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Description

. THIXOTROPIC MAGNETORHEOLO GICAL MATERIALS
Technical Field

The present invention relates to certain fluid materials which
= oxhibit substantial increases in flow resistance when exposed to
, magnetic fields. More spemﬁcally, the present invention relates to
| o magnetorheologlcal ‘materials that utilize a thixotropic network to
’ provide stability against partlcle settling.

* - Background Axt
10 Fluid compomtmns Wthh undergo a change in apparent
 viscosity in the presence of a magnetlc field are referred to as
Bingham magnetlc ﬂmds or magnetorheolcglcal materials.
.'\E[agnetorheologlcal matenals normally - are compnsed of
- .ferromagnetlc or paramagnetlc partlcles typically greater than 0.1
15 mlcrometers in dlameter dmpersed WIthm a carrier fluid and in the
,presence of a magnetic field, the partmles become polanzed and are
thereby organized into chams of partlcles within the fluid. The chams
of partlcles act to increase the apparent mscomty or ﬂow resistance of
1 . o the overall fluid and in the absence of a magnetic field, ‘the particles
B 20 return to an unorganized or free state and the apparent viscosity or
o Aflow resistance of the overall material is correspondingly reduced.
e These Bmgham magnetlc ﬂuld compos:tmns ‘exhibit controllable
R . o behavior similar to that commonly observed for electrcrheologlcal
S A LT .-matenals, w}uch are responswe to an electnc :ﬁeld 1nstead of a
' 5 mag‘netlc ﬁeld o |

o Both electrorheologlcal and magnetorheclogmal matenals are
useful in prowdmg varymg dampmg forces within devices, such as

* dampers shock absorbers ‘and elastomenc mounts as well as in
R controlhng torque and or pressure levels in various clutch brake and
o 3) valve devices. Magnetorheologucal materials inherently offer several
' advantages over electrorheologlc:al materials in these apphcatlons
Magnetorheologlcal ﬂmds exhibit higher yield strengths than



10

15

20

25

CA 02148000 1999-07-22

2

electrorheological materials and are, therefore, capable of generating greater
damping forces. Furthermore, magnetorheological materials are activated
by magnetic fields which are easily produced by simple, low voltage elec-
tromagnetic coils as compared to the expensive high voltage power supplies

required to effectively operate electrorheological materials.

Magnetorheological or Bingham magnetic fluids are distinguishable
from colloidal magnetic fluids or ferrofluids. In colloidal magnetic fluids
the particles are typically 5 to 10 nanometers in diameter. Upon the appli-
cation of a magnetic field, a colloidal ferrofluid does not exhibit particle
structuring or the development of a resistance to flow. Instead, colloidal
magnetic fluids experience a body force on the entire material that is pro-
portional to the magnetic field gradient. This force causes the entire colloi-

dal ferrofluid to be attracted to regions of high magnetic field strength.

Magnetorheological fluids and corresponding devices have been dis-
cussed in various patents and publications. For example, U.S. Pat. No.
2,575,360 provides a description of an electromechanically controllable
torque-applying device that uses a magnetorheological material to provide a
drive connection between two independently rotating components, such as
those found in clutches and brakes. A fluid composition satisfactory for this
application is stated to consist of 50 % by volume of a soft iron dust, com-
monly referred to as "carbonyl iron powder", dispersed in a suitable liquid
medium such as a light lubricating oil.

Another apparatus capable of controlling the slippage between
moving parts through the use of magnetic or electric fields is disclosed in
U.S. Pat. No. 2,661,825. The space between the moveable parts is filled

with a field responsive medium. The development of a magnetic
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or electric field flux through this medium results in control of
resulting slippage. A fluid responsive to the application of a magnetic
field is described to contain carbonyl iron powder and light weight
mineral oil.

U.S. Pat. No. 2,886,151 describes force transmitting devices,
such as clutches and brakes, that utilize a fluid film coupling
responsive to either electric or magnetic fields. An example of a
magnetic field responsive fluid is disclosed to contain reduced iron
oxide powder and a lubricant grade oil having a viscosity of from 2 to
20 centipoises at 25°C. |

- The conStruction of valves useful for controlling the flow of
magnetorheolbgical fluids is described in U.S. Pat. Nos. 2,670,749 and
3,010,471. The magnetic fluids applicable for utilization in the

~ disclosed valve deszgns mclude ferromagnetlc paramagnetic and

dlamagnetlc matenals A specific magnetic fluid composition
spemﬁed in U.S. Pat No. 3,010,471 consists of a suspension of carbonyl

~ iron in a light weight hydrocarbon oil. Magnetxc fluid mixtures useful

in U.S. Pat No. 2,670,749 are described to consist of a carbonyl iron
powder dlspersed in elther a sﬂlcone oil or a chlorinated or ﬂuormated

’suspenswn fluid. .

- Vanous magneterheologlcal matenal mixtures are disclosed
in U S. Pat. No. 2,607, 237 The mixture is defined as a dispersion of

small paramagnetlc or ferromagnetlc partlcles in elther a liquid,

~coolant, antioxidant gas or a semi- -solid grease. A preferred

" composmon for a magnetorheologlcal matenal consists of iron powder

- . and hght mac}pme oil. A specxﬁcally preferred magnetlc powder is

stated to be carbonyl iron powder with an average par’tlcle size of 8

'-mlcrometers Other possable carrier components include kerosene,
grease and sﬂlcene 011 ' S

U S Pat No 4, 992 190 discloses a rheolog1cal material that 1s

resmnswe to a magnetm field. The composition of this matenal is
- disclosed to be magnetlzable particles and silica gel dlspersed in a
- .hquld camer vehicle. The magnetizable particles can be powdered

' magnet1te or carbonyl iron powders with insulated reduced carbonyl
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iron powder, such as that manufactured by GAF Corporation, being
specifically preferred. The liquid carrer vehicle is described as
having a viscosity in the range of 1 to 1000 centipoises at 100°F.
Specific examples of suitable vehicles include Conoco LVT oil,
kerosene, light paraffin oil, mineral oil, and silicone oil. A preferred
carrier vehicle is silicone oil having a viscosity in the range of about 10

to 1000 centipoise at 100°F.

Many magnetorheological materials such as those described
above suffer from excessive gravitational particle settling which can
interfere with the magnetorheological activity of the material due to
non-uniform particle distribution. One cause of gravitational particle
settling in magnetorheological materials is the large difference
between the specific gravity of the magnetic particles (e.g., iron = 7.86

, gm/cm3) and that of the carner fluid (e.g., silicone oil = 0.95 gm/cm3)

which can cause rapid partlcle settling in a magnetorheologucal

‘material. The metalhc soap-type surfactants (e.g., lithium stearate,
‘aluminum distearate) traditionally utlhzed to guard against particle

settling inherently contain s1gmﬁcant amounts of water which can

limit the useful temperature range of the overall magnetorheeloglcal
‘material. The use of a silica gel d1spersant as disclosed 1n U S. Pat.

~ No. 4,992, 190 has presently been found not to 31gmﬁcant1y minimize
~ particle settlmg over a prolonged penod of time.

A need therefore currently exists for a magnetorheological

‘ matenal that exblblts minimal particle setthng for a prolonged period

of time and that can be utlhzed over a broad temperature range

! Dis‘closum of Inventlon _

: ' o 4 c
! ot

The present mventmn is a magnetorheologlcal material that

' EXhlbltS x:mmmal partlcle setthng and that can be utilized over a broad
' temperature range The present magnetorheologlcal material com-

prises a carrier ﬂmd a particle component, and at least one

thlxotroplc add1t1ve selected from the group consisting of a hydrogen-
-.bondmg thlxotroplc agent and a polymer-modified metal oxide. It has

. ’presently been discovered that a hydrogen-bonding thixotropic agent

~ and a polymer-modlﬁed metal oxide can be utilized alone or in
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combination to create a thixotropic network which 1s unusually
offective at minimizing particle settling in a magnetorheological

material.

