r;nge of 600° to 700°C. Gases are
advantegeously used ea the reducing sgenta and a gaseous mdxture of carbon
nonoxide and carbon diccdde ig preferred. Wustils camosition may very fronm
a nominal Feo.ggo to Fog gg0 vhile a praferred camposition range is fron |
Fe0.950 to F“O.GSO' Convorsicn of the wustite precursor to ferromngnetic
forns is moot comveniently accorplished by refluxing the colloidal suspension
st tarmeratures above about 200°C and below 570°C, Caro must also be taken
to evoid themnl docarposition of elther tho carrieé liquid or the dispersing
agent, Refluwxing time required for substantially comploto comversion of
vustite 0 metailic iron and nmagrztite is tarmergture dependent but will
typically range from ebout X to about 10 hours at tameratures ranging from 200
to 300°C.

Carzler ldquida ugeful in our forroflidd corprositicns irclude
aydwocuabons, Tluerocarvois, cilicono oils, or eotorg. Uhicice of carrier

liqpid does not affect tho procoos eeept that the dispersing egent chosen




mist be compntitle with tho corrier, lMagnetle proverties of the ferrofinid

- my be adjusted by verying the concontration of ferrcmagnotic particles
suspended in’ the carrler liguid. This may readily be accomplished edthor by
aliple dllution or by eveporating a portion of the carrier. Concentrations
of ferromagnotic perdicles as hizh as 40 to 50 g ver 100 nl £luid ere obtaine
alile wiiile votaining the Liquid proporties of the cormposition,

Fem'_'oi‘luigis producoG by the mothod of thig invention are ﬁseﬂ.ﬂ. in
& host of different applications, For emmple, vhen & ferrofluid is subjectod
to an applisd magnetie 2dcld, a mgneﬁc lovitotion force is crested within
the forroflnid thus giving the effect of an apparent incre=se in spocific
gravity. Homagnotic bodies Dimersed in the flnid moy be lovitated by the
fluld even if they have substantially greatar densities then the fluid. By
adjusting the strength of tho apolied magmetie ficld, boé:!.os of differing
density moy be selectively lovitated thus providing e sevaration process based
upon differdng densities. .

Othor uses inclwde acceleromsters, attltude control devices,
oscillation da.cpirg devices, rotating shalt scals and bearings. It has also
boen proposed to usc hydrocarbon buse or oil scluble forrofluids for cleaning
up oil gpillg. o roelatively concentiated forrofliuid is sprayed on or otherwlse
mixed with an cil slick thus making the entire nmizdture mammetlc., The oil
slick is then ckirmoed fran the weter surface using a troveling msgnet,

The following examples serve to illustrate specific embodiments of
our ixrve:t‘:f.on. ‘

Ezaple &

A 200 g sxple of resgent prade ferric oxide ponder weos reduced at
650°¢ u.;aing“a 50% carbon nmonoxide -50% carbon dioxdde mimture. Acconding to
the thermodyaanic phaze diag:.m of the lron~oxygon eystem, the resulting
sweluet should corprist wastite luving & crmosition of Fony,on0. A fhormo-
balance was usod to :-.‘.o::-'.itor e progreas ol roduction vhich was. camplete in

about 1 bour. Tho rosuliing wuctite, welzhing 184 g wan reooved fron the




furnace crucible and queanchod -bo roon tamperature using an inert gas atoos-
phere of holiwa, One hurndred ml of oledc geld, enough to cover the oxlde
nhaso, was thon added. The resulting mixture was then transforrod to o ball
2111 containing 1 liter of kerogene and 7.3 kg of steel balls. Crinding
contimed for s total of 40 hours, _ _

At the exd of that tdme, the fluid was separated frcé tho bells,
pourad futo a graducted cylinder ard gllowed to stand for 48 hours. Yo solld
sedinertation occurred zfter that time, indleating the fluid to bo a true
colloidnl suspension. Tho fluid had a gpecific gravity of 0.606 g/ul end a
viscooity of 2.87 cp camared to the carrier fluid (korosane combaining 108
oleic mcid) which had a epecific gravity of 0.772 g/l and a viscosity of
1.46 cp. 4 rezative mognetic response was exhikitod by the fluid when placod

noar the polea of an electromagnot.

Bemlo 2
The antimegnetic colloidal wustito suspension of Bammple 1 wﬁs
convorted hy disproportionntion into magnotdto and Iron by reflwddng et 250'30.
Reflwdng was contimed for 6 hours, reculilrg in a {luid which oxhibited o
strong nmacnetic response. This resulidng ferrofluid had the sumo specific
gravity, 0.806 g/rl, as did the wustite suspounsion but the viscosity decréasad
to 2.61 cp. The fluid vas stablo and nonesetiling thus indicating that no
flocculation or goslomexntion ocourred durlng the convornion of the wustite

particles to ferromagnetic forms.

Bmiple 3
S-moles of the ferrofluld of Exampls 2 were concontrated hy

-

evaporabion. litrogen was bubbled through the flwdd at o taporature of
200°C untdl tho volume was reduced to 72.5% of that orizinslly present. At

ial
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g meind the oopocilfic oorvily (ucooured ot 5D £) wns 0.000 ofm1 ond tho

viscosity was 3.50 cp. Evoporation was then contlmed as before until the




vpima vag reduced to 505 of that originally present. Specific gravity
incrossod at this point to 0.848 g/ml end the viscosity increased to 455 cp.
The rosulting fluid was again corcentrated to a volune 2550 m’ thet originally
present. This flvid, nou councentrated 4~fold, had a SPwific gravity of

¥

0,916 g/ml. Vigcosity was not measured. .
) AL of the ferroflwid concentrates retained the rroperties of a
truo colloide) suspenalon displayed by tho oririnal fluid. Progressively

increasing magnetic respoasc was noled es the concentration invereased.

Toremle 4

A camparative test woe performad using the samo resgent grade
hanatite pouder a& was utilized in Dzeople 1. In this case, 150 groms of
the powler was completely convertod to magnetite by controlled reduction.
Veisht of the mogaetite product was 184 g. Tho magnetite was cooled under an
i:lert atmogphere and tronaferred undor 100 ml oleic acid to the boll nidl
conbaining 1 liter of korosens. &mall Samplea of the product were inter-
pittontly withdrawm as grinding proceedod. These sarples were cantrifuged
and the supernatant portion wes tested for megnetic rosponge. The first
positive regponse wes obtained after 300 hours of grinding tdme. At this
point, tho specific gravity of the fluid was 0.627 g/ and its viscoalty ves
2.86 cp.

ryY
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Tn snother test ferrle oxide, in tho form of  -Feyls o mghenite,
was used to prepare magnetite. The finelydivided ferric
/oxtde Liad au aveszge particle size oX G.02 nicrons gecording to the nmami-
facturer and displeyed e suxface axea of X7 n</g. 4 particle dlsmeter of
0.02 ricrons is spprocimately tulco the particle dlameter which will forn a
stahle ferrofivid. The maghanite was reduced wder controlled conditions
ond relatively low waporciturs in exder 10 obtain norticlatz neogretlte of
approxinately the samo particle siso. &Agtor roduction, the magactito px ~OAUCD

was treatod in a fashicon identicsl to that set out in 3}:*:;3103 1 ard 4.




After 56 hours of gﬁ.rriing, the resuliing fiuid gave a vory feoble
| tognetic response. At this point the fluid hed & specific gravity of 0.789
p/ul and a viscoalty of L.77 cp. ‘Magnetiie particles in the fluld settled

oud after 45 hours of standing in a graduasted cylinder. Additional grinding
wos requived in oxder to reach the colloidal otate. |
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