Q&A

>
A e A/
A £ x 10° [ppm]
ppm
A 40 2,000 [ppm]
€ 4x10° 2x10°
A € [Ppm]
ppm
A [m, g m, nm]
e A/
[N] = [kg m/s?] 1[N] 1[kg] 1[m/s?]
10[kg] 0.1[m/s?] 1[N]
[31=[N m]=[kg m*/s7] 1[J] 1[kg]
1[m/s?] 1[m]
[Pa] = [N/m?] = [(kg m/s?)/m? kg/(m s?)] 1[MPa]  10° [N/m?]
[MPa] Pre-stress [kgf/mm?]

7 [MPa] 7x10° [ / ] 7x 10° [ kg m/s? /m?]
7x 10%[ kg m/s? /m?] 9.81[m/s?]  0.714x 10° [kgf/m?]  0.714 [kgf/mm?]

[ksi] [kgf/mm ]
[ksi] 1,000 [Ib/in ] [kgf]
[Ib] = 0.454 [kg] 1 [in] = 25.4 [mm]
[ksi] 0.454x 1000/25.4  0.704 [kgf/mm ]
[ksi] MPa
[ksi] 1kpsi [ /()]

[ksi] 0.454x 1000/25.4 0.704[kgf/mm ] 0.704x 10° [kgf/m ]
0.704x 10° [kgf/m ]x 9.81[m/s?] = 0.704x 10°x 9.81 [(kg m/s?)/m ] =6.91x 10° [N/m?]



= 691 [MPq]
50mme 40mme@ T-D
T-D 700x 10° [N/m?] T-D

700 x 10° [N/m?]x Tt (0.05/2)2-(0.04/2)* [m?]
=700 x 10% (1t /4)x (0.05%-0.04%) [N]
= 495,000 [N] =505 [Ton]
T-D 505 [Ton] T-D

50mme 40mme T-D 2.5[Ton]
o [N/m?]
[N]=25 [ on]x 1000 [kg/Ton]x 9.81 [N/kg] = 24,525 [N]
o [N/m?]= 24525[N]/ [m?] =24,525 [N}/ (1t /4)x (0.05%-0.04%) [m?]

=35x 10° [N/m?] [m?]
T-D Stiffness
Stiffness K [N/m] = [m?x  [N/m?]/ [m]
T-D

Poisson's ratio

B B /a o =B /a
o
Young's modulus
= €
[N/m?]
[N/m?] ¢ [m/m ]
H N sh=1/ H
T-D H=0 Ho 265x 101 [N/m?]
st=1/ "=1/(2.65x 10 [m?*/N] =0.377x 10° [m?/N]
T-D 2.65x 10 [N/m?] 35x 10° [N/m?]

€ oy [ppM]
€ comp -0 [N/m?1/ [N/m?] =-35x 10° [N/m’/(2.65x 10" [N/m?]
-0.00132 A& x 10° [ppm]

A -000132x 10°  -1,320 [ppm] [Ppm]



[Watt W] = [Joule/sec J/s]

=Pt
[kw kKW h]
Power factor
¢
cos® ¢ cCOSQ
cos®
H
HT /7 ] [Oe]
[ / ] 4m/10 [Oe] 00126 [Oe]
[Ce] [/ ]
1 [Oe] 10074 [/ ] 796[ /7 ]
(0}
O [Wb] 1[Wb]= 1[V sec =V s]
B
B [Tesla = Wh/m?] [Gauss G]

1[Tesla T=Wb/m? =10,000 [G]
1[T = Wh/m?= 1 [N/(A m)]
B H
B H [Wb/m? (A/m)] =[Wb A/m®]=[A V s/m®] = [W s/m?] = [3/m°]
[G Oe]
40 [MG Oe]  [J/m?]
40 [MG Oe] = 40x 10° [G Oe] = 40x 10°% 10*[T Wh/m’]x 10 / 4w [ / ]
=3.18x 10° [Wb A/m® AV s/m® W s/m®* J/m®] =318x 10°[J/m®] = 318 [kI/m’]
L
L [Henry H)] =[Wb/A]
1[H] = 1[Wb/A] = 1[V s/A]
M
M [H] = [Wb/A]
1[H] = 1[Wb/A] = 1[V s/A]
Mo
[H/m H/m] Mo=1



