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in of actuator materials available “are piezoelectric” ceramics, magnetostrictive
intermetaliics, and shape memory alloys. Piezoelectric ceramics develop strains when
subjected to an electric field. Frequency response of these materials is fast, but the
strain amplitudes are very small, which limits their applicability. Magnetostrictive
20 materials are strained when a magnetic field is imposed on them. Certain
high-magnetostrictive intermetallics (e.g., Terfenol-D, Etrema Products, Inc., Ames,
1A, USA) offer strains up to 0.17 %, which is an order of magnitude higher than those
of the current piezolectrics. The frequency response of the magnetostrictive
intermetallics is lower than that of the piezoelectrics.
25
Shape memory metals are materials which, when plastically deformed at one
temperature, can recover their original undeformed state upon raising their
temperature above an elloy-specific transformation temperature. In these materials,
crystal structure undergoes a phase transformation into, and out of, a martensite
30 phase when subjected to mechanical loads or temperature. The process when a
mechanically deformed shape memory material returns to its original form after
heating is called a one-way shape memory effect. Cooling the material subsequently

will not reverse the shape change. The one-way shape memory effect is utilized in
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fastening, tightening and prestressing devices. Strains of several percent
can be %g_}zely recovered, and recovery stresses of P oI\/Pa
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acconmodat es t he j@gRl iBdubbrdddrcertne result of noving a twin boundary is
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nost favorably oriented to the applied stress will grow. Utimtely,

a single variant [ ey . .
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boundari es beQ m@mﬁﬁ@am&ﬁsi%@%’iﬂﬁ"ﬁeﬁgﬂﬁ'ﬁt e £rQd g thesNAPe |Wh9|§? r
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below). In some materrals, . . .
convert one twin variant into another. The variants which are most favorably oriented
to the applied stress will grow. Ultimately, a single variant of martensite can be
produced by straining a sufficient amount, as illustrated in Figure I(c). In the
25 martensite phase, the variants are usually oriented in several crystaliographic
directions. Therefore, complex shape changes of the material can be produced by
the reorientation of the twin structure, and a full shape recovery will be obtained.
Crystallographic analysis has shown that the boundaries between the martensite
plates also behave as twin boundaries, i.e., the individual plates of martensite
30 themselves are twins with respect to adjoining plates. Thus the term “twin boundaries”,
generally refers to the boundaries between martensite plates as well as the
boundaries between the boundaries within the plates (this definition also concerns
the magnetically controlled twin boundaries discussed below). In some materials,
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applied stress induces formation of the martensite phase whose tw nned

substructure woorgaeshS Preferentially oriented according to the aBEI i ed

stress. eorientation of the twin structur.e is resp Ibr the
recoverabl e strains of several 5 percent i® appropr.iate materials (e.g.,
close to 10 percent in N -Ti shape nenor alloys). In sone alloys
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irections of eas neti zati i qur e . magneti zation
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unit cell. The saturation is reached at a | ow nagnetic f ue I'n

this direction, al!t-Mn&m(femomagnmt@ leMnGa)s CuZn-Sn andiGu-Znare aaf; 865 % 401, et x
basal plane is m"fd’ etic field over 8000 Ce is
needed for saturati on. 2%fwggasa p ﬁ'?ectlon Is called a hard 25
direction of 15mgnet i zation. Magnetic anl sotropy energy density

correspondi ng to .Lan cesses. i rent dir ctlons
is the area bet vve %F tfgmﬁ’éaﬂ'n&?gﬁ% %Iné&ropv 8’?3‘%&’62 'q"g’tduF%% c&f"'f%&

I n cobalt the enecmpgriaienoleirythegeessnt melstwnulrﬁémmhg\etlc crystalsa'na@rfeMyétblﬁne
hard direction is_about 5 x 10[e e area.between the
saturation a'ﬂﬁ??’\?@%e‘i‘ﬂgﬂs[gqﬂ%’l %ﬁf‘giﬁ%{}? e‘l?@r‘é cartajn definite
nmagneti cal I'y har derpstallctjpgpHi® axeé'—‘éalibﬁféoﬁbh@dﬁeés?ﬁ%ﬁdtﬁéﬂdrp [Feguirk 3.8howe the
10[err] Jd/nferr] The hi ghest anisotropy en ensitres (K1l

val ues), cl o048 t d“EUEQiHZF'J'OQ] ryives of sma!%cw.ﬁtaﬂmenéba“swaph|m 9 beyrgonal cevstal
S err] Cof err] { FereSule; 5 8B/ URKON oFaietzalia [sthS pardiePhiis bl uritiefl The
are 1. 5 x 10[ er rgaturgtion i ls(;ﬁeq ataaiawwagmtle@l@valpe i thisgliregtion; aspmwn indligure
3. Salurating the sample in the basal plane is much more difficult. A magnetic field
over 8000 Oe is needed for saturation. The basal plane direction is called a hard
25  direction of magnetization. Magnetic anisotropy energy density corresponding to the |
magnetization processes in different directions is the area between the magnetization
curves for those directions. In cobalt the energy density needed to saturate the
sample in the hard direction is about 5 x 10° J/m® (the area between the saturation
curves in Figure 3). Anisotropy energy densities of magnetically hard Fe- and
30 Co-based alloys range from 10° up to 107 J/m® . The highest anisotropy energy
densities (K1 values), close to 10® Jim®, are in 4f metals at low temperatures. In
intermetallic compounds such as Co;Nd, Fe,/Nd.B and Sm Co (;the anisotropy energy
densities at room temperature are 1. 5x 107, 5 x 107 and 3.2 x 10° Jim®, respectively.
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SUMVARY OF THE | NVENTI ON This invention concerns an operational

principle of the na_gtnet ically driven actuators that p P&%W‘%I on
and force. ion is based on the magnetic-field cont
reorientatlon of the twin structure of the agguator material. These kinds
of actuators can produce strains of several percent (as |large as the

shape nmenory nat SUMMARY OF THE INVENTIOMecause of the magnetic control of
the new actuators, the response tines are nmuch faster, control nore

