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1. INTRODUCTION

Ferroiiuldlts Corporation was founded In 1968. a spin-cit from a NASA research project involving the
precise control of liquid rocket fuel In zero gravity. The advent of cheaper. safer and more reliable solid fuel
eliminated NASA's need forthis technology and three of the engineers involved in this project were granted
a non-exclusive licence to research the commercial, technical and market development at a magnetic iiuid
(ferrofluld) technology .

Today. Ferrofluldioe Corporation Is a $3 million business (FY ending June 30. 1995) with headquarters in
Nashua. New Hampshire; subsidiaries in 'UK, Genneny and Japan and dedicated audio ferroiiuid
distributors located In Denmark. indla, Korea, Taiwan. China. Malaysia and Singapore.

2. WHAT ARE FERROFLUIDS 7

A far-roiiuid is a stable colloidal suspension of sub-domain magnetic particles In a liquid carrier. The
particles. which have an average size of about 100A.are coated with a stabilising dispersing agent
(surfactant) which prevents the particle agglomeration even when a strong magnetic field gradient is
applied to the Ierrofluid, In the absence of a magnetic field, the magnetic moments of the particles are
randomly distributed and the fluid has no net magnetlsation.

When a magnetic field is applied to ferroi‘luid. the magnetic moments of the particles orient along the field
lines almost instantly. Thus, the magnetisation of the ferrofluid responds immediately to the changes In the
applied magnetic . When the applied field is removed. the moments randomise quickly. Ferrotiulds belong
to a class of materials defined as superparamagnetic. (See Fig 1).

3. PHYSICAL PROPERflES

Ferroilulds can be described as having three important physical properties; saturation magnetisaiion.
viscosity and volatility. -

Saturation Magnetisatton: determined by the nature of the suspended magnetic material and the
volumetric loading of the material. The greater the quantity of the magnetic material In suspension, the
higher the saturation of the magnetisation oi the far-rofluid. Audio terrotiuids are manufactured with a range
of satur'isation magnetisatlon values from 75 to 375 gauss. Compared with Iron (saturation magnetlsatlon =
17.000 gauss) ferrofluids are weak magnetic materials.

Viscosity: A measure of resistance to flow. viscosity is defined as a ratio of viscous shear stress to shear
rate and is measured In centipoise (cp). Audio terroiiulds are manufactured with a range of viscosity values
from 25 - 10.000 cp (measured at 27'C) although the most commonly used values fall within a much
narrower range. typically from 100 - 2.000 op.
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Volatility: Severai factors influence the volatility of ierrofiuld In a loudspeaker: 1.] evaporation rate of the
center. 2.] average termfiuid temperature. 3.] exposed surface area and 4.] ferrolluid quantity.

1.] Evaporation Rate: expressed as e 96 weight loss or loss of material (In grams) from a surface area of
one crn’ in one second. At 115'C the evaporation rate of audio fermfluids range from 1.0 to 8.5 x 10"
grn/cm' -sec.

2.] Average Temperature: A temperature gradient exists across the ieneituld In an air gap such that the
fluid ls warmest next to the coil and coolest next to the top plate and pole. A loudspeaker with a coil
temperature of 150°C and top plate / pole temperature of we suggests an average ten'otiuld
temperature of "5'0.

3 8- 4.] Surface Area and Fenofluld Quantity These factors are defined try the physical dimensions of the
air gap. . --

Other properties whim influence the performance of a terrotiuid ere: initial permeability. thermal expansion.
coefficient of friction. pour point. density. thermal condudtvity. electrical conductivity and surface tension.

A summary attire terroiiuld pirwicai properties discussed here can be found In Table 1.

4. BENEFITS OF FERROFLUID IN LOUDSPEAKERS

Fan'oiluld resides in the air gap of the magnet and compteteiy fills the space between the voice coil [Dipole
and coil ODItop plate. No physical contaith is needed. the fluid is held In place by the strong
permanent mematio field.

The presence ofierrotluid in the gap enhances the pertonnance of the loudspeaker in many ways:

Heat Transfer. Ferrotluld is roughly five times more thennatiy oonduulve than the air it displaces from the
gap.‘l'heiiuldprovldesarmdrlowerthannat realetancebetweenthecollandpoteltopplata. loweringthe
voioecoiioperetlng temperature both under translantend ateedyetatacondltione. (See Fig 2).