U o =41 x 107 [H/m]

U =1/(c% o) =41 x 107 [N/A? ]
=2.998x 10% [m/s]

€ ,=8.854x 107 [A%?/(N m?)] permittivity
g
Ho [H/m]
U =1=4mx 107 [H/m] = 1.25664x 10 [H/m]
M
M H
Mo My =d/p,
relative permeability
B-H B/H
1
M,=u/po=1/1=1 T-D Prestress 7 [MPa]
M,=92
T-D
M =92x g =92x 41t x 107 = 1.16x 10° [H/m]
Magnetic reluctance
mi= LM A) [ A/Wb  H7]
mi Li [m]
Mo [H/m] [Wb/(A m)] A [m?]

Magnetic circuit

Kirchhoff's law



2 =0
Magnetostriction
19 James Joule
Joule
Joule
Villari

TbFe, DyFe, HoFe,

SmFe, ErFe, TmFe,

Joule

Villari

Wiedemann

Wiedemann



Sono-Chemistry

Devulcanization

Dynamic force

Dynamic force
Dynamic force
I:D,max = Ma [ ]
a =X @2nf* [m/sec?

Fo max Dynamic force N M Dynamic mass [Kkg]
o] [m/sec’] X peak-to-peak [m] f [Hz]
Dynamic mass M = 10x 107 [kg] 0 50p
f = 2000 [HZz] Dynamic force
50
Fomx = Ma = M X @Uf? [ ]
X  peak-to-peak = 50/2 x 10°® [m] f = 2000 [Hz]

Fomax = M X (2m f)? = 10x 103x  50/2 x 107°x (211 x 2x 10°)?
=304 [ ]

Blocked force

Blocked force

Blocked force

Blocked force Blocked force

Blocked force
Blocked force
Fs = Kx e xL [N]
Fg  Blocked force [N] K Stiffness  [N/m] ¢
[m/m] L [m]
K
K=Ax Y/L [N/m]
A [m?] Y [N/m?]



Fe = AxY/L xeg xL=AxYxe [N]

Terfenol-D ¢ 10 x 50mmL  Blocked force
K=Ax Y/L
Terfenol-D A = (10/2%t x 10° [m?
Terfenol-D € = 1000x 10 [m/m]
Terfenol-D Y = 265x 10° [N/m?]
Fs = (10/2)% x 10°x 2.65% 10°x 1000x 10 = 2080 [N]
Terfenol-D @ 10mmx 50 L

2080 [N] = 212 [kgf]

[Hz]
=(/2m )% Koo/ M Mygos Mie/3 12 [Hz]
Krod Terfenol-D Stiffness  [N/m] K,y =Ax Y/L
A Terfenol-D [m] Y  Terfenol-D [N/m?]
L  Terfenol-D [mM] M  Dynamic mass [ka]
Mopushrod [kg] M,y Terfenol-D [ka]
Q6 x 25
oushrod 20% 107 [kg] M 10x 10° [kg] Terfenol-D

Y 265x 10 [N/m?]

Terfenol-D
Mrod

Mrod = Vx p [kg]
\% Terfenol-D (6/2°1 x 25x 10° [



Terfenol-D 9250 [kg/ I
Mog = VX p = (6/2)%Tt x 25% 10°x 9250 = 6.54x 1073 [kg]
Terfenol-D Kios= Ax Y/L= (6/2)°Tt x 107°x 2.65x 10 (25x 107)
=3x 10" [N/m]
=(121)% Koo/ M Mygog Me/3 12
= (1/2m)x 3x 107/ 10x 102 20x 10° 6.54x 10°%/3 172
= (/21 )% 3x 107/ 322x 10° Y2 =(1/2m)x 305x 10° = 4790 [Hz]