A thixotropic network is defined as a suspension of colloidal or

5 magnetlcally active particles that at low shear rates form a loose
network or structure, sometimes referred to as a cluster or a
flocculate. The presence of this 3-dimensional structure imparts a
small degree of rigidity to the magnetorheologwal material, thereby,
reducmg partxcle eetthng However, when a shearing force is applied

10 .through m11d agxtatxon this structure is easily disrupted or dispersed.
When the shearing force is removed this loose network is reformed

OVer a penod of time. The th:xotroplc network of the present invention

18 substantlally free of water and effectively prevents particle settling
1n a magnetorheologlcal matenal wﬁ:hout interfering with the broad

15 temperatu:re capab:hty of that matenal

Best Mode for Carrymg Out the Invenmon

The magnetorheologlcal matenal of the present mventlon

_ com-pnses a carrier fluid, a partlcle component and at least one

' --thlxotroplc addltrve selected from the group consisting of a hydrogen-
2 'bondmg thlxotropzc agent and a polymer-modlﬁed metal omde '

, The hydrogen-bondmg thlxotroplc agent of the present-

' mventmn can essentlally be any ohgomenc compound containing a

, ., -'dlpole Wthh can mtermolecularly mteract w1th another polar

| ohgomer or partlcle These dlpoles arise. through the asymmetnc

5 dlsplacement of electrons along covalent bonds Wxthm the polymenc

.' .'compound Dlpole-dlpole 1nteractlons are more commonly referred to

| '.".as hydrogen bondmg or bndgmg By definition, a hydrogen bond
] :results through the attractmn of a hydrogen atom of one molecule
el (proton donor) to two unshared electrons of another molecule (proton '
30 "acceptor) A thorough descnptlon of hydrogen bondmg ig prowded by
s 'L Pauhng and J. Israelachvlh in "The N atm'e of the Chemloal Bond”
o _--‘_(Srd edltlon Comell Umvermty Press, Ithaca, New York 1960) and

; '_"‘Intermolecular and Surface Forces" (Academic Press, New York,

- . -.
.......
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1985), respectively.

In general, an oligomeric compound 1s described as being a low mo-
lecular weight polymer or copolymer consisting of more than two repeating
monomer groups or units. An oligomer typically exhibits a molecular weight
of less than about 10,000 AMU. Oligomers with a molecular weight between
about 1000 and 10,000 AMU are also known as pleinomers. The number of
repeating monomeric units in an oligomer i1s dependent upon the molecular
weight of the individual monomeric units. In order for an oligomeric com-
pound to effectively function as a hydrogen-bonding thixotropic agent in the
present invention the oligomer should be either a nonviscous or viscous lig-
uid, o1l, or fluid. A thorough discussion of the synthesis, characterization and
properties of oligomeric compounds 1s provided by C. Uglea and I. Negu-
lescu 1in "Synthesis and Characterization of Oligomers", CRC Press, Inc.,

Boca Raton, Florida, 1991, hereinafter referred to as Uglea.

The hydrogen-bonding thixotropic agent of the present invention can
act either as the proton donor or the proton acceptor molecule in the forma-
tion of a hydrogen bridge. In order to be effective as a thixotropic agent in
the invention the oligomeric compound must contain at least one electro-
negative atom capable of forming a hydrogen bond with another molecule.
This electronegative atom can be contained in the oligomer backbone, in a
pendant chain or in the terminating portion of the oligomeric compound. The
electronegative atom can be O, N, F or Cl in order to behave as a proton ac-
ceptor and can be, for example, present in the form of -O-, =0, -N=, -F, -Cl,
-NO,, -OCHj;, -C=N, -OH, -NH,, -NH-, -COOH, -N(CHj3), or -NO substitu-
ents covalently bound to either a carbon, silicon, phosphorous, or sulfur
atom. The electronegative atom within the thixotropic agent for purposes of

behaving as a proton donor can be O or N and can be, for example, present in
the form of -NH-, -OH, -NH,, and -COOH substituents covalently bound as

described above. It 1s presently preferred that the 'oligomeric compound con-
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tain at least two electronegative atoms so that the oligomeric compound can
act as a bridging agent to further reinforce the thixotropic network.

Examples of oligomeric compounds which may contain a hydro-
gen-bonding electronegative atom for purposes of the invention include vari-
ous silicone oligomers, organic oligomers and organosilicon oligomers.

The silicone oligomers useful as hydrogen-bonding thixotropic agents
in the present invention contain an oligomeric backbone comprised of sili-
cone monomeric units which can be defined as silicon atoms linked directly
together or through O, N, S, CH, or C¢H, linkages. Silicone oligomers con-
taining these linkages are more commonly referred to as silanes, siloxanes,
silazanes, silthianes, silalkylenes, and silarylenes, respectively. The silicone
oligomers may contain identical repeating silicone monomeric units (homo-
polymeric) or may contain different repeating silicone monomeric units as
random, alternating, block or graft segments (copolymeric). Due to their
broad commercial availability, silicone oligomers containing a siloxane
backbone are preferred. It 1s essential that the siloxane oligomers contain the
electronegative hydrogen-bonding substituent either in a pendant chain or as
a terminating group to the oligomeric structure since electronegative groups
in a siloxane backbone are typically shielded from effectively participating in
hydrogen bonding. A thorough description of the synthesis, structure and
properties of silicone oligomers 1s provided by W. Noll in "Chemistry and
Technology of Silicones", Academic Press, Inc., New York, 1968 (hereinaf-
ter referred to as Noll), and by J. Zeigler and F. Fearon in "Silicon-Based
Polymer Science"”, American Chemical Society, Salem, Massachussetts, 1990

(heremnafter referred to as Zeigler).

The siloxane oligomers of the invention can be represented by the
formula:
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1 3 4 1
R R R R
| | | |

Rl——Sl-——O-E|Si--O ai--o};sl,iwal

| 1
Rl Rz R5 R

wherein R1 R2 R3, R4 and R5 can independently be a straight chain,
branched cyclic or aromatic hydrocarbon radical, being halogenated
or unhalogenated, and having from 1 to about 18, preferably 1 to about
. '6 carbon atoms; an ester group; an ether group, or a ketone group,
- with the proviso that at least one of R1, R2 R3, R4, and RS contains an
electronegatlve substltuent being covalently bound to either a carbon,

silicon, phosphorous or sulfur atom. The electronegative substituent
- is typically present in the form of -0-, =0, -N=, -F, -Cl, -NO2, -OCHas3,

10 -C=N, -OH, N'Hz, -NH-, -COOH -N(CH3)2 or -NO. The presence of the

- At — . ol . N oL lal” J -
. H . L a B T 2 oy WS S - . -v: ° o° ~ oW T aT,Te 4. —l . T . e Y L
A ] R i ' ) .' ) " - e v Pt 4. "~ - dg -4 -~ - - - Fe = -
. . : - ' ) - - - - - -
. . : . . N :

' electro-negatlve substituent is preferably accomphshed by at least one
of R, R2, R3, R4, and RS being a (CH2)wE moiety wherein E is selected

 from the group consmtmg of CN, CONHz, ClL F, CF3 a.nd NH2 and W
~is an mt,eger from 2 to 8. As stated above, it is presently praferred that

.the ohgomer contam at least two electronegatlva substltuents for
S example one substltuent at each tenmnanng portlon of the ohgomer
- so the ohgomer can act as a bndgmg agent. The number of

. onomenc backbone umts as spec1fied by each of x and y can
"‘1ndependently vary from 0 to about 150 W1th the prowso that the sum (x
+y) be w:ltlun the range from about 3 to 300 prefarably from about 10 to

. 150* 

Specz.ﬁc examples of sﬂoxane ohgomars appropnate to the
; mventlon that have an electronegatlve subsmtuent in the tam:unatmg
' portlon of the ohgomenc compound include dlmethylacetoxy-termm-
«ated polydlmethylsﬂoxanes (PDMS) methy1d1acetoxy-termmated -
-’- "PDMS dlmethylethoxy-termmated PDMS ammopropyldxmethyl -ter-
'_..fmmated PIMS carbmol-termmated PDMS monocarbmol-temnnated
-'-PDMS dlmethylchloro~term1natod PDMS dlmethylamno-temmated
'-,*]PDMS dlmathylethoxy-termmated PDMS dzmethylmothoxy PDMS,
L methacryl-oxypropyl-termmated PDMS, monomethylacryloxypropyl-

5 R

SRERE | '.termmated PDMS carboxypropyldlmethyl -terminated PDMS, chloro-

: methyld1methyl terxmnated PDMS carboxypropyldlmethyl termin-
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ated PDMS and silanol-terminated polymethyl-3,3,3-trifluoropropyl-
siloxanes with aminopropyldimethyl-terminated PDMS, carbinol-
terminated PDMS and methacryloxypropyl-terminated PDMS being

preferred.

