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COLLARLESS Cl RCULARLY MAGNETI ZED TORQUE TRANSDUCER HAVI NG TWO PHASE SHAFT
AND METHOD FOR MEASURI NG TORQUE USI NG SAME
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Cctober 21, 1 FI ELD OF THE t[}l\,/@;l?,] The
pr esent |nven$§%ﬁmﬁgfates to torque sensors and, nmore particu a%%b To non-
contacting magnet oel eastic t

or que or__providing a measure of the
torque applied to &QLLARLESS CIK COCAREY Al JAERTORME T THE | NVENTI ON

I'n the control 'ﬂiANSBU@mlH‘AVINGTMPHMEQL%EI%'F@MTHOM@Rand speed
are the fundanenta paraneters of 1 nterest erefore, the sensing and
neasurement of torque in MEASURING JORQUENSINGSAME,cxpensi ve manner has
been a primary objective of workers for several decades. Previ ousl vy,
torque neasurenent was acconplished using contact-type Sensors directly
attached to the shaft. One such sensor is a "strain gauge" type torque

det ecti on appar at us, Cﬁo@@k@? P Prrdauaesngr e directly
attached to the outer perip era sur ce o the shaft and a change in
resi stance caused by strain is nmeasured by a bridge circuit or other well
O TRanS oS bpp AN ARl ¥R oSS IS R Bpliby suBRIRDL @ and of

limted rellablll confa ero atlng shaft. In
addi tion, theﬁOMS&hﬁﬂedertehslz\lelﬁﬁd are thus conmer -

FIELD OF THE INVENTION

The present invention relates to torque sensors and, more particularly. To non-
contacting magnetoeleastic torque sensors for providing a measure of the torque
applied to a shaft.

1.3ACKGROUND OF THE INVENTION

In the control of systems having rotating drive shafts, torque and speed are the
fundamental parameters of interest. Therefore, the sensing and measurement of
torque in an accurate, reliable and inexpensive manner has been a primary objective

of workers for several decades.

Previously, torque measurement was accomplished using contact-type sensors
directly attached to the shaft. One such sensor is a “strain gauge” type torque
detection apparatus, in which one or more strain gauges are directly attached to the
outer peripheral surface of the shaft and a change in resistance caused by strain is
measured by a bridge circuit or other well known means. However, contact-type
sensors are relatively unstable and of limited reliability due to the direct contact

with the rotating shaft. In addition, they are very expensive and are thus commer-
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I npractical for conpetitive use in many of the applications, such as
autonotive steering systens, for which torque sensors are now bei ng sought.
Subsequent |y, non-contact torque sensors of the magnetostrictive type were
devel oped for use with rotating shafts. For exanple, U S. Pat. No.

4,896, 544 to G%%QEJ;LP di scl oses a sensor conprising a to‘;cq.%”%%gyi ng
menber, with an appropriately ferronmagnetic and nmagnetostrictive surface,

two axially distingt circunferential bands within the nepber that are
endoved with r&8ibedppeicpl Krnemnetitvn usenisy many of R PRAICEPISSIR A stress
i nduced magnet h@oRbiveQieRRY sysRAW, Br WHigH Rrdue sBisSflakdiolabdig sbayhtce for
detecting, w thout contacting the torqued nenber, differences in the
response of the two bands to equeal, axial magnetizing forces. Mst _
typically, magnetghadqueniiyaich-schit g sensBRGTTR inddiRthsRittiR Gyt Mg a pair
of excitation or magnetizing coils overlying and_surroundi ng the bands,

with the coi | sdewsioped fasyse Witk sotating shafis. dior oxamplsy UsS-tRat AN #:886.641 foent .
Torque is sens s Qi,r Lhely r}gﬁ, SEHSdN%ie%n s for
measuring a di eygir?c(gsg?sgngl se?%srﬁb;a?@%%xh raqtr%@ﬁe tﬁlges of i he two bands.
Unf or t unat el y, apnropriagiln fereomaggheticesnd mpemetostiotiver fefage dup sixially ddigtinetat i on and
sensing col | S of it WAl Wil L SerRE: W 50 iGwSE WM relpiottRBA Nas
created practical problens 1'n applications ere space is at a prem um

Al so, such sensynsetsipgduelically dinsctedyssidua! steenb induced paagséticamisotropysanden  hi ghl y
cost-conpetiti i s i Y2 .lgfﬁ. . Mor e
recently, torq\lﬁrgd %%n%%%ﬁ%gﬂg@c %ﬁ%eg{s%i"yn@“°tﬁﬁ§l"#| e goiglgitgriqﬁ%d fromthe
t or que i nduced mendber, diffecencésnn the adspgnse of theltwocraeds tb ajueak axialandgnetimiprget | zat i ons
have been devel ope i ch referahly, util.ize a thi | rin "collar™)
serving as the?orf%e%o\gglgﬁlg?lgg PﬁénegF%?éﬁngegﬂgg, @S?cowﬁﬁ%ﬁg’y pﬁvg.ﬁ“%(?at ent
Nos. 5, 351, 555 apaiflof éxcitdion 0bflagnetifing cdile bvelyinfand sureuidingthé baddspeith i n t he
ring, associated with the ans of, its attachpent to the shaft carrying
the i or que. bei N5 S5 Sometied By eies B duve B AifmHRg corept Ui s Aeneed |
directed, uni axkiakapdit Foppestyly coietted Stasiaddils forieasuringh HidfefenCdvignabt ress to
t he shaft, the naﬁﬁgtiza&]ig% reotrht'bents %Hg ﬁefomas I ncr egsi ng% hel i cal as
torsional stredSUng oS ie Turpolibe Praypands g HefareaatelynPPRCHEFRtF Rt om

torsi on has botshacd f6r the whliiite BidiliorCANRENS} coflf 8n afd avwsindl the ABHEeNSNt , the

which the sensor is used has created practical problems in applications where space

is at a premium. Also, such sensors appear to be impractically expensive for use

on highly cost-competitive devices, such as in automotive applications.

More recently, torque transducers based on measuring the field arising from the
torque induced tilting of initially circumferential remanent magnetizations have
been developed which, preferably, utilize a thin wall ring (“collar”) serving as the
field generating element. See, for example, U.S. Patent Nos. 5,351,555 and
5,520,059 to Garshelis. Tensile “hoop” stress in the ring, associated with the means
of its attachment to the shaft carrying the torque being measured establishes a
dominant, circumferentially directed, uniaxial anisotropy. Upon the application
of torsional stress to the shaft, the magnetization reorients and becomes increasingly
helical as torsional stress increases. The helical magnetization resulting from

torsion has both a circumferential component and an axial component, the

-2.
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magni t ude of the axial conponent depending entirely on the torsion. One or
nore magnetic field vector sensors sense the magnitude and polarity of the
field arising, as a result of the applied torque, in the space about the
transducer and provides a signal output reflecting the magnitude of the
torque. The St@Bigbiﬁs)f of this transducer's "torque-to-fiﬁ,*__.g"s;s)'z fer
function under rigorous conditions of use reflects. the efficacy of uni axi al

ani sotropy in stabilizing circular polar,izatjqns. This anjsotropy, together
ot bt e L pat iaReyea o dike R gnsnte Beneading i on oc PR SR BN 5 o 2o 1 e
basis of a st rrignBk fidldVeicr Yenkérd EBnBdthamagifud©ind potavity oF thefidld arisdlgy | ar ge

fields. Wiile the fields that arise fromthe ri ng@iptself have, only hard
axi s componenta areYuiof the appliadiierausin the spass aboup the rapsduger apd groyides 2 oy

permeabl e nat efdrdl ohdpai réfRctiilgOhe RARMUAMR bP tReAfR. MERO &labARf oPXhithe ring

field have no such Iimtation. The addition of such parasjitic fields to the
torque dependefansqucersf tpraperfa-field’r rngfes Armctien yudesrigoreesroaditionnef Wear i deal
features of tNhentdaRsdiitach bfimidxRanidtropy ih Sabiliking Liftull fQlhridafoky Phid & maj or
source of such distortion; either the.Underlying shaft, or a sleeve that is
pl aced bet weereniseropy sfgetharwith the spatially clpsed yatheerod theyquiesesnt polarization,om a

par amagnet i niesgak@?a%kpggqgﬂﬂgﬁ@guhﬁem%@éaﬁm?me 1&ie e torque

in aring sensor Iis |1 (ﬁ age at “th r.lng shaft 1 nterface,
concerns have firldsn diplecths ditlascthalr atisafram sheoring disellihpyvs polyfhasdnagisi ppage at

the ring/ shaff i bk - 0F, I's need
for nmultiple p%)PJt'ﬂs?’ B%PJ %IE\?[]Y gf}gﬁ% mﬁn%tﬁgﬁ’aﬁ%?snﬁ%g%ﬁlsg%ﬁlv&% ﬁgé{bﬁ%q?tg%%i r ement
t hat the net hotistisciosednoughkabeodme inagnetized by thering Heltl hineinslsudhdinkitation.i gi d,
slip-free mechani cal. unikt and a. | re netic .ani.sgt.r o .have

encour aged thgﬁ%a\%@glf’flﬁgﬁuf PR %ﬁ‘iﬁ%@? Fé\%chegl e&ﬁ?ﬂ@?ﬁggﬁ?ﬁ%é Tmgcan
SUMVARY OF THEsekibiwiNdégohde the near idehlefestiuas of the transferdunctibp.e At aaésulthia present
i nvention to prgw de a.magnetoel as

i ¢, .forque trapsducer.in ich the
active, torqueSEn8iaxYd ARG SO f’%%“ﬁ’éd‘sg’r‘} é‘cflflﬂ‘?r mﬁﬂé’“ﬁgﬁs *{ésel £,
rat her than onslesvsepaispleed betwestrtinshiatt andthe Bpgtis pénenilly fibeivatbdfioma be
affixed to the shaft. . . e .

paramagnetic material. In addition, inasmuch as the peak allowable torque in aring
sensor is limited by slippage at the ring/shaft interface, concerns have been
expressed regarding distortion arising from slippage at the ring/ shaft interface
under conditions of torque overload. This need for multiple parts of different
materials, together with the requirement that the methods and details of their
assembly establish both a rigid, slip-free mechanical unit and a desired magnetic

anisotropy, have encouraged the investigation of alternative constructions.
" SUMMARY OF THE INVENTION
Therefore, it is an object of the present invention to provide a magnetoelastic
torque transducer in which the active, torque sensing region is formed directly on

the shaft itself, rather than on a separate ferromagnetic element which then has to
be affixed to the shaft,
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- 3- It is another object of the invention to provide a
magnet oel astic torque transducer in which the peak all owable torque is
determ ned by the strength of the shaft material itself, rather than by

sl i ppage at an active elenent/shaft interface as in prior art sensors.

It is yet another object of the invention to provide a nmagnetoel astic
torque transduger ch depends upon the magnetocrystalli ropy of
the shaft itseM®? 3%q%he pri mary source of anisotropy forlQ% u¥%®%% t he
magnetization to its previously established C|rcunferent|al di recti on when
the torque is redbdeanqterAbjest of Shenivention fo prByide @ HAIGELRSYHI st i | 1 i ng

uni axi al  magnefrhfzdadat ﬁ%ﬁi&ﬂﬁe it:é&khﬂkﬂva%%tbl\(ﬁe 1sfd@{eﬂh'iﬁe<§l§ykﬁé ﬁ&ngﬁgjfﬁﬁ of a
separate ferromagnetic el emen is still andther Ject of the

i nvention to p# |mwwlmﬂﬁmeé@gnbaa§}mwataswweﬂem%hw #®Br whi ch
depends for it d on the sensing of a quantity that is inhérently
zero when the tﬁlo&gﬁéﬁgé@%é nmeasured i s zero and which changes in both
direction and nmagnitude in a correlative manner with the torque being
measur ed. diddhsti® vide a
nmagnet oel astic torque& #@%ﬁg@b@f%%@ﬁé@éﬁ&;@&%&g ter na tec})% 1|9:t| ng field
for its operat tr@msdamwwtthd@endsemqmﬂlemachmmllmcmsotmgygﬁm%mﬁysqlﬁ)r coil s.

e A P BRI e

transducer inc 47 5
conposition t hleslalgismﬂtcncmnfarenaalldgeampwmnﬂaem@wmahmeﬂtpm; rathertbagyi ons

havi ng magnet erti ropriate for .its. res ve.function.
ASUITT Tt nerobjealiais 5 BRI ainaRish meier sHsbiRY E% Mo BAvE SEL " ret nod
for neasuri ngséx@fngumgmﬁﬁpa@m@fbﬂmmgnammﬁenpr ovi di ng a torqued nenber
havi ng a

t-
4

It is still another object of the invention to provide a collarless magnetoelastic
torque transducer which depends for its operation on the sensing of a quantity that
is inherently zero when the torque being measured is zero and which changes in
both direction and magnitude in a correlative manner with the torque being

measured.

It is yet another object of the invention to provide a magnetoelastic torque
transducer which requires no external exciting field for its operation and which

requires neither exciting currents nor coils.

A further object of the invention is to provide a magnetoelastic torque
transducer including a unitary shaft of generally homogeneous chemical
composition throughout comprising separate active and passive regions having

magnetic properties appropriate for its respective function.

A still further object of the invention is to provide a non-contact method for
measuring torque comprising the steps of providing a torqued member having a
transducing region, magnetically polarizing the region in a single circumferential

direction, the region possessing sufficient magnetic anisotropy to return the

-4.
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transduci ng regi on, magnetically polarizing the region in a single
circunferential direction, the region possessing sufficient nagnet |4c
ani sotropy to return the -4-
magnetization in the region, follow ng the application of torque to the
menber, to the single circunferential di rectiop wrgn t he apa}ln! eﬂ torque is
reduced to zero reby a transducing region fie ari ses ich varies in
response to tor&vﬁ\em%rllﬁt he menber, an](cj measuri ng ahconponeﬁgwb’?’:f;f‘éﬁ dt ﬁUt put
of the transducer as an indication of torque_on the torqued nenpber, e
torqued nenber BAFITHZAUGR Hige treioR. {Upring faeanplicatien efdprape Withemembsioat | east
50% of the di stk RitbieQfirchrhfdr@tial diPRAGEWh&PhE aPslich itGiqid {steductd PSS, ]
quadrant symmetrically disposed around the direction of circular remanence
and having a coWPePRY & Hansdpcingareion fie)d srisgrhictuyarienis resparrstioravg o i on fiel d
does not cr eal empbéshid melRAALLIcmbbihe'Ss HlaRuh BRUR FaHNRES Rlal Ne
menber of sufficient strength to destroy the usefulness, Tor torque sensing
purposes, of t hindigationpitarausion the torqned memberythe ierqeddehemberbeing forgedafpar at us. .
Still -another obgﬁgicre,@&m@%gat&ya? Widin¢? 1481 BERVU e AlRLRAY {0loclRKI NT @
magnet oel astic torque transducer including a unitary shatt of generally
honogeneous chemagretizationp digi vitlin a RO ‘quaghrani t syswreprically r@p}g@agraiml et i v;a. and
passi ve regi ons :hHawi ' appropciate. far respective
Pinct i on by subjBatoer GRERFId BBl 8RF b, ARRIAR sirficnll leb3od B8/ o
phase transf or ntitisduring rgessieid dmdmameatflpaphah "sa;dgnamsﬁ'f cﬂdsnmt _pronrqateocessesi
or conbi nati ons n pchanj ca ase. trans I QN _processes to
sejont Qﬁi}g%lem%? Igej%trg .cée]n} ﬁ?’&gtﬁéﬁ ?ﬁ%&‘eiuﬁ%@%‘?’ @ﬁ&‘ﬁq‘feegi onin

obtain the respeCtive esl :
~order to endow smsing purpbses,@fitemetrigneticfisiticen bythe fiekl nmeasurmppppupatiat e f or
Its respective function. . These objects and others are achieved by
provi ding a torque sensor conprising a magnetoel astically active region on
a torqued shaft, agil mdg&gmajeb&oﬂﬁhﬂild?eﬁﬁ?gﬁ\r,\tﬂpﬁdmh @ nethotitot nﬁfcﬁlgl(b{ Sfentscﬁr,
responsive to the transducing region fie which arises as a resu o] e
apploi cation of PFGERfiRFlasEe tt?fggﬁéﬁggfus@ atcluding| y é’éfWe?hagg?%#?nqrﬁly_t he
preferred embodhs@bgenedud @héhiglRbRBbASIICHBIJuYhdAE oM BriSiRY kihrateSachd &id zed in a
single circunferential ,direction and possesses sufficient nmagnetic

ani sotropy to r BISMATIEADS ARGHETAEISHT BRPITHEY AWBIOPERE 81 its esPecykp Fgctivne
application of bosubjeth@tht BEproMERSegiohsLIAnS RSl pItdSHSsftnh@dn

direction when the applied torque is reduced to zero, the torqued shaft
bei ng forned of PERCHSFSymEchapispliphane trapsfermation pipeessep. or ggmbinations of thermal

and mechanical phase transformation processes to obtain the respectively desired

(Dt )

metallurgical phase in each such region in order to endow each such region with

magnetic properties appropriate for its respective function.

These objects and others are achieved by providing a torque sensor comprising
a magnetoelastically active region on a torqued shaft, and a magnetic field sensor,
such as a Hall effect sensor, responsive to the transducing region field which arises
as a result of the ap'plication of torque to the magnetoelastically active region. In
the preferred embodiment, the magnetoelasically active region is polarized in a
single circumferential direction and possesses sufficient magnetic anisotropy to
return the magnetization in the region, following the application of torque to the
member, to the single circumferential direction when the applied torque is reduced

to zero, the torqued shaft being formed of a polycrystalline material wherein at

-5
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- 5- | east 50% of the distribution of |ocal nagnetizations lie
within a 90[err]quadrant symmetrically di sposed around the direction of
magneti c pol arization and having a coercivity sufficiently high that the
transducing region field does not create parasitic nmagnetic fields in
proxi mate regions of the shaft of sufficient strength to destroy the

useful ness, fo e sensi ng purposes, of the net nagnejd ' seen by
t he magnetic f?vglt!‘%hgéeinsor. In particularly preferred enbgﬁilrﬁ’s%{zgé?he shaf t

is formed of random y_oriented, polycrystalline material having cubic
syrmetry and e o0% ¢ 0P dpiihutgh ob foekl TG RaEOTIN PR § OGHBHIER { han 20
and, pref er abl ymBtOaiI9dishbsRA axdand the directiol ofMedNeaE pelatAHbAERNYE hatingt he

i nvention these and ot her _obA ects are achi eved by, prm@ﬁl ng a torque sensor
i ncluding a un® COFTVEn SHECIER R et (e KRERFNREEED ditkhiloms ot 6FBBsi ti on
throughout  conpirasiid taghefkdfidldsin pdxinifle RBIINPESES AR LEGIfRfetieMightomagnet i c.
properties appropriate for its respectjve function. Such a torque sensor is

made by subj ectdsHey trascdpipess, ey nrase pagnE RUPETes o dedsbmagnetic field S7R  phase
transformati OnpPHRGRPAET SR I8 parlBAXEy preRied ShbSHimARs MeQRABRES, OF
conbi nations of” thermal and nechani cal phdse transformation processes to
obt ai n the resfewed ofarndgmly arieatedpolyriystaliinemateyisl having qubisgymmetgeandr egi on i n

order to endow, : | kth ' [ r jate for
Lo respect | velF ouapiviid st in s, dsHRY ekt o030l SRR GO 2

DRAW NGS thakB8 1(a) is an assenbly drawi ng showi ng the torque sensor
of the present invention including an active region ABC having adjacent,
oppositely polarized, nagnetically contiguous circunferential regions
formed on a sol i dinsiather embodiment 61 i invérision shessand dieer objestoaregichigved  1( a)
utilizing a ho er th S0l i shaf hows t he
sensor of FIG L&?éx)v{qﬁ{agvhe} tﬁﬁqhgggﬁs%éﬁcg‘édslg ad "éﬁ% haft of ﬁ%”fefﬁ fyggﬂ%é%)ﬁo%sn whi ch

t he active regichemica compasitibn throughout comprising separate active and passive regions

having magnetic properties appropriate for its respective function. Such a torque
sensor is made by subjecting the appropriate regions of the shaft to thermal phase
transformation processes, mechanical phase transformation processes, or
combinations of thermal and mechanical phase transformation processes to obtain
the respectively desired metallurgical phase in each such region in order to endow

each such region with magnetic properties appropriate for its respective function.
BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1(a) is an asse_mbly drawing showing the torque sensor of the present
invention including an active region ABC having adjacent, oppositely polarized,

magnetically contiguous circumferential regions formed on a solid shaft.

FIG. 1(b) shows the sensor of FIG. 1(a) utilizing a hollow rather than a solid
shaft.

FIG. 1(c) shows the sensor of FIG. 1(a) having an increased diameter shaft

portion on which the active region is formed.

-6-
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- 6- FIG 1(d) shows the sensor of FIG 1(a) including an
active region AB having only a single direction of polarization. FI G
1(e) shows the sensor of FIG 1(a) having a reduced di aneter shaft portion
on which the active region is formned. FIG 1(f) shows the sensor of
FIG 1 (e) except that the reduced dianeter active region is on a separate

shaft. FI shows the sensor of FIG 1(a) inclydi active
regi on ABCD havi nsg'g9 é‘rgi)r ee adj acent, oppositely polarized ng‘gllne ?@%ﬂ y

. : Cal . _ ' 2 . i cal
et o of ") SR W e gl PR o B TR«
graphi cal il ughkyatsf &fecton ofPoladbatiofl Nor " hysteresis | oop. FIG 3
illustrates front and side elevational views of a typical arrangenment of a
shaft and pol ari zing magnets for sinultaneously creating two polarized

regi ons. Fi1G. He)l shos Heahior 3¢ FIGPI(S)S $a¥ifg '2GBdweEd iddeteplsidfi onshi p

between the strength of the polarizing nagnets and the sensitivity of the
resul ti ng sensd@prtion on whichgthezctige regiog iforpesh cal representation of the
rel ati onship between the relative radial magnetic field intensity arising

as aresult of the application of torque and the axial giositior] al ong the
active region of Fib l§fhshows the sensor of FIG. 1(e) except that the reduced diameter active

region is on a separate shaft.

FIG. 1(g) shows the sensor of FIG. 1(a) including an active region ABCD
having three adjacent, oppositely polarized magnetically contiguous circumferential
regions. '

FIG. 2(a) is a graphical illustration of a typical “major” hysteresis loop.

FIG 2(b) is a graphical illustration of a typical “minor” hysteresis loop.

FIG 3 illustrates front and side elevational views of a typical arrangement of a

shaft and polarizing magnets for simultaneously creating two polarized regions.

FIG. 4 is a graphical representation of the relationship between the strength of

the polarizing magnets and the sensitivity of the resulting sensor.

FIG. § is a graphical representation of the relationship between the relative
radial magnetic field intensity arising as a result of the application of torque and the

axial position along the active region of the shaft.
'FIG. 6 is a graphical representation of the transfer function of a collarless

torque sensor made from High Speed Steel material showing the relationship
between applied torque and radial field intensity.
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FIG 6 is a graphical representation of the transfer function of a
collarless torque sensor nmade from H gh Speed Steel material show ng the
rel ationship between applied torque and radial field intensity.