4790 [Hz]
= 4790 [HZ]
Terfenol-D Terfenol-D
IEEE,1990
B=dT pT™H (N/m?)/(A/m)
S= "T dH m/m
B (N/m?)/(A/m) N/(Am) d d constant 1/(A/m)
T N/m> p’ 0 N/A?
M'= W P,o= p x4mx107 p
H A/m S m/m s" elastic compliance H=0
1/(N/m?) s" 1/
s" /Y% YPH=0
=0
B=py"™H [N/m2 7/ A/m ] (
S= dH m/m
uT
H=0

B=d T (N/m?)/(A/m)



S= "7 m/m

B=d,s TH p™H 1/2S,.T* H [ N/m2 7/ A/m ] (
S= "T 1/2d,. H2  1/2S,.TH? m/m
Ay Shee
Terfenol-D Thy;DY,-Fe1es

dy,s =018x 10°% m/A

Spe =0.20x 10 m?/(A°N/m?)
H=55x 10 1/(N/m?)

b T=63x 107 N/A2

B=018x 10™ T H 63x 10°H 1/2 x 02x 10® T H? [ N/m2 / A/m ]
=55x 10% T 1/2x 0.18x 10* H? 1/2 x 0.2x 10 T H? m/m

Elastic compliance

H T S T=ES
E
S
S=(/E) T 1/E
Elastic compliance
X0 X0 1 o= i xx
j
Elastic compliance
e =so
€ o st
SH
Lame’s constants
1852 A M
X xp X0 xy
w A (ot b ) 20 =2
E o

=u = (BA  2u)M(A u) kK =A 2u/f3 o =A/2A )



Elastic energy

70 /0 ifFxyz

function
ik =(1/2)z
A

XX Xy

Elastic potential

ik i K

=A 72wt D WIDR (4 ) S

Modulus of elasticity

Xy

Young's modulus

[N/m?] ¢

T-D H

Elastic strain

Elastic compliance

Oy €y
Xy
[N/m?]
[m/m]
st st 1/
3x 10  [N/m?]

st 1/ " 1/(3x 10'% [m?/N] 0.33x 10 [m2/N]

B=p H
S=sT

B M

mechanical strain
stress

B = B(T, H)
S =S(T, H)

mechanical



dB=0 B/ T HAT +0 B/d H T dH

dS=9 S/0 T HAT +d S/ H T dH
dB/AHT=p" T=0

dS/ATH= * H=0

dB =0 B/d T HdT +p " dH

dS= " dT+d S/ H T dH

H=0 0
dB=0 B/0 THdAT  B=d T
T=0 0
dS= 9 S/d H TdH S=dH 10
d 10 d
d'=B/T  [(N/(A m)/(N/m?) ] [m/A]
d = H/S [(m/m)/(A/m)] [m/A] ¢ d

B H [Joule/m?]
T S [Joule/m?]

BH=TS 11
11 B/T =S/H B/T= '=S/H=d =d
( ), (10), (11) ()(C)
(12),(13)
B=dT+u"H (N/m?)/(A/m)
S= "T+dH m/m
“d” constant
Terfenol-D constant
Terfenol-D

d= L H=800x 10° (40x 10% =2x 10 [m/A]
Terfenol-D p ’

B=dT+puT™H (N/m?)/(A/m) pt T=0
MT=pg Hd,=Hd x4mx 107 py Terfenol-D VI
Terfenol-D p =92
M7=y H,=W x4mx 107 = 92x 41 x 107 = 11.56x 10
Terfenol-D d d constant
H =40x 10° [A/m]j S
S= "T dH m/m T=0

S=dH m/m d=2x10% [m/A]



S=d H= 2x 10%x 40x 10%®=80x 10°=800x 10°® [m/m]
Terfenol-D p "™ Y T=pg Y,= Y x4 x 107