' Examples of siloxane oligomers of the invention which have
the electronegat}.ve substituent in the pendant chain of the oligomeric
compound include polycyanopmpylmethylsﬂoxanes, polybis(cyano-
propyl)sﬂoxanes poly(chlorophenethyl)methylsﬂoxanes polymethyl-

3,3,3- tnﬂuoropropylsﬂoxanes polymethyl -3,3,3-trifluoropropyl/di-
methylsiloxanes, poly(ammoethylamlnopropyl)methyl/dlmethyl-

siloxanes, poly(ammopropyl)methyl/dlmethylsﬂoxanes poly(acryloxy-

propyl)methyl/dlmethylsﬂoxanes poly(methylacryloxypropyl)methyl/-
dlmethylsﬂoxanes poly(chloromethylphenethyl)methyl/dlmethyl-

siloxanes, poly(cyanopropyl)methyl/dlmethylsﬂoxanes poly(cyano-

propyl)methyllmethylphenylsﬂoxanes polyglycldoxypropylmethyl/dl-

-,methylslloxanes polymethylphenyl/dlmethylsﬂoxanes poly(tetra-

chlorophenyl)/dlmethylsﬂoxanes polyd1pheny1/d1methylsﬂoxanes
-  poly(cyanoethyl)methyl/dJmethylsﬂoxanes and polyethylene oxide/di-
- methylsiloxanes, ‘with polymethyl-3,3,3- trlﬂuoropropyl/dlmethylsﬂ-

.‘oxanes pol y( cyan0propyl )methyl/dlmethylsﬂoxanes ‘polymethyl-3,3,3-
"tnﬂuorOpropylsﬂoxanes and polycyanopropylmethylsﬂoxanes bemg

' ,preferred

The orgamc ohgomers useful as hydrogen—bondmg thlxotroplc

agents in the present invention contain an ohgomenc backbone
’.'compmsed entirely of orgamc monomer umts " These monomenc.'
organic units are further descnbed to compnse carbon atoms linked
'dlrectly together oi" through oxygen, :mtrogen sulfur or, phosphorus
"':hnkages ‘These monomer units may be vanous ethers esters,
aldehydes ketones carboxyhc aclds alcohols ammes anndes halo-
"alkanes and combmatlons thereof The orgamc ohgomers of the

mventlon may be elther homopolymenc or copolymenc as defined

L '_~afz.’5bove A thorough descnptlon of the synthesw struoture and

e . .propertles of orgamc oligomers and polymers is prowded in Uglea and

' by M. Alger in "Polymer Scwnce Dictionary” (Elsevier Apphed

P R R T A TR S P Sl AL R A . - . Wat . TR
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Science, New York, 1989).

Examples of organic oligomers eligible for use as a hydrogen bonding
thixotropic agent in the invention include polyacetals, polyacetaldehyde, poly-
acetone, polyacrolein, polyacrylamide, polyacrylate, poly(acrylic acid), polyac-
rylonitrile, polyacylhydrazone, polyacylsemi-carbazide, polyadipamide, poly-
adipolypiperazine, polyalanine, poly(alkylene carbonate), poly(amic acid),
polyamide, poly(amide acid), poly(amidehydrazide), poly(amide-imide), poly-
amine, poly(amino acid), polyaminobismaleimide, polyanhydrides, polyarylate,
polyarylenesulphone, poly(arylene triazole), poly(aryl ester), poly(aryl ether),
polyarylethersulphone, poly(aryl sulphone), polyaspartamide, polyazines,
polyazobenzenes, polyazomethines, polyazophenylene, polybenzamide, poly-
benzil, polybenzimidazole, polybemzimidaloline, polybenzimidazolone, poly-
benzimidazoquinazolone, polybenzimidazoquinoxaline, polybenzoin, polyben-
zopyrazine, polybenzothiazole, polybenzoxazindione, polybenzoxazinone,
polybenzoxazole, polybismaleimide, polybiurea, polybutylacrylate, polybuty-
lene polyterephthalate, polybutylmethacrylate, polycaprolactone, polycarba-
zane, polycarbazene, polycarbodiimide, polycarbonate, polycarboxanes, poly-
chloral, polychloroethene, polychloroprene, polychlorostyrene, polychlorotri-
fluoroethylene, polycyanoterphthalidene, polycyclohexylmethacrylate, polydi-
ethyleneglycol polyadipate, polydimethylketones, polydimethylphenol, polydi-
peptides, polyepichlorhydrin, polyethersulphone, polyethylacrylate,
poly(ethylene adipate), poly(ethylene azelate), poly(ethylene glycol), polyeth-
yleneimine,  poly(ethylene = oxide),  poly(ethyleneoxy  benzoate),
poly(ethylenesulphonic  acid),  poly(ethyleneterephthalate),  polyethyl-
methacrylate, polyfluoroacrylate, poly(glutamic acid), polyglycine, polyglyco-
lide, poly(hexafluoropropyleneoxide), poly(hydroxybenzoic acid), polyhy-
droxybutyrate, polyhydroxyproline, polyimidazole, polyimidazolone, poly-
imides, polyethers, polyesters, poly(isobutylvinyl ether),
poly(isopropenylmethyl ketone), polylactide, polylaurylmethacrylate,
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polylysine,  polymethacrolein, polymethacrylamide, polymethacrylate,
poly(methyacrylic acid),  polymethacrylonitrile, polymethylacrylate,
poly(methyl-a-alamine), poly(methyl-a-chloroacrylate),
poly(methylenediphenylene oxide),




2148000 P CI/US93/09935

11

V0 94/10693

poly(y-methyl-a-L-glutamate), polymethylmethacrylate, poly(methyl-

vinyl ether), poly(methylmnyl ketone), polyoxadiazoles, polyoxamides,
polyoxyalkylene sorbitan fatty acid esters, polyoxyalkylene sorbitol

esters, polyoxyethylene acids, polyoxyethylene alcohols, polyoxyalky-

5 lene glyceride esters, polyoxyalkylene alkyl amines, polyoxyalky-
lenealkyl aryl sulfonates, poly(oxyethylene glycol), polyoxymethylene
poly(oxypropylene glycol), poly(oxypropylene polyol), poly(oxytetra-
methylene glycol), poly(parabamc acid), polypeptides, poly(phenylene
ethers), polyphenyleneamme poly(phenylene oxide), poly(p- -pheny-

10 lenesulphone) poly(-p-phenyleneterephthalamlde) poly(phenyl iso-

' cyanate), polyphenyloxadlazole polypwalolactone polyproline, poly-
(propylene adipate), poly(propylene azelate), poly(propylene oxide),

. poly(propylene oxide-b-ethylene oxide), poly(propylene sebacate), poly-

~ sarcosine, polysenne polystyrylpyndme polysulphonazmde polysul-
o 15 'phonate polysulphone polyterephthalamde polytetrahydrofuran,
- 'polytnazole, polytriazoline, polytryosme polyureas, polyurethanes

o poly(mnyl acetate) poly(wnyl acetal) poly(vmyl alcohol), poly{(vinyl-

- alkyl ethers) polywnylamme poly(wnyl chlaroacetate) poly(mnyl
. esters) pely(wnylethyl ether) poly(vmyl formate), poly(vmlyldene
20 chlonde) poly(mnyhdene cyamde) poly(mnyhdene ﬂuonde) poly(vinyl
" 1socyanate) poly(vinyl stearate) and combinations or mixtures thereof
~ with poly(ethylene oxide), poly(hexaﬂuoropreylene oxide), polymeth-
o acrylate poly(propylene ox:l_de) poly(vmyl stearate) polyoxyalkylene
R .sorbltan fatty acld esters polyoxyalkylene sorbitol esters, polyoxy-
B ethylene amds polyoxyethylene alcohols, pelyoxyalkylene glycende
- esters, polyoxyelkylene alkyl ammes polyoxyalkylenealkyl aryl '

N SIﬂfonates and poly(propylene omde b- ethylene omde) being preferred.

' "14 ~j SR .‘-'r

- , The organic ohgomers of the 1nventmn may also be low
SAPEL e 'molecular weight olefinic copolymers formed by reacting one or more
S o 30 organic ‘monomeric umts descnbed above Wlth one or more olefinic
L el ,"‘monomenc units such as alkene, alkyne or arene monomeric units.
N Examples of spemﬁc oleﬁmc monomenc units mclude acetylene,
alkenamers alkylenephenylenes alkylene sulﬁdes allomers,
L | --arylenes butadlene butenes carbathianes, ethylene styrene cyclo-
- 51 hexadiene, ethylene sulﬁde ethylidine, ethynylbenzene, isoprene,
methylene methylenephenylene norbomene phenylene, sulphide,
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propylene sulphide, phenylene sulphide, propylene, piperylene and
combinations thereof.

‘The preferred organic oligomers of the invention are
poly(alkylene oxide) oligomers represented by the formula:

wherem R1, R2 and R3 can mdependently be hydrogen, fluorine or any
straight chain hydrocarbon radlcal being halogenated or unhalo-
genated and hav:.ng from 1 to about 18, preferably 1 to about 6, carbon
atoms, and R4 is either a hydrogen atom or an -OH group. The

| 10 number of monomenc backbone units as spemﬁed by each of x, y and z

- can mdependently vary from 0 to about 70 with the proviso that the
sum (x + y + 2) be Wxthm t.he range from about 3 to 210 Examples of

o ~.’the preferred poly(alkylene oxide). orgamc ohgomers of the present

S 'mventlon can commerclally be obtamed from BASF Corporatlon under

15 the trade name PLURONIC and PLURONIC R.