preci se, and efficiency better than those of the shape menory

materials. The n HiStiSle bF fhi Ivarives abtuat
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englneerlwﬁ replace hydr aul i c,
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constructi ons Lﬂ'@g@f‘%mw bt the éctg‘mtﬁrh%' %gg' ggli}gigbﬁhﬁpators
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e produced under the magnetic contro i cahi t hi nveption
i s expanded by t REOGHES) %P?‘r‘ ggtic W&W@%ﬁ%\@?ﬁgh SpORT Viges

the actuators atﬁ’m“%ﬁ m&asﬁmmmwymgmmaheehape

notion or esire shape changes (e 9.,

bendi ng, tw st| n&

fastening, punpi ryemonyimaigrials. The newymagn eticallndrivenactualerswil gﬂﬂﬁ?gB@ﬁ“&'a'

reoriented ec I z

ﬁateri als, t ? %ﬂvhﬁéﬁ@ﬁ NI eg ?ﬁ?yavve"“grrég?b%o?zér'l@?g ;mbunﬁpggaﬁ
mcro- and nanot eelérmmmeucngﬁs in maayz(aﬁﬁhml Employment mﬁemm leads
Figures 1(a) to 1(c). sho schemati c e
shgpe 25 ( Z:hangés’%f tga]stpf'e tnéqrpa*e\fgg g@ﬁ%@@g ggn E@% teﬁ{'cr’ﬁé]ng
OI the t¥“ n VaE It &Bbﬁhology Becbus?ﬂfeeﬁwn recrientation clfcfcgwm tlﬁtl'amdlmansions complex
stress-strain (tensi curves for si e C allin
Cu-Zn- Sn and a Nish@pecehangss Fan b SIH’B?"%Q'{'E{# % § Goqrglyp?afkpphcabmtyofthls
pol ycrystal | yge GryerilioRls expetided w&nabbsabiluwoﬂwmmmdmd Supplying e poweriof

the twin structure.
the actuators at a distance. The whole machine developing a controlied motion or

desired shape changes (e.g., bending, twisting, clipping, fastening, pumping fluids)

may be a small appropriately shaped and preoriented piece of material. Due to the

small twin size in many materials, this invention is expected to have great potential
20 also in micro- and nanotechnology.

BRIEF DESCRIPTION OF THE DRAWINGS

Figures 1(a) to 1(c) show a schematic (two dimensional) presentation of the shape
25 change in martensite material as described above, namely turning of the twin variants
by stress.

Figure 2 shows stress-strain (tensile) curves for single crystalline alloys In-Tl,

Cu-Zn-Sn and a Ni-Mn-Ga Heusler-alloy (Ni;MnGa) and for a polycrystalline Cu-Zn
30 shape memory alloy during the reorientation of the twin structure.

Figure 3 presents magnetization curves of single crystaliine cobait.
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Figure 3 presents magnetization curves of single crystalline cobalt.
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Figure 4 sho%t&%’gri nci pl e of the present invention, namaL,XT é;
the twn nts by the external magnetic field. e4(a)
presents the starting situation in the absend® of the external magnetic

field, Figure 4(b) shows the turning of the twin variant by the
appkhi ed magnet i ¢ Figured4 shows the prindiplg of the prasent inverition, sameiyt taening oh thedwin

of the magnetlcfleldln ced of the twi nned materi al

whi ch resul ts i nEBH&" §EPX§5 ﬁ?ﬁb%%%g?\gﬁgﬂﬁlg(lerl al and the noti on and
force of the actuator, nanely; Figure 5(a) presents the starting
situation in the absence of the exter.nal nef i field; 15 .
Fi gure 5(b) showd GUrB 4a)aEesaTLS tha St IBA SLIALAM indR bsence oftee Btemal magnetic,,
the materi al Figure 5(c) presents the ultimate situation after the
conpl ete reorlentaglon of the twin - structure by the magnetic field.
20 * Figure 6 shows the experinental setup for studying the

DETA LED DESCR: PR GEbTsows he PG & ife Riin'vaa B RL hefid hbgneti ficld H.
met hod for produci ng shape changes, notion and/or force
Figures 5(a) to 5(c) show the principle of the magnetic-field-induced shape change
10 of the twinned material which results in the shape change of the material and the
motion and force of the actuator, namely;

Figure 5(a) presents the starting situation in the absence of the external magnetic
field;

15
Figure 5(b) shows the step where the external magnetic field H, acts on the material;

Figure 5(c) presents the ultimate situation after the complete reorientation of the twin
structure by the magnetic field.

20
Figure 6 shows the experimental setup for studying the recrientation of the twin
structure by the magnetic field.

DETAILED DESCRIPTION OF THE INVENTION
25
This invention is a new method for producing shape changes, motion and/or force
in materials, based on the reorientation of the twin structure under the application
. of the external magnetic field.

30 The present invention is described on the following pages by explaining the relevant
properties of the present invention and by referring to some figures describing the
background for easier understanding of the present invention. Reference is made
to all figures 2 to 6. '
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in materials, based on the reorientation of the twin structure under the
application of the external magnetic field. 30 The present
i nvention is described on the foll ow ng pages by expl aining the rel evant
properties O&v esent invention and by referring to sone figures.
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PCT} FI 96/ 00410 Figure 4 shows a two-dimensional illustration of the principle of theé reorientation
Figure 4 shows a 20 | | rat] f rinciple of the,.
regri entation ofttwg %%yﬁgﬁk t@% %@@ieﬁé%t@rﬂsﬁ‘gﬁ%gwsgﬁ%ﬁwww%ﬁ d.
In crystalline fmatepiais)magnetization vectors e alung, dirseyons ozedsyanagietizaticn inthe
al ong directions of easy. nagneti atlon_lfpé . . . absence of the

ext ernal magnet i 8%8nge 8}/ "‘Pn&ge@ﬁf maghetic fiel -gﬁmﬁ't‘ﬁ'Wi iy ghewn, inyfrigurs 4(a) for
two twi n varigant Wiev eeé\ésér%eefﬁ@ﬂﬂ | Bk i d . : he
si de of 5 thlgvounilt cei issd':)q eacCh var'? ant . séﬂl&%t'gﬂnﬁg%rlagéel?'#ﬁg?\é’lﬁbﬁ
easy direction itheunitcelis of eachariant. it is emphaisized thatithe ielaey direetionfis nbk uni t
cell but it can : i Lrection
characteristic oﬁé{ﬁ%ﬁgﬁ%ﬁ gﬁ'@f ‘Wﬁ %s'deﬁﬁ@éw @%ﬂ%?’régﬁéé PEYPFEFd S
appl i ed on a cr yerystallographiedirectigmeharacteristic ofithé endtexiial. t he nagneti zati on

vectors tend to turn fromthe easy direction of the unit cell to the
direction of the external magnetic field. If the magnetocrystalline

ani sotropy qoer owheflinxtsnalmblinétit fidkd i applie@ ohad er9Stalling f8ireiaghétR

magnetic field . strengths required to turn the nmagnetization off from
the easy dir ect i Baterigh thexmagnatization vgetors,tend i@ tumifrom thegasy dirgctiongithenal
cobalt in Figur f | ; e | ' :