-7- : FIG 7 is an assenbly drawing of a torque sensor of the
present invention showi ng, on the shaft, a central active region formed of
a ferronmagneti tostrictive material and passive regj nmed of a
| ow perneabi | i Wogn%tq%?i al . FIG 8 illustrates one mgf '?)%8% Sraki ng
the sensor of FIG 7. . FI 9 i,s a graphical representation of the

rel ationship bet wElf thi#@ aﬁzﬁnm%harawa}a Ol [P SPRSAT a O PRSCRIAYTEPY i ty of
the resulting SBH®RE; on the shaftl Ga chfdrd] achivedfedidRi FoimddCst’ £ Feoniignett, of the
rel ati onshi p between the duration of cold work rolling and the sensitivity
of the resulti riggnetstetive material g passive rreioR) frrmed\eior lowpepmeabiireD

EMBODI MENTS matedidd the past few years an increased interest has devel oped
I n non-contact type, nagnetoel astic torque sensor conprising a shaft, a
magnet oel astically active el enent endowed wi th uni axi al magnetic ani sotropy
having the circunfgesepii,dlatdichEmkints a]&‘ﬁfth@ impgand magnetically

pol arized in a circul ererﬁtéi!gfl gll rec?ﬁgn on tﬁeg%%ur ace of the shaft and a
magnetic field sensor for sensing the magni tude of the magnetic field
arising as a resul . jaégg' t has t hus
far been nost desiPtrIgggf g%[ggapgt%ﬂ I'ze "‘Q&gﬂ%ﬁ&c’gfeﬁayg‘é%%a‘?eg?%eﬁ%g{dtvf°déﬁ‘é., aring
or "collar", taofleefamationahdthastnsitiwitybftherssulfingsshsayn. I n such a sensor, the
uni axi al magnetic anisotropy is typically devel oped as a result of "hoop
stress" arising froman interference fit between the shaft and the ring. In
accordance w t h t IREGplQeis egtaphicalasiresentation ofthesreladenshipchenweken leet duration| | eu of

creating a ri ng(/)is c%?é \%/ori( rllct)lﬁxrlé &idhe é’c\enngiﬁvi!tyt oF the resulting sensor.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

In the past few years an increased interest has developed in non-contact type,
magnetoelastic torque sensor comprising a shaft, a magnetoelastically active
element endowed with uniaxial magnetic anisotropy having the circumferential
direction as the easy axis and magnetically polarized in a circumferential direction
on the surface of the shaft and a magnetic field sensor for sensing the magnitude of
the magnetic field arising as a result of the application of torque to the shaft. It has
thus far been most desirable to utilize a physically separate part, e.g., a ring or
“collar”, to perform the active element function. In such a sensor, the uniaxial
magnetic anisotropy is typically developed as a result of “hoop stress” arising from
an interference fit between the shaft and the ring. In accordance with the present
invention, it has been found that, in lieu of creating a ring/shaft interface, with its
attendant problems, a polycrystalline shaft wherein a preponderance of the
distribution of local magnetizations is confined to lie within a 90° quadrant
symmetrically disposed around the direction of circular remanence will exhibit
sufficient magnetic anisotropy in the circumferential direction to give rise to a

sensible magnetic field upon the application of torque to the shaft. It, therefore,
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attendant problens, a polycrystalline shaft wherein a preponderance of the
distribution of |ocal nmagnetizations is confined to lie within a 90[err]
guadrant symmetrically di sposed around the direction of circular remanence
wi |l exhibit sufficient nagnetic anisotropy in the circunferenti al
direction to give rise to a sensible magnetic field upon the application of
torque to the @B@Mﬂsll t, therefore, . —

- 8- appears that by careful selection of a ferronmagnetic shaft

mat erial an active region fu?n be created dir.ectI% on the shaft nerely by
appropri at e ciabBeas batdwcasful prlection ofatpromagneti shafy matgrial HAREYRIELION hat

adequat el y actdayepd ehieddircdlih HE sBAEMBEy VY hppRépraly ch@miferpaIet |
shaft. In this connection, the significant ctoncerns are stability,

linearity and Ppjaizetioss fiis clear, howezerathpy adequately a5tug TegipnseramonPeCEPEd s are not
ful'ly i ndependgnis 9&‘&%@&@&&&9@@3}&&%&&,% i6&ht cdngémEN@MPl €, the

presence of hysteresis is an obviously limting factor on linearity.
Mor eover, si ncwability, lmeariy gadhysteresisst eresis signifies that irreversible
magneti zation altering processes are at work, the question of whether the

transfer function associated with a _novel torque excursion wll be
preci sel y repeat édabdlity.linearfty prtt hysteresis arsarot fully indepentiens ceasanteristiesnfsi on i s not

known until trjed er al f . sis | oop
Fo another i o e sl K xS of WO LERMCARR iCn My Buily Bl ° | ©
desirabl e t o afaciod onrlingsrity.e ddorenven, sinceethe praseree Sif Hysteresig reegniifreat thain

processes. lrreversihl e netizat.ion alteration.ogcurs,. fo nost part,
by e ther (o BITRYCRrisieri dBEadPoFisi o 4. P REidBtion Hmbelivor
rotation from theeraesfaryfuaction dsspciatediwids a n&ieh ®equelexcwsion ofill bpipeistlyat are
present in any_praciical terial .are_sufficiently.large, and.since easy
xes wi 11 havereBrmel s il h epaifine it ceme alimiohinBh i Redy T

an?l es] t hat ocntlgenwht, therchanya ifloyh ot pRbletipsterdsis 1065 Bd)ﬁﬁiheﬁi& pRBERSIvE @. y

90[err] conpared to < 1Q[err]),. vector rqtatjon does not appear .to be a

ot oni 11 cant | nPogtss s otk ot et StebiR do SR pb o BRI ¢ anst er
function al t hougveisibleiigntt@iatién ftocdonh. IRRVer(IBIS YnagnetiSationAlterafiéh Jt0@s, vV
equidistant frgmthe circunferential direction nay be_operative during

initial torquefdtyka mog)part byeither tonbpth) pliwg prqegsses | dogmpin WabmREoRIdhy st er esi s

or reptation i RedtdiSrotatiBi HBHCEe dabPRaE B arlotREt | Sifbe thd) EniSdttopics ithatald MMOT €
likely be found to be donmain wall notiagn The i nfluence of domain

wal | moti on onPEEeR Brany praptise] waeria aremeiicienlydaer.and since cagragpsseillapyeect s wil |
beconme appar entyiRfah@allyidE ahfitirithaitn QX AThVINM el B focciiAtidihfAlySt i cs of a
shaft that are active’in _the operation, and ultimately the

experienced torsional stresses (e.g., 90° compared to < 10°), vector rotation does not

appear to be a significant threat as a potential source of irreversibility in the transfer

function although vector rotation between easy axes that are nearly equidistant from

the circumferential direction may be operative during initial torque cycling. Thus

if there is a significant amount of hysteresis or reptation in the transducer transfer

function, the culprit will more likely be found to be domain wall motion.

The influence of domain wall motion on sensor operation and how to avoid its
adverse effects will become apparent after identifying and examining those
characteristics of a shaft that are active in the operation, and ultimately the
performance, of a collarless torque sensor. These characteristics include size and

shape features of the active and adjoining regions in addition to a variety of material
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performance, of a collarless torque sensor. These characteristics include
size and shape features ofthe active and adjoining regions in addition to
a variety of materi al -9-

properties.. As will be seen, the performance of the torque sensor is

dependent on interrel ationshi ps anong several of these characteristics as
well as on the_nagnpi.tude of certain specific properties. T h tic
illustrati on of"AR&Wasi ¢ construction of a collarless toﬁ%ﬁgg@éﬁ or shown
in Fig. 1(a), together with the description which follows_ should hel p nake
this clear.  properiies dysyiH e seensthe pesfarmence pf thye torgue sengpyds dependsit ofic cor di ng

to the presentpdhRiibhsBips hﬁp%b@%al@?ﬂﬁ@s@%&r%t&fsti@sas el skt tude CONprises
transducer 4 and nagnetic field vector sensor 6. Transducer conpri ses one

or nore axi al | 9f asrtginispreific nvereriiesi EThe soheradticdiluptration of gnhesic cansprugiigmar | zed

circunferentia 9&%’ 19 |4 | or

t ransducer reg%’%ér}%g%fe? ﬁ%rq@ﬁ%p t &%ég}gzﬁ'ajﬂéfggﬁﬁ{dvh@@Eg%s?xﬁgtg:ﬁﬁﬁﬁgﬁl eft of A
and regi on 16 falowsehquidjielp whkeBhisiclearii st i ngui shabl e fromthe active region
only by the absence of any significant remanent nagnetization. Shaft 12 is
typically formed of a ferromagnetic, magnetostrictive material having a
particul arly desiReferrisg Srsy st EIGH 1(a)k a tarquecsensorgccordingitod thelpeesefiténventiond nor e
fully hereinaf X ' : | ' I Se. formed of
ferromagneti c, ES%%WE%%E?W%@T 3@%@8@42Icsrﬁg‘{‘/sggtéﬂs%‘lewﬁ‘{egﬁw %rcyés% all'ine
structure. Tor gemordenspss. Afymistemtr fcontprisesme b roore afiakhihdistinct, thagmatically
transmtted thereby to _another partion of. the shaft where | on of
shaft 12 due t8°ﬁ@&%e°%sﬁ%¥§’8ﬁﬁ§eds e Use] ,mﬁ s r%?nﬁtﬁteqé(fgﬁgy shown as
bei ng i n a cl odkfmisgthd activelor aansdark tegipnalf thclsRafy 125 i Rdgtoncldtbfatic shbtytd 12, but

obviously can he applied to rotate or.tend to rotat. e. shaft [.n either or
both directi ongheolggghé‘i g Ii?ﬁlof‘hlg tﬁ%@t%&?ﬁé{‘mgﬁﬁég %%%ﬁoarcﬁﬁ ng shaft
12. . Tr alliié‘g(ihiﬁﬁﬂd by the ﬁneﬂmtoit‘whdigﬂiﬁwht&ésmﬁﬁd' t thiignatiftibs.t sémﬂj 1alid ypu & ely
circunferential . direction, .as taught in U S  Pateni No, 5,351,555 an

5. 520, 059, 't he ey fmPLarasromenclc. mpeefNERi IRATEPABE A PHBYNEf or ence,
at | east to thelegbRREystallibe stridurt,Aewlifeiessedihore Al Mregiafiéd, SucB iyt escent
state), it has no net magnetizati on conponent in the  directiop of axis 11

and has no net Hegtye w8 Bl Akewiss %‘%%ﬁf ?“W@@Fo@éf&‘e“@y}cm’&iri cal
shape of transdiiigial faRAS BRCRSIrddGystAlRRE bthdcirf ThiyBe RO!iRbppIRH 20 BndY

providing a conplete circuit. ) )
portion of shaft 12 and is transmitted thereby to another portion of the shaft where

the motion of shaft 12 due to torque 20 performs some useful work. Torque 20 is
shown as being in a clockwise direction looking at the visible end of shaft 12, but
obviously can be applied to rotate or tend to rotate the shaft in either or both
directions dependiﬁg on the nature of the machine incorporating shaft 12,

Transducer 4 is magnetically polarized in a substantially purely circumferential
direction, as tanght in U.S. Patent No. 5,351,555 and 5,520,059, the disclosures of
which are incorporated herein by reference, at least to the extent that, in the absence
of torque 20 (in a quiescent state), it has no net magnetization component in the
direction of axis 11 and has no net radial magnetization components. The closed
cylindrical shape of transducer 4 enhances the stability of the polarization by

providing a complete circuit.
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-10- As will be seen, due to the construction, materi al

sel ecti on and processing of transducer 4, application of torsional stress
to shaft 12 causes reorientation of the polarized magnetization in
transducer. 4. The pol ari zed nmagneti zati on becones increasingly helical as
torsional stress increases. The helicity of the magnetization in transducer
4 depends on Itude of the transmtted torque 20 999 hirality

i s dependent éﬂg?ﬁgggirectionality of the transmtted torqué$§§gﬁthe
magnet oel astic chargacteristics of transducer 4. The heljcal magnetization
resul ting from tof g’ﬁﬁ‘i’f" wen.1dns Ipdhe eamstroctiqn, anaieriah selection angpracesipg o conponent

and an axi al ¢@HRRAAER Q! appli€ition dKiofsionk! stieks tH kAt RWaddes rdbPiRAthRdICST the that the
magni t ude of the axjial conmponent depends entirely on the_ torsion in

transducer 4. polarized magngizaion i tanaduperct o Thespolaried gnaggetizatignybropmes 1 el d
vector sensin %&'&mhglg hbiRGPLsR6ksiBRl sodsh ﬁl@feﬁ%s.][ 'Ziﬁlglq‘feliéi%{ dfthelhpRSbaasd 4 SO as

to sense the nmagnitude and polarity of t d arising in the space about
transducer 4 &% transduceyridepnds ga theempgnitndeof ba tgnsmitied topqugr20and the

magnet i zation cfxﬁ&l{f} g%‘%&gﬂ&&% Ofithe %Ecﬁﬁdﬂ%lﬁ}? S tePrartlini GG toRflle lafld GndTOr € OF

| ess steep helica €ection. Magnetic field vector sensor 6 provides a

si gnal out put maghetoelastinghardnterisiesof rangducer 4. (The helicabpagnetizatioprestliing ed

enbodi nent, o 'fetlra : of:..0 | ' t [ it Hall
ef fect sensor. {l}é{rogsgoéé cgﬁ%g%i‘pﬁr?gg’ﬁgﬁ %rcpPgﬁ?%ﬁ\g/]e%%r%gé@négraﬁ %g a source
of direct currcempoyentwelong awigill.r @fpariiculdr impertageeis tiod theunagnitudeofitbe i ¢ fi el d

Vector Sensor Quf g fhd&okNdRdeAEd) 60w M ioR B SHEN. @S @ control or
o RS TaChI ne’ of Sys

nonitoring circui em’ ncorporating shaft 12. A nore
det ai | ed di scussion of the types, characteristics, positioning and

functioning of neti el d vector sensor ppears i.n L. S. . Patent Nos.
5361, 835 at col MHRLHsTigldyRubrotB5H Bl n: e ARGR Baitk drids locdbd |

di scl osur es ofanthbdientedaelativenc tangducai £ ab eysense theymapgaingicand polarity of the The two
circunferenti pol ari,zed regi ons 8, 10 .t oget her .constjtut.e t
transducer's ?@k@lﬂ‘}"?"ﬁgéﬁ s, Fpace %@Pﬁ“ﬁefééﬁgd?sugﬁ&%ﬁ r?‘g‘eegﬂ?‘é?g‘geon t he
“wal | " hbet V\ﬁqmllaii?&i wa@eﬁmﬁeﬁ fib@l the quidsednt ZikhnifaghtOn diretfion tosa xﬁéﬂe;bﬁt Fg to
sense the radia i e t this Jocatiqon. One or re . magnetjc fie
sensors may be°HifieeR Eeg‘aalﬁ}rwt@an@ﬁ etic h@ﬁwt%raeﬁofsgﬁ%fhmnaf B ocat ed
nei‘& the acti wefiécEag the ngHinfieiof thr@fd 20U & a préfdired bmbodiment, magnetic field

vector sensor 6 is an integrated circuit Hall effect sensor. Wires 24 connect
magnetic field vector sensor 6 to a source of direct current power, and fransmit the
signal output of magnetic field vector sensor 6 to a receiving device (not shown),
such as a control or monitoring circuit for the machine or system incorporating shaft
12. A more detailed discussion of the types, characteristics, positioning and
functioning of magnetic field vector sensors appears in U.S. Patent Nos. 5,351,553
at columns 6-9 and 5,520,059 at columns 7-11 and 25, the disclosures of which are

incorporated herein by reference.

The two circumferentially polarized regions 8,10 together constitute the
transducer's active region 4. The field sensor shown is centered on the "wall"
between the two oppositely polarized regions and is oriented to sense the radial field
at this location. One or more magnetic field sensors may be utilized. In general,

each such sensor would be located near the active region and oriented such that it
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Is maximally efficient at sensing the field that arises when the shaft is
transmtting torque. The simlarity between this transducer and the nore
conventional design of U S. Patents Nos. 5,351,555 and 5,520, 059 enpl oyi ng
an active region endowed with uniaxial circunferential anisotropy ("ring
sensor") is obvious. Sone of the differences are equally obvious, others
are nore suth‘g' 99I2t1 . The active region in this basic co%&,ﬁﬁ%gg;l%ssdesi gnis
defined sol el y by e exi stence ofthe remanent. magnetizati ons

i ndi cated. Portions ofthe shaft .to_the lLeft of A.and to the right of B
are distingui %ﬁ“@a'& IF‘?{ét*ﬁBSflﬁgﬁgﬁlétt%ﬁFeﬁwmnmﬁ i GRNSTUHRE ¢ he

absence (in siifud) Ortes@RifatitPbetwétn thif BhRah@P i the idRAWnventiondTRgAEE | zat i ons.
Thus, except fqr secondary _reasons associated with other shaft

functions, or ofH-SPaenis Ngs. p.dehe apd p A0 Bt eminlovinganantivegpgienendpedi ze some
feature OflilQmidxiil slinBtremtil LALIHAPS Birind Serdsb®Y isloBPioh) S§8rkeds thOMPOSI ti on,
metal | urgi cal condition, dianmeter,” surtace treatnment or finish of the
shaft bet ween diffespngesare equally oliioyseotbers armenye PEei ons to the left of A or to
the right of C Wile the dual active region, i.e., two magnetically
contiguous, oppositely polarized . circunferential rings, is the
preferred arrdngdheaetiverregion ik dhis dasigicellariessedesign ip definad: solely dytthen (as
conpared to a si rfte?rﬁﬂ | ' halt® the 351, 555
), the reasons f%&t&o&%ﬁ@é er e%l{égg avg&%ﬁl#@#ﬁ%ﬁ?\}@ﬁ&%%%%l ni nﬂéé t he
sharply defined lefigpiét anddoe thenight of B amdistinguishable from the partiomiptei¢éengk gence

when t hese magnetj zat | e til der.. ron)..th 0 oid the
anbi guous ef &%?sdngpﬁ}é%i ag%#tnca@ﬁas ﬁ*foerfé g §f Q‘P’?Fé’PF%{sLE{es egir&f) ng defi ned
bor ders bet ween magnatizatemk.aPHuy, ereeptiot sez@daymehsnsassoained with bthershgiet | zed
regions at A andf

.. 1n this.copnection, note that. i.f A and C represent
the ends of an ac |c9/éansr(gé? Bx%uﬂly id LVﬁﬁegacgwésﬁeﬁlaP’eorgq ?pilg:lf‘eosﬁng? ST Ul ar
remanence, the axftattrasdmenmnibroadnee neither the theardcdbyongposision,aetdliuedichl | s nore
or less matched b he |l al component that. . evel wi thin the
unpol ari zed regi 8%’5’%?06” ?ﬁ‘é’eﬁe@f‘fg%?"ﬂ%ﬁﬁt O{gmlshgf&ﬁeéfﬁﬂ gen A and é’hus,
unl ess the acti vés differeftifrdns péreidus takhedeRtloDA of tdahehgHtlof CaWiile the @hdls cause
little di vergence in the axial ma @g}izati,on, hence_little, "gignal"

field. Torsional 2°tVe L5§8iQ0 Jlqn WG, dnagnptically jcontigunus, appasitely cerlatized  he

circul ar remanengRednfeftaifllrdigs, is thePrelsted arkOFRRAEH contletion RAth @kt er the
axi al conponent of nmagneti zation ) ) ) ) -
12- present invention (as compared to a single polarized region as in U.S. Patent

Q)

No. 5,351, 555, the reasons for the preference have more to do with obtaining
the sharply defined magnetization gradient at B (hence a strong divergence
when these magnetizations are tilted under torsion) than to avoid the ambiguous
effects of ambient axial fields at the less sharply defined borders between
circularly magnetized and non-remanently magnetized regions at A and C. In
this connection, note that if A and C represent the ends of an active region
having a single direction of circular remanence, the axial component when
tilted by an axial field, is more or less matched by the axial component that
develops within the unpolarized regions to the left of A and to the right of C.
Thus, unless the active region is near an end of the shaft, axial fields cause little
divergence in the axial magnetization, hence little "signal" field. Torsional
stress on the other hand, while also causing the circular remanence to develop

an axial component, does not alter the axial component of magnetization
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wi thin the non-magneti zed regions of the shaft. Hence, there is a

di ver gence of this conponent and an external field thereby arises. This
di vergence is reduced fromthat which occurs at B in the dual region
configuration, not only because the polarity of the remanence reverses
at B, but because the polarizing process results in a nore diffuse
gradient inr at Aand C. In this connection, _j |.n fact be
desirable to g&?ﬁ%@%ﬁtely di ffuse the "edges" of the 5#@%u d?&renanence

at A and Cin ordey, to reduce the field_ intensity in these, regi ons
t her eby reduci ng™tha tissonapagngfize ﬁ%@spf@Pd%rﬂ%‘@%W?‘ﬁaﬂ‘YﬂW&%ri al . 2.

Since the acti veof thisedothpefid® bad h:neitemgﬁcfw tﬂe?etbygﬂs?t eiPlivedthceqf a
e

honbgeneous shaft, the shaft material nus erromagneti c. The hi gher

the saturation redugeddiom thatathichpeeppatdt mndhedual mgiop eandiguratipn.mgtorfiener at i ng a
torque dependent pecayse B offﬂﬁe‘%ﬂanen%hrgbé?seg%t,lb@éﬁecﬂsé ﬁ%g&lﬁﬁﬂﬂ steels

have saturation magnet 1 Zations 1 n sane range as elenental iron

(4[err]Merr] = Pre@oeestiying more diffise grdRatingpmanganie gt hgudiSudn s r educes
Merr] about in pLARQIGhI PRay R fidiBe REEAROHAEKberately &’AFﬁJ&QPé 'feﬁééseﬂ?tgget I C
kel T ahas Ittle e

alloying elements. N ckel I'n small quantities | e ect, cobalt
rai ses Merr]. Seiteulagirgiaanencecat gt andsE dpdrderdp aeduceythe field intepsity, infibese ng

Forromagnetic of SEr Hne Sind et Sude M BY LR mARALY ' Nave
Merr]  within 20%of that of iron. Hence the actual value of Merr] of
per for mance. of® 1 RE°p e gl W8 grinelEpbee y BGRTDEPrhBRDRS hence the
shaft itself musshdfi theagindt materialatusy be fehivmaptiatidLi Gthe higher thie samgatiehost i cti on
i S0t ropi ¢ i nf | FRRRRCTR f S Bhn B RiRERL o BB pdbran dnelgl o
transducer. As i maghatict fieljue Blginsand dbwUalley Rabemtsidils have Fafldioh, it is

this ani sotropy fhat biases the easy axis.,in one axjial direction or
t he ot her, thereWgXet‘za“@Fé‘h ¢ Fes anen: P'P’é)ﬁ"'"&ﬁv:e?'g@ﬁ’c%a“tsﬁﬁt is the

source ofthe si gnals k). &S Wi ' keup the
36 'Ifebllﬁ'js Q%"Pg%?ﬁ“(?ﬂ{f f}dgﬁ&h M, ‘a‘%ﬁ& %ﬁ'i)i/oiﬁ)ﬂ{oln't& the pérH&&zIdgE

pol ycrystal |l i nemateri a r ) shafts are fabricated rarely
have isotropi c megner-somagndtie goyingelpments. Wickel fn srgall quantities has little
-13- effect CobBit Rifsel B2 WM MPsdiH 3ediS AR mfhiy MoYed AAvRe 15-

combined non-iron constituents as high as 30%. Nevertheless any of the
ferromagnetic steels that might be used for shafts will undoubtedly have Az
within 20% of that of iron. Hence the actual value of M, of the specific shaft
material has limited independent impact on the performance of the torque

transducer.

3. Theactive region, hence the shaft itself must be magnetostrictive. The product
of magnetostiction A and the torsional principal stress ¢ provides the
magnetoelastic anisotropic influence that is fundamental to the operation of the
transducer. As in the torque sensor of U.S. Patent No. 5, 351,555, it is this
anisotropy that biases the easy axis in one axial direction or the other, thereby
creating the magnetization divergence that is the source of the signal field. The
individual crystallites that make up the polycrystalline materials from which the

shafts are fabricated rarely have isotropic magnetostrictions. In iron, A is
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particularly anisotropic, even to the extent that it varies in sign
according to the direction in which the crystal is magnetized. For
exanpl e, when an ideally demagneti zed single crystal of iron is

magneti zed. parallel to a cube edge, its | ength in that direction

i ncreases 20 ppm when magneti zed parallel to a cube diagonal, it

decr eases its*v Eln that direction by 21 ppm In thep.apgysas Of
magneti ci ans, |[err 20 ppmand [err] = -21 ppm Snall percentages ([err]

3% of sone allo el e teduce t bsol ute val ue
of [err] " resul PG SHERS il b eRen SR ises AR BrONioRRUPE. ar o 1t wo
points to be reﬁ@ﬁb@hedhmm&crﬁmsdwgneﬁiedsmubﬁnme rvéhith iafi @dkalltiat t here
are no domain vvaIIs Ln the remanﬂgltF condi tion if a gﬁ’err] wal | s
have formed as adfmRaggptizedpingleicrystal pLiron is magne 12?4]Eﬂrale|l,a/a % o88% Ut vel y

pi nned. Second| YIengﬂhﬁﬂﬁlaidlﬁacﬂ&ﬁﬁ&@ﬁﬁézopﬂmgﬂﬁhhia@ﬁétﬁ@dpﬁallﬂmuﬁasy axes
(e.g., in <100> directions in typical steel sh . 1Lt must r%(; rot at ed
1.

away from these %5%%%°W°§%“}@bﬁ&%@%?ﬁwzlm dpthedppe It is,
in the interest gl RetiaRERr J=ﬁ@ gda X Uﬂ%hggmt?% &@n@ag%i&%)%f

magnet oel astic energy to stay diredt' pro 0o the torque (i.e., to
a). Hence, it smndeﬁowx@bleméﬂs, .t Ni &tdaSa omined thetabspdute rvaluﬁrmg“rie]t,l zation

vectors are rotat fromthe axe I n sone
crystals, dependff gb’haﬁ%‘? f'sg% H@%‘F’& 1°p‘?'bf g‘ff\%%ﬁ'&‘ tﬂe +[err]
direction wil |l brémgntichsd herc Firstly, 1tshcﬂﬂd)ﬁﬁbalizedﬂ1hah&éhﬂe>nodbmmtwabls hence,
If [err] is negati t her <100>.and th 111>

i roct] ons. . be’a it Bk ehassr sidiisin bt i apeo dras havgToped &g el Qo ue of 4
In pure iron and igémelfields] thix ther e eftuotivdly Pisinedo Seesntly, Sinedtheduilseerts

negative so it |s not OSSJbeV\nthth se material.s o avoid thi
undesi rabl e o °“§rﬁ§syci“§?§ @r?@ﬂ??{‘ﬁeﬁ??nsﬁﬁ?‘qag 'ﬁﬂy N and
Si are desirabl eshaﬁs) 3t Y IbE Foteled ARAY Fom théée egﬁaxaﬁﬁymenﬁa%ﬁe@aastlhence t he

shaft itsel fnust possess sone source of anisotrop to return the

magnet i zat i on t o 2eisetrepyabltissider iptargstiofig lineaetransferiungtion, dasirghlefos the)

C rount erentt 2 ShafShAsfo i ! S bopd SORER: Miaf k. o8y o0 © @
qui escent ani sot rHynye, i degirable foyTedtdy cabtaithe die hipmetdiation wécedre atei al
direction. rotated away from the quiescent easy axes by Ac. In some gr?/étals, depending
on their orientation, rotation towards the +c direction will bring the vector
closer to the <111> direction, hence, if A, is negative, there will, between the
<100> and the <111> directions, be a compensation point where Ac =0 for any
value of ¢. In pure iron and steels with very low alloy content, even <110> is
negative so it is not possible with these materials to avoid this undesirable
condition for any crystal orientation. This is why Ni and Si are desirable

alloying elements.