The organo-sﬂwon ohgomers useful as hydrogen-»bondmg"

R t}nxofrOplc agents m the present mventxon are c0polymenc and can be

block ohgomers whmh contain an ohgomenc backbone in .whlch

~'~-.."._;".vary1ng size blocks of sﬂxcone monomeno umts and orgamc

0 fmonomenc umts are elther randomly or alternatmgly dlstnbuted

__ 'The organo-sﬂlcon ohgomers may also be graft ohgomers contalmng a
baekbone or _ cham of sﬂlcone monomer units to wlnch are attached

. orgamc monomer umts The orgamc and sx.hcone monomeno units

B appropnate for prepanng the organo-sxhcon ohgomers can be any of

B the orgamc and sﬂloone monomenc umts descnbed above thh respect

| to the orgamc and s1hoone ohgomers respectwely A thorough

descnptlon of the synthesw structure and propertles of organo-sﬂlcon

ohgomers IS prov:.ded in Hgl_, and ngle;

.- .
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In general, graft organo-silicon oligomers are the preferred
hydrogen-bonding thixotropic agents of the invention. The preferred
graft organo-silicon oligomers can be represented by the formula:

hofld g o
AR

' CzRe

. U
2 2 3

wherein R1 can independenﬂy be a straight chain, branched, cyciic or
aromatic hydrocarbon radical, being halogenated or unhalogenated,
and havmg from 1 to about 18, preferably from 1 to about 6, carbon

~ atoms; an ester group, an ether group or a ketone group; R? can
e ‘_,mdependently be hydrogen, ﬂuonne or a stra:aght chain hydrocarbon

- 10

radical, ‘being halogenated or unhalogenated and having from 1 to

S about 18, ‘preferably 1 to about 6, carbon atoms, and R3 is an alkyl

-radlcal havmg from 1 to 5 carbon atoms (e.g., ethyl or methyl group) or

a hydro gen atom. R1 is preferably a methyl group, R2 is preferably a

hydrogen atom, and R3 1s preferably a hydrogen atom Or methyl
| group The number of monomenc sﬂlcone backbone units as speczﬁed
by each of w and x can vary from 0 to about 130 and from 1 to about 40,

: 'respectlvely, wlth the proviso that the sum (w + x) be within the range
- from about 3 to 150 The number of monomeric organic units attached
- to the sﬂlcone monomeric umts as spemﬁed by each of y and z can vary

"from 0 to about 220 and from 0 to about 165, respectwely, with the

" prowso that the sum (y + z) be thhm the range from about 3 to 225.

Examples of graft organo-»s:thcon oligomers include alkylene

o | omde dJmethylsﬂoxane copolymers such as ethylene oxide- d].methy I-
T Sl]_oxane gopolymers and pr0pylene omde-dlmethylsﬂoxane copoly-

-mers sﬂmone glycol copolymers and mixtures thereof with alkylene

. S .'~._'oxzde dlmethylsﬂexane copolymers bemg preferred. Examples of the
C .-,.,-.pre-'ferred alkylene omdewdlmethylsﬂoxane copolymers are commer-
o "'.'-'c1ally avaﬂable from Umon Carblde Chemicals and Plastics Company,
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Inc. under the trade name SILWET, with SILWET L-7500 being especially

preferred.

Several stabilizing agents or dispersants previously disclosed for use in
electrorheological materials have also been found to be suitable for use as a
hydrogen-bonding thixotropic agent for purposes of the present invention. For
example, the amino-functional, hydroxy-functional, acetoxy-functional and
alkoxy-functional polysiloxanes disclosed in U.S. Pat. No. 4,645,614 may be
utilized as a hydrogen-bonding thixotropic agent in the invention. In addition,
the graft and block oligomers disclosed in U.S. Pat. No. 4,772,407 and also de-
scribed by D. H. Napper in "Polymeric Stabilization of Colloidal Dispersions”,
Academic Press, London, 1983, are useful as hydrogen-bonding thixotropic
agents as presently defined. Examples of these graft and block oligomers are
commercially available from ICI Americas, Inc. under the trade names
HYPERMER and SOLSPERSE.

As stated above, the hydrogen-bonding thixotropic agents of the present
invention are essentially oligomeric materials that contain at least one electro-
negative atom capable of forming hydrogen bonds with another molecule. The
exemplary hydrogen-bonding thixotropic agents set forth above can be pre-
pared according to methods well known in the art and many of the hydro-
gen-bonding thixotropic agents are commercially available.

Due to their ability to function over broad temperature ranges, their
compatibility with a variety of carrier fluids and the strength of the resulting
thixotropic network, the preferred hydrogen-bonding thixotropic agents of the
present invention are silicone oligomers and graft and block organo-silicon oli-
gomers with the graft organo-silicon oligomers being especially pretferred.

The hydrogen-bonding thixotropic agent is typically utilized in an
amount ranging from about 0.1 to 10.0, preferably from about 0.5 to 5.0, per-
cent by volume of the total magnetorheological material.

A colloidal additive may optionally be utilized in combination with the

hydrogen-bonding thixotropic agent in order to facilitate the formation of a
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thixotropic network. The colloidal additives suitable for use in the present in-
vention include any solid, hollow or porous particles that have the ability to
interact through hydrogen bonding with the hydrogen-bonding thixotropic
agents to form a thixotropic network.

If the thixotropic agent is a proton donor, the colloidal additive must
contain an electronegative atom as defined above capable of acting as a proton
acceptor. If the thixotropic agent is a proton acceptor, the colloidal additive
needs to contain an electronegative substituent capable of acting as a proton
donor as defined above.

Examples of colloidal additives useful in the present invention include
metal oxide powders that contain surface hydrophilic group functionality. This
hydrophillic functionality may be hydroxyl groups or any of the previously de-
scribed silicone oligomers, organic oligomers, and organo-silicon oligomers
covalently bound to the metal oxide. Methods for the attachment of oligomers
to the surface of a metal oxide are well known to those skilled in the art of sur-
face ch'emistry and catalysis. Specific examples of preferred metal oxide pow-
ders include precipitated silica, fumed or pyrogenic silica, silica gel, titanium
dioxide, and mixtures thereof.

The surface of the metal oxide colloidal additives of the present inven-
tion can be made hydrophobic through the partial reaction of the surface hy-
droxyl groups with various organofunctional monomeric silanes or silane cou-
pling agents, such as hydroxysilanes, acyloxysilanes, epoxysilanes, oximesi-
lanes, alkoxysilanes, chlorosilanes and aminosilanes as i1s known 1n the art. A
more complete description of the silanes applicable to reacting with the surface
hydroxyl groups of the colloidal metal oxide powders is provided in Noll, as
well as by E. P. Plueddemann 1n "Silane Coupling Agents", Plenum Press, New
York, New York, 1982. After reacting with the surface of the metal oxide, the
silane coupling agents do not possess the ability to form hydrogen bonds. The

formation of a thixotropic network with a




A - -

21450

l}!i

HU

WO 94/10693 . PCT/US93/09% -

10

16

hydrophobic metal oxide is therefore accomplished through the ability
of the hydrogen-bonding thixotropic agent to form hydrogen bonds
with the hydroxyl functionality remaining on the metal oxide's
surface after modification. The surface-modified hydrophobic
colloidal metal oxide additives are, 1n general, the preferred colloidal
additive of the present invention due their ability to be anhydrous
without the necessity of going through any additional drying
procedure to remove adsorbed moisture. |

- Specific examples of hydrophobic colloidal metal oxide
powders appropriate to the present invention, which are comprised of
fumed silicas treated with either dimethyl dichlorosilane, trimethoxy-
octylsilane or hexamethyl disilazane, can be commercially obtained
under the trade names AEROSIL R972, R974, EPR976, R805, and R812,

“and CABOSIL TS-530 and TS-610 from Degussa Corporation and Cabot

Corporatmn respectlvely

The colloidal addltwes of the present invention can also be non-

'ohgomenc ‘high molecular weight silicone polymers, organic

polymers and organo-silicon polymers compnsed of the previously

- described organic and silicone monomeric units. The high molecular

weight silicone, organic and organo-s:lhcon polymers are distmgmsh-
able from the ohgomers descnbed above due to their much higher

molecular weights which are greater than 10, 000 AMU. The high
molecular weight polymers are typically in the form of a powder, resin
or gum when utlhzed as a collmdal addltlve

The present colloldal addltlves with the exception of the

. hydrophobic metal omde powders, are typlcally converted to an

anhydrous form pnor to use by removing adsorbed moisture from the

| surface of the colloidal addmves by techniques known to those skilled
in the a:rt such as heatmg in a convection oven or in a vacuum. These
collmdal additives, as well as the magnemcally active particle

~ component described in detail below, are determined to be

"anhy'd.rous*' when 'they' contain less than 2% adsorbed moisture by

'4 weight.
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The colloidal additive of the present invention is typically
utilized in an amount ranging from about 0.1 to 10.0, preferably from
about 0.5 to 5.0, percent by volume of the total magnetorheological

material.

