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Trends in the Development of Giant Magnetostrictive Materials

and Their Applications
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A giant magnetostrictive material (GMM) whose sat-
urated magnetostriction is 1000 ppm or more at room
temperature was reported in the 1970s. This material,
Terfenol-D, was commercialized late in the 1980s, and
many applications have been since been reported.

The first part of this paper describes the fundamental
characteristic of GMMs and surveys recent trends in
the development of the materials and examples of their
applications.

Next, the types and characteristics of thin-film mate-
rials such as SmFe thin films and both multilayer and
single-layer films of TbFe are described as concrete
examples of material development. The application
examples are mainly bulk materials. Finally, as exam-
ples of successful applications, the paper introduces
actuators such as a vibrator and a brake using GMM,

and sensors such as a force sensor and a torque sensor.

Key words: giant magnetostrictive material, actua-
tor, sensor, application
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Table 1 Comparison of GMM manufacturing

processes
Item Bridgeman method  |Powder metallurgy method
First, the raw material is | First, the raw crystal
melted, and next it is grains are powdered to
Refer to the] formed. Then, the single~crystal size.
manuscript| crystalline material is Then, they are sintered
grown in the Bridgeman | in an argon atmosphere.
furnace with temperature
inclination.

1 1 mm

\A

(a) Bridgeman crystal growth method

L 1 mm ~

1 mm

(b) Powder metallurgy method

Fig. 1 Cross-sections of bulk alloys.
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i, 77U R ML ROBRKITHES 0T HERERBO v 7 R
P Enbrb, Lrl, UTAOEBEIERIN
3 HEEEB L UMAIHE O T AT v Vo ok E
{1 B., Ft, Fig. 31c7 U R b LRIk 2R LEES
Bl 7VRMLRERELTEETERBERICBITS
BHERSME TS5 E08b»r 5.

MEIOREN OFHE & LT, BRI S HREL ks DAL
5B, Zhid, ATNSNABRT ANFE Unick->TH
NEINBEBT 2V Uy 0BIETH 5. BHEMEICE
1J B BEHEWRE SR kas 13, =2 OMEER (d E5, B
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Fig. 2 Magnetostriction characteristics accord-
ing to the manufacturing method.
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Fig. 3 Magnetization characteristics according
to the prestress.
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Fig. 4 Electro-mechanical coupling factor in the
bridgeman method.
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Fig. 5o ¥ v VBT 2RTY. I8 0 fhIics
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Fig. 5 Relation between Young's modulus and
applied compression stress.
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Fig. 6 S—N diagram of compression fatigue tests.
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Table 2 Fabrication process and composition of

thin film
Organization Process Composition
Shinshu Univ. DC magnetron Tby JFege
Tokai Univ. © Ion plating TbFe,
Germany DC magnetron Thy.4Feos
France ® RF magnetron TbFe,
1200 :
: Tolaj University
& 1000 o Shinghiy University 7 ——
[ H H P "
B
B 600k—- /i -
Q
g" 400 — ST PR S—
I I
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Magnetic field H [kA/m]

Fig. 7 Comparison of the magnetostriction of
different thin films.
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Table 2 IZ&HFFTHEREIC & 3 B ORIR AL, Fig. 7
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BIOHKIC X VKO TADORETINELSL  EBbH
5. EBD LA, NIBIHTPEIESEMEIC X 3 EEOME
WIS S RO 3 A & OBIROEIHE T, 7
WA ZNDIAEEZ 5 &%, EEOBIWES 0+ 2 (FETL
LTWBEREWALY, 2070, HHETEF /A R
I U RS OB IR E R L 12 - T 5.
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1) NAEINTHE

INET, T/ Fax— % OENCHEL ERATRE
BHKO 3 A% E L 2 EEERESRET S, Tb-Fe &
Sm—TFe BENZNTNIELBHOWKOTAE DL, BiF
RHSHEEEELTVWA I EBHMONTWS, 22T, IE
CEDWEEE S Nt eV EEET B ETRERDS
AEFEXRBEENTES. Fig 8 ICHBHERFICE
%2 =%) 78 (Th-Fe, Sm—Fe) & 34 ) 7 IO
BRI A A R L 2%, Bl E LT, B
10mm, BEX50um oRY 1 3 FEREHVT, FED