= 9.2x 41 x 107 = 1156x 10 H =40x 10° [A/m]; B
B=dT+puT™H (N/m)/(A/m) T=0
B=pTH =1156x 10°x 40x 10°=0.462 (N/m?/(A/m)]
0.462 [Tesla
Terfenol-D H=0
YH=265x 10 [N/m?] T
S= "T dH m/m H=0
S= "7 T=S/ "=S ¥YH
S =800x 10°® [m/m] T=S Y"= 800x 10°x 2.65x 10°=212x 10’
= 21.2x 10° [N/m?] 21.2 [MPa]
H=0 T=21.2x 10° [N/m?]
Terfenol-D B
B=dT+puT™H (N/m)/(A/m) H=0
B=dT (N/m)/(A/m) d=2x 10° [m/A]

B=d T=2x 10 21.2x 10° = 0424 (N/m?/(A/m) 0.424 [Tesla
K

K K
Ke=d/(u ™ ")
d d=AXN/AH 1/(A/m) pTT-D
N/AZ st 1/(N/m?)
st=1/ % "
Terfenol-D K
K
d=150x 10° [m/A]
d= L H=800x 10° (40x 10% =2x 10° [m/A]
d Terfenol-D
@ 20mmx 120mmL d 15x 10% [m/A]
HT= U P,o=M x4mx107=93x 41t x 107 [N/A?]
H=265x 10 [N/m?]
sf=1/ "=377x 10" [m*/N]
K=072



d Constant

K
K2=d/(u ™ ¥
=Ky T
d=KV (T M=K/ (/"

H

Constant

Constant[1/T]
= /u T [(M/A)/(N/A?) A m/N
[m/A]
pu ' Terfenol-D
=9.3x 41 x 107 [N/AY]

Constant

B=dT p"™H
short circuit B=0

H=-d T/p T

H = NI/L

l=HL/N=-d TL/(u™N) =-¢g T L/N

g=@d/u" g g Constant

P
P = IR = (?T’L*/N?) R

Terfenol-D T-D

1/7]

Mo= M x4mx 107



E= Y "(K Hug)?/2

p't T-D
M T=92x 4 x 107 = 11.56x 10°  [H/m]
p't T-D g ,=9.2 J =41 x 107
M7= Y X Hd,=92x4m x 107 [H/m]=[m kg s AZ]
K T-D =0.72
Hi Huax =80 [KA/ ]

E = (11.56x 10°)x (0.72x 80x 10%?%/2
=19.2x 10° [(m kg s? A (A/ )=[(m? kg s2/m?)] = [J/m?]

PZT
E= ¢ (K Enp)?/2
e’ € '=9.73x 10°
K PZT = 0.67
Enax Enx = 85%x 10°  [kV/ ]
(O
E=(9.73x 10%x (0.67x 85x 10°%/2 =158x 10° [J/m]
T-D
E.= (1/2)B H
B=p H
e= (/2)p H
K K2
e = (/20 HK
3 T-D
T-D PZT
T-D PZT

Ero/Eopr = (19.2¢ 10%)/ (1.58% 10°) 12

[Q] [A]

=7 x )x (1-exp(-v/ ))



(®) [ ]

[sec] [ 1] = /
o [] [ ] [Q]
[ 7C )] [ ]
=/ x ) [ /(kg )
[ka]
/
/ =15[ ] =0[ ] =45[Q] =0.982 [kg)]
=70[ /( )] = 0.11[kcal/(kg )] =460 [J/(kg )]
= (31’ /4+31m x 93)x 100 = 9.81x 100 [ ]
= /2 =15 x 45/2=506[ ]

= /(. x ) = 460x 0.982/(7.0x 9.81x 10°) = 6.58x 10 [sec]

® = /C x )x(1-exp(-t/ )
= 5.06/(7.0x 9.81x 10°%)x (1-exp(-t/6.58x 10 )) = 73.7x (1-exp(-t/6.58x 10 ))
=6.58x 10 [sec] 1.83[Hr] 737
=4.5[Q] =15 ]