A thixotropic network as presently defined may also be created
through the use of a polymer-modified metal oxide which may be used
alone or in combination with the hydrogen-bonding thixotropic agent
defined above The polymer-modified 'metal oxides of the present
invention are denved from metal oxide powders that contain surface
hydroxyl group functlonahty These metal oxide powders are the
same as described above with respect to the colloidal additives and

include precipitated silica, fumed or pyrogenic silica, silica gel,
titanium dioxide, and mixtures thereof. The metal oxides of the

. polymer-modlﬁed metal oxides, however can also be iron oxides such

as femtes and mag'netltes

To prepare the present polymer-modlﬁed metal oxides, the

_' metal oxide powders are reacted with a polymeric compound
B compatlble with the carrier ﬂuld and capable of sl:ueldmg substan-

- tlally all of the hydrogen-bonding sites or groups on the surface of the
metal ox1de from any interaction w1th other molecules It 1s essentlal

that the polymeno compound itself also be void of any free hydrogen-

- bondmg groups. Examples of polymenc compounds useful in forming

the present polymer-modlﬁed metal oxides include siloxane
ohgomers ‘mineral oils, and parafﬁn oils, with sﬂoxane oligomers
being preferred. Siloxane ohgomers smtable for prepanng polymer-
modlﬁed metal ox:ides can be represented by the structure disclosed

-above with ‘respect: to sﬂoxane oligomers useful as hydrogen-bonding
_thu:otromc agents. It is essent1a1 that any eleotronegatlve substituent-
~containing group of the sﬂoxane ohgomer be covalently bound to the
",'sm'face of the metal ox1de in order to avoid the presence of any free
| "hydrogen-bondmg groups The metal oxide powder may be surfaoe-

| treated with the polymenc compound through techniques well known

 to those skilled in the art of surface chemistry. A polymer~m0dlﬁed
~metal ox1de m the form of fumed silica treated with a siloxane

35

ohgomer can be. commermally obtained under the trade names
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AEROSIL R-202 and CABOSIL TS-720 from Degussa Corporation and
Cabot Corporation, respectively.

It is believed that the polymer-modified metal oxides form a
thixotropic network through physical or mechanical entanglement of
the polymeric chains attached to the surface of the metal oxide. Thus,
this system does not function via hydrogen bonding as previously
described for the colloidal additives and hydrogen-bonding thixotropic
agents. It is believed that this mechanical entanglement mechanism
is responsible for the polymer-modified metal oxide's unique ability to
effectively form thixotropic networks at elevated temperatures.

The polymer-modified metal oxide is typically utilized in an
amount ranging from about 0.1 to 10.0, preferably from about 0.5 to 5.0,
percent by volume of the total magnetorheological material.

. The dlameter of both the colloidal additives and the polymer-
modlﬁed metal oxides utilized herein can range from about 0.001 to 3.0
pm, preferably fr_om about 0.001 to 1.5 um with about 0.001 to 0.500 pm

being especially preferred.

~ Carrier fluids that are appropriate for use in the magneto-
rheological material of the present invention can be any"of the vehicles
or carrier ﬂmds prewously dlsclosed for use in magnetorheological
matenals ‘such as the mmeral oils, sﬂlcone oils and paraffin oils
described in the patents set forth above. Additional carrier fluids

 appropriate to the present invention include silicone copolymers,
‘white oils, hydraulic oils, chlorinated hydrocarbons, transformer oils,

halogenated aromatic liquids, halogenated paraffins, diesters,

1-""'polyexyalkylenes pérﬂutmnated polyethers, fluorinated hydrocar-
‘bons, ﬂuonnated sﬂlcones ‘hindered ester compounds, and mixtures
| or blends thereof As known to those familiar with such compounds,
Ttransformer oﬂs refer to those hqmds havmg characteristic pmpertles

of both electncal and thermal insulation. Naturally occurring

-"'_transformer oﬂs mclude refined mineral oils that have low viscosity

and h1gh chemlcal stablhty Synthetic transformer oils generally

comprise chlonnated aromatics (chlorinated biphenyls and trichloro-
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benzene), which are known collectively as "askarels", silicone oils, and es-

teric liquids such as dibutyl sebacates.

Additional carrier fluids appropriate for use in the present invention
include silicone copolymers, hindered ester compounds and cyanoalkylsi-
loxane homopolymers. The carrier fluid of the invention may also be a
modified carrier fluid which has been modified by extensive purification or
by the formation of a miscible solution with a low conductivity carrier tluid

so as to cause the modified carrier fluid to have a conductivity less than

about 1 x 107" S/m.

Polysiloxanes and perfluorinated polyethers having a viscosity be-

tween about 3 and 200 centipoise at 25°C are also appropriate for utilization

'in the magnetorheological material of the present invention. The preferred

carrier fluids of the present invention include mineral oils, paraffin oils,
silicone oils, silicone copolymers and perfluorinated polyethers, with sili-

cone oils and mineral oils being especially preferred.

The carrier fluid of the magnetorheological material of the present
invention should have a viscosity at 25°C that 1s between about 2 and 1000
centipoise, preferrably between about 3 and 200 centipoise, with between
about 5 and 100 centipoise being especially preferred. The carner fluid of
the present invention 1s typically utilized in an amount ranging from about
40 to 95, preferably from about 55 to 85, percent by volume of the total

magnetorheological material.

The particle component of the magnetorheological material of the
invention can be comprised of essentially any solid which 1s known to ex-
hibit magnetorheological acitivity. Typical particle components useful in
the present invention are comprised of, for example, paramagnetic, super-
paramagnetic or ferromagnetic compounds. Specific examples of particle
components useful in the present invention include particles comprised of

materials such as iron, 1iron oxide, iron nitride, iron carbide, carbonyl iron,
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chromium dioxide, low carbon steel, silicon steel, nickel, cobalt, and mix-

- tures thereof. The iron oxide includes all known pure iron oxides, such as

Fe,O; and Fe;O,, as well as those containing small amounts of other ele-
ments, such as manganese, zinc or barium. Specific examples of 1ron oxide
include ferrites and magnetites. In addition, the particle component can be
comprised of any of the known alloys of iron, such as those containing alu-
minum, silicon, cobalt, nickel, vanadium, molybdenum, chromium, tung-

sten, manganese and/or copper.

The particle component 1s typically in the form of a metal powder
which can be prepared by processes well known to those skilled in the art.
Typical methods for the preparation of metal powders include the reduction
of metal oxides, grinding or attrition, electrolytic deposition, metal carbonyl
decomposition, rapid solidification, or smelt processing. Various metal
powders that are commercially available include straight iron powders, re-
duced 1ron powders, insulated reduced iron powders, and cobalt powders.
The diameter of the particles utilized herein can range from about 0.1 to 500

um and preferably range from about 1.0 to 50 um

The preterred particles of the present invention are straight iron
powders, reduced iron powders, iron oxide powder/straight iron powder
mixtures and 1ron oxide powder/reduced iron powder mixtures. The iron
oxide powder/iron powder mixtures are advantageous in that the iron oxide
powder, upon mixing with the iron powder, is believed to remove any cor-
rosion products from the surface of the iron powder so as to enhance the

magnetorheological activity of the overall material.

The particle component typically comprises from about 5 to 50, pref-
erably about 15 to 40, percent by volume of the total magnetorheological
material depending on the desired magnetic activity and viscosity of the

overall material.
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A surfactant to disperse the particle component may also be option-
ally utilized in the present invention. Such surfactants include known sur-
factants or dispersing agents such as ferrous oleate and naphthenate, sul-
fonates, phosphate esters, stearic acid, glycerol monooleate, sorbitan ses-
quioleate, stearates, laurates, fatty acids, fatty alcohols, and the other sur-
face active agents discussed 1n U.S. Patent No. 3,047,507. In addition, the
optional surfactant may be comprised of steric stabilizing molecules, in-
cluding fluoroaliphatic polymeric esters, such as FC-430 (3M Corporafion),
and titanate, aluminate or zirconate coupling agents, such as KEN-REACT

(Kenrich Petrochemicals, Inc.) coupling agents.

The surfactant, if utilized, 1s preferably a phosphate ester, a fluoro-
aliphatic polymeric ester, or a coupling agent. The optional surfactant may
be employed in an amount ranging from about 0.1 to 20 percent by weight

relative to the weight of the particle component.