4. The activeregion, hence the shaft itself must possess some source of anisotropy
to return the magnetization to the established (during the polarization process)
circumferential direction when the torque is reduced to zero. To ensure a
symmetrical response to CW and CCW torques, the distribution of this

quiescent anisotropy should be symmetrical about the circumferential direction.
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To ensure that the nagnetoel astic anisotropy associated with the torque
causes all of the remanently magneti zed portions of the shaft to contribute
cooperatively in the devel opnment of an axial conponent, the quiescent

ani sot ropy .shoul d nowhere depart nore than 45/ err] fromthe circunferential
direction. Stated otherw se, the need for anisotropy is an expressi on of
the need to coruj gpe circular remanence within the ci rf gg qgﬁi ally
oriented 90 qua r Satlsfactoryperfornance i s obtai nab east 50%
of the | ocal rragnetlzatlons lie within the 90[ery quadrant WhICh S
symretrical |y di sjdgye habitnmagneioe ﬁ“ia?é‘ESI'DE?PYc?PS‘lc dyithchg 19Faue E3Msfence. | f
the qui escent anigobf Ry r%&neﬁﬁy'ﬁx&n@ﬁieﬁcb&ﬁ&nssgwtﬁ@ shite e&am@ive ystal I ine
ani sotropy associated with the atom c arrangenent s of alatticed structure
possessing mul ti aﬁ@Pmrawm fhe develgpment of;any gxiel, compansnte dhe Grigesedst al | i ne
mat eri al wherein aﬁ@s‘éﬁo;lw m& ﬁdv&lﬁré’@e’i)aﬁ%r@ M ¥R I {HeNGdckibeRheidd St or t ed
cubic, e.g., tetragonal’) <100> or <111> easy axes, the_ qui escent

ci rcunferenti al r@f?ﬁh@hc@ﬁtw QWSG,HBL?]H%%WSPH@PHS?éteall’fpsrsl(@sOf\ﬂkq I

automatically ne " r u@&&ﬂfaﬁ l'ine
ani sotropy in i rgl?\eegﬁd &Wé%%ﬁa@?@%&@ﬂ%ﬁmgﬁcﬂﬁw I C syfme?&rtéi and t hus
(based sol el y on %0fiquadrangSatisfaesonyperformantd is oiaingblrif 2t leastt56%4 adthe lgcal

collarless torqu ure iron
is generally reduce%ﬁé%g%%ﬁwgﬁa%%%errerY?Léﬂqﬁ s?rﬁhé&{z};&@p g@[s%(ﬁ and, to
a |l esser extent, aramglahediscﬁm&eicﬁrcula'mmncwﬂftybqvammtmmm and tin

cause relatlvely I r y | ess

sl uggi sh in causi %g?sté{mgl At 50 cggf) I%F%’%%b?%se Qotr% ﬁ%’hﬁtﬁawﬁﬁr&gﬁ%

Suffici ent quanti stbmi avfangémen€oof aJatticed s@ducmtl:modsfessn&g inhkiazinl synimetyyy t 0 zero
(and below). In collarless. tor ansducer s re. concer bout the
absol ut e magni t ud&®of a\nﬁ%m](,yr%’?tﬁ pol %‘f%ﬁ?ﬂq gpat H’@F’%‘F@ W&?ﬁﬁgﬁaﬁm sot r opy
being too | ow, si&ubic éynirfettys (inbladin g[dtstdﬁ’@d cﬁlha,teg,eﬁeuﬁgmaaly RéthralQOe bt zat i on to
its qui escent cwc;g&ferentlal directian e tor ue is r‘ﬁ‘ﬂ"a%g Thus
for exanple,, if The cPPaIs heIuUesesmh ERF rﬁ‘? 56“?3§e frdft TPare Perr],
where [err] is thef mtgerymu&saﬁmrﬁﬁmﬂmhmsiﬂeesm"@ssseequamdmw tthe pri or
processing of the shaft, then Klerr] .is no nger the rincip ani sot r opy
and nore than 50%”&3“%??&’%’@%@%01}5’%%?1%3 Yeﬂ’égfulf‘ﬁe 45[err]

di stribution requgﬁﬁﬂaﬁ; and@0R (basell NBlely Bﬁtth@'rbcimn%ﬁle a}é"'ﬁll candidate

- 15- rrﬁortance of interrelationships between the several
mat eri al propert i Bgteriglgfor collagless tprque trangénerisy Thampagnitadaofthe apisetrepyof at i on of
the transducer. Widegofls Eﬁ&al@@éhuk@dﬂykomoﬂ&l?oyﬂ@m&h&'a@tﬂ@déh)éudé’é@ﬁ“de“t

(intrinsic) properties, [err] "and other structure
and, o a lesser extent, manganese cause it to rise. Molybdenum, vanadium and

tin cause relatively small downward changes, while chromium is slightly less
sluggish in causing the anisotropy to decrease from that of pure Fe. Sufficient
quantities of Ni, Co, Si or Al can drive the anisotropy to zero (and below). In
collarless torque transducers we are concerned about the absolute magnitude
of'the crystal (short for magnetocrystalline) anisotropy being too low, since this
is the "spring" that returns the magnetization to its quiescent circumferential
direction when the torque is removed. Thus for example,, if the crystal
anisotropy (KX,) is smaller than Ac,, where o, is the magnitude of residual
stresses associated with prior processing of the shaft, then X, is no longer the
principal anisotropy and more than 50% of the quiescent remanence may no

longer meet the 45° distribution requirement. Here is the first glimpse of the
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dependent properties (e.g., textures, chem cal or structural ordering) act

I n concert with the intrinsic properties to determ ne the magnitude,
orientation and symmetry of qui escent anisotropies. Also, while snall
amounts of Ni or Si effectively raise X, they also tend to reduce
Klerr]. Thus in selecting the appropriate alloy for the shaft, we have
to carefully noderate alloy content. 5. Wiile it should, by now, be
recogni zed t hat "P*#8 present invention the shaft i t FEMUSKRFLBS phe
ferromagnetic, magnetostrictive and provide the necessary magni t ude and
orientation distrimreriate ofintereglationshipschebweasn thepseverahmaterialpoopeetiesthat  t he

shaft magneti zati 16 . | | gl has. no hus. far e cpnsi der ed.
Ferromagneti c mat gllrgil% g@&%@%&aﬁ%t@%%ﬁeéaipgpfglgha@uQ%GV@&%‘ of the
magnet i zati on chaageasnipositiertly dypexaemn ¢intrinsic) propertisd) & lahe ot Binjcude Of the
fields required tqQ induce significant magnetization changes. Since these

characteristics aPfePeR t?%'ql?ﬁ‘l%és (e Eetures,hemisals orpstruswal \oaderiag) act ik hey are

conveni ently deSCE:d')ﬂéeﬁwhﬂth%hﬂﬂh%ﬁcﬁ&ge%@fb%ieﬁﬁhéﬂ@m%ﬁi dg,ioﬁlglﬂaﬁén gHis

cyclically varied over a synmmetrical bipolar range. The 'salient features of

such a maj or FYPaREEef quigseen apipetropies AdtoeWhilysmmlgmennts)of NjjsSiissed nor e
fully her ei na ; yhg{ Ian I eg a L I3 Syq.ar e
variable from oneEﬁf@dﬁvﬁat ersié_l(}l’ t{légeglgcgtt?@ﬁ It%h]gogsgbpggué %Eéelg@%% Pecal
suscepti bilities, apmepriata alioy &nrithe shaft, we havh & qarediliysmadesatt hitoyrcontenient
magneti zation and on the x axis, the coercive force. The changi ng
sl opes over the various portions of the hysteresis |oop reflect the

di f f erent pr océssdéhilertshbuidoby mow, berecegitet itthain thtpesaniaeentionalic shake pl ace

in fields of differ infensities.. Qur concer.n for these details is not
nerely acadenic s?t?leg%nulstnget Ee OBREPLE; 8}%’?"8 ave g zRqué‘iesthF JregReAry
t ransducer, na?nehir?gnitddehntsor‘mnt;hﬁm?}iﬂtﬁﬁﬁﬁiﬁ@fﬁ.ﬁﬁéﬂeﬁéaxﬁﬁﬂi@ﬂﬂﬁlléspbﬂébiﬁ Li el dis
ervade not on e, space i.n i.ch t i sensor(s).,is |locate ut al so
F he space occu piy e%lhebswﬁ?@g’éqqﬁtimit? g’@?fe.%c *ﬁﬁ@s &tﬂi“k‘gff‘l)’ Besn considered:
- 16- Ferrorfagnatice thafetialenald readity €3fdfetizddos, e mipnfvddé0@e- 18-
changes caused to tak%. lace within r&%n-active portions of the shaft

etization changes induced by magnetic ficlds and the magnitude of the

results in other ™Masn
fields required to induce significant magnetization changes. Since these
characteristics are not single valued functions of one variable, they are
conveniently described by a plot of magnetization M vs field H as H is
cyclically varied over a symmetrical bipolar range. The salient features of such
a major hysteresis loop are indicated in Fig. 2(a), discussed more fully
hereinafter, wherein the various slopes and intercepts are variable from one
material to anotﬁer, the slopes represent local susceptibilities, the intercepts on

the y axis are the remanent magnetization and on the x axis, the coercive force.

The changing slopes over the various portions of the hysteresis loop reflect the

different processes involved in the magnetization changes that take place in fields
of different intensities. Our concern for these details is not merely academic since,
in the operation of the collarless torque transducer, magnetic fields arise from the
active region and these fields pervade not only the space in which the field sensor(s)

is located but also the space occupied by the shaft itself. The magnetization
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fields arising and these (parasitic) fields also pervade the regi ons of
space where our field sensor(s) are located. Thus, in the interest of not
corrupting the transfer function of the active region, it is inportant that
the parasitic fields be very snall, ideally zero, in conmparison with the
active region field or, if of significant intensity, that they change
linearly and an steretlcally (or not at all) with applied torque, and that
t hey be stable'V§ tnme and under any of the operationaIPﬁﬁﬁw 8 onnent al
conditions that the shaft m ght be subjected to, Stated otherw se, any
parasitic fiel abmsmq@hseﬁm@J@MW%@@m&m@p@ﬁmyofmhpﬁmwwet o the

active region ,%aa&] E'tﬁﬁn% sensors
is useful for Eﬁlgfra(%%égl en‘silmrelge(g%%m%?ﬁgﬂs@ ce t ﬁl@ﬁ%gl tPc fi | s have as a
source the magifield seasor(shansilod¢ated. t Hasniorthe otérest oﬁamt ¢oprypting thereansfonft, it is
clearly desira a s,];!’]@h of
significant magéf EP é’géﬁﬁ%’%&[ %&%ﬁg@gﬁﬂ?@ﬁgﬁﬁﬁg %'Pcetv(g éni L

fields generat adbally zetoe mctomparisoagwithn teantive région feldi @nif ers1guﬁca';tent aI |y

T the. suscept IHePnryp RYAFkl L0 2ot Bl PEAAADY (ol sl 6 by JO7 |

ati ve,
perneabi l ity ([tenghe,and ¢rat they be)stabke wittatine ahd uhdertahpafthp apetatiped andl e (i n

this basic collar.less b a |ar Merr]
is preferred f&FVIHES 8%?‘?0\’)@“ %"ésg‘ﬁ% ww%élgﬁﬁ%ﬁ s@?ﬁgﬁt‘f (§§ ﬁq%}ﬁryge,taﬁ%

cgr ijt i tng !n}‘ Ipaﬁe‘;ﬁeﬁerﬁswmlrcnsr&s‘enmsﬁ‘beehmmnﬂ)tsmaac?zﬂfpmclmm:edcﬁm/\(r]mgﬁbmtze a .
shaft materia ving s er in an ue of, fi o which it mg
be exposed. Thefpex?f%\t}'ﬂghed’lents}keé‘?%n&tﬁﬁm@ ﬁﬁ}l aﬂéﬁnﬁwlsl“ﬁ%“&&ﬁﬂ’@f@%m%n change
is primarily dqmﬁo@esvmicelmerpataambﬁem@ham aeauwmdﬁagieﬁzmhlvﬁﬂm&et or

Fosi st ed by hotBROGRYPEYERS ehBs Siap 1 oAy et eebie R RSOGO BF 11 cul
resi sted by het iculty
experienced by geBesrialiebidf bisiglificht Mpnitige, mm&img&tut@éhn&m(e eanefve field
Herr] is defined as the field intensjty required to reduce the renmanent

magnet i zati on (*hneldsagaented by theprtivergion ﬁ‘§f ambieat onpgeidepallydmposed posed to
a saturating fishsl). §RaFshheitligss b vlohidsir HOYGAM bheuRBaRghiiayl on has

been reversed. he magneti zation reversal IS taking place solely by
vect or rot at i on(X HEIAH), ¢rfitsrclase edlative.someabditHre rrd + 1dis sihalb I i dleadyt he

i ng-cubi ¢ syIShE R Et kRaF BRARE e GO SR SBRTS ki @ o

iron, with K[ erpr]afen'edlfﬁﬁﬂﬁ@ﬁlvermrfpmv,m]oréantbni{nmuz@ﬁ@emrrqpmgmm&&eGauss,

Herr] for vectgy gfeRith R Reb R IRATE e el Ry one, i 1A, ¢ e

range of 5 to Smlsa%fﬁem@wh@mm%me aipo&Al €he VARl y deRaadi \ehaier ee al | oy
content and thermal or nechanical treatnments. Thus'it is clear that the

princi pal pr ocewagusiizain elengeiy pampanly duesa V¢@ora¢mtmn@dmnonofé9@wa8su als is
t t t S I
not vector ro aV%(%{S}'IrﬁHﬁo 1§1%§1ft€&byt8§a£s‘a By whé Asdpﬂaxh%ndohohﬁré Q clear

2

that a materi al arl ess
t or que sensor thiahﬁt@ﬁﬂenpw vibegdiviRy nepyifles2 raeagire ofhe didBedty¢kprylepceddwi | |

hi gher val ues Ofye field in altering the magnetization. The coercive field H, is defined as the field
intensity required to reduce the remanent magnetization (the magnetization that
remains after having been exposed to a saturating field) to zero. Thus at A, 50%
of the magnetization has been reversed. If the magnetization reversal is taking
place solely by vector rotation, H_ (for such processes H_ is also called the critical
field), in materials composed of randomly oriented crystallites having cubic
symmetry with K, >0, is equal to 2K,/M,. For iron, with X, =450,000 ergs/cm’® and
4nM, = 21,600 Gauss, H, for vector rotation is 524 Oe. Measured values of H_ for
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Herr], e.g. 524 G, would still be better. In any one steel, Herr] may be
I ncreased by a factor of 5 or nore by cold work or by heat treatnent.

H err] is generally higher when in the nmechanically hardest (strongest)
condition. This follows fromthe fact that strength reflects the presence
of inpedinments to the flow (glide) of one |layer of atons over another
within the crys&?l 941% sl ocations, voids, inclusions, precipitates, lattice
di stortions duePd erstitial atoms, stress, etc.) and {UB982163% | ect s
the pinning effect on domain walls of these sanme inhonbgeneities in the
crystal struct @tan carbon and low allgy, steels arertypiraliydn he rangecof lop¥sO¢ (everf f ect s of
t he vari ous matggd pravatey ' | -t he

f or egoi ng, preéﬁ?ﬂg di | eﬁ@ﬁﬁ}@&%ﬂ@%ﬁ@?o cotﬁgﬁéégﬁrg%ﬁgaeﬁléﬁ
transducers. | fregtmentsnTapei ds ¢Jear taay thegrintipalippeagsscbydiehich opgnaigatiniic i el ds
of sufficient Blei I [ Y. opojacal field sensing
devi ces, and tg‘i{;peﬁ!i ﬁst{ggsf tg%ttél}g*slﬁ g%%%rﬁgﬁﬁgtgblg’srﬁ@%’ {/é dé#‘%%‘u%?ﬂelpg%manbi ent
fields, it is dbdsalsmelearilire matesiahbavingsHy e On ipheattdufoe usd imladlladess ar ge as

possi bl e (favor,hj / r.Jq]): i rrl). ..Yet if.these.fields are of
sufficient inten 1&1%{}11%02%Sﬁﬁjﬂéﬁ%%ﬁgy@%ﬁﬁgggﬁw St“{l}é“ LY 94t i on

wi t hi n t he act ifeegefR4dPs, wobld stitlde béteer. Fnang bhosteali F I mayie inaesstdby & at hi gh
torque |levels ( ' rr]/lerr low Merrl). If ese fields are of
sufficient int ef%%}é&&; 3 ?%Q‘E%ﬁ‘f i%Sir S J&f°‘i4¥e‘l‘3§ﬁ%§?@?4e{*{ni}waeraﬁﬁsmwe@ o the
active region, inthe meeharitailp hagdest srohgest) bolitith. TaR fosWMBdm tHeradthigisT er
function of the, transducer, in ways .(hysteresis, instabjlity and
non-1inearity) °F th tﬁﬂ?f?r‘fffn%égg‘?%‘iptnpﬂ@ todhe ﬂP‘Hé&é‘ie?)Pf?‘FFelaﬁé\?fce (favor
| ow (I;/_[e{ r}, [lelraldn_lsadvdrde{n_e?m} witliih ¢fe cler[sau (dlsl@&ﬁbb ni$] Wids] %clugi?xl?q, pgeeip{tiﬁ@ can ble

i medi ately a i at.ed . omain wal | s can be pinned _sufficiently securely
to raise the aé%ﬁ‘éﬁ Jlfﬁf%‘f’?ﬁ gli?lt?)é“é‘?mi RS [S{ressy Stakqngd Y. refinets the pipwing

ani sot r opy. V%ielfiectmnidﬂﬁiainlvyallaoﬂﬂk@@a@k&hﬁﬁ@%&ﬁﬁﬂes foftfe §94RAGHUAMOf a shaft
material, the processes used to fabricate the shaft and its subsequent

thermal and nechanical treatnents are

_ 18- ThePédnith@6kofy, %Moﬁmﬁe,oe?fegé/oﬁﬁ@yé%&%ﬂﬂa‘?%ﬁ& - 20-
haft f i.e., the

usually nade to best fulfill the primary shaft function, i.e.,
transni ssi on ofMaggplfRATamEtems, 35 lpstated hycthe foregpingaipeasensra dilegwen inatbe or s

satisfy the prefe8bfBEcRRarics torfib HHRISRRES if'lle interest ?%Ig@%gg}%g&rqgeede@gfgg asi zed

that all ofthe foregoi ng di scussion pertains to
magnetic fields of sufficient amplitude to be readily sensed by economical field

sensing devices, and to be substantially larger than usually encountered ambient
fields, it is desirable that the active region produce fields as large as possible (favor
high MK, high M,). Yet if these fields are of sufficient intensity to cause
significant changes in the magnetization within the active region, the transfer
function will not be stable at high torque levels (favor high K,/A, low M,). Ifthese
fields are of sufficient intensity in portions of the shaft that are proximate to the
active region, the resulting parasitic fields can corrupt the transfer function of the
transducer in ways (hysteresis, instability and non-linearity) that diminish or destroy
the usefulness of the device (favor low M,, A and ¥, high H, and X,). The problems
can be immediately alleviated if domain walls can be pinned sufficiently securely
to raise the actual H, closer to the limit established by the anisotropy. While
primarily a materials problem, the selection of a shaft material, the processes used

to fabricate the shaft and its subsequent thermal and mechanical treatments are
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or sinplest collarless design illustrated in FIG 1(a). As will becone
clear froma consideration of other enbodi nents of the present invention,
to be described hereinafter, there is nothing in the concept of a
collarless design that forbids alteration of the active region (or of the
non-active portions of the shaft) in such a manner as to obtain better
conbi nati ons of | gnificant properties than exist in tions of
t he shaft. Thusv‘,’&#}?"lgis not essential to the concept of a g%?’ﬁgés
transducer that the presence of a remanent nmagnetization be the sole

char act eri st i cusuplit mades i brgtifudfib therimary. shaftfupctignoie-f the FRBSMISHM ¥y r egi ons
of the shaft. MahieOWsh h@fAbonkérh 3o RiiRer de PRRE sHRE fhb GRIfbRARs 3
described in U’'S. PatentNo. 5,391,555, columms 4-15,” and are i ncor por at ed
herei n by ref eloEqiesensng. O her variations fromthe basic collarless
design woul d seem on the basis of our present understanding, to lead to
performance i nprovenent. For exanple, with reference to FIG 1(c), if the
shaft were i ncr edéshguldiye ginphasized thapall of the foregpingdisgussign pertainségthe basicat  was

t hen circunferenti o ' . ey aCty hegy |

shoul der), thegllnstrll Efr?ést?é? @Q%%e %ehéﬁgllué%%tgd?iﬁé?dl@h 4%@“& E@vﬁéﬁggﬁ agr oxi mat e
portions of t hensilhetion wbothdr babodinients df ¢heepresenit inventiont kovbe desgribed pr oduced

the sanme field,per Nt .t Qr he. si ' e S} kgn of FIG
1(a). Mor eover It “%ﬂ# i {eqtm&f l(gsn%?@no%a %s?‘eﬁﬁéegg%’gsv%@ﬂﬁ%sr {hﬁ@? rtoffiﬁ?@%% sour ce
of parasitic f akdratiom of the activeAsgipn v iofithe hyn-aetivt parmions ofithe shaff) iprsoche
beneficial to "taper" the.circunferential.. magnetizatio here di ffusing
the A and C ed o) o f%og’?aél&t’?tf?’é(’% ?%‘Rnss?f&%ﬂgﬂﬁc*fﬂwﬁgs)&imﬁﬂ&éhr pose
here is to reddther patiasidfitiee shafel Thusf it dymdt bssentivh ot the €oneeptiof arelladeks t he
shaft, both by reduci he intensity of the signa] field in these portions
(i ch 1 educes TEREbH SR Piessho A oL RIS po A tPl6 iaretiing ¢ he

i nt ensi tywhof ka6 disOfighishe P il Rtgidn bl adjotbing repiond 6F the simtt. fwmious hese
portions en

o P - 19-
magnet i zed by d¢faltepinents apd ether mogifications gre descHbegdn Uk Patent ot 339 1iM5enent ed by
tapering the prc@P&hﬂEHMSI&d&Pﬁn@&-ﬁdr&l@dh&ﬁh%?rﬁ&eﬁ&e(ength of the nagnets used
to create the polarizations which formthe active region. Hol | ow,
through hardened shafts, such as in FIG 1(b), would appear to be better
than solid or casgufipigemess ﬁ&ﬁiﬂe%aﬁi@&olfaﬁ!ﬁrd%éi%ﬂ #8918 38m, dn AR da@iyophaf t is

more uniformy stressed by torsion than a solid shaft, thus all of the
cross section cappresentunderstanding, to lead to performance improvement. For example, with

reference to FIG. 1(c), if the shaft were increased in diameter over a limited axial
extent, that was then circumferentially magnetized (i.e., the active region is on a
shoulder), the intensity of the signal field in the (now not so) proximate portions of
the shaft would be reduced even if the active region produced the same field per
unit torque as the single diameter basic design of FIG. 1(a). Moreover, the field

sensor(s) would now be further from the source of parasitic fields.

Aspreviously mentioned, it may prove beneficial to “taper" the circumferential
magnetization, thereby diffusing the A and C edges of the active region shown in
Fig. 1(a). The purpose here is o reduce parasitic fields from the inactive portions
of the shaft, both by reducing the intensity of the signal field in these portions
(which reduces the magnetization of these portions) and by reducing the intensity

of the torque dependent fields which would arise from these portions when
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contribute to the signal field. Creating a circular remanence throughout a
solid shaft is not possible. Even approximating this in a large dianeter
shaft becones inpractically difficult. Even if circular nagnetization were
attainable, the central regions ofthe shaft would contribute little to the
signal field since they are so lightly stressed. Moreover these central
regi ons becone &85%gmte perneable material” and m ght well be a source of
parasitic fields, ?eby di nini shing rather than contri bEEFHYS1$S he
performance of the torque transducer. This potentially negative property of
sol i d shafts woagnetized by thecsignal figdd This @pproachanays be ceadily iaplementedibyugh

har dened shaftgap@ﬁﬁﬁgh%?ﬁlg?tﬁg{e E't?v%?eg:i]&?df's %gﬁf&me%%ﬂ&gh&g}? fhe central

regions are generally T < as the surface regi 6ns an us will have
a | ower H err] themsarizptions whichdemsthe Retivegégiorar deni ng woul d appear to be nore
desirabl e than case hardening. On the other hand, surface hardeni ng by
nitriding mght be beneficial since it can further raise the hardness of
some steel s t her edjollomoBubrigh hatdsned shiafts, wgrhids éu FIG. 1(b)y ewald apptareaberent s ar e

I Kk t ' ' he hard f | y. d

o0 nown, o, AR Y RGASEA R ARAATRRDeR KRR S3RE, (755
R55 to R 62 fomnfe@dy strsekbt torsixirthat ssalieshat, Susratliof therdressisbetion can~ FI G
1(d) illustrat . . ' ElG 1 t that th ti

10 111 S5l AT IR, Bl i S R bR L

sui tabl e for sad not possiblel | Bvensippidximiting hidt ingp Gflgd Glamsten dhdebednebhafl t

since the end reqi ons, (A.an ul d .devel o oles in an_axial magnetic
field. It has B& cﬁ‘c&ﬂiﬂlfﬁﬂ’i‘t @Vﬁ‘émﬁ&f%%fwﬂgﬁ%%%swa@@n%ﬁ%ﬂthe ri ght
end of the act irygonsegihe shaftsyvutdtohibHiledshhe SShdPHelf S Bey s RO Hehty t Y tO
anbient fields in t<{]§{[dl anetral direction.