(i.e., the ener S?/’ﬁ%?é"ttﬁgﬁ@ngtﬁla%wqq{‘%%ﬁgmﬂnﬂ?gnﬁg%ﬁi&géSﬂﬁ‘gsﬂ\aéﬁv&oe%é"gﬁough '
conpar ed to the anisoteapy@nesgy; idenotedzy Wdnithip presentationyis, high,the magnetic field

varLants are bl bfindf LEGRF b AR FERISH S o9 el REATH 8
Fi gure 4b sM&ws highvThisawaXillustrated farchdxagoral eobalt iy Figate 3uritthewsnesgy ofituming
anot her by the e t_ei%nal magnetic, field.

i

J . a.nesul.t. twins in
favorabl e orient 1 et 'rﬁagihsﬁnsfqﬂ @ﬁiae WWQE%W%QB%&%BS* I8 low ¢
the other twi ns,ertughiteniparéd fo themadnetocrystalline Bhisotrépyénergy &R/ heawins t he
starting situation in the absence of th%fleld \yn%n tge L .

variants are turned by the external magnetic field, and the magnetization remains
in the original easy direction of the turned unit cells. Figure 4b shows how the

20  unit cells of one variant are turned into another by the external magnetic field. As
a result, twins in favorable orientation to the magnetic field grow at the expense

of the other twins, as shown in Figure 5.

Figure 5(a) represents the starting situation in the absencs of the field when the
25 twin variants with equal proportions are present. Magnetization is aligned paraliel
to one side of the unit cell in each variant. In the figure, only a part of the
magnetization vectors is shown. In this illustration twins are assumed to be
consisted of only single ferromagnetic domains (recent TEM studies have
revealed that twins in some ferromagnetic martensites e.g Fe-Pt can be
30 consisted of two magnetic domains whose domain wall crosses the twin.)

Figure 5(b) shows how the unit cells whose easy direction of magnetization are
different from the direction of the extemnal magnetic field are turned so as to line
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25 twin variants with equal proportions are present. Mgnetization is

al i gned parall el to one side of the unit cell in each variant. In the
figure, only a part of the magneti zati on vectors is shown. In this
illustration &y‘ﬂa’ﬁée assuned to be consi sted of only single
ferromagnetic (recent TEM studi es have reveal e¥CE Wns in
sone ferromagnetic nartensites e.g Fe-Pt can7be 30 consi sted of two
magneti ¢ donmai ns whose domain wall crosses the twin.) Fi gure 5(b)

shows how t he uniup vithl the fialdudirectian.yThis rests imthef growtimefithe favorablgosiented twin

different fromt USngrk\xa‘?\gE}hg ga%agg B 16! GthEAVariZRE Uifihtely, Bhfy GHe it {rgr?adnts °

as to |line

PCT/ FI 96/ 00410  may remain, as shown in Figure 5(c). 7 up
with the field direction. This results in the growth .of the favorably
oriented twin variant and the decrease of the other variant.

U timat el y &l yma?eéﬁ&rﬁaﬁbﬁrdf%‘iﬁ t\mﬂ structuf@ des iRt abods n dtr{éb % re

5(c). The reorientation e twn structure descri
resul ts i n t he skhgnrge ofthe nmmj,eﬂimch caa preduseimotionanddbraedn the magoeticallyi on

andforcelnthe a fromthis
Tter a1t o sOERk deflilors mads it Shatsie 2l o Risdicie ARG o nidiide
because the reor cunp@clsbap@&haﬁgastbacause thecrisorientatiorvofsthentwin structuirérceturs in
di nensi ons. The gQrigi,nal di nmensi ons, o fhe actu terial be 10
restored by eli nﬁ“ﬁgpﬁﬁeqsﬁ’é'sffé ¢ grioigA W%Wr?ghﬁﬁcﬁ?t@' H‘%@ﬁ&v
direction. 10 ré&ftéreatbcyeumﬁm qnéﬁénabr By:tirRing ¢héd fiélddo @Rothiep dpbtd at i on
of the martensite _unit cause the directed notion of

mar t ensi t e- mar t e FEPEtE ofhe external '&Hl'?%‘rﬁ field op the pdentation,eidhe smartensita upit nay
al so be utilizedehils @i diitis tife dli'ébtéél‘?dotlon ofméil%ﬁﬁité—ﬁﬁﬁlﬂh%géaéﬁé‘t lall'y

oriented twinned nartensite grows at the expense of parent phase.
This growth can ausienite-marensits iptesfaces, which nayealsmgeuutﬂizsdfmactum: inthabf

ecoverabl ¢ ot rarne P el a7 aRRA o REislng trows ot B GBS orthe

(anal ogous tM& st parent phasec FHisrgrowthecarbaleo beravarsiblel t he shape nmenory
al l oys). 20 To reach a certain nmagnetically induced strain, it is
necessary that the magnet ocrystal | i ne ani sotropy energy Uerr] of the

material is | arg¥he igetid-field-controPofthe @&bmr&ﬂldﬁb’f R fifl warianid s ekdected to
reorient the twn variants to achieve_ thi
produce recoverable strains of several percent in appropriate materials
(analogous to stress-induced recoverable strains in the shape memory alloys).
20 Toreach a certain magnetically indgced strain, it is necessary that the
magnetocrystalline anisotropy energy U, of the material is larger than or
comparable {o the energy needed to reorient the twin variants to achieve this
strain. The latter energy, defined as the energy of the reorientation of the twin
structure, and denoted by E,, includes also strain and dissipation energy terms
25 related to the shape change of the material. In the actuator applications, U, must
be greater than the sum of E,,, and the work of the actuator. The work term may
be positive or negative. If the work is negative, the external stress may assist the
reorientation of the twin structure and decrease the magnetic field energy
required. For the actuator to be able to operate, it is necessary that the magnetic
30 field energy that controls the actuator must be larger than the sum of E,,, and the
work of the actuator. The higher the U, is, the larger the magnetic field energies
are which can be converted to mechanical work of the actuators ahd, hence, the

higher forces are attained.
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strain. The latter energy, defined as the energy of the reorientation of

the twin structure, and denoted by E[err] includes also strain and
di ssi pation energy terns 25 related to the shape change of the material.
In the actuator applications, Uerr] nust be greater than the sum of