In order to minimize the presence of water, the magnetorheological

material 1s preferably prepared by drying the particle component and/or the

thixotropic additives in a convection oven at a temperature of about 110°C

to about 150°C for a period of time from about 3 hours to 24 hours. This
drying procedure is not necessary for the particle component or the thixo-
tropic additives 1f they contain less than 2% adsorbed moisture by weight.
The drying procedure is also not necessary for the inherently hydrophobic
surface-treated colloidal additives or the polymer-modified metal oxides
described above. The amount of adsorbed moisture contained within a

given powder 1s determined by weighing the powder before and after the

drying procedure.

The magnetorheological materials of the invention may be prepared
by 1nitially mixing the ingredients together by hand (low shear) with a spat-
ula or the like and then subsequently more thoroughly mixing (high shear)

with a homogenizer, mechanical mixer or shaker, or dispersing with an ap-
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propriate milling device such as a ball mill, sand mill, attritor mill, colloid

mill, paint mill, or the like, in order to create a more stable suspension.

Evaluation of the mechanical properties and characteristics of the
magnetorheological materials of the present invention, as well as other
magnetorheological materials, can be obtained through the use of parallel
plate and/or concentric cylinder couette rheometry. The theories which pro-
vide the basis for these techniques are adequately described by S. Oka in
Rheology, Theory and Applications (volume 3, F. R. Eirich, ed., Academic
Press: New York, 1960). The information that can be obtained from a
rheometer includes data relating mechanical shear stress as a function of
shear strain rate. For magnetorheological materials, the shear stress versus
shear strain rate data can be modeled after a Bingham plastic in order to
determine the dynamic yield stress and viscosity. Within the confines of this
model the viscosity for the magnetorheological material corresponds to the

slope of a linear regression curve fit to the measured data.

In a concentric cylinder cell configuration the magnetorheological
material 1s placed in the annular gap formed between an inner cylinder of
radius R; and an outer cylinder of radius R,, while in a simple parallel plate
configuration the material is placed in the planar gap formed between upper
and lower plates both with a radius, R;. In these techniques either one of the
plates or cylinders is then rotated with an angular velocity o while the other
plate or cylinder is held motionless. A magnetic field can be applied to
these cell configurations across the fluid-filled gap, either radially for the
concentric cylinder configuration, or axially for the parallel plate configu-
ration. The relationship between the shear stress and the shear strain rate is

then derived from this angular velocity and the torque, T, applied to main-

tain or resist it.

The evalution of particle settling in formulated magnetorheological

materials can be accomplished using standard test methodology known to
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those skilled 1in the art of paint manufacturing. An ASTM D869-85 test

standard entitled "Evaluating the Degree of Settling of Paint" (incorporated
herein by reference) discloses an arbitrary number scale in qualitative terms
to describe the type of pigment or particle suspension of a shelf-aged sam-
ple. The number rating scale by definition utilizes 0 as the lowest value
(extremely hard sediment) and 10 as the highest value (perfect suspension)
obtainable. This same number scale also can be used to evaluate the particle
pigment after attempting to remix (hand stirring with a spatula) the
shelf-aged sample to a homogeneous condition suitable for the intended
use. An ASTM D1309-88 test standard entitled "Settling Properties of Traf-
fic Paints During Storage" discloses a two-week temperature cycling proce-
dure (-21°C to 71°C) that accelerates the pigment or particle settling proc-
ess. This test estimates the amount of particle settling that will occur over a
one year time period. Within the confines of this accelerated test, the pig-

ment or particle suspension is evaluated according to the criteria previously

defined in ASTM D869-85. In addition to these established ASTM stan-

~ dards, 1t 1s possible to obtain supplemental information regarding the

amount of particle settling over time by measuring the amount of a clear
carrier component layer that has formed above the particle sediment. Since
most devices that utilize magnetorheological materials will establish various
flow conditions for the material, the ease of remixing the particle suspen-

sion of an aged sample under low
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shear conditions (i.e., several minutes on a paint shaker) provides
further information regarding the suitability of the material in

various applications.

The following examplee are given to illustrate the invention
5 and should not be construed to limit the scope of the invention.

Examples 14

‘Magnetorheological materials are prepared by adding together

a total of 1257 '.60g of straight carbonyl iron powder (MICROPOWDER-
S-1640, similar to old E1l iron powder notation, GAF Chemical Corpor¥

| 10 ation), a thixotropic 'additive, an optional colloidal additive, an optional
, '  surfactant and 10 centistoke polydimethylsiloxane oil (L-45, Union
| ' Carbide Chemicals & Plastics Company, Inc.). In addition to the
“carbonyl iron powder Example 3 utilizes 75.00 g Mn/Zn ferrite powder

- (#73302-0, D. M. Steward Manufacturing Company). The viscosity of
15 the carrier oil is measured at 25°C by concentric cylinder couette

o '_rheometry to be about 16 centlpmse The fluid is made mto a
_ homogeneous mixture through the combined use of low shear and
- high shear dlsperswn techmques The components are initially
-~ mixed with a spatula and then more thoroughly d.iSpersed with a high
20 speed dlsperserator equlpped with a 16-tooth rotary head. The
R magnetorheologlcal matenals are stored in polyethylene containers
~ until utilized. A summary of the type of additives and the quantity of

~ silicone 011 used in Examples 1—4 are prowded in Table 1. All of the

R - .. addltwes and magnetlcally active particles utilized in Examples i-4
f‘_"'# - B contain less than 2% adsorbed moisture by weight. The hydrophilic
. ‘ - prec1p1tated sx.hca gel used in Example 4 is dried in a convectmn oven
at 130°C for a penod of 24 hours in order to remove any adsorbed

- water - All magnetorheologlcal materials are measured by parallel
o plate rheometry to ex}ublt a dynamm yield stress in excess of 50 kPa at

= Y .a magnetlc field of about 3000 Oersted.
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25

.. 17.25 g hydrophobic fumed silica surface |
| treated with a siloxane oligomer (CABOSIL |

i TS-720, Cabot Corporation) as a polymer-
modified 'm'etal‘ oxide, 25.15 g '
f ' polyoxylalkylated alkylaryl phosphate ester

, (EMPHOS CS-14 1, Witco Corporation) as a

surfactant

| 25;15 ghorganomodiﬁed polydimethyl-
| siloxane copolymer (SILWET L-7500,
] Union Carbide Chemical_s and Plastics
Company,_ Inc'.)' as a hydrogeh~bondihg
i 'thjxotropic"agent; 1725 g hydrophObic

| fumed silica surface treatéd with
| chlorodimethylsilane (CABOSIL TS-610,
_| Cabot Cor as a colloidal additive _

 26.65 g organomodified '
N polydimethylsiloxane copolymer (SILWET :
N L-7 500,- Union _ Carbide Chenﬁcals and ‘
i Plastics Company, Inc.) as a hydrogen-

pic agent

| bonding thixetro

| Example 4 | 25.15 giorganomodified polydimethyl-
o sil,ox;ane i:'op'olymer (SILWET L-7500,

N Union:_ Cai'bide. Chemicals and Plastics

| Company, Inc.) as a hydrogen-bonding
| thixotropic agent, 17.25 g "dried"
o R hydmphilic_"précipitated'silica gel (HI-SIL

L 'Thfe':degr;ee and type of particle settling that occur in the
'magnetorheological materials of Examples 1-4 are evaluated. A total

Al Aad Bl A Bos BAd o il d vl 28 _ dbe o, 4 = 5w —a@ 1 = . & - AS o®*R 2 e =t ik we e e B B e P e Llds oo d a8 s
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of about 30 mL of each magnetorheological material is placed into a
glass sample vial of known dimensions. These magnetorheological
material samples are allowed to rest undisturbed for a minimum of 30
days. The amount of particle settling is determined after this time
period by measuring the volume of clear oil that has formed above the
particle sediment. A summary of these test results is provided in

Table 2.

The remaining amount of each magnetorheological materal
is placed into a 1 pint metal can and subjected to the two week
temperature cycling procedure defined in ASTM D1309-88. The
amount of particle settling that occurs during this accelerated test is
equivalent to that expected in a magnetorheological material exposed
to ambient conditions over a one year time period. At the end of this
time period, the degree of particle sediment and the ease of remixing

(by hand with spatula) this sediment is evaluated according to the

numerical criteria disclosed in ASTM D869-85, which is described as
follows: -

Ea.tmz | Pescrintion of Materal C.opnginion

10  Perfect suspension. No change from the original condition of the
material.
8 A definite feel of settling and a slight deposit brought up on spatula.

‘No significant resistance to sidewise movement of spatula.