- 20- stressed. dylprapven thesesentcal seions hegoms) "prsimatppesmeable matgdal” 22-

FIG 1(e) illushd aight waEbS2MBuSLOBMashf fidds tereb) (RhinfmgRbtnb@by t he
di ameter of the shaft in the active reglton i S reduced fromthat of the main
shaft. In this SCURPHRESheprriommaaceof s darave tragsdueer This atentinllynggatine and C

}A/ne n the shaft prspeRRlf YoAGhARY Wolld, 35 g,edef‘ai,soeee&mmawd%ir{?@; &Eﬁﬁe&&& Rg the
arger volune of material in the adjoining regions. Thi's w reduce the
intensity of t Hhardsasdshafisdwhergindhe s reyite fomyueriching), the gentrad regibng s
construction alsgdsedbrafyfotalRarll hEME sHBRS Rlaford add IS AGH Llwer H, For

these reasons through hardening would appear to be more desirable than case

hardening. On the other hand, surface hardening by nitriding might be beneficial

since it can further raise the hardness of some steels thereby probably also raising

H_. Cryogenic treatments are also known to substantially increase the hardness of

commonly used (case hardened) shaft materials (e.g., from Rockwell 60 to 64 for

8620 and from RS5 to R 62 for 4320). Such treatments may also raise H.

FIG. 1(d) illustrates the same sensor as in FIG 1(a) exéept that the active region
is polarized in only a single direction. This construction is suitable for solid or
hollow shafts but not good for shouldered shafts since the end regions (A and B)
would develop poles in an axial magnetic field. It has been found that the
placement of a second sensor at the right end of the active region (shown in

phantom) helps reduce sensitivity to ambient fields in the diametral direction.
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radially inward fromthe surfaces ofthe | arger dianeter sections, to

| ocati ons where the intensity of the parasitic fields is reduced. As with

t he shoul dered design of FIG 1(d), this construction is not suitable for
use with a single polarized region. Fig. 1(f) illustrates the sane
sensor as in FIG 1(e) except that the active region is now formed on a
separate shaft shown as having a reduced di aneter P s9 l§38€ntl re

| engt h, the sect? on o% t hi s magnetoel astically active sha ween A and C

may i n fact have ame or Iar er di than t n Shaf ection
toywiwi ch it isvatl%lgichéh‘utlmeé é3ee seﬂﬁﬁrlaﬁ F@)%ﬁ’!ﬁﬂ’&?gﬁﬁm tenp ezch ons

end). The actiwR shhffil tumaeub@régﬁcﬁi ii'rb!d\iébd gohedat 6F thbendRishafShaf this by
interference fits |nn|ng, wel .. screw threads or the |ike. The Main

Shafts are pref@t %ﬂle%'EOI%"éMtS‘?ﬁ’@ﬁétaP‘@:Cl’t‘ﬁ‘%ﬁeé\‘aﬁ‘éc’ﬁmn%t ai nl ess

steel , al um nuPlleAse leds| dPREGH B magilefisihg the 1Biefr wollinke JTBMatérialGn ke Made of
| ow perrreabl lity ferromagnetic material, preferably having a | ow

magnet ost ri ct i efjoiningyegionsarThisvell redyeaitha intensigpaf the passsitc fighds senttibedipabl e of
creating signi bi GRil rd3fhes ‘I‘fﬂs%oxfls'h‘ﬁj:ﬁlﬁn alggkﬁlo@rgttﬂe\‘tfelcﬁmgar%yﬁyb@%cﬂéﬂ | ow or

solid and is citcunferentially polarized only between C. Since the
AA and BB r egdislly imward fremthesusfonsh pithe lpwserdismeleraections, teHecatignsjulere ¢ hei r

cont i buti ons_ iy {AREaRIdrike Jokliliddd iicBhdtR AsAiBnt BRRFIGRRYdebil o Of t he

active shaft not 1n the active region are not readily accessi to | ocal
sources of pos$FGI Wdihit eomftiustjorf ismbtimitahie for ase \mtgtnsanglz polatizediregi¢s cr ew
drivers, wenches, etc.). FIG 1(g) illustrates the sane sensor as
in FIG 1(a) except with three (3) circunferentially polarized regions and
2 | arge di ver genckig. Udntsiratestht sdme(sansoBasimBIG Tfe) exiept that treeatiedegior| d

I ntensity therebet | SO en se of.a.sin .
i R o b e Ak, P R Saihs bR ATOR A aRESH T 1 11 e of
two field sensdissentirehengthl t&aedm@oﬂﬁtsnnagaétbelasucally acfiveShaf? betjveed Aland r ates the

shape and, sall S0bek SPhURSe Bl BB e il o B SHGR 5P 8B S 100
si gns of approagiéing 1§z&tabueat(mmh nIéti ﬁotihﬁvcethé dﬁﬂ@&dmbttr ithaacl &)t @heNng of t he
| 00p Xt e AN R 3y betigidly Machito the Mk SHAHS by MtcHesbtes bk pranng, Do een

welding, screw threads or the like. The Main Shafts are preferably made of non-

ferromagnetic material, e.g., stainless steel, aluminum brass, fiberglass, plastic, etc.,

but may also be made of low permeability ferromagnetic material, preferably

having a low magnetostriction, e.g., hardened, plain carbon steel, and are incapable

of creating significant parasitic fields. The active shaft may be hollow or solid and

is circumferentially polarized only between AB and BC. Since the AA’ and BB’

regions also carry smaller percentages of the torque, their contributions to parasitic

fields is minimal. Also those portions of the active shaft not in the active region are

not readily accessible to local sources of possibly disturbing fields such as

magnetized tools {screw drivers, wrenches, etc.).

FIG. 1(g) illustrates the same sensor as in FIG. 1(a) except with three (3)
circumferentially polarized regions and 2 large divergence "domain walls" (atBand |

C). The increased field intensity therebetween also enables the use of a single
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ascendi ng and descending "linbs" of the |oop. Hysteresis |oops effectively
represent dynam c phenonena; they are traversed in a counterclockw se
direction - up and to the right, dow and to the left, etc. For the major
| oop shown here it should be apparent that further increases in the field
beyond 100 Ce will not raise the peak magneti zations si gnificantly above
18 kG Wen the,figid; i s reduced to zero after having reag P‘E&%’H

ac o a val ue

"technical sat urat [ onl' val ues, the magnetizati on "faI ls b

i ndi cated as R (. c fields, of t.he o . Rand R
represent the &%ﬁﬂ?gﬁﬂﬁﬂﬁ?"(ﬁwﬂdﬁph E’E‘S é?lfagfg"f%qnﬁﬁtp shown is
15.8 kG The "gRAub@R@asvaati o," i.e., the ratio of the r enanent

magneti zation to the peak magnetization, for this loop is (15.8/18) =
0.878. In a material having uniaxial anisotropy in the field direction, the

remanence ratio veg ztaﬁﬁuﬁﬁtéﬁheﬁu?&pémﬁgallehiﬁat&b%ﬁﬁpxw tj&*' Bysidésue. 1T the

field direction is nornal t he ani sotropy in such erial, the

remanence rati $ORokf- ’cP"’SéthEqnbthelll‘@mPE)ﬁé@& arﬁé%@Plﬁp"efOY/ﬁlel}EagnF"FFaﬂmhﬁ’t eri al
having a randoghfy &g GHabpoacdingSdRidtior " srﬁf‘s% év'ldeﬁ&zd"ﬁytthe fatNindT§hed Ong the
cube edges, this ratio would be 0.8312. t he easy "axes were al ong cube
di agonal s, t helaoprixfrema angd ke @amangj oa@eodlﬁasncﬂmemmemtlm betweeh

remanence I at! Qecdhaifd)Gnd Q8RR il Fdrhe Hdb) HOGEEAL oork WhectiRy

crystallites are eit ran yorlen
ani sotropic i nﬁpmwdwmlapmomﬂm&ny are trﬂve&edhmcountsmlochyse ér@gols- | oops for

other field di %ﬁ%& %nt‘ﬁe\f\@h@ ﬂovgx?&?df%'théfhﬁxﬁk bf‘}n‘th orl Jpesﬁg@l'l el it

(different) nence ra e’ val ue o whére t he
magneti zat i on sh;oxﬂcﬁmaappdeﬂtmazﬁnhexfmasmnﬁeﬁeldbeﬁn)i + 1109 QeRdll hotasisei ve

field'. Th field k field
xour s ons. 1 o REREHGUEETHRR TR GLITRY BFT BI8 e MegBUR R Faed® ot
-22- zero%%ynﬁdg%achwqm@@qmm datuBdtidn? oalﬁ&etﬂe%ggémm is 30 Ce,

a value only mnimally smaller than the coercive force of e. hypot het i cal

mat eri al exhi bi"failphack ED 3 Yrlpecndigated §dﬁs(°r R} for fieldnefifhe eppesits Rt & sal
between R and Gpg m%glayenfﬂlg efeﬁx@ﬁen'i'%%?@ﬂtx&d nlgﬁ%ﬂe i lcf)&:%ﬂ@wﬂ ocal

nonent s agai nst a stal anisotropy "of 400, 000 ergs err a typical
val ue for |ow & 1%8kG Eed sgmaqen@remm,\th;emm@féhmmauenbemmuzamnto

400, 000/ (18, 000U AL baknc R, 7 0RRH (131 ToB 0 ImUBENE Beipd e, T,

if the loop sho ] a materia oW a steel)
magnet i zati on neiasiabadisatiopp it the Gieldidirectinm) the réthanehse rdtiorwionld\bglekqualite pl acenent

rather than by l%bﬁsr kﬁgﬁes{ p%tsﬁﬁ% 9ue. 1fthe field direction is normal to the anisotropy in
such a material, the remanence ratio would be zero, its lowest possible value. Ina
material having a random orientation of cubic crystallites with easy axes along the
cube edges, this ratio would be 0.8312. Ifthe easy axes were along cube diagonals,
the remanence ratio would be 0.866. The relatively high remanence ratio of the
loop shown in FIG. 2(a) indicates that the crystallites are either not randomly
oriented or that some other anisotropic influence is also present. In either case,
hysteresis loops for other field directions would generally exhibit larger or smaller

(different) remanence ratios.

The value of the field where the magnetization is reduced to zero (points C and
("), is the "coercive field". The coercive field generally increases with increasing

peak field excursions, reaching a maximum value (called the "coercive force") at

-2
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Aand A in FIG 2(a) indicate the extrema of a "mnor" hysteresis |oop,
I.e., one in which the peak field excursions are significantly |ess than
the coercive force. An enlarged view of this mnor loop is showmn in FIG
2(b). While both the remanence and coercive field of this |oop are seen to
be quite small, they are not zero. Hence, even for small excursions of an
applied field, the resulting magnetization alterations are seen to include
sonme irreversi BAPRYS! The smaller the field excursion of ETHHE63 oop,
relative to the coercive force, the smaller are these irreversible

features. For sphwationndh¢ cqeraivesfield/in)the oy shown duiPenyalup entyingsintalliar r ows t o
a straight Ili - g J.he k l'ine

t hrough AA OP& rf%l lﬁ%@@%@?ﬁ“ﬁ%ﬁ%\%&g@? ﬁleﬁ‘?%]e@'ét?@iﬁggel&? 3%@%%@ ‘%f&?il ty
([err]). In a kegnéticrsagnetirstionmevsrsal betwoal Rigndo€' wWae by toheteatpéation int | e

(perhaps over §§gﬁg 0 9 nQAi N he maj i tshi n t he
coercive fiel d%c ITe )nglfftr%lgr}&&%pse"?g(}%mﬁ%azﬁ{%sa an&%&%"ﬁidﬁé(@é@%@% I]‘?1ei t her
remanence nor @ogpialiviainet foryloge ntion| steglsk x thebcderave ifoice ewpddrbe i2m fi el ds

normal to the i d r er for perfect uni f,or m.and coherent
ani sot r opy) inm’@&é)’giq/%ql_ﬁt(ge’&‘F?é{}alr?i(t%et‘r‘t%p‘gpsﬁ‘&'?‘iyalue‘ hus, £l  act t hat
nmost mat eri al sloey Bhddint isf fof b tratdrRM bf this fyREPIEN A AR HRD! GlaghdtitaticBven in
small fields, is clearly pertinent_to the operation of collarless torque
transducers. 18yew3! rAesdy peewre prmerily; pyederagin wall displacsmenfiraep theR ¥t t hat are -
exposed to thecdhephfotagBhch are generated by the active regi on when torque
Is applied to the shaft develop a

- 23 - magneti zati on. Wthin the active region itself, these
fields are cal | edy 2flEATROREL. b@) Mdicath i kARSI RS EninB%: feaksiuaag,i.@.!,&feqtlon
tending to oppose the tilting of the quiescent ci rcﬁ ar nmagheti zation.

Si nce such fi eingshiehthe paakieldsucussionsarpsignificantinlpssithan theeoercive oreggdit s, their
action is sinp : : . b e the

pot enti al sens%r%if“g[&% f/le‘gP F?ﬁﬁ?@%@ﬁg%@% l%gf(%?fb?'u?hg? b?thgﬁ %?Wg&r emanence
and coer ci vi t yausfcoeteivediehi of thinloep argis¢entitibe quita smiall, ¢heymepmet zerat Hencej n t he

non-active regj 18S. L& ' s L L]t | ed torque.
Since the causgﬁg\?%r\é%iel Efd%ﬁ %nggf%é\ﬁ I% lﬁgﬁ %ﬂdvc\tnh %%ﬁg#rg]g%% ?@%@F@Hésct ive

regi on, these rreaednitymchulgsmmd ipavdrabiitya The stodllenthie fieldexcurson dfarmiace t hey
circunferentiallyv djrec . reqver .. since the shaft materjal LS

mmgnet ot 11 ct | Y22 Bl e MERERRE e e A B iR oalG Baline PP o
regions wil \l/vl V &éty stiall _Kretagiee)eﬁem dxatfsiﬁmrihelﬁoopl\&aﬁowe@lal straighf_r’lﬁiﬁghmﬁgvi ously
passive, ne ym%ea%}h Gase threg i)g ontsthé strggﬁtedn\é 2 \? r.]/{&'lo I%neor {ologs is known

as the reversible susceptibility (y.,). In a magnetized specimen, the value of ¥,

changes little (perhaps over arange of £ 15%) at any point on the major loop within
the coercive field. While minor loops for uniaxial material exhibit neither
remanence nor coercivity they generally exhibit a finite ., in fields normal to the
anisotropy and zero 7, (for perfectly uniform and coherent anisotropy) in fields
parallel to the anisotropy axis.

The fact that most materials exhibit finite i, , remanence and coercivity, even
in small fields, is clearly pertinent to the operation of collarless torque transducers.
By virtue of their finite y,,,, regions of the shaft that are exposed to the fields which
are generated by the active region when torque is applied to the shaft develop a
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conponents in the space within and around the shaft. The net field seen by
the field sensors (i.e., the signal field) is thus the resultant of the
purposeful field fromthe active region and the parasitic fields fromthe
reactive regions. Not surprisingly, the desirably linear and non-hysteretic
transfer function of the transducer can be corrupted by the inevitable
presence, in collarless designs, of proximate magnetizable material. The
desirability of VR&HI¥g coercivity high should now be cl e BFT/US9821638
Qperation of the transducer requires that the shaft "surface" be remanently
magneti zed in alaglilﬂ’ti@etiOMr eWithinl teH ractive aegionVHtselfi shese halds e alled

becom & sour oo oppeiBaRE. ERLFANAGEATE drEaEh INEnk TR OERIER (D0,

magneti zati on, ﬂmmumea’; mrculaemegmnm,uon.osmee dneln fields capwevdr he stoongerthan gat e t he

need for circu 1 f tion.
Firstly, the rgjﬁ ﬁﬁ%&%%ﬁ&?ﬁmgﬂﬁgb’%?ﬁ eesté etcﬁ fttor réggitﬁ di st ance
fromthe surfae&iu&e«ﬂap&tenﬁat&nm&h@tdfﬂ&mﬂsdﬁﬁn Byvxrmenfthefimtdremanancd: he si gnal
field fromthe re centr reqi o f,the shaft cross ction,. Secondly,
even i f these &® ﬁ‘éeme‘Qg?@h%dﬂg\Fé‘qugth@WF npagpstization ig ’?qn'afhv%t t heir

| ocation, thei regi@tvaridatii hrolfysteretic Ifershfonezluﬂ mdhbﬂreﬂltémuatsmdeﬁédaeéadvsensor
oo (O Mhofls 8 " ) Vit st DS SPBL b Bl vou! 0 P

Printed from MniHgsetizatiéiis Qipé hse&ufol:ﬁ 3ﬁe1a7er e they 2frcumferentially duectdfdeduced
These sane factors reduce tg1 |ty of deeply interior, no

ci rcunf er ent i alMSreoveHSBES hethaft WBF‘E%E@@F&W@F‘?“@WWW%EN esone

parasitic fiel gacabely g Qédre%xbx%'vﬁll%ﬁr‘}iﬁﬂﬁhe i%ﬁecfﬂofq%k I\@sréamt lhegt t s the
dept h of crrcurrferentra magnetj zation required in small shaf t's to per haps

50% of the radiPieyioushye Passivenacyhic magndtiger] cegiens themselgtse ﬁorrtﬁb%r@e targe
shafts, circunfgpy gaﬁénﬁlmﬁ@%@éw&ﬁh%&ﬁﬁwshafh%ek&f%mﬁmtrymééer@r ovi de

little benefit. | ow shafts, penetrations to such depths woul d
reach to the iresnsges (s@umae!enalﬁﬂdéls\/tbleﬂthetfeulanwghmm@e@bﬁdﬂtfmahthror hol | ow

shaf s, _espect qly. £ abn Lk HRbc okl Q0 R SveralGBoNpnngige hol | ow

in order to nore ef C|ent u e ava eria and to
reduce wei ght . degirably 11MMMMY$erwmQQS®e®n@nn iof the transducer ica basef ul

(oraue, 18 WO g S PR Y k| SR b el DU €O

magnetizable material. The desirability of keeping coercivity high should now be

clear.

Operation of the transducer requires that the shaft "surface" be remanently
magnetized in a circumferential direction. Material that is not circumferentially
magnetized can become reactively magnetized and thus become a source of
parasitic fields. Although deeper, in terms of depth of magnetization, appears,
therefore, to be better, two factors mitigate the need for circumferentially
magnetizing the entire shaft cross section. Firstly, the reduction in torsional shear
stress with increasing distance from the surface reduces the relative potential
contribution to the signal field from the more central regions of the shaft cross
section. Secondly, even if these deeper regions developed useful field intensities
at their location, their contribution to the field intensity at the field sensor location
(some distance radially outward from the shaft surface) would be substantially
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sone of it detract fromthe signal field and then contribute to the
parasitic fields. As a practical matter, however, it is extrenely difficult
to magnetize to a depth greater than about 1-2 mm even on |arge dianeter
shafts, because it is difficult to generate a strong enough magnetic field
so far fromthe magnetic field source. Consi dering the avail able
means for creating circunferenti al magnet | zation, the non-necessity of

pol ari zi ng the WAMABlcross section is fortuitous. MethodSCHH#¥MHCedur es
for polarizing are described in U S. Patent Nos. 5,351,555, colums 13- 14
and 5, 520, 059, redicedmhiss S@l@fvdto%reﬂﬁceaﬂlempibﬂay dfndebplyﬁqn;dnor Riops. 79 (8),

4756, 1996, the di [ or hergin .erence.
Creating the accglb\f/rg}er%gﬂ%l n °n coﬂaé%f'sem ? Bce(% q‘{c?’g\){ 8sf°§n mﬁl?es t wo
addi ti onal consﬁeﬁﬁsraa‘tdlsnam' fidld smsdr.y Hierfirst factmhaﬁt‘stheelepth@fcurcunﬁ‘e:gmnﬂ ally of
limted axial extent and is t.o be cat ed aX|aI position
al ong the shaf tPEREVRBALTCARTFS 10 frigf %@dﬁ%ﬁ ?é? g eé‘f hEé?coBﬁrrents
thrf)ugh the entthdtﬁrmdiea‘tésﬂgte\teh{imml a:geah@ﬂg' Iclr&ﬁﬂﬁmf ﬁﬂ&@gﬂ@ﬁﬁﬂ;@@eéﬂ&OUgh

ol | ow shafts uita J vV sconl s for passing

el ectri cal curﬁéﬂ’t@n@m’l’ﬁi’rm"ﬂ%ﬁmﬁﬁ i g1agy Hllgw, PENSHAME are
possi bl e, bIt hesgo\&ﬁd;ﬂ deﬂmv'&?m@&éarch% &b Akiaé b@rﬁeel I'Ith%s ﬁaﬂdqfel;]aeaesmble

G adi'ent 11 ol d OO HaNeY HI0sSPELY e e crl RMAY FETS, pace e B cat | y
preferred net hQﬂadilhBH&v tmd&momﬁ&myﬂge BElaVaRABIO ma AR SREQARARI 63N DE
used for a wi de range. of shaft

25- reduce Pﬂgﬁ% é&lwwm%@asmmst@gm%uss@l @N‘EQQEOUIQ%
di aneters and nRiQ". its
axi al location can se%%/{i}thﬁ?-é;ﬂg;me?osg rggilhs){é ?0 Itfr{%ﬁaﬁg fﬂ%récondl y, the

pol ari zat i on ofsogsiof Hdetass fromythe signal ﬁnlsi@aééxeg cmtrlbutc mﬁhﬁ parasiticfields.r onger
magneti zing fi eAéj§ kBR8] hﬁ%r?ﬂ&ﬁde?%xk%ﬁtré?ﬁelfﬁi@ﬁ& {th Qlidhetizk s E shaft "

designs. This fol ovvs direc om conpari sons of the~maj or eresis
| oops of rraterﬁ?@eftth?@tabalﬂté%@spewmnéme digmetenrshafts, because 1tﬁes11f§¢ulmd from

consi dering t hafenLg ggeé%pg@{aegﬁ i} BB A GO habdeRE Relalotipt 21| €59

designs will in"genera | nring | gns e sane size
shaft and that interior regions ofthe shafts used in coll arI ess desi gns

I nherently have higher. r.nea ties than.the sh sed WI I ng
desi gns. Proxi mat é:‘%ﬁ éier&%tfeeavwg{bkﬁeﬂsf{%%ﬁgng%rm@%ﬁ chW TLHE f1 ux
fromthe pol ar i minAegcessitynef spplahhﬁg dbyentitemrms&bctti&g i$ fiﬁtu&élise(MeﬂAﬁdsyanavai | abl e
field intensity, H% ver s1 ﬁ

procedures for po anzmg dre escribed in U.S. Patent Nos. 5,351,555, columns 13-
14 and 5,520,059, columns 15-16 and 26-28 as well as in J. Appl. Phys. 79 (8),

4756, 1996, the disclosures of which are incorporated herein by reference. Creating

the active region in collarless torque transducers requires two additional
considerations. Firstly since the active region is generally of limited axial extent
and is to be located at some desirable axial position along the shaft, methods
involving the conduction of electrical currents through the entire shaft or through
coaxial conductors passing through hollow shafts are unsuitable. While various
configurations for passing electrical currents through limited and well defined axial
lengths are possible, these would have restricted applicability and offer no
recognizable advantage. Polarization by rotation through the strong gradient field
of proximate, permanent or electro-magnets is the greatly preferred method since

the same polarizing equipment and process can be used for a wide range of shaft
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result is the same -- perneable material between the source magnet and the
target shields the target fromthe field of the magnet. In this case the
surface regions shield the interior regions thereby limting polarization
depth. As shown in | EEE Trans. Mag 28 (5), 2202, 1992 (Fig. 5) and in Fig.
5 of the above referenced J. Appl. Phys. paper, major |oops of rings under
hoop stress are_s (uni.axi al ani sotropy) and typicall ercive
fields of just ‘Yaogéa’rsgbrsteds. On the other hand, major I%%%%Q%I%col | arl ess
torque transducer shaft materials w|l hgw nor e rounded %gﬁﬁures (random
cubi ¢ ani sot r ofiReiERdnd atckpls- Wlﬁ%‘f‘@ the pelive egionaad iRl 0c4¥0N0e st eds.