BHRICLOAE L TH B, Fig. 8robhrd LD
LTS B RIOEARME R, BB L CEBE BB
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Fig. 8 Applied field dependence of the deflection
for unimorph-type and bimorph actuators.
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Fig. 9 Magnetostriction of a TbFe single layer
and a TbFe (4.5 nm)/Fe (6.5 nm) multilayer show-
ing the increased magnetostriction in a low field.
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Table 3 Examples of applications of giant mag-
netostictive meterials

Acoustic vibration!1):12)
Vibration control!3»149.15)
Pressure pump'®
Actuator Power generation device!”
Brake actuator'®
Bulk Fuel injector'®
material Motor (linear, rotation)

Torque sensor 2%
Pressure sensor 2)
Vibration sensor??
Force sensor?)

Sensor

Micro pump'®
Optical switch??
Actuator for optical head

Actuator

Thin-film
material

Strain sensor?>
Magnetic field sensor?®
SAW device

Sensor

Tid, RESEELMINsE5icoh, SEFIRLSED L
TLES., #ZDh¥, 7EL7 » AREF-TMA&LICBL
T, BRI A2E L s 3 2 EMTEETL. Ll
ZRELTHIET, ITNODOYMEEBL 25 L WA
BlafEs centi s, zhicld, SEBEAERT &84
OBEX %, WEOERKEET 2 X 5 IKCHBERTEES
(the ferromagnetic exchange length) & 0 &< 4 3.4
Ehd b, LEEEEE BWETENT » A REETM &
& &, VR E b AR Fe) @ Zo otk
REBIFSHE I Eicky, BEVWCHERESESN 3.
FOWRR, Tk BEEZROMIIMLIE, &4 DBOR
SO & » TERS D, BRATE VNI LA
bbb, REBWKOTAEEL B, Fig. 913, TbFe DHJE
JE D HE: & TbFe(4.5 nm)/Fe(6.5 nm) DL EM Ok T
by, ZEEET LT, BHRICBOTRE RS
HERF LN TV,

3. EBEEMHOERA

BEMENE, v - —FREFO b oMk & LR
SNt FRAYIEESEENTH - 128, ToBN R
Dy, —B~OIEHENIRA SN, ERIb TR, T
ITi, BLIENTRAMEIN, ERLS R
iR G,

3.1 ERRINTHASE

A, BHEME O Yy, T F 2z — 5 ~OIBHAS
BHERE AN - TE i, ik, BE BERES E
ERW, BRBT TaANVF—, W% EELIIESZE
Th3. Table3ickv¥, 77 Fax—7~DILAF%
F LWz, Table 3L b, ERIEME & EBME 2
AEbLEB LI L->TaA VT BHERAMAE L L,
B 2BETHIET 2RA410 12 CHEkD 3B S
nTnws,

HAIGHESESEE Vol 25, No. 8, 2001

327U FaT—4~DIAG

3.2.1 EBAESEINEIS T4 BESHTF BAEELE
757 4 &ld, 1000 km U5 O#EHEOKE, WiE E5
BESTEE O AEEL BEEOHERERVCT) 7 vy
4 ATEET 2ENTH 5. oFENER CEERS A
BHobicd s &icky, sh=—= 1 BRETLODEER
RERZOTFRINEIREIC S B,

BEHR L, SROBRKEPLEIULICHEYE T 557K -
BB KBRS CHE km ORES % bD. IS OHEE
RROZCCHAERZBRIT 2 72®icid, 1000 km X
1000 km DA S DEHEEENE S S 7 4 BBELL 3,
FE®E 1000 km (=385 Z £ 5 & FBH$ 200 Hz T&FH 190
dBAHAI T 3 ERAREENSSHEELNL S, COEELEE
RoRTEEMEOREBMEERVWCEITT 5 L, BERE
AmBEEICT bh, KELREELMMLETNEE ST,
ERICHSIRWARESICE-TLES. UL, BHEHM
BHA&ERT % & /NEL O RHITERSAIEL 75527,

Fig. 10 K BHMERE Fo#EERT. BHED v Fid
#20 mm X120 mm ZFHALTVW3. BHREBRRDT
Fuvickd, BRROEEGEXEBLEE ORISR
RIS THRT A ENTE, TOESOHRHHF
LIEE v OBRIS, ERENEBHE, IREEEZBRIOTIG
SENEEK Q) DX IKETIENTE S,