'l'haamormtoitranslentthemral powerhandllngimprovementprovlded tryiheferrofluid Is dictated bythe
ratio of coil winding length to top plate tirickrress: the deser- the ratio. the more dramatic the improvement

Steady state thermal pmerhendiing improvement depends not only on the atoramentlmed winding length
Itoppiatehelghtratiobutthethennelmassandwrlacaereaofthe nragnetendirama.Atinyspeakerwlll
quicktyrun irrtotharmal aaturationandthethermat benaittaoitheierrofiuldwiii notbe soohvloue.Alarge
epeaker.mtheoflrerhand.possaseeasutfidmtmermaimasaandmrlecema sudrthattheeflectot
terrotluidon volcecoil operating temperature will beobvlouswaii lntoti'letime domain.

Damping: Ferrotluld in the gap provides a mechanical resistance to the moving coil. The amount of
damping is proportional to the viscosity of the fenoiiuld.(8ee Fig 3).

Voice Coll Centering: When the voice coil is displaced In tire radial direction In the gap. e restonng force
is obtained which is proportional to the displacement. This force constant is:

K=2MsHmWiNlin
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where:

Me .= satm-etlon magnetisatton In testa
Hm = maximum field strength in the gap In ampere mater
h =helghtofiiuid lnthegepinmeier
l =widlhct'thegeplnrneter
r = radius of the gap in meter

For typimi values III a 25mm dome tweeter (M. = 0.01T, H"I = 12 x 10' Aim, h= 0.003 m. t = 0.0003m and
r = 0.0127m), k = 1.1 Nlm. Although this force is a fraction of that provided by the suspension. it is still
enough to influence the centering ofthe moving can. ‘

Distortion Reduction: Hermonlstlc distortion and spedral contamination caused by radial and rocking
modes otthevoicecoll Ie reduced due to thecenterlng forueofthe iluid uponlhevoice ooii. Ferrofluid In
thegapalsoaeateeaseat. orllquld'O'ring around thecoll whidlellminateseirmoduletlon noise Inthe
gap.peniananywithinihepistonband. Figures4aand4bshowspedreiconeamlnationlna 1'dome
tweeterwlthAewlthout ierrotiuld ahd4bwlthferrofluid.

Reduced Power Compmeion l Improves Dynamic Linearity: Minimieing the temperature rise of the
voice coil reduces thermal power compression etiects. Figures 5 end 8 show pow compression in a 4"
cone midrenge with and without ferroflutd. Ferrufiuid in the gap not only reduces sensitivity loss but
maintains the linearity otthe speakers' output.

Improved Production Yields: Due to the Wittering and lubricating properties at the lerrefluid.
rnanut‘aeturers have reported Improvements in production yields ranging from 30 to 60%, when introducing
ferrotluids into existing products. This reduction In scrap can often attest the cost of the ferrotluid Itself.

Simplified Passive Network Designs: Ferrotiuld‘s ability to control a driver's behaviour at resonance and.
toeonleerdentbreakupmodesetme lopendolthe pass band.elim|natetheneedtoaddress these
problem In the answer network, eliminating the need to address these problems In the aoesover
network, eliminating the need toreddi‘tionai . expensive resistors. nails and Inductors.

Reduced Cell I Magnet Size: A 1' voice coil driver with terrotiuld can acl'ileve the same power handling 3
equivalent sized drivers which utilise 1.5' or 2" diameter cells. The cost savings from the ermliar magnet I
coil more than offset the terrotluid costs. The weight reduction may also be ettrefilve In many applications.

54 FERROFLUID SELECTION - RECOMMENDED GUIDELINES

Proper selection of a ferroiluld requires a careful balance at the properties of the iermliuid vs. the
properties of the loudspeaker. The live most Important radars to consider are quantity. viscosity.
magnetieation and volatility and colloidal stability.

Quantity: The optimum quantity of Ien'ofluid for e loudspeaker is determined by the physical dimensions of
the air gap and can be oeIurieIed with the use of the following tonnuie (s):

vasssnlaz+cz-ez-nzl v=a.5atez+c2-ez-n21
English: All quantifies In Inches Metric: All quantifies in cm    
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where:

A = Top plate thicimess
B = Raditta of pole
c = Inner radius ofvolce coil
D = Outer radius olvelce on!
E = Inner radius oitop plate

Recommended tolerance of ferrofluld quantity Is *I- 10% which Is best maintained through theuse of a
positive volume displacement dispenser.

Maintaining the proper ferrotiuld quantity Is critical as even-filling the gap Is wasteful and can lead top
leakage who underflllng the gap minimises the heat transfer benefits of the ferrofluld, compromises the
fluids long term relieblty and can lead to response anomalies In the loudspeaker. The etfect of en
undertiliadgapve.properiytllledgapieshownhiigtues7and8.thelrequencyresponseandlmpedance
wrveeolai'dornehiveeter. ' '

Viscosity: Once the fetroiiuid amount has been determined. the viscosity of the ferrofluid should then be
selected with respect to the desired amount of damping.

uagnetiaaflon: The magnetieation value oi the ierrelluid should be balanced against the loudspeakers eIr
flux density and voice coil excursion. .