6 ~ Definite cake of settled pigment. Spatula drops through cake to bottom
- .of coqtmner under 1ts own weight. Deﬁmte resistance to sidewise

* motion of spatula. Coherent portions of cake may be removed on

spatula. ‘

4 S‘patula'dqe_s not fall to bottom of container under its own weight.
' Difficult to move spatula through cake sidewise and slight edgewise

. resistance, Material can be remixed readily to a homogeneous state.
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2 When spatula has been forced through the settled layer, it 1s very
difficult to move spatula sidewise. Definite edgewise resistant to
movement of spatula. Material can be remixed to a homogeneous

state.

0 Very firm cake that cannot be reincorporated with the liquid to form a

smooth material by stirring manually.

In addition, the volume of clear oil that has formed above the
particle sediment is determined. Since most devices that utilize these
magnetorheOIOgical materials will establish various flow conditions
for the material, supplemental information regarding the ease of

5 remixing the aged particle sediment is obtained by placing the pint
samples on a low shearpaint shaker for a period of 3 minutes. The
.dispersed sediment is then reevaluated according to the rating scale
(ASTM D869-85) described above. A summ;.iry,of the data obtained for

 this accelerated test'is, provided in Table 2 along with the data obtained
10 in the 30-day static test described above. ' '
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o Comparative Example 5

e A comparative magnetorheological material is prepared
.: according to the procedure described in Examples 14, but utilizing
.f- only 17.25 g "dried" hydrophilic precipitated silica gel (HI-SIL 233,
A o PPG Industries) and 315.88 g of 16 centipoise (25°C) silicone oil (L-45,
ff' ; | 10 centistoke, Union Carbide Chemical & Plastics Company, Inc.).
= This type of silica gel additive is representative of the preferred
L dispersant utilized in the magnetorheological material of U.S. Patent
- No. 4,992,190. " The magnetorheological material exhibits a dynamic
. 10 yield stress at a magnetic field of 3000 Oersted of about 50 kPa as
' I measured using ‘parallel plate rheometry. The particle settling,
e ~ degree of suspension, and ease of remixing properties are measured
in accordance with the procedures of Examples 1-4. The resulting
SR data is set forth below in Table 3. 5
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ASCa.nbe seen fromthe | above -. exampleS, the thiXOtl‘Opic

R el . additivjes of the present 'inve'ntion' are capable of significantly in-

o - ~ hibiting particle settling in a magnetorheological material. In fact,
T R . LT T S T R T T 2RI L S T L S U T S R T

2 the magnetorheological materials of the' invention exhibit unex-
e pectedly minimal p_aijti'cl_e;;se;ttlingi as compared to magnetorheological

1~..' . * .

o materials based on traditional dispersants.
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The embodiments of the invention, in which an exclusive property or privi-

lege 1s claimed are defined as follows:

1. A magnetorheological material comprising:

about 40 to 95 volume percent, based on the total volume of the

magnetorheological material, of a carrier fluid;

a paramagnetic, superparamagnetic or ferromagnetic particle compo-

nent having a particle diameter ranging from about 1.0 to 500 microns;

0.1 to 10 volume percent, based on the total volume of the magneto-
rheological material of at least one thixotropic additive selected from the
group consisting of a hydrophilic silicone oligomer and a copolymeric or-
gano-silicon oligomer, wherein the organo-silicon oligomer has organic and

silicone monomeric units in a block or graft arrangement;

and a colloidal additive, the colloidal additive being a metal oxide
powder that contains surface hydroxyl groups wherein the surface of the
metal oxide 1s rendered hydrophobic through the reaction of the surface hy-

droxyl groups with organofunctional monomeric silanes or silane coupling

agents.

2. A magnetorheological material according to claim 1 wherein the hy-

drophilic silicone oligomer is a siloxane oligomer represented by the for-

mula:
Rl—— Si——o—{—sl,i O S‘i I :
— — 0 Si—R
| | d

wherein R, R* , R’ , R* and R’ are independently a straight chain,
branched, cyclic or aromatic hydrocarbon radical, being halogenated or un-

halogenated, and having from 1 to about 18 carbon atoms; with the proviso
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that at least one of R', R?, R’, R®, and R’ contains an electronegative sub-
stituent being covalently bound to either a carbon silicon, phosphorous, or
sulfur atom, and being present in the form of -O-, =0, -N=, -F, -Cl, -NO,,
-OCH3;, -C=N, -OH, -NH,, -NH-, -COOH, -N(CH3), or -NO; and wherein
each of x and y are independently 0 to about 150 with the proviso that the
sum (x+y) be within the range from about 3 to 300.

3. A magnetorheological material according to claim 2, wherein the
hydrocarbon radical has from 1 to about 6 carbon atoms; at least one of R,
R*’, R°, R* and R’ is a (CH,)wE moiety wherein E is selected from the
group consisting of CN, CONH,, Cl, F, CF; and NH,, and w is an integer
from 2 to 8; and the sum (x+y) is within the range from about 10 to 150.

4. A magnetorheological material according to claim 1, wherein the
hydrophilic silicone oligomer is a siloxane oligomer having an electronega-
tive substituent in the terminating portion of the oligomer and being se-
lected from the group consisting of dimethylacetoxy-terminated polydi-
methylsiloxanes (PDMS), methyldiacetoxy-terminated PDMS, dimethy-
lethoxy-terminated PDMS, aminopropyldimethyl-terminated PDMS, carbi-
nol-terminated PDMS, monocarbinol-terminated PDMS, dimethyl-
chloro-terminated PDMS, dimethylamino-terminated PDMS, 'dimethyleth-
oxy-terminated PDMS, dimethylmethoxy PDMS, methacryloxypro-
pyl-terminated PDMS, monomethylacryloxypropyl-terminated PDMS, car-
boxypropyldimethyl-terminated PDMS, chloromethyldimethyl-terminated
PDMS, carboxypropyldimethyl-terminated PDMS and silanol-terminated
polymethyl-3,3,3-trifluoropropylsiloxanes.

5. A magnetorheological material according to claim 4, wherein the si-
loxane oligomer 1s selected from the group consisting of aminopropyldi-
methyl-terminated PDMS, carbinol-terminated PDMS and methacryloxy-
propyl-terminated PDMS.
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6. A magnetorheological material according to claim 1, wherein the
hydrophilic silicone oligomer is a siloxane oligomer having an electronega-
tive substituent in the pendant chain of the oligomer and being selected
from the group consisting of polycyanopropylmethylsiloxanes,
poly-bis(cyanopropyl)siloxanes, poly(chlorophenethyl)methylsiloxanes,
polymethyl-3,3,3-trifluoropropylsiloxanes, polymethyl-3,3,3-
trifluoropropyl/dimethylsiloxanes,
poly(aminoethylaminopropyl)methyl/dimethylsiloxanes, poly (aminopro-
pyl)methyl/dimethylsiloxanes, poly(acryloxypropyl)methyl/ dimethylsilox-
anes, poly(methylacryloxypropyl)methyl/dimethylsiloxanes,
poly(chloromethylphenethyl)methyl/dimethylsiloxanes,
poly(cyanopropyl)methyl/dimethylsiloxanes, poly(cyanopropyl)methyl/
methylphenylsiloxanes, polyglycidoxypropylmethyl/dimethylsiloxanes,
polymethylphenyl/dimethylsiloxanes,
poly(tetrachlorophenyl)/dimethylsiloxanes, polydi-
phenyl/dimethylsiloxanes, poly(cyanoethyl)methyl/dimethylsiloxanes, and

polyethylene oxide/dimethylsiloxanes.

7. A magnetorheological material according to claim 6, wherein the si-
loxane oligomer 1is selected from the group consisting of
polymethyl-3,3,3-trifluoropropyl/dimethylsiloxanes,

poly(cyanopropyl)methyl/dimethylsiloxanes, polymethyl-3,3,3-

trifluoropropylsiloxanes, and polycyanopropylmethylsiloxanes.

8. A magnetorheological material according to claim 1, wherein the or-
gano-functional monomeric silanes or silane coupling agents are selected
from the group consisting of hydroxysilanes, acyloxysilanes, epoxysilanes,

oximesilanes, alkoxysilanes, chlorosilanes and aminosilanes.

9. A magnetorheological material according to claim 1, wherein the di-

ameter ranges from about 1.0 to 50 microns.
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10. A magnetorheological material according to claim 1, wherein the
colloidal additive is fumed silica reacted with dimethyl dichlorosilane, tri-

methoxyoctylsilane or hexamethyl disilazane.

11. A magnetorheological material according to claim 1, wherein the
carrier fluid 1s selected from the group consisting of mineral oils, silicone
oils, paratfin oils, hydraulic oils, transformer oils, halogenated aromatic lig-
uids, halogenated paraffins, diesters, polyoxyalkylenes, and fluorinated sili-

CONCS.