—a7— : RN
F=AI=(ry+jom+ jw>U—ZMv (2)

F: ER&h /7 [N]
v BERAEDT [N -s/m)
m: EHE & [ke]
k: Efli 2 7 7 % 2 [N/m]
v: RENEREE [m/s]
Zy: B~ E— %~ R [N-s/m]

T T, HRIEPLIIREIEE L EHE T hH » BKUEE O
i, BMEBRA V57 5 VR, BERF 7 % 2 DK
RBBABICHMT S, £/, BHHFRE, 34 VATE
WRICKOFRETZ»E, AJTBRICKVREST 2RSS
ODHTHBIEBAZHNTET I EMNTX S, S

Spring Permanent magnet
GMM
Bolt Coil
T ] 0
T NSfr—-—- O
R

7.
Y

1
.

180
@130
5

¥ — N f—
— 17—" \Yoke
J < 120 >w ft

Fig. 10 Structure of a vibrator using giant
magnetostrictive material.
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Vibration board

Gas chamber

Acoustic_oj Qutside vessel

Inside vessel

Fig. 11 Polygonal structure of an acoustic
source.

Actuator using G

Accumulator /., o
. ” Reservoir

Fig. 12 Brake system using a giant
magnetostrictive actuator.

%%ﬁ%mmfi¥@$ﬁ%&LT@%M@%&&%%%
52 LT, RBmMOENE, RENEE, IEREH 2 VL
4/twﬁ/x&watEMEﬁﬁ%@77mU%@%m
T E 5.

EERIZIE, Fig 11 0 &2 cBHEREST+ 8 MEER
CHREL, SAESEAREL 5L ICE-T, BEE1m
BEE 410 kg & 200 Hz 0FR & L TMNETREAOFE
FE B, ik, #1000 km PUJ5 O EH O RS
BAIAT ADICBNBESENE S5 7 4 VRT A%
FHHARE L 72 5 7210,

322 EHEIL—* FF gEfH7L-FE LTl
FE7F4s 22 7Lv—3MBELHVWSRTWS, UL LBERD
TL—F VR FLAREGELMENBET AERE YR 7
LESTHY, HEEDH LB X UHBEOIIRE W - 12 E
KIS L TABROFBENLTLEED T VRIICH 5. £
T, BRTEBEERRIR TV —F v RF L EEET S
FBELT, 7v—FCHBRTRECH BN EREIRE)
BLUHHTES L —F 727 Fax— Y ORENEET N
fo. TVv—F72F 22—y OWHERLELTIE, KEQ
WRO A LETEREL, REHICEN T 38N
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Fig. 13 Comparison of the characteristics of a
brake using GMM and a conventional brake.

Table -
Table acceleration Accelerometer amp
. «.Accelerometerm &
’ Y . e % i o .
- Computer
1@ m
21K 7 v
A}
AltuztonZ) [ Actuator(X,Y) [ ctuator driving amp
f Control signal
Air spring Leveling sensor
Floor

Fig. 14 System diagram of an active
microvibration control system.

BsHwShTw3,

Fig. 12I2RT LI, TL—FF 0 Faxz—s07
L—FF v ) VTR S NESE IO b 2 BR
Wb T _XTAEE L L0, &FE L TR TR T
V=R VR F AL, ¥, TV FAEEBEIHNCKR
BB L UHIHET S C L AEEE 15D, Fig 18 0k ST,
WWEMRSEEL, Ficlin—F9 = 7ABINT S &1L
HIEEEICY 7 b Y = 7 AIBINYT 5O & THEEDOIERME: &
EHTE 319,

328 7UF4THIE ~A oL s bo=sR0
HHER A5 LSl OB — iz E T T8 LL, 20
HIZ, INSOREERERE IS T L LicE W EERENESR
INBLIRR-TETVD, FHT, RF o R EDOREE
HE IR OMYIREI AR IS 12, F%%%‘E%WE&’{E@
BAPARARCTH B, PERD/Ny v 7RO BRIRIERE 13
%@#bbb%ﬂﬁﬂﬁﬂ%i%%?%ﬁ,ﬁﬁéﬂé%
WHER O, MBNRICRALS 5. T/, KA
TORRPRETH D, BRIRTROILIRE R D7 (8
Sz, 22T, BEET I/ Faz—sERVKT Y
F 4 TRHOBRBEELHVS I LTINS ORBEEERT
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x5, Table 4 Comparison of the characteristics of a
Fig. 14 127 7 7 « 7RSS (72 7 (B ED force sensor GMM and those of a load cell