Coercivities ofan3py18fs mERod, BMprctiel) BotfoBlE® [SebshdlySthB pSlalizatibFoflcbRarlesyy € S€
field "l obes" ofthe field fromthe magnetizi ng hagnetthat do_ the polarizing

and since the Foguentmsfuesrs WHbgequireyedch; grosgery mpgngtizipgdielis thaw the rect
field |obe, an oﬁﬁfﬁg&bﬁ&&v&ﬁtﬁﬁﬁ”‘}n‘é@'&m%@hﬁd@i N'Thid RRHLWE Biteciy iR M ze the

remanence) requires fields of at st 2 tinmeS the coercive force of the
shaft mat eri al compptisorsiof theinajordiypterssia loops efenatesiaisthat arefrespeetively syied er t o

m ni m ze par asigt.l [ k40 P RYE Q’%‘%ﬂ 3 ong

pol ari zi ng mg%éétegcq%rgﬂgggwfgﬁggﬁé i@é?%i@%&gﬁg?%%ep %@Hgﬁﬂaf ts of

| ar ge enough dimendladess designsivgh in generatibegreaterdbanghiniringdesjgnsdfor e sdmeaai ni ng a
uni form full 1.7a1.] -Of t ' s 20 : operating
i nternal and egﬁgéﬂégﬁ%@%@+ﬁg§%§ ?gltegﬂﬂix{e? E)IIF (g’gll%&g? ?%%g%ﬁ%n shaft
and pol ari zi ng heeeghigher esmeabilities thanabe shafiflu@d Bitvning esigoss Prminsate angenment
ﬁ; gﬁg't Al 390? b2 &ga?%gf{}ﬁ{htztgg‘s’ﬂonséﬁ”c‘di'& B2 A0 o &S SR St

- 26- therelyl dimninishivg theeffdedvelp bvailable fislddmtensity. Howeret state@dhe n Fl G
1(a). The nunber

f. sources of | arj zi fiel.ds wll in general be the
e e e o ctsuflis PO S pgil, alcFi ek St ppaibe A5I1ES frgep S
si pl esE embodishieldks ,th&ﬂafgegﬁ})mrthiﬁﬂﬁ ogﬂ‘@_ﬁﬁégfﬁgtv\ﬂmt%is e&e)&hesgurfay@fegﬁhky of high
ener gy e.g., S um cobalf or neo muntJlr.on- ron r mane gnets
hel GOl ose i b SREhemeroy eigpEigpy e Pelptton SOt A Savaih TEEE ai's i n
ei ther directi oftans\WaB 28118, 22001990 GHETs) GREMIY. 3 ¥f the GbdveFBRBRAEIICT, " PO €
pi eces” may desirably be fitted to each permnpent magnet and be

appropriatel y SHRbIAYERIPEpHRIY 19ops 95 Eingoysider heap §ipss e sAyaEe (Wil ai | abl e
magnet mf (to ﬂfsbﬂ@py?ﬁﬁ\?ﬁi&ﬁ%yfsg% c&égéi%'ﬂé?dstd?ﬁ:s%frﬁderstﬁsicbn%ﬁﬁfé% two

such polarizin%agagne S, "2", having respectively opposite
pol arities and heRd.anagr laensof gollasiass torxguerransduger shaftanaterials withfbowanere ar r ows on

the shaft indi cgifieh RenMly bR fants éﬂ'ﬁzm GEIER&I:LEE Sk | r emanent
magneti zati ons, ? ) : tnﬁe %o: ari ;gaig a?eg‘f"é’?{g | cﬁ b oget e?{ cgr_lisht%%lt ute the
active regi on ciboutid Qersiedsd Goercivitiey g3 ¢nmeare wonldde preferrade Sineaittis thgi s are
the reverse field "lobes" of the field from the magnetizing magnet that do the polarizing

and since the intensity of these lobes is only about 20% of the direct field lobe, and

also since "technical saturation" (required to maximize the remanence) requires

fields of at least 2 times the coercive force of the shaft material, and, finally, since
a large coercive force is better to minimize parasitic fields and maximize stability,
the need for strong polarizing magnets for collarless designs is clear. With hollow
shafts of large enough diameter, it might be advantageous, in regard to obtaining a
uniform, full depth polarization of the active region, to employ cooperaﬁng internal
and external polarizing magnets. A typical arrangement of shaft and polarizing
magnets is illustrated in FIG. 3 which shows an arrangement of polarizing magnets

and shaft for simultaneously creating two (2) magnetically contiguous polarized
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projections of the borders of these polarized regions. It is to be noted
that the width (the axial extent) of these regi ons exceeds sonewhat the

wi dth of the polarizing nagnets. The shaded portion between the two
oppositely polarized regions represents a sub-region within which the
remanent nmagneti zati on undergoes a transition fromone circular direction
to the other. 99)Q‘Bgfh of this transition region can be arge as
one pl eases nerely by i ng
magnets. Wiile the width of the trangition, zone n_be decreased by

decr easi ng t hi $898pH3% Brthe rollprlsssdrsign illpseated in EIG 1T EhASWLHy di st ance
beyond whi ch t bEpdidrBit flelddRvill AEenkal be tHEdand Qs B¥RumBEr of pblaBAttdole appar ent
that as nagnets 1 and 2 get closer to each other, their respective fields
each weaken t hbeipg ffgsted-\\aen t hey becone cl ose enough to touch, there are no
| onger North and South poles at their interface, hence there will be sone
di stance al ong the magnets thensel ves before there will be a(;lec]|uate field
intensity in the lnithesimplest embodiment; thepalarigingraagpels wopldsonsig typieatly of The

m ni mrum w dt h | I LA ' b Sni - ive
strength oftheﬁ{%lkg%r Zﬁ&%%ﬁgﬁgcgﬁgb@ﬁg@é@%ﬁg?@%@gée}n{ggﬁlttﬁ% shaf t

mat eri al , decr beldiohge\p tthe shafrsupfaceswhite theeshaf risrratatedh dn jitsoaxisaisi githeni t h
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i ncreases int ereﬁug{l’t e‘&m%ﬁ%so‘{o%%&%tvﬁﬁos?’i{ %‘g%%’?%ngcﬁ? Pge%esggﬁ% wil |
depend on the tgsimblydieAittedrid eachi pemaicnbmagret aibbé apriropriatels shaped anded t o
detect the tor . 14 t.ofhat, i | ' to
obtain at ransg&%ggl%%%{ej&?hg% yﬁlgﬂﬁ%t#@%\&ggbl?%gﬁwga, . tgd%)l %%?%%gé f\}\ﬁjh

pol ari zi ng magtiebwghltheshdfty FilShshbws twosuch molatzingymagnets, "pbanidt"2Y havingangul ar

di spl acenent about .t he shaft gxis., of one magnet relati .o the other,

W T provi de ¢ AEPLYEY aPrie pitey ikl ool Far some poalf i asi ng

} nteraction. | mokldrross dgfm? emﬁﬂﬁatgﬂmadi&bﬁ@? offthel @6\l dircufnférkdtiast r at ed

or conveni ence. |Instead of .nagnet ei ng al ongsi. de net 1. it is now
rotated to the "FBUICHBagnetizatens, L Jbe ?qq“ﬁﬁ‘gﬁgwm’g‘a’bc%it 1 pQujtitute ti’r‘égnet 2" .
IL m'ﬁh]E al sohtaetimgl iohhﬁ'th?tﬂﬁﬂﬂ_ niedr.i za“heﬁmeéﬁ&inﬁmt@&heasﬁaﬁrmdls hreghe r ot ateh
the shaft with only nagnet in place, then, renove nagnet and rotate the
shaft with g BRI ot e hoglersof F?P%ff@ﬁfégwﬁ% ilﬁgtoﬁv@f*ﬂ*aﬁmthﬁw%t s, the
nmagnets wil | ngae akidl BRerfiPofaHesd Wépions leRtBedd RitewBAShS WilHe of£the pElafifing he shaft
(alternatively, a "keeper' may be slid between the pol es of each) before
shaft rotati on reagastes Theshaded m?&@aeb%wmyﬂlsetwadmslge@em@pwu%@ns or

pol ari zing St nGeprkdifilsra sublek B8 Wik whidflihtSfefiahén Aiindeion MkchiBeLh  ectivel y
"shut off" w thout physical novenent of either nagnets or keepers.
transition from one circular direction to the other. The width of this transition

et

i ncreasing the separation of the two po

region can be made as large as one pleases merely by increasing the separation of
the two polarizing magnets. While the width of the transition zone can be decreased
by decreasing this separation distance, there is a minimum separating distance
beyond which the transition zone will get no smaller. It should be apparent that as
magnets 1 and 2 get closer to each other, their respective fields each weaken the
other. When they become close enough to touch, there are no longer North and
South poles at their interface, hence there will be some distance along the magnets
themselves before there will be adequate field intensity in the circumferential
direction to polarize the shaft. The minimum width of this transition region is
dependent on the effective strength of the polarizng magnets and the coercive force

of the shaft material, decreasing with increases in the former and increasing with
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An exanpl e of the dependence of torque transducer perfornmance (as neasured
by sensitivity, i.e., field per unit torque) on the "strength" of the

pol ari zi ng magnets (as neasured by the magnetonotive force (mf) and-
magnetic circuit reluctance) is indicated in FIG 4. |Inmedi ately apparent
in this Figure is the conplete absence of a torque dependent field for
magneti zi ng currents bel ow about 1.5 A This denonstrates %@ é&'for t he
effective fiel d"P&PEich sone critical intensity before t '@ﬁ@& mat eri al
devel ops any significant circunferential remanence. This crltlcal intensity

is related to tifEeasesdn featter. oths aptpum widthpfthe trapsitian zome vdll depend iethe nt ensi ty
of the reverse gkt &ﬂbﬂ@nt%ﬁof%ﬁfe%ﬁs&(gfu G&ﬁrdéiewtﬁé'toﬁfue'ﬁ&?enaaﬁf t

material, in thi's case 44 Qe, in order to devel op gni ficant renanence.
Stated ot herwi dield. tlnéxerqvmtaxahwtdegeeslm @ht@nsgaeqﬁm@qu@atwwes@an

“depi nni ng" of d&@ﬂ | ENdigd {facr eased
above the threshol 3 val ue ‘?ﬁlﬁ ance oz\z/lgﬂgn &P%e %eﬁ}éénm tivity

is seen to grovposigipns, mlvsldssplamelnéamhﬁhg Sl'@ﬂ)tahlsl of ope megndt velative vy thiy

| "Gee S 9 Cur T, i AR B st nbdael 35 4 il SR pilcRleS! 905 O
event ual | y r eadhieragtien. ieliG:3, theeatreme separationdtl 8Q7ris illfisttated forwonviaiencepoi nt s at
12 and 15 A wit ' . AP hows t hat
the anti oi pat ed A SLARBR! £ Peipp MOEBR iy 6D Bl Wialed S B dsishio 25 1y
gap is nore an ilindtiateddh phéntdh end juiicatet Las nndgaﬁ Af Ittﬂ'nghitalsuebesmsmbtetmon of the

shaft remanence, se two.data points_ i eboththe 1.f 11 culty I n
reachi ng a sat mﬁwa&fi‘?ﬂ“ etﬁg‘? f?vfofagyeﬁ’ ﬁa%'n ith only reghgt aﬁ?m m zi ng

rel uctance in tden, f@goveinaghdtd aad fotate the sﬂ'dfawf&}rﬁﬁl@feez infplavel Imwdmnest ed here

s the conbi nedreslt of the follo n ractiyve erties
Iphenomena | ‘T’?eéjeé'f‘lmsf’h"ﬁaﬁneésogfec‘\fam tlslv@ d‘eﬁﬂct("lvaeptﬁg i :affqnigiefron 2

t he coercive ;Olb&ﬂloﬁi clbdeo lﬁxb?maftl dﬂlﬁé:ﬁtllvalbr, d'@teeﬁef\'ﬁndyéb@lsﬁcz ﬂ)tstw%dii\md’ﬁbles o
penetratlono 1 | e a ude wt . the ISIng
shear stress w? aﬁ}gg‘ﬁéﬁﬁégaﬁ%"f’ﬁ ngsuﬁeﬁ@éma@ets% gpdvene “%

magnet i zati on Wk Polahisih@dscR theiOFirdnpeh" wdj@ﬁmeaﬁdm&mafiweﬁ%ﬁmﬁghﬁﬂ el d per

unit torque fromihese 1nner_ regions;
off" without physical movement of either magnets or keepers.

An example of the dependence of torque transducer performance (as measured
by sensitivity, i.e., field per unit torque) on the "strength” of the polarizing magnets
(as measured by the magnetomotive force (mmf) and magnetic circuit reluctance)
is indicated in FIG. 4. Immediately apparent in this Figure is the complete absence
of a torque dependent field for magnetizing currents below about 1.5 A. This
demonstrates the need for the effective field to reach some critical intensity before
the shaft material develops any significant circumferential remanence. This critical
intensity is related to the coercive force of the shaft material since the intensity of
the reverse field lobes must approach the coercivity of the shaft material, in this
case 44 Oe, in order to develop significant remanence. Stated otherwise, the field
must get intense enough for large scale "depinning” of the domain walls. As the
magnetizing current is increased above the threshold value (in this instance above

1.5 A), the sensitivity is seen to grow continuously. While the growth in sensitivity

with increasing current is rapid at first, it soon diminishes, showing signs of
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7. the grow ng di stance of the field sensor fromever nore inward field
sources; 8. the reduction in transition zone width with increasing
polarizing field intensity; 9. the non-linearity (saturation) of the

pol arizing field with increasing current. Once an active region is
created by local circunferential polarization(s), the shaft may be properly
characterized as _a torque transducer. The active region will preferably be

conprised of du¥P°#%4ri zations. Wiile in usual enbodi nentPSTUSIEISHN | | ng of
the remanent magneti zation that results fromthe application of torque is
sensed by a pr G¥ereally repching @ maximum yalpe sBeaminagion b thetwo idata ppintstaf 12f some
conponent of t hgq T8 GlithGedd %Qang Botedd g rﬁargﬂéﬁ SHf the RGN ShowinbCRe L1 ! T,
changes in the axial conponent of the remané&nt magneti zati on associ ated

wi th such tiltianfcipated sshdionef the sensifivity attairablestithabee0.2 emin) gapisiueredni n a coi |

encircling the shaft r Lally | ap i zed
regi on. The axi all étgﬁpﬂ%gdgﬁf‘g%fﬁﬁgaﬁt‘leﬂ?fr%%%aﬁgéltfok{g& g‘ﬁ%ﬁ&f‘o é‘l"er[‘):g' ?’fx}eeset or que)
can be recover ewobdata peipgritivstraty bdtle thendifitoatly dmfreaching a saturated value of
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tinme. In the prsggsét}\‘{ltys?gl %ﬁltg?rg?gr[gﬁgegc%l}d%qﬁ?né@%rgﬁlﬁ cc?dglthﬁgla%%fn@tcg Lariftl ess
i ntegrating nedfte wansfer fumitivh clepiktet] haredisi the combinet lresuitheft thet fetiowingi n t he
order of sever o several mnutes - is achievable. Neverthel ess,
in applicati onghtﬁiagg‘gerhqﬁ%etr?%?ﬂ%ﬁhe&fmﬁm?ﬁ erest only exists for short periods,
e.g., in pulse and inpulse tools, this is a viable sensing arrangenent,
especially in constructians havi | ust single polarization in the active
regi on. = 'G%@r?Wdef?%?lﬁ%Haﬂg‘tﬁﬂﬁ%éFa@ HZRHPEN t he rel ative radial
field intensity2(ald@eRpebrcdof thesapphdt&atli on of torque) varies with axial
position along jhe act.iye regjion of a | arized shaft with polarization at
t he hi ghest att%i ﬁ]%f’df"é‘a ?%WP?V“QHB&%CFW‘W@“WWW*H@F‘@%M% shape of
this field dist4.i lght di@hidhingGeBEiséss Mith\Wistdrcd H6m ARMHdBL €l y quadri pol ar
field expected fromtwp adjacent reegizé)_ns havi ng ogposi fely directed axial
magnet i zat i ons. > F3Re GXEHING axiahmagnelization withafistange fromeh sustaer; di stri but i on
that woul d be sgefnd dimidishifgPRICpERufit Rqlc Wort BR3¢ iftler PfonBOnet s placed with

| i ke pol es

- =

7. the growing distance of the field sensor from ever more inward field
sources;
8. the reduction in transition zone width with increasing polarizing field

intensity;

9. the non-linearity (saturation) of the polarizing field with increasing current.

Once an active region is created by local circumferential polarization(s), the
shaft may be properly characterized as a torque transducer. The active region will
preferably be comprised of dual polarizations. While in usual embodiments, the
tilting of the remanent magnetization that results from the application of torque is
sensed by a proximate device that is responsive to the intensity of some component
of the magnetic field resulting from such magnetization tilt, changes in the axial
component of the remanent magnetization associated with such tilting can also be
sensed by the voltage (emf) induced in a coil encircling the shaft and centered over
a circumferentially polarized region. The axial component of magnetization

(proportional to the torque) can be recovered by integrating the induced emf with
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abutting. Detailed exam nation of this Figure shows features that reflect
both the physical arrangenent of the polarizing apparatus and the nmagnetic
properties of the shaft material. For exanple, it will be observed that the
central peak is inreality two peaks with a small valley in-between. This
Is the kind of field distribution that one would expect fromthe two bar
magnets if theiﬁob# Flpoles are sonewhat separated. It is, therefore, a
clear indicatioh 8t {He presence of a transition zone haviPG§Us&I63Hhi fi cant
wi dth. The ine ualiﬁ% of the height of the two peaks probably represents

sl i ght differeﬂ’&‘é“s ilf the, Presehs siate of jelacheniedephaelosy Ao completely drifiless| G 4,

smal | changes iifefratngingdrdeaRt, ARk %&Bﬁﬁfm&nﬁ{:FMEnﬂi-%? @&Qo&"he shaf t
el l

can significantly affect the sensitivity. A sma non-paral I'el 'sm bet ween
the magnet sur fS§t% sgpads esevgsalfpinyles i i aphievabler Newerthelsiss, tiepplisgfinss s used to

obtai n this datyheld B8toRRIdYintresPbfl§ b Fopf LS ffuls shaft
or having the full wdth of ea?:.h agt ug%ﬁl;h?)u |§€s’§g'é{1ﬁ)s%§:sg?’&%l t:? t. Since
the width of tHeolsgkisis ajdablpsensingarangementsespesially frocapbtraitions hvinggesta was 2. 5
mm about the SASER1 lérﬁﬁ%’&?‘l" tjon of the peaks, the relative width
of the transition zone an rrggllheeat%ﬁg%rﬁg’?’%tion indicated in FIG 3 (wherein
"the transition zone is narrower than the magnet separation) is clearly not

a general result. eady. been.stated. Lt .. . ..

"30: FiGE 3B Res B8 B S0P R Bt big impopsi iing

shoul d be obvi ovith thtapplicdtiontof tongie) vavies with axislpositien slbrpethe hdtiddrégiindfspaci ng.
On the other h J bt.4s notj.ced.tha .di st ance. bet wee e smal |l er
(reverse pol ar ?atq’%a“\é%gsg%ﬁ%’%tﬁf‘d?Zahﬂﬁﬁeﬁ%e#%w@ﬁ%{ﬁwwﬁw%@@ magnet
di mensi on of 27. STterpendrbl shipeuwf thisfislddintibivh i Joasistem fvithiteipproxanasiat ed
magnets (wherein_the | ze ion W.l | overhang the magpet. wi dth at
both ends), thél ‘?’éﬂ?ﬁﬁe@e"%‘g@ﬁg?%\%a‘ﬁ@ TREPRO R e opRAstERdiTssg ot
spacing.) W th dxkil sagndiestihanHormgaaple] hit iPHE Sidps ofithe FeRCARSbutio $hat
contribution of éﬂﬁ‘ﬁ’} 8, abpve, to the observed sl ow approach to a saturated

val ue of sensitV FPBES APIAdw Seaxipl bag magpetsplaeqdswith likselesd at t he

geometric cent efbusing! b&aﬂ&ﬁ@@nﬂﬁﬁ%@ﬂ%hﬁgﬂ%ﬂﬁ&&aﬂr&s%&?ﬁi&?&x&@ | ncrease
in sensitivity pg‘?fﬂt e depth of the valley between the peaks decreases.

The dual peaks °ﬂq ApEerReRt oS PraelaniangAPPIAs Edihamagmets properiascy the
represent just shnfenfiePiel IFSRBkatpld, 4Skilibe obdbrvefMat HRREARA bbANS id feallBY be

desirable to have a single sharp central peak, while i n other appfications,
a broad, rel atitepgaksmith asgall ivgrey in-between. This is the kind of field distribution that

one would expect from the two bar magnets if their like poles are somewhat

separated. It is, therefore, a clear indication of the presence of a transition zone
having a significant width. The inequality of the height of the two peaks probably
represents slight differences in the two polarizing magnets. As was seen in FIG. 4,
small changes in the dis_ta.nce between the magnet pole pieces and the shaft can
significantly affect the sensitivity. A small non-parallelism between the magnet
surfaces and the shaft would prevent both of the magnets used to obtain this data
from being at precis_ely the same distance from the shaft or having the full width of
each actually rubbing against the shaft. Since the width of the space between the
magnets used to obtain this data was 2.5 mm, about the same as the axial separation
of the peaks, the relative width of the transition zone and magnet separation
indicated in FIG. 3 (wherein the transition zone is narrower than the magnet

separation) is clearly not a general result. From what has already been stated it
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peak woul d be nore desirable (for exanple to reduce the variation in
sensitivity to axial "play" in the shaft). In general, and also to sinplify
expl anations of the device, a symetrical curve with a single central peak
woul d be preferable. On the other hand, there nmay be specific applications
where two, several or many, single polarized regions m ght advantageously
be dlstrlbuteqw ! shaft. In effect such a shaft would.captain nore

t han one actlve reglon having for various special purposes, "either the

same or oppositely directed circunferential polarjzatjons :

di sti ngui shi n@h@H‘iP%\‘é‘?Vé?qséiﬂqtg‘ed‘la“%'iﬁ%”r@ﬁﬁf’?‘i liﬂ"é‘d?rébar“cfh‘sél’?c&’ﬁgg??etﬂ?s i s that
the fields thajhermad® Wieant @s’iﬁ&lcﬁ&ﬂﬁt HROJSENR! Betwéed thé @fﬁhmt(eevsﬂace

i ndependent of each ot her, A pl ot such as that shown in FIG uld then

show symmet ri 21260 ek ghiustiadst syl MpOVERBaAES ﬂ(eocfve@é}mgn%mm&sm at or
near the ends %fs gach gaeharbbzagﬁlar&ﬁ%a@ Ror willel§ Q%ﬁe@mgie&%h&&a; thel N

transducers haV|ng nore than one po arized re Is transition zone

wi dt h that estrelcizedusgion Nall gyerhaag theanagnet V@ﬁtarag'eqﬂmdihthe&#n%ﬁort #WBCactive

regi ons as si r}g%%;a‘ﬁ, g@ﬁn A
rel ated issue tapniéée o%ver brlr[n% l""esgg(l'resseélp S%ﬁltﬁie m‘?llﬂggﬁgg of the
axial extent nwlarxzhlspmsssmbemgib@ho item@, above; tathe ohserved slew appseachr mance.

The di nensi on a saturated value of sensitivi ma now be, aIp reciated. A field Sensor l?:cated
of the active regl on require consi tron two concerns. First, of
course, is that%ommcoénthmﬁﬁhmwebmgl ﬂlsmaglmtd \allﬂllmilcme atigcretsaf t f or

I npl enent ati on pecific

appl i cation, Sénsgt ﬁXT'é"thgld t{?/gf@ Qﬂ e&'ﬁ@@eér? % ef/a§$/slsrt ue .of the
proximty of non reI at ed magnetlzabl e materi aI e. g , ball bearings, gears,

Sggi. ,refjh: : gsgiol Pﬁ%‘ ’9%; S %{é)?g%g%%squl Wﬁ&eésrheral ly be

chosen to att ajust cmempsﬂmntaiacbsale Nk doineiapylications. it may trddsirbble kalhgvern uni t

torque). The gqal. here is .no Xi.m ze t ieldd ity at the
peak val ue of S ﬁeﬂ?ﬂﬁﬁé‘bﬁiﬁ‘ Egllﬁ%ﬁg‘:rapgﬁ caigns, %brﬁ?‘ﬁéqlwvﬁgfdag‘feﬂgslnt ensity
Ehat i's f:ongr Up'm wmrdrbetnliwe Odshle gfﬁxdaxﬁmple tmmd?_mmhmdndmsmmmmef t:g field
or axial magnetization e senso Q0 hig ield can
not only satur%"c“él I ﬁﬁg@a@f rﬁ"lgépﬁan]sé‘i‘é@%%t éfa‘?‘p%’ gmﬁt i ze

near by ferromaggsdel &syﬁﬁﬁs&&daaéumrmmhgn@cea@ab&k&aﬁﬂd Bpréfefablel ORsheunr el at ed
to torque sensing. Since the signal field intensity is the product of a

demagnet i zi ng pthes hgpd MFEHYB%WE@&&P iRAYORS FERIGITOCEVRRLOT JenY.8J8lsn) and t he
axi al corrponenﬁolaflzea?gﬂﬁghﬁ St h@anfapbtu@lh) bé HSHBRREMoNY d shak SAGHBctQhcraCt i ve
region), the length he active region is not a sensitive determ nant of
fiel d intensit ¢ shafhwsuldqontginmerecthanprg getine reginng aving fysariews pesial/i ng
wi dely varyin to be

y varying &ﬁaﬁy%ﬂffrﬁ%%ﬁmaé% (ﬁposnﬁf di@étbPeRuR R rtia Y BIBAEIS) TheS

constructed, us to use an -
dlstmgulshmg characteristic of such multiple region arrangements is that the fields

that arise from each such region are, in proximate space, independent of each other.
A plot such as that shown in FIG. 5 would then show symmetrical positive and
negative peaks (of equal amplitude) at or near the ends of each polarized region.
It should be clear that, in transducers having more than one polarized region, it is
transition zone width that establishes the difference in characterization of the active

regions as single multiple, or multiple single, polarized regions.