12. A magnetorheological material according to claim 1, wherein the
particle component is comprised of a material selected from the group con-
sisting of iron, iron alloys, iron oxide, iron nitride, iron carbide, carbonyl
iron, chromium dioxide, low carbon steel, silicon steel, nickel, cobalt, and

maxtures thereof.

13. A magnetorheological material according to claim 1, further com-
prising a surfactant selected from the group consisting of ferrous oleate and
naphthenate, sulfonates, phosphate esters, glycerol monooleate, sorbitan
sesquioleate, stearates, laurates, fatty acids, fatty alcohols, fluoroaliphatic

polymeric esters, and titanate, aluminate and zirconate coupling agents.

- 14. A magnetorheological material comprising a carrier fluid, a par-
amagnetic, superparamagnetic or ferromagnetic particle component having
a particle diameter ranging from about 1.0 to 500 microns, and 0.1 to 10
volume percent, based on the total volume of the magnetorheological mate-
rial, of at least one thixotropic additive comprising a siloxane oligomer se-
lected from the group consisting of
polymethyl-3,3,3-trifluoropropyl/dimethylsiloxanes,  poly  (cyanopro-
pyl)-methyl/dimethylsiloxanes, polymethyl-3,3,3-trifluoropropylsiloxanes,

~ and polycyanopropylmethylsiloxanes.

15. A magnetorheological material comprising 40 to 95 volume percent,

based on the total volume of the magnetorheological material, of a carrier
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fluid, a paramagnetic, superparamagnetic or ferromagnetic particle compo-
nent having a particle diameter ranging from about 1.0 to 500 microns, and
0.1 to 10 volume percent, based on the total volume of the magneto-
rheological material, of at least one thixotropic additive comprising a co-
polymeric organosilicon oligomer having organic and silicone monomeric

units 1n a graft arrangement, and having the formula:

3 R 3 R
R‘——&l"i-—-o—[-—sli—-—-o &L——o - Sll———R1
N R A

l

l_(' C2R240)'Y (C3 sto')z_ R3

wherein R' is independently a straight, branched, cyclic or aromatic hydro-
carbon radical, being halogenated or unhalogenated, and having from 1 to
about 18 carbon atoms; an ester group; an ether group or a ketone group; R’
1s independently hydrogen, fluorine or a straight chain hydrocarbon radical,
being halogenated or unhalogenated and having from 1 to 18 carbon atoms;
R’ is an alkyl radical having from 1 to 5 carbon atoms or a hydrogen atom;
the number of monomeric silicone backbone units as specified by each of w
and x 1s from 0O to about 130 and from 1 to about 40, respectively, with the
proviso that the sum (w+x) be within the range from about 3 to 150; and the
number of monomeric organic units attached to the silicone monomeric
units as specified by each of y and z is from 0 to about 220 and from 0 to
about 165, respectively, with the proviso that the sum (y+z) be within the
range from about 3 to 225.

16. A magnetorheological material according to claim 15, wherein the

carrier fluid 1s selected from the group consisting of mineral oils, silicone
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oils, parafﬁn oils, halogenated aromatic liquids, halogenated paraffins, di-

esters, polyoxyalkylenes, and fluorinated silicone.

17. A magnetorheological material according to claim 16, wherein the
carrier fluid 1s selected fro m the group consisting of mineral oils and sili-

cone oils.

18. A magnetorheological material according to claim 15, wherein the
particle component i1s comprised of a material selected from the group con-
sisting of 1ron, iron alloys, iron oxide, iron nitride, iron carbide, carbonyl
iron, chromium dioxide, low carbon steel, silicon steel, nickel, cobalt, and

muxtures thereof.

19. A magnetorheological material according to claim 15, wherein the
particle component is selected from the group consisting of straight iron
powders, reduced iron powders, iron oxide powder/straight iron powder

mixtures and iron oxide powder/reduced iron powder mixtures.

20. A magnetorheological material according to claim 15 further com-

prising a surfactant.

21. A magnetorheological material according to claim 20, wherein the sur-
factant 1s selected from the group consisting of ferrous oleate and naphthen-
ate, sultonates, phosphate esters, glycerol monooleate, sorbitan sesquiole-
ate, stearates, laurates, fatty acids, fatty alcohols, fluoroaliphatic polymeric

esters, and titanate, aluminate and zirconate coupling agents.

22. A magnetorheological material according to claim 21, wherein the
surfactant 1s a phosphate ester, a fluoroaliphatic polymeric ester, or a titan-

ate, aluminate or zirconate coupling agent.

23. A magnetorheological material according to claim 15, wherein R’ is

a methyl group, R” is a hydrogen atom, and R? is a hydrogen atom or
methyl group.
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24. A magnetorheological material comprising a carrier fluid, a par-
amagnetic, superparamagnetic or ferromagnetic particle component having
a particle diameter ranging from about 1.0 to 500 microns, and 0.1 to 10
volume percent, based on the total volume of the magnetorheological mate-
nal, of at least one thixotropic additive comprising a modified metal oxide
prepared by reacting a metal oxide powder with a polymeric compound, a

mineral o1l or a paraffin oil.

25. A magnetorheological material according to claim 24, wherein the
carrier fluid 1s present in an amount ranging from about 40 to 95 percent by
volume, and the particle component is present in an amount ranging from

about 5 to 50 percent by volume.

26. A magnetorheological material according to claim 25, wherein the
carrier fluid 1s present in an amount ranging from about 60 to 85 percent by
volume, the particle component is present in an amount ranging from about
15 to 40 percent by volume, and the thixotropic additive is present in an

amount ranging from about 0.5 to 5 percent by volume of the total magneto-

rheological matenal.

27. A magnetorheological material according to claim 24, wherein the
metal oxide powder is selected from the group consisting of precipitated
silica, fumed or pyrogenic silica, silica gel, titanium dioxide, iron oxides,

and mixtures thereof.

28. A magnetorheological material according to claim 24, wherein the
polymeric compound is selected from the group consisting of siloxane oli-

gomers, mineral oils, and paraffin oils.

29. A magnetorheological material according to claim 24, wherein the
carrier fluid 1s selected from the group consisting of mineral oils, silicone
oils, paratfin oils, hydraulic oils, transformer oils, halogenated aromatic lig-

uids, halogenated paraffins, diesters, polyoxyalkylenes, and fluorinated sili-

concs.
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30. A magnetorheological material according to claim 24, wherein the
particle component 1s comprised of a material selected from the group con-
sisting of iron, iron alloys, iron oxide, iron nitride, iron carbide, carbonyl
iron, chromium, dioxide, low carbon steel, silicon steel, nickel, cobalt, and

mixtures thereof.

31. A magnetorheological material according to claim 24 further com-
prising a surfactant selected from the group consisting of ferrous oleate and
paphthenate, sulfonates, phosphate esters, glycerol mqnooleate, sorbitan
sesquioleate, stearates, laurates, fatty acids, fatty alcohols, fluoroaliphatic

polymeric esters, and titanate, aluminate and zirconate coupling agents.

32. A magnetorheological material comprising a carrier fluid, a par-
amagnetic, superparamagnetic or ferromagnetic particle component having
a particle diameter ranging from about 1.0 to 500 microns, and 0.1 to 10
volume percent, based on the total volume of the magnetorheological mate-
rial, of at least one thixotropic additive comprising a polymer-modified
metal oxide prepared by reacting a metal oxide powder with a polymeric
compound wherein the metal oxide powder is selected from the group con-

sisting of fumed silica, pyrogenic silica and titanium dioxide.

33. A magnetorheological material according to claim 32, wherein the

metal oxide powder comprises fumed silica.

34. A magnetorheological material according to claim 32, wherein the
polymer-modified metal oxide is fumed silica reacted with a siloxane oli-

gomer.

35. A magnetorheological material according to claim 34, wherein the
carrier fluid 1s selected from the group consisting of mineral oils, silicone
oils, halogenated aromatic liquids, halogenated paraffins, diesters, poly-

oxyalkylenes, and fluorinated silicones.
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36. A magnetorheological material according to claim 34, wherein the
particle component is comprised of a material selected from the group con-
sisting of iron, iron alloys, iron oxide, iron nitride, iron carbide, carbonyl
iron, chromium dioxide, low carbon steel, silicon steel, nickel, cobalt, and

mixtures thereof.

37. A magnetorheological material according to claim 34 further com-
prising a surfactant selected from the group consisting of ferrous oleate and
naphthenate, sulfonates, phosphate esters, glycerol monooleate, sorbitan
sesquioleate, stearates, laurates, fatty acids, fatty alcohols, fluoroaliphatic

polymeric esters, and titanate, aluminate and zirconate coupling agents.

38. A magnetorheological material according to claim 24, wherein the

modified metal oxide is hydrophobic.

39. A magnetorheological material according to claim 32, wherein the

polymer-modiﬁed metal oxide is hydrophobic.
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