Elerr], and tW@ R of the actuator. The work term may PCEFI6O410: | v
or negative. If the work is negative, the extgrnal stress may assist the
reorientation of the twin structure and decrease the magnetic field energy

required. For thendgd fiNoing the'Maghititics®f eRearibbtropy endigies Wil ba cmblardd wite
magnetic 30 field energy that controls thﬁ\ﬁ tuat or nust be | arger than

the sumof Ef err]thegnaraiefof the "9°Wi%few Rrephmaterna Ast Was Shewn in
is, the larger tfﬁg%?gb%dﬂﬂi&%?%ﬁducmgstﬁéﬁof"ﬂbéi‘be_’ﬁ?ﬁ:th&s&%ted

t o mechani cal wor uat or s ence, th hi gher forces are
att ai ned. martarsiticsstizpe memory alloys are between 10* and 2.3 x 10° Jim®. On the

PCT/ FI 96/ 0041 I n,the.foll ow. . L . l.sot ropy
energies w | ¥be %M‘%’?Padwefs'&ﬁ’é "L*%%?ggéliﬁb%ﬁ‘e%@hwygﬁﬁl on
E[err] in differesiisstipy'enehgy deissitids are105{010? J/m>. Some exarpples (Co-, Fecand
densities E[err] for producing strain of 1 Bercent_ in the selgcted
martensitic shaperai-Ramy-basedalioys) werr givea aoavs. Anisotrapy epergy dansities,of some

J/imerr]. On the ot ord&is 'in%gﬂ' ' ' ' i
avai lable in whic nga%eét?ﬁckvgﬁ?&r ani sg,tfr opy‘ﬂ%%@%ﬁghﬁég*‘géﬁ%tﬁeesfﬁ
to 10e[err] J/ ni eforthe reorientatiompf the twinostruciure, @84 in In-Tl. Thisrlergegifference ind

| | . A H 1 L - » -
Tt or sl 5 ar 386y ehatgiRY Uy s o TRl fHaF i (54 Gt BRtefilint 8P Hinding optiml
densities E[err] materialsithét dombine higheaisstiopy energyrand lowEgt ructure, e.g.,

inIn-TI. This large difference in 10 energies Uerr] and Eerr], reveals
that there is a great potential for finding optimal mat eri al s that

conbi ne hi gh ani spf sQRY RABAMEAGNANS MaNersites Win boundaries! 8res Aighly mobile under
ferromagnetic martensites twn boundaries are hi ghlf\éf nobi | e under

appl i cation of stapplication ofiattess: dtwas shewn in Eigure 2o the fesomagngtie martensitic
martensitic ' | ' ;

10 to 20 palBy (NAMBAISIAIR chyptahefinal d7esos o faw b8 1D 18 20MPE i difectiB (0]
vari ants, resulticapserhe raorientationrof fiheetwin varianis.gesulting in the receverablesirainsaafh

oo o b D SRBkah'1S i d B pASOAA I oL b i rH6fne maesc
t he energy reofiertation of thie twin siructurepdnisdirepy anergy mushbe dargpethah th@estergy
OLer ] 3T er ] o PadlePiah 7 i e Eu 5 X Ay B o
possible in Lo s THsesluels quite |60 ahd,thersfons gnemagneticalieindece straihs arpexpected
Al abl & ot rioharasnil I 19 Material. T mea ¥ oradrialE shiigd mairy ahioyd dvalibhie”
to date and other iron-based alloys that exhibit a twinned substructure, stresses for

aligning the twins are higher, even above 100 MPa. However, their magnetocrystalline

anisotropy energies are often high enough for producing magnetic-field-induced

25  strains based the reorientation of the twin structure, which has been experimentally

demonstrated in some alloys. For example, in a material in which the stress of 100

MPa would be needed to reorient the twin structure producing a strain of 1 percent,

E,, is calculated to be 5 x 10° J/m® (assuming that stress increases linearly with

strain). In order to produce the same strain by the magnetic-field-induced reorientation

30 of the twin structure, anisotropy energy must be larger than or equal to 5 x 10° Jim®.

This.anisotmpy energy value is the same as that of cobalt and is attainable in many

Fe- and Co-based alloys.



aligning the twins are higher, even above 100 MPa. However, their

magnet ocrystal |l i ne ani sotropy energies are often high enough for
produci ng magnetic-fiel d-induced 25 strains based the reorientation of
the twin structure, which has been experinentally denonstrated in

some al |l oys. W4Tl e in a material in which the stressPSTFBEE§0410
MPa woul d be needed to reorient the twin strgcture producing a strain of 1
per cent, E[err] is calculated to be 5 x 10[err] J/nferr] (assun ng

that stress incrﬁ%iﬁfalé TB%?ddLMeMetdﬁ'amofthesahéambbmtbyMé)ﬁﬁ hetictielt, @AiseRopyhe

same strain by the magnetic- fleld [ ﬂuced reorlentatlon 30 of the twin

structure, ani sotengpyden%tygi&wst i pgedled. This apisolroRienargy value igAtiainaple

J/ : |aH§°{,§%; t
ang{ Ie;r Lt tai nabl %{EP&@IS& BMSEW ﬂﬁﬁél ase A}Ff@éﬁt ﬁb%nr‘ {&“pé}awg@
9 . As a thiewen eoamaéselargm it isempbasized that oaly\mtlmauoga obtainad:from oe