Theaters or compression drivare have high air gap flux and minimal coll emrsian require fenofiuld
magnetlsatlon values in the 100 - 200 genes range. Wooten. on the other hand. typically have much lower
air gap flux and «Audi greater coll exwraion and require Ierrofluid magneilsation values In the 300 - 315
gauss range. High gaues terrolluids have greater volatility as there is less liquid and more magnetic
material per unit volmte. Therefore. It is mcommended that only as much magnetic material as needed be
used to ensure long term reliability.

Compatibility: Successful terrofluid application engineering requires that lenofluid be luIIy compatible with
all materials and adhesives which have the potential to come into contectwlth terrofluid lndudlng:

1.}Volcecotibobbinlionnermaterialz'iheo'ltlcelpropertyherelethatthematetialbenon-absorbent
whim eliminates Krait papers and unooated Nomex materials. compatible material Include aluminium.
Tutinuinand.otcotuse.l(aptm.AmriherdiswsslononKeptoncenbefeundiaterlnthispaper.

zlcoiiarmaterlelzhgaInJheaiiicalpropertyhereisihetthe.neterielbenen-absorbent00etedNornex.
TuflOuIn and Kepicn have all been used successfmiy In this application.

3.} Voice coil wire adhesive: NI popular methods (wet winding. sell bonding) and related adhesives are
oorrlpatibie with lenoilulds. no mnpatitnlltles are known to have beenencountered. New techniques or
adhesives should be analysed by Ferrefluidics Corporation to ensure their compatibilitwa ferrofluld.

4.) The giueioint at the bobbin I diaphragm or bobbin I cone I spideriunctlon as well as the magnet system
structural adhesive heist be compatible with ienotiuid. commonly used anytlee. epoxles and cyanoryiates
are compatible with both ester and hydrocarbon based lenofiulds. The use at rubber based adhesives with
ester based ierroflulds should be avoided. All adhesives should be iuily cured before the I'arrofluld ls
Introduced as adhesive outgassing can effect the elabfllty ol the leneiiuld.

As part of the free FarreSound testing. Ferrotiuidloe will study the compatibility of any adhesive with
ferrofluid. Ihree tests are performed:
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1.] Mixing of unwred adhesive with lerrofiuld,

2.] Exposure of ferrotluld to adhesive vapours.

3.]4Emosure ofcured adhesive to ferrotluld.

There should also be no capillary paths present by which the terrolluld could migrate from the gap. The
most common are:

1.] Machining grooves in the magnet top plate: If these grooves tennlnate in the air gap. ferrofluld can
travel along the grooves via capillary action. -

2.} Cotton inpregnated lead wires: The cotton can absorb the farrotluld it they come into contact with each
other. This typeofrmterlal should bewaxcoated iiused lrt conlmctionwlthferrolluld.

3.] Lead wire migration: Fenntiuld can travel between the collar and former along the lead wires via
caplliaryaotton. The pathway has been successfully sealed using a winking adhesive (such as Loctlte 290)
or a gel type edhesive (Hemon's Quantum 134) which Is draped over the leadwlres before the collar ls
applied. .

4.] Bobbin slit migration: It the gap between the two ends of the voice coil former is too narrow (< 0.001')
ferrotluld can travel up the slit via cepmary action.

Volatility: The thermal capacity oi the terrofluld should be chosen with respect to the operating
temperatures of thevoloe coil. Moderate to low temperature operation requires our more standard products
eudtestheAPG eoo. APG 900wAFG 1000 series fen-oflulde (hydrocarbon based_materlals while more
demanding. high temperature applications should utilise the APG '0' or APG '8' series ferrotluids (ester
based).AnewgeneretlonfenolluldtheAPG‘R'serlee islustmwbecomlngcommerclallyavalieble and to
recommended for ultra high temperature I high power applications.

6. FERROFLUIDS AND KAPTON - THE SYSTEMS APPROACH TO THERMAL MANAGEMENT

Kaptonlsmaxllemeiyatiradivebobblnmaterialduetolt'ellghtweightladtofeledfioalcondudivny,
goodmasetoetrengthraiieendhlghthennalcapadtyhetedet240'C).Althoughhigherlncostthanmost
omorconmonlyusedbobbln materials. We superior physical properties justifies tt‘euselnall premium and
highternperatureeppmtlons. ,

Although voice coils wound on Kapton using speciality coatings and adhesives have been known to
operate at steady state temperatures of up to 315°C. one must than deal with the resulting power
compression attests which occurat these high temperatures. Ferrotlulds utter a simple. practical solution
to reducing the voice coil operating temperature. restoring lost sensitivity at high power I temperature
operation.