A related issue that needs to be briefly addressed is the influence of the axial

extent of the active region on the torque transducer performance. The dimensions
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active region having the sane dinensions for all in order to allow the sanme
field sensor design to be enployed with all. In terns of shaft dianeter, a
useful range of dinensions nay be sone integral nmultiple, e.g., four (4)
times the dianeter for small shafts in the 3 nmdianmeter range, to one (1)
times the di arreter for shafts in the 20 nmdianmeter range, to 0.3 tines the
di aneter for g‘,f E§§ml{l the 100 nmdianeter range. It is probablaé a usef ul
estimate to condidef that the length of the active regi on FUP%B%et ween 5
and 100 mm for shafts between 1 and 1000 nmin dianeter. The axial extent
of the active r¥ghegrtivesegion reavirecensiderstion fromdweareencens First, bfcoursads the al

consi derati ons &ldalbnadt noWemiSd 1M1aﬂlﬁ oh Ak hgﬂ?&%gie& Y64 QPmB

practically useful field andagrorlateymz SO a e sensed by
comerci al |y avefquagsinging fmgion. dain aspecifié mplloailgnﬂhls epaaexstswerdxetheck In the

event that the &hLEGHMHE. @f‘@é Pﬁixuﬁ*étpgf HondLRS nafietiShik li’nealie?ila - ?S,rgaaﬁe ;O be

di ffuse, the "dlnen5|ons I've reglion econe even
i Ssue. Design eepargsegests, ¢te., thisdeerapes the overriding con31derat10n If as much space
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consi deration g% éﬁeggérﬁk’%iaﬁg @:hﬁi'iﬂ(f% &Q%soﬁgl%gc%vr?&egé% ?nybc?%?gﬁenof t he
active r.egi on( dtp attain sgaméersa'bd semsitivity @i ebagqml @tldpabint tbnmbptt‘hé goddhereve

regi ons on are shaft. S i en t. fro |ts ends
to be unaffect Zigln "ﬁn‘ggtoéﬁ 1 g‘fig @r‘ tgqs#& #‘ﬁ%ﬁ’ﬁ“&ﬁ%}‘%ﬁﬁfﬂpp iedorque,bug

acci dent al magnethecit fsi te ltlais alﬁEElaﬁtensﬂy that isA®ngiub®asiyh the gre@aieﬁdypetanus
necessary for the isgaft to h vg g:? aagg T“FF)}” at e, conbi natlon of nmechani cal ,
magnetic and neifBEER akppgnelic feld (9r Snstigation component) sepsoRElndePon as a
usef ul col|arlehaghasxgnmﬁetdroamﬁatm@rsam&t¢§oa;wt9pefa@frhblaaéﬂsaﬂsmﬁ§n agperties
are found in many comon gval | abl e steel s. Several "permanent magnet"”

al l oys that al 98 %E%ﬁegeaé e SrRMesetinpateral dﬁs‘“%?@%tl?aétﬁg*wl%nﬁmam%i lity are

al so suitabl e, airéilxed ghiokqiRisendingM Sifck GO SIFRAIFicR infahy @Qhé ﬂ)ﬂucﬁ‘%@la
relatively high cost will restrict their use to special p | cations.

Obt ai ni ng t he r‘kﬁ?ﬁ?‘i‘éﬁ‘”@é?ﬂﬁ‘?‘r(ﬂpicbﬁe%?as?ﬁé’&lﬂhlﬁﬂﬁhpf%ﬁue wa@n dcth*p?’@%iert ies is
as much a functdopipofiént B8 hkheizstondwhich @ﬁ':‘réa's&r’wﬂﬂeh%}x lof a@tive&

conposition; hence the chosen shaft nateri al nost cer al h y be
subj ected to solﬁ%gtbefth?mﬁva%tonempmnsmedﬁmyoftﬁeb!anmm TS, & wi | |

cont ol I ed rat e | aiguiid drforglh RREHS bl LRERSAAEBIAERNEAR M 21 2 g
to a | ower tenpeatignsshaft dismeiers) is tabanphsirustsd) itmiay welhhsexdvangageous ts nse'aagi ng” t o
precipitate active region having the same dimensions for all in order to allow the same field

sensor design to be employed with all. In terms of shaft diameter, a useful range

of dimensions may be some integral multiple, e.g., four (4) times the diameter for

small shafts in the 3 mm diameter range, to one (1) times the diameter for shafts in

the 20 mm diameter range, to 0.3 times the diameter for shafts in the 100 mm

diameter range. It is probably a useful estimate to consider that the length of the

active region will be between 5 and 100 mm for shafts between 1 and 1000 mm in

diameter. The axial extent of the active region is determined , for the most part, by

\

practical considerafions such as the region must be long enough to develop a
practically useful field and appropriately sized so as to be sensed by commercially
available, practically useful magnetic vector sensors. In the event that the effective
ends of such regions are deliberately made to be diffuse, the "dimensions" of the

active region become even less of an issue. Design expediency is the major
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internmetal lic conpounds). Cryogeni c processes nmay be found appropriate to
optim ze and/or stabilize the obtained properties. In any case, the goal of
all such treatnents is to sinultaneously strengthen the materi al _
nmechanically (raise its yield strength) and "harden” it magnetically (raise
its coercive force). In general it will be found that the material inits

final conditio have a coercive force (Herr]) preferably higher
than 15 Ce, mrgagée)isillsgably hi gher than 20 Qe, preferably WFE{H@’PXWan 35 Ce

and, ideally, higher (when neasured in the direction of that field) than
the | argest nmadifatfigatqnoinfetermming thy dimensiony and axial decatipn(s) ofithe a?ip’le:c cation.
of the maxi mum R¥BRE]. o gbitirsl ; ; ;

materials that Iﬁ%vgﬁi)ggn fo_uﬁ%wéfb??%’ﬁ’fe?% h%gﬁeﬁgﬁ%gg%gﬁ%ée#? ?telll%sducers
are shown bel ovshaftihst argsufficigatbsdistant depoitceatetgde ynaffested iy ingagnetizations

NS SAE & ades RS RBNAR el Rpfip gl AR HREA" v ) T Narcened)
Pr eci p! tati on Hardening Stainless St e_el s (chrom um and ni I(:Is<el ) uélnSL/ecSiAEnd
Cemper ed - somet | re ganh iy 1R ackori oy g an e Fncurb g
4320, 4330, 4340, epsihination of Mgghaviasl, Degietioatd mapnetodladiv]projertivs in drde, tgﬁS BV40,
0-4-20, 9450 iy kg oSSR AL MEEE B SREI (, |
M O T, Wand propitiesodya lf¢untli ig mangeethnionty availsdd steels.5 Sedézaildpenmgansiteel s
grm'ggg , n :\f K/glr k , | %ﬂ%ﬁéﬁ%@é@[ IR f):c?slses a esqlugtré zci:ctyrlnlgllﬂastl:onéL gf st[\xl'len SQﬁd d%ct%l?tg hrevas comax

also suitable, although their limited commercial availability and relatively high cost

will restrict their use to special applications. Obtaining the required combination

of mechanical and magnetic properties is as much a function of metallurgical

condition as it is of chemical composition; hence the chosen shaft material will

almost certainly be subjected to some form of heat (and/or mechanical) treatment.

This will often consist of heating to an appropriate temperature and cooling at a

controlled rate (e.g., air, oil or water quenching) followed by a reheating to a lower

temperature and more slowly . cooled (tempering - also "aging" to precipitate

intermetallic compounds). Cryogenic processes may be found appropriate to

optimize and/or stabilize the obtained properties. In any case, the goal of all such

treatments is to simultaneously strengthen the material mechanically (raise its yield

strength) and "harden” it magnetically (raise its coercive force). In general it will

be found that the material in its final condition should have a coercive force (H,)

preferably higher than 15 Oe, more desirably higher than 20 Oe, preferably higher

than 35 Oe and, ideally, higher (when measured in the direction of that field) than

the largest magnetic field intensity that will arise with the application of the
maximum expected, torque.

Examples of the categories of materials that have been found suitable for

collarless torque transducers are shown below. Typical grades in each category
are indicated.
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6. Ductile Permanent Magnet Materials Typical Designations: Vicalloy,
Renmendur, Cunife, Cunico, Vacozet 7. Magnet - Steels Typical Designations:
KS Steel, MI Steel, 3.6% Cr, 15% Co, Tungsten Steel 8. Specialized Al oys
and Ot her Materials Typical Designations: Pernendur, Alfer, Al fenol, Kovar,
Hard Drawn N ckel, Hard Drawn Permal | oy The presently attainable
performance of ‘%I;ﬂgg ess torque transducers falls short of that obtainable
with ring on shiaPt"@8hstructions. Hysteresis in the transFEF/USIB21638

- 34- function is the primary source of inperfect perfornmance.

", . - rra -
Nevert hel ess, pr &&lpsific Sfainlgshatsels (pyefemblypirheardenad) conpl et el y satisfactory

for many appl i GISi/ONE GridELHYEL 410,91 408624201 £, 4NJ2468, Y&t er esi s has been
observed (different materials, varying heat treatnents), including both

positive and negative values, it is clear that performance will be inproved

ith further d i ' land@fi I
Wi urther dey e QRRALN Hmsnnlg%gfaﬂegﬁ%ﬂ%ﬂoﬁﬂmﬁ and Hickdip°" | P04 gh Speed

col larl ess torque transducer e sane type an
Steel material ASURAE Grades: 1%-5BBt Bi-4PH,HE- e, BHIRAMo in FIGS. 4 and 5 is
shown in FIG 6. OQher than for the obvious presence of hysteresis, the
transfer function of this transducer is seen to exhibit excellent
linearity. No S g¥loyiSteets(quinahegicnd temperede sométimésivarburigsdas sitdded) i ne when t he
| oadi ng was i nc 5 The, qt S ction from ot her

experi ment al tr%lﬁggggeér@de(&ggln@f g%%oybfn%)dieﬂpr%s%brgtigri al s having | ower
coercivities) shpiwstDésignatidrisgReiMyAérnes]df 98BA40c0dsI0s 93D Si gns of
saturation (dimnishing slopes at the highest torque |evels). It has
been nade cl ear throughout the description of the present invention that it

i s desirable t ot awol Steeln (prefedablyQuerithed &d3émperdl, feffluighQllpr QAN GighOf
per neabl e magne izg?l@ material near the active region of the transducer.
In the ring on BfAff®¥ensors of U S. Patent No. 5,351,555, this is usually

acconpl i shed byAISsGrgles ITByfpeS A, D, H, L, M, O, T, W and high cobalt high speed tool
steels

5. Maraging Steels (high nickel, low carbon)

Typical Designatioﬁs: 18 Ni 250, C-250, Vascomax T-300, NiMark, Marvac
736

6. Ductile Permanent Magnet Materials
Typical Designations: Vicalloy, Remendur, Cunife, Cunico, Vacozet

7. Magnet Steels
Typical Designations: KS Steel, MT Steel, 3.6% Cr, 15% Co, Tungsten Steel

8. Specialized Alloys and Other Materials

Typical Designations: Permendur, Alfer, Alfenol, Kovar, Hard Drawn Nickel,
Hard Drawn Permalloy

The presently at?ainable performance of collarless torque transducers falls short

of that obtainable with ring on shaft constructions. Hysteresis in the transfer
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of low perneability material or by spatial separation, e.g., by means of an
Intervening | ow perneability sleeve, of the "ring" froma shaft that has a
hi gher than desired perneability. Wth collarless designs, the desired | ow
perneability of proximate material is realized by using shaft materials
having rel atively high coercivities, sonetinmes together with geonetric

I sol ation of t |l ve region from adj oi ning shaftporti essenti al
feature of suc‘g(gss'%ﬂus* collarl ess constructions is that tggmsnrjrswggm"fsude of the
field created by the torque is too, small to, cause sjgnifjcant irreversible
magnet i zat i on AETX%‘? éss'il?ﬂn Y SYHE® @f‘mP?f@"'sRFéﬁ’fmiﬂcﬁxN‘?g eless, prgsently; i ve

regi on. atfalh@bit PérfdihndRistepledly safiéfativdrd f0? RlanP4ipphitdiiond. Mdr¥oveRgnet i zed
torque transducers . 1s that the one or nore active region(s). each have

i denti fiabl e |YRSERMiles2088 of ysterighes begpobaprved (differsnt imaterigle varyinghedx t ent s
that are shor g i_&@dil?%tﬁﬁbsﬁqgadd‘:ﬁ@%ﬁ%mméshﬁs clear that performance

- 35- ] Printed from M nosa 08/ 05/ 19899 10: 35: 37 page - 37-
shaft. I n the Willhje dmpeivad twite fgrthes dgvelepn®nt. paThe, trapgier fingon gE3n t he

physi cal di mengi,@F i WAy LAl i ve region
and, since thenéﬁggt{&iﬁsfg;lrc élgbﬁl g%\s(t@‘)qu%rdgk&c;ﬁ%l{hgaggﬁeﬁt?eﬁn&gg&f %{qslﬁ%%\tf‘mﬁt, in the
ring di mensi onSpeed Rteel mpterialias oyas gsed taeobtimthe data shown imFIG%14 apdesisabl i shed
by the ring | o | ' ' t and the
axi al locati onﬁlg?’h? ﬂgl%crzbt' f@‘lé‘l"‘?‘ie‘%‘?%’?n S@g&?%rgﬁg??éﬁgﬁ?%ig?ﬂg&%ﬁ S%S} of the
instilled cir clunétéoncoftthialtranssuesras seeny erdtibit entceldens linearitsh No signiffvantt
cooperative geqnetric featurtss. . .Thege 's}fég.t anot her e@ nst uction for
collarl ess tor S YFLHICED FhiDE FRETssEan ling VV ef“ltbe fng 2as fpereassddp fixfent  of
parasitic fi el fsn. Thesthakter TRMEERI fdm BIherdxpBiBeritd) tlahuedd (géforkIBOhad
According to this construction, the presence of magnetizabl e material near

the active regiemeaerals hayioe nster aracivifiss) ghogefbots ighgr wilues ot Bysigresing
location(s) argddin R ialetbdMinvthishihg LiBgksa@e i h&Hﬂ?ordiHeQ%!sP.' es of certain
sel ected shaft materials. Suitable materials wll be capable of existing in
either of two (or nore) different, stable (over the required operating

temper atur e rangey ol toliembd AR Rhoul Bl bdcb Bt Hind ISR vy ich Phase

wi Il be sufficiently ferronmagnetic~ and magnetostrictive to active
regi on requir ettdndesirabld teaweif entirglyl dr ah daast minimize the presence of permeable

magnetizable material near the active region of the transducer. In the ring on shaft

sensors of U.S. Patent No. 5,351,555, this is usually accomplished by using shafts
of low permeability material or by spatial separation, e.g., by means of an
intervening low permeability sleeve, of the "ring" from a shaft that has a higher than
desired permeability. With collarless designs, the desired low permeability of
proximate material is realized by using shaft materials having relatively high
coercivities, sometimes together with geometric isolation of the active region from
adjoining shéft portions. The essential feature of successful collarless constructions
is that the magnitude of the field created by the torque is too small to cause
significant irreversible magnetization changes in regions of the shaft proximate to

the active region.

One further practical requirement of circularly magnetized torque transducers
is that the one or more active region(s) each have identifiable locations on the shaft

as well as effective axial extents that are shorter than the end to end length of the
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sufficiently |low perneability to be effectively non-nmagnetizable, hence to
fulfill substantially passive region requirenents. The term "substantially
passive" as used herein means regi ons which, when subjected to magnetic
fields, do not becone sufficiently magnetized so as to give rise to
parasitic magnetic fields which are of sufficient strength to destroy the

usef ul ness, f e sensing purposes, of the net nagngLi |el.d seen by
t he magnetic %’%%%Hs}’gnsors. I f these phases can be estabﬁﬁlﬁseg%hgs will by

appropriate processing,.it shoyld be clear_that bath iye and
substantial ly sg%sf‘\/g‘%rr@&i %Q‘,agéﬁ%sﬁ‘so?f (g‘gs??t%‘&%@' fegsé%gg’l %Ei’g}'%"r?;‘ can be
made to coexi fiméiiohd of e FRgIat the afial St Of iePdbBids! feRlon hd] LRt e eat ed
sinply by instilling a circunferential remnent magnetj zat| onh,éi . e by

pol ari zi ng) apFEGpIcEIRNE) Bt ehvinvsly JpmitedetoJia wirhin the figg dimensipns,igei

eiflesi r ed
circul ar sensgbgiion br the shafiGé atﬁ&hﬂt_ﬁﬂb{[ eﬁﬁ‘éiidh@@i)}eﬂlé hag 1cbfRnat hki&@py t hat

mai nt ai ns these polarizations limt e remanent nagnetization to lie

wi t hi n45[ er r |degigns; hethchs axipk eteahandithediiab locatin. ofthe astvairegipr(®ctP opy, such

as s inst IWID Lf‘e@tablﬁhh&&‘ﬁ detal}I5t tfinstilIOfki R BmBdAGHkibI r&ﬁ&%ﬁﬁﬁagnbﬁ'zagigﬁs?wﬁhr ection is
vi ously ) _ _ - -

Printed from ¥ 6hauteepmstive geomeayiaRagespage - 38- desirabl e.

Al so desirable is the magnetocrystalline ani sotropy associated with the

atom c arrangenents of a latticed structure possessing nultiaxial symetry,

e.g., a cubic st Thereuiseydiastothsr novstoxiiet £6r soltaplessu tasquenisénsoescwhichct eri zes

the shaft materj : 3 . r . '
Not wi ¢ hst andi P haenf nERRME dibioffin a3 SRS R R LM bR BBy |
substnti al | y padweiaskiveregjom nceoidingts thiswoostiuatidn, filwrpreserceed enagnetizaleof t he
active region tq & | high, This.i.s t reyent.the field.ari.Sing as a
result ofthe anﬁ%Fril%gB %rglrl%ﬁ%vf F?%‘Rni%d%'f“f? deﬁﬂ‘é@é?‘% V& r?%%nss%?(?)haélanagni t ude
of ci r cunf er eribéation(sidregstablithed by utilizingtheamique propatiesaficertiin selletthd thiaf
previously descr,ibed di ment. of..t he present .invention, a coercivity
greater than lrgathﬁﬁeﬁﬁ%BFgF}naﬁs&Q é‘?ca?ﬁﬁW%lspgg Bf%?rfgf‘ﬁ? €°§n’d’§§i rabl e and
greater than 3dfferentpsteile (dverithe tdarirdibopetatii® tefipetifire RAgeOIf the BdiRducer)
met al | urgi cal | ocessed for, use as.a torgue transducer is sho in
connection w t‘ﬁetg{\‘g%é eSp1 OBg E&wﬁ?ph\ﬁﬁ E’Hﬁt’l‘f F"f{gf"?’ yegenanga%ce&’\n,a! ece shaft
processed to hasghefBrictiwd & @il eicti R tequirdafeadds hiidtdr i Wil hagi on (the
Magneti zabl e Act) ve Rggi on) of, desired axial dinmensjon and posjtion. Though
physical |y of 1oty eV p an‘_@ﬁ’eth?Ple e‘ﬁ’fvelﬁéﬁﬁ'g@ﬁéﬁﬁgb%l"’éﬁ?%‘&lm@gnposi tion
t hroughout, t h@bmml%pﬁs_sﬁef@rohs@@rs}ﬁexﬁ@n‘@zé R AbithntRIppasiFeaLsat i al 1y
passi ve regions each having nmagnetic properties appropriate for its
respective f unkereip gneans regions which, when subjected to magnetic fields, do not become

sufficiently magnetized so as to give rise to parasitic magnetic fields which are of

sufficient strength to destroy the usefulness, for torque sensing purposes, of the net

magnetic field seen by the magnetic field sensors. If these phases can be

established at will by appropriate processing, it should be clear that both active and

substantially passive regions, each of desired size and location, can be made to

coexist on the same shaft. A torque transducer is then created simply by instilling

a circumferential remanent magnetization (i.e., by polarizing) appropriate portions

of the active region(s) in the desired circular sense(s). It is, of course, desirable that

the anisotropy that maintains these polarizations limit the remanent magnetization

to lie within 45° of the circumferential direction. Uniaxial anisotropy, such as is

instilled in the rings of ring on shaft sensors, in this direction is obviously most

-36-

Printed from Mimosa 08/05/1999 10:35:37 page -38-



Many solid materials can exist in nore than one structural form a
characteristic called polynorphism Each distinct polynorphic (or
allotropic) formconstitutes a phase. Transformation from one phase to
anot her is.a comobn occurrence in netallic materials. Phase changes at
characteristic tenperatures during either cooling or heating are found to

occur in manyvﬁ rsﬁzﬁgft als and also in alloys. The criticgh,bgggyﬁsature
I'C nmet al

range during a phase transformati on takes place varies w

conposition, fromtenperatures, near the nmelting, point to tepperatures near
absol ut e zer o.desihle. %@es’cri‘b&?ﬁﬁ’%ﬁWF@H%’“E‘&:‘E‘EI%“&?BP&@F%‘F?‘{;&B@ a peri od
Py

of tinme, althoyglictdyangnRaisoealdtial sPiaes phdstdsingRultiald SymalepgreE. on t he
rate of cooling (or of heating) thro%%_h acritical tenperature range. In
i

sone al | oys, a? [SHEIS SURFTESRAYIMBabGCOFTYHM; Sctus Yhich Fasaatsrizey. &hey shaflr i ng

cooling, can ahseihe siQaucRe colhIERRARE calsuiBiRns NervAfkMhdiag tlaeBieer at ur es
far above that required by cooli n?h al one.
e

- 37 - active regiorpwilhyt degirablys raeMlanbsech bp spipsiistip gassivg: 19gions7 ipige - 39-
Eff i caci ous pr o tﬂ&é&%i@'&ﬁle'aﬁﬁ&é%&%&@&&ﬁa?h P?Kis‘f@t‘égyﬁe@&d.
. _Transfo at-wll not

sonetimes even sinple hydrostatic pressur formations
occur at all dtheffipld avsing asraggsul oEthe applicdtope Somcausingdmeversitdelossaftheer o, of t en

can be nmade to I | . Jdr e hani ns. The
extent of the PRt 3 dHbaNR A RUBACE. B SHR R A R o
\%t h clolrrpo_si é i meyiod@gdaa:'byﬂ emfbcbdimmpfthnpmmt Wenﬁom,ap?erdﬁitﬂgﬁmmm on. »

ermal ly indu I 00sS.: a i en co
wor ked often ogggsrEééﬁajgl’f%'%?egrﬁéﬁn@n%eé%cﬁia& (gﬁ%ﬁ{ef%fl %gaﬁératg o%grjrgsd mat eri al
01;] t he aﬁ_rrehcopnmi;eﬂ.ib':ﬂlm bakio cuﬁt:gacﬁunmfatlsl:xaﬂmgilhngiml?r)pradehsagtﬁor u'sdg: a/a{i ous
phases which are sta ove e operating fenperature range of nos
machi nery (1 offfauecrapipdrss shown inegtieafion vih the sehsont Kl 7 el Hustateiy of
mﬁgnet \IMC1 cEa_r aa?iﬁgl’e@wcé stingt prddessad tochave agiselaed feonmpietis] m?ém&mukﬁ% in ;:1
phase which is ferr netic,. par.amagnet.i or. even.antiferromggnetic
dependi ng on i %M (&Wg@g@zwﬁ%ﬂﬂﬁgﬁgﬁgﬂ)ﬁggﬁ%ﬁq %?‘éaﬁgfn?eéié'f’ﬂﬁﬂ‘i P‘gﬁ‘ 1 s even
Cani 11 0antly |0 Eherr T eehoct e oL s S Mgt ae asti ¢ ot apert i es
The different ﬁwa_g@&loafthravﬁmah_@eﬁm%?mmﬁf&r}s TACHY R ety erent
densi t 't es, el ephdsiveabgib@séash hivihy Hagnélcafibpertiddpplobriad doitd Aispdelivsi cal
properties. _

function.

Many solid materials can exist in more than one structural form, a characteristic
called polymorphism. Each distinct polymorphic (or allotropic) form constitutes
a phase. Transformation from one phase to another is a common occurrence in
metallic materials. Phase changes at characteristic temperatures during either
cooling or heating are found to occur in many pure metals and also in alloys. The
critical temperature range during which a phase transformation takes place varies
with metal composition, from temperatures near the melting point to temperatures
near absolute zero. Some phase transformations occur isothermally over a period
of time, although the precise final phase will more often depend on the rate of
cooling (or of heatir_lg) through a critical temperature range. In some alloys, a phase
transformation which would normally occur during cooling, can also be induced by

mechanical means to occur at temperatures far above thatrequired by cooling alone.
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Regardl ess of the specific alloy used and whether the phase transformations
are to be induced solely by thermal processes, solely by mechani cal
processes, or by conbinations of both thernmal and mechani cal processes, the
general nethod of processing a shaft will involve subjecting the active and
substantially passive regions to the different processing conditions
required to obtaj h?e respectively desired phase in eac ?w{ I on.