/ [I/min]

= 15x45 = 1013 [ ] = [ /sec]
[ /sec]
= /(3% x 10°x 4.19x x (107°/107%)x (40-25)) = 5.7x 10° [ /sec]
= (3% x 10°x 5.7x 107*x 60)/1000 = 9.7x 107 [I/min]

Terfenol-D
Eddy current loss
T-D T-D
eddy current T-D i iR

Eddy current loss



Terfenol-D
edd = d2 max22 [ att/kg]

edd eddy current loss [ ]
max [Tesla] [Hz]
T-D
T-D f.
f. [Hz] = 0.0687/D?
T-D [m]
Terfenol-D
magnetic hysteresis loss
AH (A H)®
W,=n fBny [Watt/m’]
Wh n hysteresis coefficient
f [HzZ] Bia [Tesla]
n T-D
n n =300 T-D
Terfenol-D
Terfenol-D Thy27DYo73F€14 Terfenol-D
Thy27:DYg73F€1 Laves phase Strukturbericht
C15 MgCu,
3.1.2-1  Terfenol-D
Tb Dy Thg27DYo73
Terfenol-D Tb Dy Fe

RgFess RFe,

Fe



3.1.2-2

Th Dy

Th Dy

RFe,

312-1

Fe

Terfenol-D

2,000ppm

0.73nm 7.3

14 pm 1.4x 1072

3.12-1 MgCu,

3.12-2

Tb Dy
Th Dy

Fe



Terfenol-D <111>

312-1 <111>
3.1.2-3 Terfenol-D <111>
<111> 2,000ppm
<111>
<111> 90
\
<N>HLESHREER AT
1/8 ///
0
/8 44/%
[
O 2
1] NG %/% v
QCRY w )
NQ) 1 ‘h 7 %// 1
O ”/////%/' |
1 %%/% L)
' ! Qmn
174 /% N =1 N
Y Oy P
< 1
| /4 '\5, S

Sy
4,5 /

U4
% 14

y////////‘ 1/8

3.12-3 <111>
<111>

Laves Phase

2 121 MgZn,
MgCu, MgNi,



Terfenol-D ~ MgCu, Th
Fe
Th Dy
Fe ¢ RFe,
RFe,
RFe, -15
z 7.33
T-D Magnetic easy axis 111
112 111 112
Fig22 111 112
¢
f\/ —
@\
/
7/ “>
/
<
8
\
1
Fio22 1118y 11288, OfEEBE
Vv 3sin@ =1 sing 1
sinp = vV 2/V6=1/V3 2
6 111 112 ¢ 111 001
2 1

sin@ = (/v 3)x (1/V 3) =1/3

Dy



06 =arcsin(1/3)= 195
TbFe,
111
DyFe,
100
>
Inductance
(0}
& L [Wb]
1 L
L [Henry H Wh/A]

Mutual-inductance

I1 ® 1

® 21 M21 I1

® 21

® 12

® 12 M12 |2

M21 M12

M21
M21 M12 M [H]
M
M

+

<
—
L

—
=
T
e

I+
=~
<
—~
—
i
—
~
~
—
T
—_

Self-inductance
1 L

Mutual-inductance

@,

Mutual-inductance

Mutual-inductance
®,

q)Zl

@,



Counter electromotive force

0]

= —do/dt [V]
® = L  [Wb]

~ dd /dt = -Ldi/dt  [V]

“do/dt = -Ldi/dt V]
[H]

= V2 sinwt)

2 = -d® /dt = -Ldi/dt=- v 2 L dsin(w t)/dt

= -V 20 L coswt) [V]

- =(V2dw L coswt)= V2w L sihwttm/2) [V]

wlL

=wl V]

wlL Inductive reactance XL

[Q]

172



® = B sinfwt)
-dd/dt e
1
-B'S w cos(wt) 3
= / = -(1/ B S w cos(wt)