MP, ld b d t t

0 D 4 o A8 Bl o R o et
Ztraltrr offtgeSSa@io g nefdies, m?amméaglsgw@#new%WeMnmm?hls
ensi 0 X err err I'S heege IS anli r ener val, ue
is attgl nabl e paerg[lbemae red ysing saiurationmag Qﬁ% %?%%'f% eAts (see
energi es at room nf%)e lrihdonad that talaﬂ%ﬁﬁﬂaﬂ%ﬁdobﬁﬁétﬁxﬁfﬁﬂhea‘pbhééfeldtothe

enphasi zed that o Imat1ons o from sone materi al cl asses
are used in this harddirection efithe aniteslis.ubitithe seliratinnisceaehed by turming the twin

ani sotropy eperg ﬁﬂﬁ? §§§%§§r%%éma§ﬁ5%ﬁﬂ¥n Voo a t‘f&béﬁﬁa%ié%c ?Bﬁi IB%IQ b

materi al s cann e rreasure usi n ur at
magneti zati on neasaghetizativa nieasdrefnénts shoyld bh)maaaenrsemvamasﬂtsauplastmlch are

magneti zation dogs not turn in th pli field to the hard
direction of the'%maf‘yﬁéﬁ?ssndlﬂﬁ’ﬁs at%spipﬁ&ﬁ'l on is reached by turning the
twin variants (togetherwith the magneti zati on vectors) at | ower

tic field levels. Th tizat .d
on o gl e var | antTheskweloBmapifocugas n Bnding new RerTpnaaie e RIS ie R L o Gh
produce. 15 4g nhébgroﬁﬁ‘éﬁb@v% |owse,r,0m§ Bést rﬁalfehﬁl@'rﬁaj mfrﬁrrrgsragmtmpy

materials which ex sot ropy ener and | qw err The
best materials nanetmebcomlrblfgtmmﬁ@@%ﬁ@ﬁb metals angl @YSHS%'G

rare earth nmetal s %}j\%gﬂ h&kgll'ébase 31 aﬂd%%@&bﬁép%emowma&rﬁl&h%n&

tw nned phase. ape nenory materials 1n which 20

the martensitic Ithen'ladensmmaﬁleslsclm&m@@k gﬂ%ﬁ‘obﬁub&ﬁf?@r%@mﬁla&ﬁ\a@ bRjng

and are being fdgﬁs |

especially nit rogdé‘feﬁﬁﬁgt;@‘%?ﬁlsg}p% |!1fgr§ht%fla daet%é&'§IWer§)bo ten I ncr"enaggart‘the
?nl sotropy epe (r]I g]ybeﬂﬂadtss tthey ofter nncﬂaeselthe)amsott;opymmmaﬂdl siyengthen: the alley s

winning as a def or i, 0 ism e |
nteresting ar ouehaE e HHER TR SERIE BF Audefarmpation fbdRitish o deverts
are Heusler all oymhanémsuﬂ\ldnemémgmw&ufthmmbneﬁcamommmmmﬁds
their are Heusler alloys (e.g., Ni;MnGa-type) in which Mn is responsible for their
ferromagnetic properties.

25
The velocity of the twin boundaries in many materials is very fast, even a fraction

of the speed of sound. This means that the magnetic-field-induced strokes are very
fast in suitable actuator materials, and the actuators can operate at high frequencies.
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ferromagnetic properties. The velocity of the twin boundaries is
very fast in many materials, even a fraction of the speed of sound.
This means that the magnetic-field-induced strokes are very 30 fast in
sui t abl e act u%} or rrat erials, and the actuators can operate at high

f requenci es. R0 97/ 03472 PCT/FI96/00410
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EXAMPLES The reorientation of the twin structure by the magnetic
field was experi nEMRAMPLES studied in Fe-Ni -Co-Ti, Fe-Ni-C and Fe-M-N
-based all oys. These materials are 5 ferromagnetic and exhibit a tw nned
m crostructure. The ani sotropy energi es were measured to be typically

about 5 x 10[ err] Therrperientation of-theNiwistructurg by fhe magnetig fiel] was pxperimentally

oodnei ng he | SaucdiPREEEMELRRCFRNc B BN H5380 pioll. Hhek8 materals ae

reo { Ih entati ontsvf t tdgmrﬁagmge and eidtlibn a t}&hémed Qr:ul;ﬁrosﬂumre mm:sowwrenergiésmcé
in e presen studl es an e es. o0 melg Kl[-%qu, ar e [Jz‘gs
the fol |l ow ng. »ﬁ&?ﬂ"ﬁﬁh?’éfl %i m? for Fe- @?'P)ﬁ%?

equi pnent for Stuw m@aﬁfsemsehrém@wbmﬁ%rﬁ friigh fbr]p':ro uan%w

twn structure is shown in Fi .. This equi pnent makes It~ possib

appl y axi al magneliofield-d smg%easegrprtm rgamatlomaﬂhe@umn@em@
di t
co sponci 15 <11 e, gl RSB 5,50 e, oidP $FECEughe, of, o

straining thmmam@sui’émemaammmﬁmmhefommmurounded by a coil 7
for applying the nmagnetic field to the sanple. In alternati.ng magnetic
field, 20 a frequency response of the magnetically induced strains was
measured at | ow The expefiftittal €&tupAl hi gher frequencies, the frequency
response was neasured using a strain gauge attached on the sanple. In
t hese neasurenents bar 2 was renoved. Thi s arrangenent was al so used

bot h &1 des of ¢ he e anaBRlaf B Riomer16r Sliihg the effectd B ARSs Ml mBrti el
appl i ed magnets ¢ ondheitwiresteuckaradsishon in Figupe 6.CThis dquipmentmalkesdit posgible: tocapply
fields. axial and torsional stresses on the sample, and to measure the corresponding strains.
The sample 6 was fixed in two coaxial supporting tubes 1 and 2. Tube 1 was fixed
and tube 2 was used for straining the sample. The sample chamber was surrounded
by a coil 7 for applying the magnetic field to the sample. In alternating magnetic ﬂéld,
20 a frequency response of the magnetically induced strains was measured at low
frequencies. At higher frequencies, the frequency response was measured using a
. strain gauge attached on the sample. In these measurements bar 2 was removed.
This arrangement was also used in experiments made on bent samples. The strain
gauges were placed on both sides of the bent sample. The changes of strains caused
25 Dbythe applied magnetic field were measured in static and alternating magnetic fields.