Thus, at Ieast“gkg the processing steps will be IocaIP"%%% l%%e but not

the other of these shaft regions. Subj ecting a | ocal -region to sone
types of mec haﬁf%ﬂowmlpendqpé%P%wuona%Mwegﬂ@domme%
processes suchg@gmid Rydibdiflic fréReHe" FradsiihfidhS that Will 36€ ocduPlat hiMduyl t he

| i ke, the location on the shaft and the axial extent of the processed
region is readfoglingosvien & teampergiuresneasibselutgrzgrop efien ¢asrbegnadete ogeis 6t at ed

tooling. Loca?, gﬁ%ﬁ?ﬁ%&‘@y?&h@ﬁ&h&%ﬁ&%& Phd &AL dr Y u%ﬁs‘ﬂ}ﬂlaﬂ&x t he

desired region
shaft with sui theblcan dgpnduced &y. sugl enldawped var@mswﬂhcmpqsmp; émtbnf can be

local i zed by magps,4lonaRRY OQ{tﬁ aia?e Clr2 ARl Y indddcbd bika ?9 vari ous

tenperature excursions to |local regions requires |ud c¢ious use of focused
ener gy sour ces frapgfenmatipns of sumaterial thag has be@nabldmkdmﬁmopwrhédﬂﬁwnt)r cool ed

surfaces. Thes Serh %Mﬁ’l g{s}%q_ﬁgfo ee(ﬂna Oagloﬁhgl d[_l a&ggbgg%n duri ng

one or nore processing S asic rdears | specific
exanpl e shown iwon Eicfﬁ(feﬂouﬂ) lalidsys] the ursmmmlph&eawhichfate ﬂtﬂﬂﬁ a@kr liy: dplam’ums sage of

an el ectrical urre haf ur e th ral, ~chiJll" bl ock
area i s naint aﬁ%? hoi sﬁ]n{aﬁlg gﬁ?‘?l g{’jogﬁ%?"ﬁ@%) mdudea e Size,
shape and conplspectriuxn d:ffmdghal ‘chidabteriz akibxtsclThﬁéJ@\muglerallbﬁb& stablyéxdstii 41 depend
on the shaft si.ﬁe thﬁrﬁ ui red te rat ur % nt betwe th‘? cool ed and
uncool ed ar eas PRaSTYHiR i iEompgnetic. g gﬂegcéf CHARASIEE) fIRRCAY B8 ned. Wt h
smal | di anet er calighisfory of théral shd hechafital ayfinent! Itﬁﬁﬁﬁen@ossilﬂléﬁrﬂisﬁﬁdt ng copper
ring (perhaps even el ctro Iate ) m gk ' The high el ectrical

be suff n
conductivity of°°FBHpe ates todufder Sigmticant é’?&‘ﬁlﬁ“@f’eﬁuﬁ% Bsed shaft

region. Long pr&eﬁﬁgnétddmacpﬂoﬁérﬁ&; TheditfereAiphases of any Bt habRA hidktohen gr adi ent s
m ght require an activ d% heat _si hk, forced air cooling of a finned
bl ock, or even &ouBaverdifferentedensities, aﬁlﬁ°g'56]o¥e§’(§tm“°s’ elastic moduli and other

physical properties.

Regardless of the specific alloy used and whether the phase transformations are
to be induced solely by thermal processes, solely by mechanical processes, or by
combinations of both thermal and mechanical processes, the general method of
processing a shaft will involve subjecting the active and substantially passive
regions to the different processing conditions required to obtain the respectively
desired phase in each such region. Thus, at least one of the processing steps will
be localized to one but not the other of these shaft regions.

Subjecting a local region to some types of mechanical deformation is readily
accomplished. For some processes such as forging, swaging, knurling, surface
rolling and the like,. the location on the shaft and the axial extent of the processed
region is readily controlled by the size and position of the associated tooling.

Localized shock waves are readily initiated by wrapping the desired region(s) of the
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bl ock. It mght also be desirable, in order to reduce the electrical power
required as well as to maintain a nore uniformand easily controlled
tenperature, to insulate the unchilled shaft regions with fiberglass,
asbestos, or other materials having | ow thermal conductivities. The use of,
and locatiaon of, insulation and heat sinks wi |l obviously depend on whet her
it is the active or passive regions of the shaft that requires the higher
tenperature trée¥® 1 Besides the method illustrated i n PfES%26G8ny ot her
means of sel ective heating (or cooling) are possible. Induction heating,
radi ant heat i nghafiwith suithble enplosisies rEven atisktensibnor coupressibnicambs ldealiaed! ot her
gg;igﬁt io1;| 'lt;ang)fB %;Eﬁﬁﬂﬁ%gﬂa&&&%ﬁgﬁ%&é?d shaft regions are all 10
Since the efficacy of plastic deformation in inducing phase transformations
is tenmperature dependent.. | ocal reqgions.of transfornmation.w.l.l result
sinply by mai nt ai HEHE &Y PETERPerHBiergRuoRs o ToFal Fegione Feaues jidisiayeast
t emrper at ur es Wef fecutddeenetplyi soarced) alisrmalsingildiion Gihé dodabcontice with Heeted orini f or m
plastic straining. .Iln.materials which undergo strain, i nduced phase

Pr anst or mt | on<ooipdaPiate, Thesf lmleiet pebefieparey oF meaPPEREZE vy above
whi ch no strai rné otee prdceihgisepsIelhe GasiOdedis Hlustrited hiethe grtificiergnplenper at ur e
range of the toyque,t ducer . ] s abov et rature a ich the
strained mat erisé&”%\ﬂhf@f%n‘g]@ﬂgﬂiuénﬁtﬁeﬁr%l atF‘ﬁggﬁ’écPam&%%}?“rmglF@F mat i on
(cal led M err] )currbfteThe'¥haf fané R “SHICTbIédReFdaRIMsRARIeE Bwepr OCESSI Ng
w Il be stable. The choice of process or processes from anong the various

thermal , mecharthandp teprchiled $adA@Fani cal neans for inducing phase
transformations will clearly depend on the peculiarities of each alloy
system To be useful as a torgue transducer, a candidate material nust

have one stabl e pAAg&znshanegnd gty Qfﬁ@d’éhi“&ﬂoéhﬁh@ﬁb@,thlﬁﬁg%t%gt riction
and coer ¢l vi 1y qcpiifh e gt siﬁé,ﬁﬁlré‘qu%@ﬁﬁlg\%\nﬁtﬁhei dradifH piileéh hbpfbIAAl | Y

ferromagnetic w ow magnet ostriction _ e range of magnetic
fields to whi chanceoled agpas, dnd caihedireeithat this gradientimausybe mpistamed With smalber of
wel | known all g . %&@ﬂs HRgneyd A [ bl e
phases in the tae{anrrﬁ)ée{%tas%@sét)?%hge of | tie%r est’.rh‘f'}%s(ré%&%n%@%”{ﬁgt(ﬂearg een found
that 18% Ni narevgh slgctenplagddd might bysuffidient.1Hie highrlestris beod ductivignef copper

metal | urgic a! Cv%\ﬂa I‘e'd?&%h@gq\fﬁlg ﬂea\fiﬂg Bi{ the Qf-cfofse%{]sﬁ%feg&gn ito- gal%ggss times,
magnet oel astic properties. I'n general, many hig al I'oy rron rich
materials will lomefbaftscnd/or laegettbraperative\grasimitsonighterepeire anaictiye fmabginlssabl e to
condi i ons havi g AReHual elokndlhd hed FRANG! bien HVulRH oA B8RAR Ko

block. It might also be desirable, in order to reduce the electrical power required

(€ al)

as well as to maintain a more uniform and easily controlled temperature, to insulate
the unchilled shaft regions with fiberglass, asbestos, or other materials having low
thermal conductivities. The use of, and location of, insulation and heat sinks will
obviously depend on whether it is the active or passive regions of the shaft that
requires the higher temperature treatment. Besides the method illustrated in FIG.
8, many other means of selective heating (or cooling) are possible. Induction
heating, radiant heating, partial immersion in heated or cooled liquids and other
means of transferring energy into localized shaft regions are all potentially

applicable.
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for constructing one piece torque transducers. Sonme exanples of known

useful alloy systens are as foll ows: 1 . Hadfield steel and variations
thereof that rely on |arge additions of Mi (or sone ot her el enments or
conbi nati ons of elenents) to carbon steels in order to stabilize the

austenitic [err] phase (that normally exists at high tenperatures)
allowing it t%&%ilﬁ‘k% at low tenperatures. Austenite is nﬁ?ﬂ@s&i&ﬁsﬁ

par amagneti c cryogenl C tenperatures sonme austenités are
antiferromagnet i - 40-

Clasgj c
Hadfiel d steel g‘ﬁ‘% Gpe ﬁ?cqufaﬁs%qqegy@a“%IPH‘di‘E‘%W“Mr@a“Wdﬁsf ormati on

of the aust enidnperfturk AepEHUBE Soch X redRonb %wahﬁoﬂnfma&%rr%éuﬁhﬁﬂl pRYbgol d
wor ki ng. at roomtenperature. Surface rolli ntg or other_ processes causing

| ocall def ommmewgé%rwm@v of the ghafi ot diffggen %‘PPG&%I“@E:WM‘?:@G PIHEE on

(process deper&?ﬁﬂk subjebl6dPid hodradsk mef %lhé@ifc%ﬁﬁﬂﬁllgy)m%?éda%%%h Wi th
non- magnet i zabl e passi_ve regi ons. I's conneCtion, it is Interesting

to note that MAderEeplERIR fr@epedrﬁlgseo@@ﬁfomatwyédh% is arismweratae (generally ury f or
railroad rail ohel  dsf)ABb witbifho bfith HRbk ransRRRIRASIchEs Bk ed T om
the rolling action of the train eels. 2. TRIP steels. These steels are
general | y war ropeierng@mppiaies ltacm ofytheitgfaue transducer indhove theliempaaturgraber at ur e)
to create a hi d [ n ucture is
mai nt ai ned at vggohm %ns%%%ng ure {1 gjbgﬂl ow?JEoe i therﬁx‘dﬁ% @E%JFH ggss

def or mati on betaosﬁomon/dcaﬂeumésb dheitwo phased msatcth by sach thermomhmalrat ion to

mor o tnan' s0vbtcon et & eiE; e aoleer docE & priikieen BohThuone mé O 1 11 10

(typically Cr, vafioys memdlzh)ae@emealaln&yharmnmeaﬁammﬂ mheans Her medugeing pbdsei cti on

(and ofte r_.the stal, ani.sotro .t.Bes all ays are

magnet oel ast i g%ﬁ“%e %{opvgﬁfc}feaﬂymeéxgygflhe Fﬁi@}}aﬁ esboggﬁch@gléygbeérb for such
demandi ng servi c&o®s ubdhiics atom;etransdueen Séantdidate anlerial roost hpleane stablehey are
exceptionally str mon st ai nl ess steels ofthe 18-8 variety (18%
O B N . oAbt FaSing AleraRe iagacto fpneie. SO ERNO] MICREOSH AR on

anneal ed condidnbther st2bREpIhEd Ghad s iNdEmereAtian weakiyl fe&k&nﬁgﬁﬁt@n\bxth tm crystal
structure of many of theselsmthlsfaml rted to

ferromagneti c fosigietion it fischange of wa ﬁlguéy“‘c‘PSli“{:‘ih\}Jo e by

conbi nati ons odxpbdras Gﬁd%ﬁ&@lg&ﬁ&e m@%ﬁh@b}m&qu&@wahh@ys?smgmhmss total
all oy content (e g. 2) will nore readily transforminto martensite

t han t hos eSufiR mqs#ﬁﬂgﬁbfrdlqt@ﬁtam&f Phasesdn federmperaturg rangp pfntezes) Forso e
al 1 oys of thisedgiBfl ithas b@énefoﬁiﬂthﬁ%%tl\Q%Jgﬂfg@}éEﬁEﬁpoettﬁhrﬂﬂYﬂrg&s&ﬁr d, wear

resistant martensite by surface work These find application in
construction elguviinuptmetpliprgical conditions havmg vastly different magnetlc and

magnetoelastic properties. In general, many highly alloyed iron rich materials will

be found to be thermally and/or mechanically processable to conditions having
adequately distinct magnetic and magnetoelastic properties to be potentially useful
for constructing one piece torque transducers. Some examples of known useful

alloy systems are as follows:

1. Hadfield steel and variations thereof that rely on large additions of Min (or some
~other elements or combinations of elements) to carbon steels in order to
stabilize the austenitic y phase (that normally exists at high temperatures)
allowing it to exist at low temperatures. Austenite is normally paramagnetic.

At cryogenic temperatures some austenifes are antiferromagnetic. Classical
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agricultural tools. 4. Precipitation hardened stainless steels having

sufficient chrom um and ni ckel to retain austenitic structures at room -
tenperature can be converted to

-41- martensite by aging treatnents. During aging,
precipitates are fornmed which reduce the concentration of

"austenitizi ng"w§'9/ﬁF ts. 5. lron, nickel, carbon alloys having simlar

properties to Hadfield steel (although Ni is nore expefSTVEREHdh wm).
To denonstrate thﬁ_gagggaf acture of a collarless torciue sensor by this

met hod, test shaf gteeleppsiteafingn alloyed withilA¥edds, 14% €1 Transformationt ubi ng

(AI'SI -304 having et yerr%&%gﬂéﬁaM@g@;ﬁ@ﬁ;@é{@%coﬂ?\%&gxga 174"

(6.35 nm outside dianeter. In the as-receive ate, thése shafts
were essentially RbioOm JempRTaiyteet iSurfagserallingnpn iother prasesserocausinigalecal. 1)

Wi e rotating eaqRioriiloncah be dd ALESH RE AR IR BSERCHSLER 10! | ors

havi ng known rol| separations for measured time reat ment
subj ected the surdepthk agialle(and| integnally) eqntiguous witly ap-mapmstidable pstsivess above

L L U B e RS A

convert to a ferromagnetic martens “Prom 10 to
100). This creat edsedior mors than 2 espivuy fayfraiirbad milawbete therhard3ywveanesibtamtov e ment

of the shaft relatj . ' an tive r.egj on having an axial
extent greater thg%&?ﬂ%ef%%ge&wﬁﬁﬁ[eg?ﬁ‘bggcwogf’?@?ga@%egfé‘ creat ed.

Ther eaf ter, the2.sRIP sterler Fhesgclecksiarcgentmlly waim Woyketrgplasticaltye defoiymedot at i on
proxi mate to a pai f ositel olarized magnets to create a gual region
transducer. The trag?l‘%dt&géw" R AR ‘Bgﬁ%ﬁr@i’gﬁl’ﬁ‘@tx ﬂgd’rsgfﬁf‘%ﬂnsfiﬂﬁed

emer gi ng from t he anstediticcitrigettirezio meaigtainéd s10re6mWasipiittel @Ad belowie Axjaft . The
test results indi e that.t sensitjyity increases wth decreasing roll
separation (the scﬁﬁ‘l'&]i'eér&?ﬂl@ H%PF“@@Baf?%?WoﬁeMa%PWW dFditRt inothecol d
work), see FIG 9, transformuitiof td mataaaseecrmlagtaaéQega{erdlglcbingﬁx@m&ﬁ, sigater the
rolling tinme the greater the angldpt o[ cold work), see FIG 10. These

results are not sUPPPIHETECE| Rt Elemsniy offist thafriram sSines Beseelementsi ¢ e
formati on. (typically Cr, Co, Ni, Mo) genbfaltyp Esitibutd BRhE %Eﬁéiésﬁ%tion (and

often lower the trystal anisotropy) these alloys are magnetoelastically active.

Moreover, having been developed for such demanding service as land mine
resisting tank floor plates, they are exceptionally strong.

3. Common stainless steels of the 18-8 variety (18% Cr, 8% Ni) have an austenitic
crystal structure in the solution annealed condition. Depending on the exact
alloy content, the crystal structure of many of the steels in this family will be
converted to ferromagnetic martensite by cryogenic treatment, by cold work or
by combinations of these processes. Generally those alloys having less total
alloy content (e.g., AISI 302) will more readily transform into martensite than
those with higher total alloy content (e.g., AISI 316). Some alloys of this kind
are deliberately formulated to develop hard, wear resistant martensite by
surface working. These find application in construction equipment and
agricultural tools.

4. Precipitation hardened stainless steels having sufficient chromium and nickel

to retain austenitic structures at room temperature can be converted to
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In addition to all of the usual applications for torque transducers,

collarl ess designs are especially suited for a nunber of application areas
and specific applications where the flexibility and economny associated with
its single piece -42 -

construction and/or the common chem stry ofthe active and inactive portions

ofthe shaft is 'btgg}ﬁ;s]desi rable or necessary. Sone of thesparlgg?gggssscri bed

bel ow. 1. Sharts exposed to corrosive environnents. engt h
steels such as 18% Ni payagi.ng steels are supject to stress corrosion
cracki ng when st r%%‘t?hg%%??ﬁ?n% Lrme agwe Rycdpifates g fopmed whickhspeci al | y

hot, acidified, sadith€EoncdiraONYCRhdt@Nding" blef@n@n shaft” transducers,
the installed ri n%] i s often under a substantial tensile hoo& stress as a
T4

result of its 5 Hanmigkplneasponaloyshavinpsimilaspropegties taHadfieldstea(althiough

Col | arl ess desi gnyjj RaNGe Bfpehithan Mp).NeNce there are no regions of the
shaft that are purposefully stressed in tension. In fact, it is not
uncommon, in the interest of increasing fatigue strength, to shot peen,

rol | or otherw serhgabnstie M&ﬁ%&r@éfﬂ&%hégyiso}f%@fgé{st,ﬁg'rn&s &ﬁédft 0

i nstill resi dual conpressive stresses. glec stry of both
active and i nadest ¢hafts were fgbpiicated feom sainlgesi stis] scamlespiubing (AISIB 08 davigal vani ¢

corrosion pres }Mgﬁlpe o Skl | el 10:.el v jLcal are
exposed to el e(??'fl"r(()) yt eé¥ 18/%@ta§&§gﬁlé%e§gﬂag‘fgra§ﬁn% 4@%‘?@2%@’% The

li miting torqueliaeteri g tmaENaéiVedcmmsaledJstatb,dheseishaﬂs‘wLejm eldmm‘alm nrilmls byTL he
onset of interfgagci . ] e rin 4] e erlyi aft. e
use of one f%’?%‘géég“ §1]f;|dl @Fﬁ%%%ﬁg%tf hp%l? lgé?ﬂslgl&mﬁﬁf?gﬂqﬁg e?%ég%Bité‘faBi lity of
such sl i ppage. f_orct&_i b&iwatn mmmmMednggl_dri;.&omwghaMg kowd mﬁpﬁ?g??’ fo@:‘)_ ds
tenperature varjation.extrenmes.. . . e use of _one_piece. VOi

coxer ns for th%ealslérf‘g%? ﬁglg?iuogf' @Bﬁfe&mems“%leﬁ?@g%}F@&z’aﬁtaf@é%%r*a%&d hoop
stress) at ver yrevensyberdigpsteisabe idyizld sirength. Sich plastR@tfoahatidnmised thexpansi ons
(contractions) of

the rin nd.t he underlyin shaft, Simlagly it
avoi ds concer nsa“FtS?IPE‘[tﬂ@m?"gp a farropagetic 5?%‘35?‘3 EWEE‘?B&’@' ytheapge froni hi gh
tenperatures dul tb 000) TR cfehteSiha aétive régidnf theaaf@atea! By axihlihoveiRnt'opduct i on
in t he yieletg trengths of both fhe shaft and the ring and the increase
in interferencd®®$ aﬁd'agu‘fe&Oé}efrP T PREAD acive tRgipR having spaxial exfsnierentss )

than the face width of the rollers can be created. Thereafter, the shafts were each
circumferentially magnetized by rotation proximate to a pair of oppositely polarized
magnets to create a dual region transducer. The transducer was tested by measuring
the radial field emerging from the cold worked zone as torque was applied to the
shaft. The test results indicate that the sensitivity increases with decreasing roll
separation (the smaller the roll separation greater the amount of cold work), see
FIG. 9, and with increas_ed duration of rolling (the greater the rolling time the
greater the amount of cold work), see FIG. 10. These results are not surprising

since more cold work means more martensite formation.
INDUSTRIAL APPLICABILITY
In addition to all of the usual applications for torque transducers, collarless

designs are especidlly suited for a number of application areas and specific

applications where the flexibility and economy associated with its single piece
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4. Shafts subject to recurrent renoval or replacenent. (D sposable shafts)

- 43- Printed from M npbsa 08/ 05/ 1999 10: 35: 37 page -45-
Torsion is often the primary | oading node on cutting tools such as drills,
t aps, reaners, end mlls, boring bars, etc. Tools of this kind are

utilized in either of two nodes: rotating tool or rotating workpiece. In
either case, the tor transmtted through such tools provides an

i ndi cation of tW&P¥*! %bndl tion (sharpness, integrity, et&WUEEARE | as the
relative properties of the workpiece and operating conditions (hardness,
presence, pr es&AREUgtinn apd/pf theeammgn hewistiyi e activeandiaghiveportigme glthe e of
flute cloggi ng ¢G4 E%lthétdesn)ablelg?f!é’ceé‘s%/t | §i0nd FPese ?x’é?escnf)&p&éﬁvgt ed from high

speed tool steels, a highly satisfactory materia rl ess torque

transducer shafts. S onIy necessary that an active region be created
In sonme avail a Iesﬁﬁmgg etween the chuck or other
driving or hol BI ng rrean ﬁgﬁgﬁ%ﬁﬁgﬂr%l on) and that a suitable

magnetic field H@ghsmﬁggﬂmwi sblehaf)@B%le mgmgmlstadsub}exyssm may be
envi sioned in \A’Q&P&mlnn&h%%%lw&eﬁ %Bﬁe Ee, 910 I‘alné ﬁq‘g sie‘zia n%ltad hoc fixture

prior to their being nac Ine y ’t ake
pl ace either i mreaspatiallyhoprridified, salowatac MQonmbﬂm'{mxgmnshnﬁ"a'han ot her

convenient time d thei r. ctur har.peni n res enlng In
bl Foat i ons. wher Bepiibipd Bt is SREYRE 4 FeangpBRIL R0 Hesds § SRS

pol ari zi ng magnet attamhmhmtno thlaehafﬂ\adduﬁeﬁa‘emg fﬂ.seelmlless,demgﬁd}aveﬁUn@g I owu ng
for the use of to Vi ng ti c condi tj.onin Si,nce chips
are produced duri- E)ncﬁ?g (hrg%l nst‘grgfeggﬁgg h% geﬂé‘?/'@“ﬁ‘?}l be made
to prevent their Eﬁ&é@éfis&ﬂtﬂnﬁbﬁnﬁ{ﬂ@nﬁéiﬁﬁdﬁhﬁoﬁﬁ@mﬁ b Yatighr Mngt]!i, 16 Eﬁi‘tt
constructions are har atible wt | catiions of this type,
being nore sui tagqnerqlloqro{q}engﬁugqﬁ%}hg #@P&WF}}@SW dente B ot her
portion) of the resRmblcBfpicstie strtiies. JUY SA 1@%@%&%@3%&%&%
transducer function directly on the cutting togl is that it is

aut omatically si 7 Exgi98 ralson avoids, the OPPAIIREY for Galvgnic comesion: prgsant ("SR r at her

than being sized fd%&lrﬂlfﬁ?mkﬁfsgﬁatecﬁl&ﬁboﬂt&@he@k}%ﬂéd ©BRiddR6Geen  the machine.
5. "Line" shafts where torque is variable with axial [ocation. It is

sonetinmes desirable to be able to neasure the torque being transmtted
2. Shafts carrying extreme torques.

The limiting torque of ring on shaft constructions is often determined by the
onset of interfacijal slip between the ring and the underlying shaft. The use of
one piece, high strength steel shafts avoids the possibility of such slippage.

3. Shafts operating at high or low temperature, or temperature variation extremes.
The use of one piece shafts avoids concerns for the relaxation of contact
pressure (and associated hoop stress) at very low temperatures due to
differential thermal expansions (contractions) of the ring and the underlying
shaft. Similarly it avoids concerns for the relaxation of contact pressure at very
high temperatures due to creep (inelastic strain associated with the reduction in
the yield strengths of both the shaft and the ring and the increase in interference
due to differences in their thermal expansions.)

4. Shafts subject to recurrent removal or replacement. (Disposable shafts)
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al ong several portions of one shaft. Such applications exist where one
shaft is used to drive a nultiplicity of |oads, or where the torsional
| oad is distributed -44-
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continuously along the shaft I ength. Exanples of the forner are found in
packagi ng and %5/‘14?1 machi nery where the driving torque g S%S%I&go a shaft
at one | ocafion dri ves a nunber of gears, pulleys, sprockets, etc. at a
nunber of spatjally separated | ocations, Wb, and sheet produci ng and
handl i ng machi ne§°r81°nd§?§‘1%zt ?ng‘?g(‘g.n@ e on ppttineLools SHeh a3, tPhuous

(al ong their | engsamers]efd il HokifgBars, etc? fTobl8 bR kditiirt Glize@h eitByr dreadi | y
al lowing active regions to be instilled at nany different |ocations on a

single shaft, coltvamadey refatingieoheiipiating workniecsy Inifher case, the 1oFMRt or |

equal i ze or ot herywhaRited Mrbsth hdeR 418 Iprddilts| ANindicalid G ehed! SEMitRMCH
shafts. Installing a multiplicity of ri n&; on a single shaft is, at the
| east, a di ffi(g\meﬁn@@gf%mﬁéﬁs wslh av g relgtiverprongips gf the yyorkpiesepe t he

sanme si ze. 6. Vgeg b’pe?a{iﬁhtzoﬂegiro;lli?@%rglhﬁﬁ,%?esﬁﬂaf Fedencoi diffcalt) Sfdobiaitle ends.

Retrofitted machi nery. Ings for use on very small shafts
(e.g., 1 nm di amdeluicpnts,presghdef ofdlute clogging chipsastit)e Meny tcuttingdedds preysi ng
press fits. Operaiy f X} Rl . . equi res
preci se bal anci nag}%r%gtreg ff"g‘gg‘k hs%%ﬁ tgﬁ? %l{eteﬁ’eé hg@né?hes?&%?f%t&ag%{ h)
require | arge machllatesstofque tramsduker shgfia dtlis bhly npaeswittha ansativefegientge (and
expensi ve) tools | ] 4ot ad Ly..] | f f t he shaft
ends. Fl angesc,ré etéigx? ?onge%gghaﬁﬁé??%gﬁd?ﬁaﬁ%ﬁ/rgntf@%tgveeé‘? s8¢ |d(§r?£ at may
exi st bet ween t halriving cdl bsidingondansansldhearttingaegion)and éatla suibleimseighetiends nake
it difficult or i ssi.bl e tob ut.i“ze ritr&g on, shaf t constorggﬁ}ions.