Felrotlulde and Kepton have been used together for many years and both materials are completely
compatible with each other. A litigating concern among loudspeaker engineers has been the long term
exposure of Kepton to terrotluld and how the physical properties of the Kapton. being somewhat
hydroscoplc In nature. might change over time.

To address theso ooncems. Ferrelluidics Corporation and DuPont's High Perion'nance Film Division have
undertaken a long term study. still in progress at the time of this writing (August 1996).
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stress of Kapton (300HP-S1'l' and 300M113) were placed In closed Jars of hydrocarbon (APG 921) and
ester (APGSM) based terretluide having slrnllar properties (150 genes I 200 op). The jars were then
placed ermine-c and the stripe materially retrieved for Inspection of elongation (strain), tensile (stress)
enemed us.

The resmts. as at 1344 hours, (See Table 2) Indicate that there has been some measurable
change to the Kapton. the recorded values show that these materials are still well within the limits of what
Is considered acceptable for either grade of this material under test.

Several months remain before the conclusion at this test. those interested In the final results should
oontad Ferrofluidkzs I APET Ltd or DuPont.

7. CONCLUSIONS

Ferrotiuid technology and the understanding at We use In loudspeakers has Improved dramatically since it
was first used In tweeters In 1972. Today, ferroflulds are used In Just about every type of transducer
Irriagtnabie lnciuding: woofers. subwooters, midrenges, compression drivers. the unique Linaeum monoldi-
pate, headphones. siren drivers and full-range multimedia speakers.

A much dearer understanding of the delicate balance between the properties of the speaker and the
properties of the ierreiluld has resulted in application-speak ierroflulds for all of the transducers listed
above.

Continued era-operation between Ferrofluldlos and manufacturers of bobbin materials and adhesives will
eriaure thetadvanoe In one todmoiogy area will not exclude the use of another due to compatibility issues.

What will the future bring 'i‘ Ferrotiulds with higher thermal capacity are always under development.
Researchers are also iooldng at ways to develop higher saturation megnetisailon terrotiulds without
cornpremlsina volatility. whim currenlty limits the tedinoiogy to an upper range of 875 gauss. These

could ultimately lead to high permeability terrotlulds. a property long desired by many
W. the future may also bring ierreiiulds which exhibit less change of viscosity with temperature.
brtnglnp e completer new carrier] suriaclant combination to the market place.
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' COMPONENTS OF A FERROFLUID
COLLOID: 1. Magnetic Particles

2. Surfactant

3. Carrier
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Voice Coil Temperature vs. Time
(Pink Noise. 15.5 watts)
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EFFECT OF VISCOSITY
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' TABLE1

SUMMARY OF FERROFLUID PHYSICAL PROPERTIES

 

Progem I flange of Values
Saturation Magnetization 75 - 375 gauss
Viscosity 25 - 10.000 cp @ 21' 6
Initial Permeablllty (@ 30 0e) 1.5 - 2.9
Thermal Emanslon 4.5 - 7.0 x 10" mllml 'c
Coefficient of Friction 0.18 - 0.30
Pour Point -30' to -70' c
Density 0.92 - 1.3a grnlml
Thermal Conductivity 125 - 158 mwlm 'K
Evaporation Rate @ 175' c 1.0 - 8.5 x 10” gmlcm' - sec
Surface Tension 31 - 34 dyneslcm
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TABLE 2

 

HOURS

CONTROL

166 HRS
636 HRS
723 HRS
1344 HRS

186 HRS
336 HRS
723 HRS
1344 HRS

HOURS

CONTROL

166 HRS
336 HRS
726 HRS
1644 HRS

166 HRS
666 HRS
723 HRS
1344 HRS

JOOHPP-§| @100 DEGREES C

MODULUS TENSILE
(srnesS)

460.6 33.75

SAMPLE 41 FERROFLUID TYPE: APG 611

465.9 32.61
479.7 31.25
471.7 31.7.1
473.3 63.27

SAMPLE l1 FERROFLUID TYPE APO 814

468.0 33.23
492.6 33.10
464.9 33.19
461.5 33.76

300 MTB @100 DEGREES C

MODULUS TENSILE

(STRESS)

651.9 1 6.64

SAMPLE '1 FERROFLUID TYPE APG 611

635.6 16.20
634.4 17.77
624.6 17.06
616.6 17.76

SAMPLE 61 FERROFLUID TYPE APO 514

631.5 16.35
626.6 16.69
564.1 16.15
574.6 16.31

ELONGATIDN
(STRAIN)

96.76

65.35
57.75
82.27
71.52

66.09
73.05
66.64
71 .31

ELONGA‘I'ION
(STRAIN)

66.62

43.13
62.66
55.47
64.61

86.51
74.16
66.16
71.66
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