Arrangements for measuring electrical resistivity and magnetic susceptibility were
also made on the sample holder, as shown in Figure 6, namely the four point contacts
3 for resistivity and the coils 5 for susceptibitity measurements. The sample chamber

30 was immersed in liquid nitrogen or liquid helium, and the temperature could be
controlled between 4 and 600 K using a heater 4.

Dissipation attributed to the motion of the twin boundaries and the martensite
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Arrangenents for neasuring electrical resistivity and nagnetic
susceptibility were al so nade on the sanple holder, as shown in
Figure 6, nanely the four point contacts 3 for resistivity and the
coils 5 for susceptibitity nmeasurenents. The sanple chanber 30 was

i mersed in I‘Y‘&ﬁ?’@“ﬁi trogen or liquid helium and the tenperPCTFIN8HA| d be
controll ed between 4 and 600 K using a heateq44. - Di ssi pation
attributed to the notion of the twin boundaries and the nartensite

WO 97/ 03472 - interfaces was also studied with this equipment. The amount of martensite was
PCT/ FI 96/ 00410 . . . . P

interfaces was aldetpcied Bingelegtical resistivity and,magpeticsyscapikility maasypmenisAlgo
was det eCt Qfsdsblatiér é’yg%&édﬁ IwaisAedet th \detemint tnefsHaRb ffacBon sﬁmhh&hﬁtet. y
measurenents. Al so ssbauer spectroscql%g was used to determne the
phase -fracti on ofMassbeuersspactroscopy wrs Jaergusuitablector toe psesenistudies than X-ray

Vossbauer mectur SHERTGERRY Pelise e eBu ingleurineni e ok foHBhive 5 iy e o

sanpl e. Hpié\sanplel 10 An alternating twi sting deformati on was
applied to the sanple, and the vibration danpi ng capacity was
nmeasured. These experinents reveal ed that twi n boundaries (as well as

the interfaces beggygapLeystenite and the twi nned nmartensite) were highly
nmobi |l e. The neasurenents were nmade at strain anplitudes 10[err] - 10[err].
15 EXAMPLE2 Magnetically induced strains were neasured on the

mechan; cal |y 10 puAThSHAREHR tyiting deformati FS Gppud lofindYeiie %) 8 Vibration
el ongated and t hedamping capacity wassmeaswred.dihege experimenisrevealeditbatitwinbdmdaries
structures on di fLerente fbltaralesoifvedH RistehitdBhd i twitHed maRetite) Were Highty

ways, | eading .
mobile. The measurements were made at strain amplitudes 10 - 103,

15 EXAMPLE 2

Magnetically induced strains were measured on the bent samples. In the beginning,
the martensitic sample was bent mechanically. During this deformation one side of
the sample was elongated and the other side was contracted. As a result, the twin

20 structures on different sides of the samples were oriented in different ways, leading
to the different proportions of twin variants, to accommodate compressive and tensile
stresses. It was confirmed that the amount of martensite was the same on both sides
of the sample. When the magnetic field was applied to the bent sample, the
field-induced strains appeared, and they were in opposite directions on different sides

25 of the sample. On the side which was initially elongated by the mechanical stress,
the magnetic field induced a contraction and on the other side the field induced an
elongation. For example, when a magnetic field of 1 kOe was applied on a slightly
bent twinned martensitic Fe-Ni-C sample of 1 mm in thickness, the difference in
strains between the two sides was 2.2 x 10° This value is higher than

30 magnetostriction of this material. Magnetostriction cannot be the explanation for this
effect, because it cannot cause strains of the opposite directions in different sides
of the sample, and secondly because its magnitude is too small.
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to the different proportions of twin variants, to acconmodate conpressive

and tensile stresses. It was confirned that the anmount of martensite
was the same on both sides of the sanple. Wien the magnetic field was
applied to th@ %g@*q%arrpl e, the fiel d-induced strains appeared, and
they were in 8 directions on different sides 25 of PEEFR@MIE. On
the side which was initially elongated by the chani cal stress, t he
magnetic field induced a contraction and on the other side the field

i nduced an Fhenipitial GhecHsmict *defdrhmation wis dals® | Byl of ;
was applied on a sljghtl . bent tw nped narteng?ﬁéc%xe%@& s.rgr%p@@lc')?g
1 mmin thi ckness,"eﬁ@a‘lﬂ\ﬁwtém%s c reorientgtion;of thedwin fasture, Whan the magnetic

vas 2.2 x 100er ] fieifads afiHied onnid! eurd, 198 1ot Sional BRgl g4 on of this
mat erial. Magnetostri ct i%t%J cannot be the 'expl anatnlaon @%%#srg&

effect, because it cannot cause strains of the opposite directions in '

different sid . . Sa .and, secondl y because, its nmagnitude is
{00 smal |l . % W%&Emﬁugg& Strain® observed on the bemt and twrt’sted mples could

PCT/ F1 96/ 00410 beaﬁbmedmmemoﬁentaﬁmofmewnswctureormegmwm&%e?refere j
i nitial mechani cal al so made by twi sting. The tw sting nhﬁi]F

.def Qrmat i on
def or mati on resul PQe'i“ﬁgaf“gmuPi B RIESQI QPeHMeRts waee Made, howaven aboveli

the magnetic templeratinés BPthe fititenSit. AltehipePa }é&.& by ’ﬁé’ﬁgh&[ ! ;
strains appeared. 5 Thee[ra netically in uceg strg'f’ns 0 ser@gg%ﬂg
bent and twi sted BAeptheanedynamically possible, which confirpes that theemagneticatly sontrolledf

mar tensi to. 1R piesentahf BF e i ndchie s Bl obsapyen o

tenperatures of the nmartensite. At tenperatures above Merr] the formation

of martensite i s..not thergodynamn cal l ossi bl e, which confirnes
that the nmagneti cg hending apd |"€§H8©¥*Pm%ﬁ¥ Rig9oest thatmorg eomplicated shape

causes the Strai nghapigescift Be produced ushitFeREmal AgABEE AISt i N exper i nent s
al so suggest that nore conplicated shape cﬁanges can be produced

usi ng external magnetic field. 15 EXAMPLE 3 X-ray diffraction
patterns of HBrteggh Wpl' e neasured in magnetic fields . per pendi cul ar
to and parallel to the gf?rface of the sanple. The intensities of the

X-ray diffraction pattens of martensite were measured in magnetic fields
perpendicular to and parallel to the surface of the sample. The intensities of the
individual Bragg peaks correlate with the fraction of the twin variants in the diffraction

20 condition. The measurements showed changes in peak intensities which were
atiributed to the magnetically induced twin reorientation of the martensite. The peak
intensities were observed to change also in alloys in which only the inner parts of
martensite plates are twinned. The outer parts of the plates consist of dislocation
cells and tangles. Therefore, the interfaces between the martensite and austenite

25 phases are immobile in those alloys, and the magnetic-field-controlied growth of the
martensite plates with preferentially oriented twin variants cannot serve as an
explanation for the effects observed.