I n- pl ace nmachi ner 8188 PRES PREPLIRMA PP gHoune '%Fysﬁnhﬁlgy?%?{lalsb é’bs

i sol ati ng par amagwieith dividaaMedis as puletitel in Soniecd het fiktareqirier to their kpensi ve
and/ or tinme consum an.under.t akj ng. may be retrofitted with . a . t or que
transduci ng funct‘Pﬁa%giIWWagynﬁﬁiﬂﬁﬁzmltﬂ‘eé’ Eﬁ@rﬁrﬂnﬂ%ﬁ?w??rat e

| ocations and pol@&bchinigaliatieh, e bontsbilie gbrvenivhtkithedaaREhsir ingfiifadtae) | y or
permanently held in the required,| ocatiagns. as the hafﬁ rotates.inits
nor mal f ashi o%#?msm%%%émqn&g- I APRlisationg T BR ool rHiEK } & lshat £ 5 on
| arge notors, pd3SibRItBliAdlEde Mg MAeMBRAWIHA RS fidld el TsaEbly,

thereby allowing for the use of tools having no prior magnetic conditioning.

Since chips are produced during use of these tools, some arrangements have to
be made to prevent their intrusion into the sensing assembly. Ring on shaft
constructions are hardly compatible with most applications of this type, being
more suitable for transducers installed on the spindle {or other portion) of the
machine tool. The advantage of having the torque transducer function directly
on the cutting tool is that it is automatically sized for the torque range used by
the actual tool rather than being sized for the largest tool that might be used on

the machine.

5. "Line" shafts where torque is variable with axial location.
It is sometimes desirable to be able to measure the torque being transmitted
along several portions of one shaft. Such applications exist where one shaft is

used to drive a multiplicity of loads, or where the torsional load is distributed
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-45 - CLAI M5 1. A
magnet oel asti c torque sensor for providing an output signal indicative of
the torque applied to a nenber about an axially extending axis of said
menber, conpri sing: a menber which is unitary and of generally
honogeneous chem cal conposition throughout, said menber conprising

separate nagne&,bgﬂlw active and nmagnetically Su%’l‘/ﬁ&%fi&&' y passive
regi ons; first nmagnetoel astically active regioni'n said nenber,
sai d region being magnetically polarized_in a singl e

ci rcunferential GP?@B?‘F%”&%“’SO‘Q%%%@B% Examples of dhe forgercfie oHMd Bt i ¢

ani sotropy to reb%ﬁﬁgﬁ@%&@ﬁl@ﬁa&ﬁﬁé&ﬁh&@th‘é@hdmﬁ@(ﬁhﬁhprhed to ashaff 42l | owi ng
the application of torgque to said nber, to sald sin

cirunferential dicRelocatinn dpveys purabes phasatsdPulisys seropksts, %‘Gtﬁ’fé&“{“@“ﬁr 0,

wher eby sai d magngisemy &%&ﬂa&@l&cﬁﬁuﬁhﬁt%ﬁﬁ&ﬂé&ﬁo&ﬁd&%&&ﬁaﬁlﬁ@ﬁﬁ%& field
varying with said torque, magneti c sensor neans nounted

proximate to sai &uh%@fﬁ@r@@leaghﬁﬁéhhwg continuous (along their lengthy distibutionsi ent ed
Wi th respect therg &Qﬁﬁﬁgﬁtﬁl gg‘f' ag?gﬂg)yﬁ%iac%era%o?stobelhﬁﬁlemﬁ'ﬁg' c field

at said sensor neans an rovi sponse
t her et o; dxffemtébcn@sgm@n@@inathhmlcbl}aﬂaaﬂdemen proyidesia isady meansnenber

being, 0120 f G poper, AR LT Bl FLFL athe AT 0% o

the distribution 0 guadr ant
symmetrical |y di shaftsednstaliingid multiplicity of aings e aginglecshaft is, at theileast i on and

having a coerciv 'cﬁ?fic&lyuxgdeﬁﬁlnﬂt, Ie:g[pe 'aﬁ}bﬂttl?ey are all to be the same size.

6. Very small or very large shafts. Shafts with large ends. Retrofitted machinery.
Very small rings for use on very small shafts (e.g., 1 mm diameter) are difficult
to handle and to install using press fits. Operation of small shafts at extreme
speeds also requires precise balancing. Very large shafts (either diameter or
length) require large machinery for handling and the possible use of large (and
expensive) tools if the ring is to be axially installed far from the shaft ends.
Flanges, bearing journals or other enlarged sections that may exist between the
desired transducer location and the shaft ends make it difficult or impossible to
utilize ring on shaft constructions. In-place machinery where the installation
of rings (and perhaps isolating paramagnetic sleeves as well) is too elaborate,
expensive and/or time consuring an undertaking may be retrofitted with a
torque transducing function simply by mounting field sensors in appropriate
locations and polarizing the desired region with magnets temporarily or
permanently held in the required locations as the shaft rotates in its normal
fashion. Ship propeller shafts, rolling mill shafts, shafts on large motors,

generators, pumps and gear boxes are examples.
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prevent irreversible |loss of the magnitude of the circunferenti al

pol ari zati on. 2. A magnetoel astic torque sensor, as clained
in claiml, wherein said nagnetically active regions conprise a first

met al | urgi cal phase and said magnetically substantially passive regions
conprise at |east one netallurgical phase other than said first
nmet al | ur gi cal 3. A magnetoel astic torque seng

| ai med in
claim2, wherein salalflrst met al | urgi cal phase is suff|C|e"{sI9 o

ferromagnetlc and magnetostrictive to fulfill the requirenments of a
magnetically active region and said at ChalM3 one metal | ur gi cal phase
exhibits sufficiently |ow perneabi I|ty to fulfill the requirenents of a
substantial ly paSSI ve region. . A magnet oel astic torque sensor, as

clained in claiml3, WW@B‘FE%MW@EW%‘%@BP‘PBF%T@H’éﬁicﬂ%‘ﬁ"t ly iron
contai ning al |9Mﬁéjto?c}u‘3%phe§% SmERBGGho 8h hifalfiCextchBing Bk Bf\RidTREI¥erSEe 2
martensitic phase and sald magnetically substantially passive regions
conpri se an auS¥@Nisiige phase. 5. A magnetoel astic torque sensor, as
claimed in claim3, wherein said nenber is forned of a steel selected from
the group consisting of Hadfield steels, TRIP steels, 18-8 stainless steels
and precipitati on harluembqﬁgwlyclanmu@@y Qné@fsemﬁbahqmmn%qﬂﬁmwland

ni ckel . aim 1,

i ncl udi ng at Ieast one a ﬂl%g ogfi%%}g%ﬁlbglestl rIITgt @%ﬁ%ﬁ%&x@ﬁ?ﬁal

magnet oel astically a@uve\aadmgn@nalmubmam@llymagﬂmregwh&y contiguous with said
first region, each additional region being polarized in a circunferenti al
direction opposite to the polarization direction of magnetically contiguous
magnet oel astically ad'tra‘;tmgnetgélaxtisally active regia'n inAaidengpmeienshid se¢gion beimgiue
sensor, as clainmed in claim 1. wherein sai of said nenber
are formed of a pol JREpECa R AERE PR iR TR e iR

sufficient magnetic anisotropy to return the magnetization in said region,

following the application of torque to said member, to said single
cirumferential direction when the applied torque is reduced to zero,
whereby said magnetoelastically active region produces a magnetic field
varying with said torque;

magnetic field sensor means mounted proximate to said magnetoelastically
active region and oriented with respect thereto 1o sense the magnitude of
the magnetic field at said sensor means and provide said output signal in

response thereto;

said magnetoeléstically active region of said member being formed of a
polycrystalline material wherein at least 50% of the distribution of local
magnetizations lie within a 90° quadrant symmetrically disposed around
said single circular direction and having a coercivity sufficiently high to
prevent irreversible loss of the magnitude of the circumferential

polarization.
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- 47 - C L M S * 8. A magnetoel astic torque sensor,
as clainmed in claim 1, wherein said nenber is a solid, elongated shaft.
9. A nmagnetoel astic torque sensor, as clainmed in claim1, wherein said
menber is a hollow, elongated shaft. 10. A magnetoel astic torque
sensor, as clainmed in claim1, wherein said nenber is an el ongated shaft
havi ng an axi endi ng enl arged di aneter portion in 05 Late its ends
and said mgn&éé?’éﬁi cally active region is formed on sté’lg& eg,#%%sged

di anet er portion 11. A magnetoel asti ¢ .torque, sensor, as ¢lainmed in
claim1, wherei nzsa‘?d“?%‘ﬁtﬁﬁlﬁsqcst? eéF‘E?HE;aﬁsé_gm@ﬁ%_ °ﬁ5’i}iqn§”§ﬁ“h§‘?lﬁl ly
extending red efitaBiBicte REYibsOBorhpHse ATaHtaietallinBicBN Phier dddossidand sai d
magnet oel astically_active region js formed on said reduced di aneter

porti on. magnotically spbsfansially Passive regios epmpriseat ieast ongmetaliusgipalghasy ¢ ai m 11,
wherein said rouwlyeed saib F& hifl0Ridl fasd S a separate shaft which is rigidly
attached to the larger dianeter end portions. 13. A nmagnetoel astic

torque sensor, as clainmed in claiml1, wherein the coercivity of said

menber i's greaten t Ramhohdiolstic torque senshfas AlalRENE AR 25 khéreih Qhifl YRstSENSOr ,  as
clainmed in claiml, wherein the ‘coercivity of sald nenber is greater than
20 Oe. metallurgical phase is sufficiently ferromagnetic and magnetostrictive to fulfill the

requirements of a magnetically active region and said at least one metallurgical

phase exhibits sufficiently low permeability to fulfill the requirements of a

substantially passive region.

4. A magnetoelastic torque sensor, as claimed in claim 3, wherein said
member is formed of a predominantly iron containing alloyed steel, said
magnetically active regions comprise a martensitic phase and said magnetically

substantially passive regions comprise an austenitic phase.

5. A magnetoelastic torque sensor, as claimed in claim 3, wherein said
member is formed of a steel selected from the group consisting of Hadfield steels,

TRIP steels, 18-8 stainless steels and precipitation hardening stainless steels
containing chromium and nickel.

6. A magnetoelastic torque sensor, as claimed in claim 1, including at least
one additional axially distinct, circumferential magnetoelastically active region
which is magnetically contiguous with said first region, each additional region
being polarized in a circumferential direction opposite to the polarization direction

of magnetically contiguous magnetoelastically active regions.

7. A magnetoelastic torque sensor, as claimed in claim 1, wherein said active
regions of said member are formed of a polycrystalline material having cubic
symmetry.

RN "
* c L M § *
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15. A magnetoel astic torque sensor, as clainmed in claim 1, wherein the
coercivity of said nenber is greater than 35 Ce. 16. A

magnet oel astic torque sensor, as clained in claiml1l, wherein said magnetic
field sensor nmeans conprises a solid state sensor.

- 48- : 17. A magnetoel astic torque sensor, as clainmed in claim
16, wherein said magnetic field sensor neans conprises a ﬁ/h - ect
sensor. ¥g 2R ghet oel astic torque sensor, as cl al ‘L’”ﬁIﬁgﬁ aim1l,

wherein said nagnetic field sensor neans is _nounted and oriented with
respect to said RaghcPemeiRelasticatorape Se850%cas dygmed i1 glaim s avherrin seiflarity of
sai d magneti c figbdisa solid, elonked fhafBONet oel astic torque sensor, as clained
in claim 18, wherein said magnetic field sensor means is nounted in a fixed
position proximte to said nagnetoel astically active region. 20. A
magnet oel astic t o qﬂ%§§ﬁ§)@fasﬁca§:r@%3deﬁ§3ﬂ ds_rbéﬁh@& T Lhim W) &iRdin $&4d sensor
nmeans i s positioned proximate an end of 'said region. 21. A

magnet oel ast i cmembayiska kadlowoelongatedshaft.ned in claim 18, wherein said sensor
means conprises at | east two sensors, at |east one sensor being positioned
proxi mate each end of said region. 22. A magnet oel astic torque
sensor, as cl ai nd§. Anmegreioeladtic tonpieciensos,aisdclaimgd én eldimst, i whedrdiy saidt | ve
regi on has, in_the abhsence. .o r i.ed, | ' .
circunferential: egrhse F{én%art?‘{esﬁhl%lglfaﬁgi%aﬁg’@%lhg&tr?g&ﬁé%hg gggrale |"I2t?ar e ncorrponent
in the axial dintepmédiataits ends and said magnetoelastically active region is formed on said

enlarged diameter portion.

11. A magnetoelastic torque sensor, as claimed in claim 1, wherein said
member is an elongated shaft having an axially extending reduced diameter portion
intermediate its end portions and said magnetoelastically active region is formed

on said reduced diameter portion.

12. A magnetoelastic torque sensor, as claimed in claim 11, wherein said
reduced diameter portion is a separate shaft which is rigidly attached to the larger

diameter end portions.

13. A magnetoelastic torque sensor, as claimed in claim 1, wherein the

coercivity of said member is greater than 15 Qe.

14. A magnetoelastic torque sensor, as claimed in claim 1, wherein the

coercivity of said member is greater than 20 Qe.

15. A magnetoelastic torque sensor, as claimed in claim 1, wherein the

coercivity of said member is greater than 35 Qe.
16. A magnetoelastic torque sensor, as claimed in claim 1, wherein said
magnetic field sensor means compﬁses a solid state sensor.
e 5.
A
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23. A magnetoel astic torque sensor, as clainmed in claim22, wherein said
magnet oel astically active region has, when torque is applied to said
menber, a helical magnetic orientation having both circunferential and
axi al conponents, said magnetic field sensor nmeans being positioned and
oriented for sensing the magnetic field arising fromsaid axial conponents

of magneti zation, 24. A method of sensing a torqu | ] to a

t or qued menber W&V ng in an axial direction, conpri s?ﬁ@eggﬁ}él teps of:

- 49- (a) providing a nmenber which is unitary and of generally
honpgeneous 17. & Heagnelapladtisriawdye SENseN, o clginaadoin: claign 1 &4 whepgie saig onpr i si ng
separate FREOELE Sdbdninda] & ol Galdry substantial ly passive
regions, a fi rrg% nagrne?gée?ag?tr?g%% actfve rregi on in said nenber,
sai d regi on being magnetically polarized in a single circunferenti al
direction and posgegsi . fdafd ,{l?g, 4 S1aah 5] @ return
the magneti zati oag‘l %S%gglgto? l(g}sg’;;tllcotr‘i’?‘Hlfe éeﬁdo?,”%so 0\9\,1&2 :11% %aﬂg lz’tpp]:fe?ég%ts%lon of

torque to sai dnagnebieficld eenseri mheanisnigl mounted and ofiented avitantespdct & saidt i on when
the applied torgue, | . . i
magnet oel ast i crr;‘a ﬁ“’%%fﬂ@@l?%g? %e%mglﬁ b g%nf%&lﬁé@%gt& olgga}l%bnaglgr rcrgigldéif a

polycrystalline material wherein at | east 50% of the distribution of |ocal

magneti zations |i ithin a 90[err uadr ant .s t.rically, di.sposed around
2ard i ngl e ci rouPalt GRS BieisdRh® HaBH VR VPR Y R oh to
prevent irr evemsagnetie fields Semabr inkams v miohiited i o fixédpositiohcpragimatentisaid

pol ari zati on; E&Ej;ﬁcoﬁod Ci n&éa magnetic field as a consequence of the
application of MI° aly acVP IF8l% d  menber; and (c) sensing the
magni t ude of the magnetic field at a position proximte to said

magnet oel asti cal | ctive region as an indicat.ion, of the magnitude of the
torque applied t #Vs&ibreEielastic torquesensggasg ‘Hﬁ‘ilﬂﬁla‘mgssw ?rﬁ’inﬁ% S¥80Tc| ai m 24,

wherei n sai d nagaRkd seitlodedsbkiRitd MEh@BSsatde@bnse a first metal | urgical
phase and said magnetically substantially passive

21. A magnetoelastic torque sensor, as claimed in claim 18, wherein said sensor
means comprises at least two sensors, at least one sensor being positioned

proximate each end of said region.

22. A magnetoelastic torque sensor, as claimed in claim 1, wherein said
magnetoelastically active region has, in the absence of torque applied to said
member, a circumferential magnetic orientation having no net magnetization

component in the axial direction.

23. A magnetoelastic torque sensor, as claimed in claim 22, wherein said
magnetoelastically active region has, when torque is applied to said member, a
helical magnetic orientation having both circumferential and axial components, said
magnetic field sensor means being positioned and oriented for sensing the magnetic

field arising from said axial components of magnetization.

24. A method of sensing a torque applied to a torqued member extending in an

axial direction, comprising the steps of:
||! | c L M S *
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regions conprise at |east one netallurgical phase other than said first

net al | urgi cal phase. 26. A nmethod, as clainmed in claim?25, wherein
said first metal lurgical phase is sufficiently ferromagnetic and
magnetostrictive to fulfill the requirenents of a magnetically active
region and said at | east one netal lurgical phase exhibits

sufficiently Iom/perneablllty to fulfill the requirenents of a
substantial l'y pﬂ?nggsreglon 27. A magnet oel astic ngaﬁgngghsor

claimed in claim 26, wherein said nenber is forned of a predomnantly i ron
cont aining al | oy e @)sPreBing s membiy bich da ppijary @nd & @E@’?‘bﬁ@@‘éﬁ?ﬁ?‘?‘@e a
martensitic phase angegidad cBH:SBﬁ&dxﬁﬁlr&ﬁghéﬁ{bﬁlé%érﬁﬁéchoﬂﬂﬁﬁ gesef)ﬁﬂtbons

corrprlse an austenitic phase. , as claimed in claim 24,
wherei n the appl i cat magneseallyagtive and n@amm#bfrﬁsb&tar@au&wmsweelons,aﬁrst

e ot 1 ot Y, bbb BRA dfd forPn S CAmSROBE 16 W21 | 07

with both circunferent t1zation conponent aid
sensing step conpri smgmmﬂyrpglanh@lmgxl@cvlmumf@ermawlreshmnﬁpgmsmgd axi al

conponents of sai d npgy % ﬁ%&g;amso ?pyltgge rﬁ‘tﬁ@ﬁ%gm%aﬁﬁnﬁl:s%dr@ép n claim

24, including the step o eas one I onal axi
di sti nct, circunfer efalhowﬁngnﬁxgnmpdleat@stofcmquy tacsaid/ enemibgi, oo seltd @ingles

magnet i cal Iy conti gugyg ikt by SRbthoh Whl w61 SR 1oAY gl g0T on

being polarized in a“Circu re osi romthe
pol ari zati on directi said ofagnaopiasticatizlabyveaogion gﬂmthmamgerd:temglfasnadcrﬁlal y active

formed of a pol yorysPaPTPREGTEEA I Ageest ik of i gison SF o 51, !

met hod, as clai med i maghaizatiodd lie witkined 90° lqasdran eyrhimkiricyllyodissédaround

n I i cal | I,V r h 15
magnet oel astically a%éld sn%g{e cg-ctﬁar chrec nea%td%aw%g gcoercmty sufficiently high to

prevent irreversible loss of the magnitude of the circumferential

polarization;

(b) producing a magnetic field as a consequence of the application of torque

to said merflber; and

(c) sensing the magnitude of the magnetic field at a position proximate to said
magnetoelastically active region as an indication of the magnitude of the

torque applied to said member.

25. Amethod, as claimed in claim 24, wherein said magnetically active regions
comprise a first metallurgical phase and said magnetically substantially passive
regions comprise at least one metallurgical phase other than said first metallurgical

phase.

26. A method, as claimed in claim 25, wherein said first metallurgical phase is
sufficiently ferromagnetic and magnetostrictive to fulfill the requirements of a

magnetically active region and said at least one metallurgical phase exhibits
[LTTTEURITED ) —
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32. A nethod, as clained in claim?24, wherein the sensing step is

acconpl i shed 33. A nethod of producing a nagnetoel astic
torque transducer froma menber to which an axial torque is applied for
producing a magnetic field varying with said torque, the magnitude of said
magnetic field being sensed by nmagnetic field sensors for providing an

out put signal JRndi ive of the applied torque, conprisi eps of:
(a) providing ‘gagge/z(ri?s})nagnet ic, magnetostrictive unitary Eg%%‘?n@\% ch is of
general | y honbgeneous chemni cal_ conposition throughout; . (b) i nducing
phase t r ansf orsHEicieBtY lavpesmeabilite i,@Hilkthe reguizeaais of s substantially passive t he
group consi stigge@f thermal processes, nechani cal processes and

conbi nati ons thereof for defining in said nmenber separate nagnetically
active and magnetically substantially passive regions; and (c)

pol ari zing & fi nb.ex bbbkl torol séhebs] ¥ LiaHIG! GRS, Wikt gl ve

regi on In a nagnetizing freld in a single circunferential

di rection, saimemteyiiprformed of a predemiseailynifos udoptaining allewednetedlc saidi sot r opy
to return the ' ' s . L. ' 0l OV e
application of‘m.?g%?tgééﬂe@ ta %dvggf %ghrﬁecﬁg‘gp,se ?gﬁggrlfégfc%&”and sQﬂgi ‘ﬁg"g@“ ah?

ci rcunf er ent i subsfantislly passiveregions taanpxise ki agteniticphesei s reduced to zero;

(d) said nenber being forned of a polycrystalline material wherein at |east
50% of the distribution of |ocal magnetizations lie within a 90 quadrant
symetrical |y di 2posactiaxipasctiiraai iolclsim2id, whereinthfappkaatioméf taliquetosaidn and

having a coercivity sufficientl I gh..to prevent. itreversible |oss of the
mmgni tude of CHEne eRifkY tefd Ricloelisfiny Jafle it o € dhRbRgl RS )
clai med in cl airientaBon wiielcth bircadferentaneliaxahhhgnetization Compoaentomsl saidnpri se a
first netallurgical phase and said n@gnet i cal |y, substanti al I.X : ssive

I sdi

regi ons conpriSBSY SIR,CqMRTISEs RePSig) IF Jrasuetic, fsld. aiiing & first

metal | urgi cal ¢oa@9Rents of said magnetization.

29. A method, as claimed in claim 24, including the step of providing at least
one additional axially distinct, circumferential magnetoelastically active region
which is magnetically contiguous with said first region, each additional region
being polarized in a circumferential direction which is opposite from the

polarization direction of magnetically contiguous magnetoelastically active regions.

30. A method, as claimed in claim 24, wherein said member is formed of a

polycrystalline material having cubic symmetry.

31. A method, as claimed in claim 24, wherein the coercivity of said

magnetoelastically active region is greater than 15.

32. Amethod, as claimed in claim 24, wherein the sensing step is accomplished

——

O
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35. A nethod, as clainedinclaim34, wherein said first metal | urgi cal phase
Is sufficiently ferromagneti c and magnetostrictive to fulfill the

requi renents of a magnetically active region and said at | east one

met al | urgi cal phase exhibits sufficiently |ow perneability to fulfill the
requi renents of a substantially passive region. 36. A nethod, as
claimed in claim 35, wherein said nenber is forned of a predom nantly iron
cont ai ni ng al | ¥PEA?¥ee| | said magnetical ly active regi oFSTUSHEIPEe a
martensiti c phase and said nmagnetically substantially passive regions
conpri se an aust 83i Amethpidafproducing a magfctoglastio tdrque trapssiucérfiomeinémber| ai m 33,

wherein said ' | s | ﬁ?ﬂ? ' arization
i s achi eved b;ig ro cg]tap%galggl{qgé??@E@%ﬁ%éﬁaﬁ%@%@g@%ﬁéﬁﬂl e %‘gb%‘@%gbj ected to
t he magneti zi ngrque.dhednagaitndetofimridmppgetit feldbgmesensed ppmagnetic field sensors

for providing an output signal indicative of the applied torque, comprising the steps

of:

(a) providing a ferromagnetic, magnetostrictive unitary member which is of

generally homogeneous chemical composition throughout;

(b) inducing phase transformations in said member by processes selected from
the group consisting of thermal processes, mechanical processes and
combinations thereof for defining in said member separate magnetically

active and magnetically substantially passive regions; and

(c) polarizing a finite axial extent of a first magnetoelastically active region
in a magnetizing field in a single circumferential direction, said region
possessing sufficient magnetic anisotropy to return the magnetization in
said region, following the application of torque to said member, to said

single circumferential direction when the applied torque is reduced to zero;

(d) said member being formed of a polycrystalline material wherein at least
50% of the distribution of local magnetizations lie within a 90° quadrant
symmetrically disposed around said single circmferential direction and
having a coercivity sufficiently high to prevent irreversible loss of the

magnitude of the circumferential polarization.
34. A method, as claimed in claim 33, wherein said magnetically active

regions comprise a first metallurgical phase and said magnetically substantially

passive regions comprise at least one metallurgical phase other than said first
metallurgical phase.

B L L
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35. A method, as claimed in claim 34, wherein said first metallurgical phase is
sufficiently ferromagnetic and magnetostrictive to fulfill the requirements of a
magnetically active region and said at least one metallurgical phase exhibits

sufficiently low permeability to fulfill the requirements of a substantially passive
region.

36. A method, as claimed in claim 35, wherein said member is formed of a
predominantly iron containing alloyed steel, said magnetically active regions

comprise a martensitic phase and said magnetically substantially passive regions

comprise an austenitic phase.

37. A method, as claimed in claim 33, wherein said member has a longitudinal
axis and said magnetic polarization is achieved by rotating said transducer

thereabout while being subjected to the magnetizing field near two opposite
magnetic poles.

R O l!ﬁ
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