ARY. F—T7NEEROBICEZER RN LTV S, dltfem : Force sensor Load cell

_ . N . - _ . Rated force [N] 10 9.81

7= TVICRE S NIEERNC LD, F-TV0X, Y, Magnetostriction ppm 400 2000

Z HEONLEREE S 20 A%, FHICG U CRRET 7 Impedance coefficient % 8.46 0.4

Faz—yCEIETE. Chickd, HBIAELOATIEL N%f“@m; 23% é

e S O ) - ) e on-linearity % . .

W BRI 2 AABLIC & A IRBNITH L T bHIEIT — e 53

%, 10~20dB OEENAEETH 5. F1, [LWEKKGE
1% (0.3~50 Hz) THIHIT %, = ORFBEEESA» & HIRE
AT IENTEREVSEHABFLTWA, Fig. BAXVWT &b 528,

155y Y T7RIE 7 7 7 4 THRIORRIRIERELLER % L /2. 3.3 EVHAOIGAG
KOS EHICT 77 4 7BICT 5 2 & THRIEIR 3.3.1 HEryHoiEE e rHE, BHBINb 5 EFE

Rz L (EOWEEHZE b - MBS, EiEd 5
&2 QA OFEGERBET) 4 2 EWEINRZFIHL TO
Resonant frequency 5. BHROEZ, BHRIA VDA v 50 5 v RITHE
ERIETOT, a4 N v E=F Y ABET B, Lk

Passive type BT, A4NDA vV E—F Y RARET 5 & THBK
N v Z2BRTEIENTE S,
*(Ampliﬁcation area Fig. 16 ICFHFIL AT B a4 04 v E— 5 v 221k

T, BUHICE-TERF Y YRADEBIIEETD
5, AT Y VROFERE, MEOY Y= 7Itkbd
DEEZ LN, IO Y=V IHREAERTNG, exTF
Y Y ROERPERFTE L. N vy THBEOY Y= v

+ (Decrease area)

Vibration transmission ratio [dB]
(=)

N

Fig. 15 Difference between passive and active 8.46% ZALL, THICREMEE LD > T 5.
vibration transmission ratios. Table 4 IBHEMFHER W ITJE v &a— R0
EBWHEER L, A v E—F 2B tREFo—FELE
W2 & 205 K2V &b s,. MEOOFAEE
RS- VRKITBOWTOBBEMR 2RV v
FOHMI06 fEREV, EXF Y VYRIE, Fa¥EEHV
B2ET, u—FeD1/250 1T/N& TE S, —EHIE
0— FeVEHRLT, BEMEERVIIE il
INETIRE R T ) v R, @RER Y25 &
DSEJRETH 529,

3.3.1 EBEHEEEO IV EFT VX EE
BREHEN VS (B rvid, ARBXSVERED
HEBHL, ToFERE2LBHE—s% b HIEIL
: réa TW3, COEHT VR FABEOEELSE LT, AH
DR VBT EOHIEFICRERT &K 5 v 7Hibv

\\::f7~7r‘“~h PSSR 5 HHEE LT, AT (5 1
- ¥) FAHEERVCVD, 7 FEERLE T ET Y
Frequency [Hz] =5 v 2BRBIPL/4ED LY, T TS

28

24 Without dither

20 —

Impedance Z [Q]

| | . B} e
16 7. 9160 Nm) Okti%:HEEEE LI VD » v T TR
0 2 4 6 8 10 SNTc R R—ZI/NEBLDE D R+ TEBRARER & v a8
Compresive stress o [MPa] WBEERE 0, BEERFLEHVWEZ LT,

. o - F = — VA = VICNERIRE S/ NERBER I F Vo & v
Fig. 16 Coil impedance characteristic-compres-

sive stress (without dither: H=10kA/m,/=10 FEMEL TS,

kHz; with dither: Hi=20 kA/m, fs=0.5 kHz, H= T D+ YHITiE ¢8 mm X 7.5 mm OBREEMFE AV
4 kA/m, f=10 kHz). THY, 71 (B 1T X309 41T & - TRMEDS
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Fig. 17 Torque sensor using giant magneto-
strictive material for a power-assisted bicycle.
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