INDUSTIAL APPLICABILITY

30
The new actuators based on the present invention exhibit a great technological and
commercial potential. No other method for producing motion and force based on the
material properties can develop such a combination of high strains, forces, speed
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I ndi vi dual Bragg peaks correlate with the fraction of the twin variants in
the diffraction 20 condi tion. The neasurenents showed changes in peak
i ntensities which were attributed to the magnetically induced twn
reorientation of the martensite. The peak intensities were observed
to change al ¥P?3412 oys in which only the inner parts of FPCUFBMIL g;te
pl ates are twi nned. The outer parts of the pjmites consist of dislocation
cells and tangles. Therefore, the interfaces between the martensite and

auste tni t ef _25I | pm?q&?iﬁgigni%ée}mfﬁ&hm.mmm?i appucattulnstare fu_elt irr]\jectors,
magneti c-fiel d-control |l ed gro 0 e .. .martensite plates wi ,
pr gf erential |y ohigh-Rress %m@zﬁﬁmweﬁ%%@iﬁﬁw springs, yalye Jifters,
for the effects %hﬁt‘éﬁg@ﬂlers, robots, prebisién tboting ¥l liedPmdidrs. ABtuators carl BRo'LRW

actuators based on resent invention exhibit a gr eat technol ogi cal and
commer ci al pot entintegratadwith sensing-andeontent capaRilifiasn hega systems,nanededaplived

on the i %éﬁ@eg@m%a&%sg#ﬁ@&%eﬁwﬂmnm nikzhin@ deRignSéHsing

strains,
PCT/ FI96/ 00410 the operational parameters of a machine in real time, and r@sponding toathe

P ectors, o SRS ot inrRlspendsR o soDPSled iy fraRbF s AdBible to atain
control, active gidretptimal dperatioh, mipiial energy osrufptionpéhisarted iifd-times of the

precision tooling and |linear notors. Actuatars can also be . ..l ntegrated
with sensing and-%ﬁﬂﬁ@é%ﬂ?ﬂ?@@%é@%@ﬁﬂ@mﬁaﬁmﬁ?&@e-

active or smpyt %Rﬁ&ﬁ&ﬁvee?narﬁibeam&w ErshiNEHg prédisioR dREEHINAG 4y BoBLSKLN
Sensi ng t he operatfonal paraneters of a machine in real tinme, and
respondi ng to t hengineering: The mastwidelylused acivators\are predmgtic and hydeasilic systems,

manner makes it W] | Wpe =] J o :
energy consunpti %ﬁg%ﬁﬁgﬁ%@@%ﬁ?%?’éﬁ %@é@ﬁ&%p&%@%ﬁ?ﬂ %qf)g I owe‘Fe
mai nt enance cost Interinetallics andshape memesy alloys.Arpgressiofithe adaplive structures has been
aut onotive, marine and civi ngjheerin reci.si,o LR

production ey quqlé é?tF'ﬁJ&.debpﬁ @%E-’te'%f’o@ I 158 Lﬁ@j Qgé?cﬁ gbg Héﬁgﬁg%&ﬁ AFgtor.
and hydr aul i g5y sh&téHals. The ne®!matbrigismased on the presentindentidrumbay leattoa graat
such as piezoel ectrics, magnetostrictive H‘gt er net a llgl gs and.sh

menory al | oys. Prasiyagesindhe technglegyof the adantive siructurgs.andmpdem engi
retarded by the absence of the high speed and | arge stroke actuator
materials. The new materials based on the present invention nay |ead to.a

gr eat adv arRBesause thesearieptation of thedwin staichip,esqurs inthrep di IoRSCIMRIEX n

engi neeri ng. shape changes including tension, bending and twisting of the samples can be
20 produced by the magnetic field. This significantly expands the applicability of the

present invention in many fields of engineering and machinery. Other magnetically

driven actuators based on magnetostriction do not have such properties. The

actuator/machine developing a controlled motion or certain shape changes by the

magnetic field may be an appropriately shaped and preoriented piece of material.

25 By designing the shape and the initial twin structure properly, the actuator can repeat

complex shape changes when the intensity of the magnetic field is cycled. The trace

of the motion of the actuator can be changed by changing the direction of the field.

e
{'0Be| y
15

The method of the present invention makes it possible to control the operation of
30 the actuators remotely. Remote control is suitable, for example, in biomedical
applications like in medical instruments, artificial organs, such as a heart. A large
number of actuators could operate simultaneously using a common magnetic-field-
control. Even if the magnetic field were the same for all of the actuators, the actuators
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Because the reorientation of the twn structure occurs in three di nensions,
conpl ex shape changes including tension, bending and tw sting of the
sanpl es can be 20 produced by the nmagnetic field. This significantly
expands the a Ilcablllty of the present invention in many fields of
engi neering aﬁp Bf2nery. Qther magnetically driven a®€TEHP60MIYased
on magnetostriction do not have such properti¢g. The act uat or/ machi ne
devel oping a controlled notion or certain shape changes by the

magnetic fiel d nmayolid ba'made ioopératesh\diffdrentwaysdegenting emtrciniiabtwin sfructure
material. 25 By de5|gn| n'% t he shape and the initial twin structure

properly, the act MRden the, t conpl ex shape changes when the
intensity of the magnetic field is cycled. The trace of the notion
of the actuator can be changed by changing the direction of the field.

The met hod of t he Bgcaiserthe twin sinuciurg i ed %mweﬂslwmﬂmalﬁlmmwres and
oper ation of { : -
exanple, in bgme P@g&,%g&ﬁ%%%a ons g"@%‘é Ia%égfbf%éél 'ﬁrW'é'fyand

artificial organsnasetethnology. Theattuatdrs.could be even the sizerof tie mﬁvumbnmnso'[hei
operate sinultaneously usin n_magnet i i cont r.ol Even
if the magnetic fr‘@l‘?g%@?gsgﬂ@dé'ﬁ%o?gr qgia%ug\zctu ﬁ'“ﬂ&mwmww

WD 97/ 03472
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coul d be made to dperpresentinventionisf nmyne@eﬂéﬁapfgyuswgtmeh%.fgm and,shape

xpoct a0 to 0 conenuangeSkisenbiny, Astpors bedS B i ot ihay Sl el

actuat ors based oto bédome the east widelyassed lelastricadrivpp afteranotorsrandratherdevices based

IR " R B I Sl o

curLegth for tge BRSectadtd ﬂ@éﬁéwnvegﬂomleﬁwwmﬁuemmeibm:

met hod for produci ng m)t ce and, s 10 usi ng el ectric
energy. Act uat or s OPREiRS 'M’!J m&ﬁghﬁs.@gﬂgﬂ’? "“""em'PB may
becorme the nogg and%wéneﬁu AW Ehplicatiohswiich Giy e taehﬁélsg)aadsé&mﬂnsiweﬁﬁén
based on electronagnetlc forces. In several fields of engineering,

t he new act uat or s m@kes possibleexpect ed to repl ace the conventional electric
devices due to their better perfornmance, greater reliability and

| ower costs. The largest potential of the present invention may 15 |lie,

however, in new applications which only the technol ogy based on this
i nvention
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CLAI M5 1. Anethod for controlling the orientatidn 6f theStwin

structure in erjal having a twinned structure, c | S] 5
applying to tﬁg%‘ lal a magnetic field which is of the d%&ﬁé ®nd of
t he ‘magni t ude enough for the reorientatfson of the twin structure of
the material, to produce thereby shape changes of the nmaterial and
not kon and/ or f orCEAIMS 2. A nethod according to claim11, wherein the

magnetic field is directed on the 10 material in the direction of the
easy magnetization of the desired twin orientation. 3. A nethod

according to cl ai MaAlmelid8 16t ddnirbfing B eridrtatiorrdfdhe twirlistreetupe!irna midterial having
material in such a direction that produces a desired shape change or notion
of thea mat e@ twinnex stryclurer, COMPE$INGNt ati on of the twin structure. 15

4. A net hod agcorgi fatBrid ﬁﬂc’f i ledifelcdriaridofthe Me n
t he mat g(r:i a&é“ﬁ"é%etﬁ%jl rect !%i#égl elsfdr}gjlf&rﬁ%%%“ﬁgdldi recti on@?)f t%@ﬂm@
easy direction of enough fontheresrientationof the twin strusture afdhe material dopredicethereby

bending or tw sti of .the magerial,. . according to claim
1, wherein the na %‘appg?ﬁ;&'ﬁ?t?gﬁlt%%'Bﬂﬁqméh&s“ap&r’rateri al in a
changi ng direction and/or with changi ng magni tude as a function of tine.
6. A nethod according to claim]1l, wherein the nagnetocrystal,li.ne. ani Sotropy
ener gy of tReAfaetopdacceuding tp,eiaim Raw_nﬁlfe"b g??pﬁ'ﬁg'#@p ﬁﬂdt'ﬁ @"E@F@&" '?‘Ee
energies of e 2mardraPin 1B diekth of theltisy Wabnetizativn 6fdhe easirédBin Brientation.c
a desired shape change an the work done by the naterial.

3. A method according to claim 1, wherein the magnetic field is directed on the

- material in such a direction that produces a desired shape change or motion of the
material due to the reorientation of the twin structure.
15
4. A method according to claim 1, wherein the magnetic field is directed on the

material in the direction differing from the direction of the easy direction of
magnetization of the twin variants to produce bending or twisting of the material.

20 5. A method according to claim 1, wherein the magnetic field is directed on the
material in a changing direction and/or with changing magnitude as a function of time.

6. A method according to claim 1, wherein the magnetocrystalline anisotropy energy
of the material is higher than or comparable to the sum of the energies of the

25  reorientation of the twin structure required to produce a desired shape change and
the work done by the material.

7. A method according to claim 1, wherein the energy of the magnetic field applied
on the material is higher than or comparable to the sum of the energies of the

30 reorientation of the twin structure required to produce a certain shape change and
the work ofthe material.

8. A method according to claim 1, wherein the material is ferromagnetic.



7. A nethod according to claim1, wherein the energy qf ' i el d
applied ~on the material is higher than or corrp%i&lﬂm"mmmmgw of
the energies of the 30 reorientation of the twin structure require 0
produce a certain shape change and the work ofthe material .

8. A nethod a¥Y®#8 to claim 1, wherein the material is fePFHFNGRMIPC.
WO 97/ 03472 PCT/ FI 96/ 00410

16
16 9. A nethod according to claiml1, wherein the material is

mar tensite. 9. Alfiethb @csirdingao'BRiimed wiereihdhd Matetial Vmaftehdifs, Pr ecedi ng
clainms to use an actuator wherein the shape change, notion and/or

force of the actuator is affected by the 5 present net hod.

11.
Use of the nethod Ok i ] : ' | : :
actuat or s B8 o R mefholf ey 6 8 60e procadiig Baiing @ dbel dh 4ifator
renote from the ashereiortbe shap®change, mationand/ordoreetai thie actuatatiis gffected by the

the preceding g£lains to ugse actuators in m cro- and nanot echnol ogy,
in exanple th acPlEReF @ fromtw nned thin fil ns, W res or
particles. 13. Use of the nmethod according to claim1, wherein the

actuator is for punps, 15 injectors or simlar devices for transferring
materi al, especi allfyUse ¢fitee method according to any of the preceding claims 1 to 9 to use actuators

which are controlled, and the power of which is provided remote from the actuators.

10 12. Use of the method according to any of the preceding claims to use actuators in
micro- and nanotechnology, in example the actuators made from twinned thin films,
wires or particies. '

13. Use of the method according to claim 1, wherein the actuator is for pumps,
15 injectors or similar devices for transferring material, especially fiuid.
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