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Coupled Finite Element Analysis of Magneto-superelastic Behaviors of

Ferromagnetic Shape Memory Alloy Helical Springs

Yutaka TOI*, Jong-Bin LEE* and Minoru TAYA**

l .  Introduction

Ferromagnetic shape memory alloy (abbreviated as FSMA) is

under development and is expected as a new material of SMA

actuators. The coupled finite element analysis is conducted for the

magneto-superelastic behavior of FSMA helical springs in the pre-

sent study. The commercial code ANSYS/Emag and the

superelastic analysis program developed by the authors'2) are used

for the magnetic analysis and the superelastic analysis, respec-

tively. The coupled calculation is conducted by the sequential

approach (the loosely-coupled approach) as shown in Fig. 1.

2. Goupled Magneto-Superelastic Analysis of FSMA

2.1 Magnetic Analysis

The commercial code ANSYS/Emag is used for magnetic

analysis. The method of difference scalar potential is employed

with eighfnoded hexahedron elements for magnetic solids and

four-noded tetrahedron elements (SOLID96) for space. Six-

noded trigonal prism elements (INFINIII) are used as infinite

elements. SOURCE36 is used to model electric source. The geo-

metrical information of the helical spring calculated by the

superelastic deformation analysis program is transferred to the

magnetic analysis program as solid modeling information (key-

point and volume). The magnetic force increments are calculated

at each node of the helical springs.

2.2 Superelastic deformation analysis

The one-dimensional normal stress-normal strain relation is

expressed by the following equation3):

σ―σO=E(ε―εO)十Ω(ξs_ξsO)+θ(r_70) ・

( 1 )

where σ:stress,ε:strain,ξ∫:martcnsite volume fraction,■tem‐

perature, E: Young's modulus, f2: transforlnation tensor, 0:

therlnal elastic cocfflcient. The subscript `0' means the initial

valuc.

The following equivalcnt strcss of Drucker―Prager typざ)is used

in thc evolution equation for rnartcnsite volume fraction in order to

consider thc asymmetry of thc tensile and compressive behavior:

σ̀ 〓lσl + 3ル  …
…………………………∵…………( 2 )

whcre β:matedal constant,′:pressure.

It is assumcd that the shear strcss―shear strain rclation of SⅣIA

d u e  t o  t o r s i o n  i s  q u a l i t a t i v e l y  s i m i l a r  t o  e q。( 1 ) , b u t t h e y  a r e  i n d e―

pendent with each other5)。 Thcn the shear stress―strain relation is

expressed as

τ一τO=G(γ―/0)十Ωメξsτ―ξsTcl).……………………(3)

The evoludon equation ofthe martensitc volume fracion ξFdue

to torsion is assumed to be siinilar in forln to that for the nomal

debrlna■ on.The eqdvalcnt strcssお A/31τθzl.

The followings are assumed in thc flnite element forlnulation

using linear Timoshenko beanl elements.The lateral deflections in

two d̈irections,the rotation of the cross―section,the axial dis―

Control Program

Fig. 1 Coupled magneto-superelastic analysis

* 
Institute of Industrial Science, University of Tokyo

* *University 
of Washington



研 究

55巻 5号 (2003) SEISAN― KENKYU

速 幸腱  ‖‖‖‖‖̀|‖‖H‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖H‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖‖H‖‖‖|

placement and the torsional angle are all linearly interpolated in

each element. The shear strain energy term due to bending is freat-

ed as a penalty term. The tangent modulus formulation by the total

Lagrangian approach is conducted, considering superelasticity and

large deformation. The nonlinear terms with respect to the axial

displacement is neglected. Details of the formulation are given in

Refs 1) and2).

2.3 Interface program

As shown in Fig. 2, two-noded straight beam elements and

eight-noded hexahedron solid elements are used in the superelas-

tic deformation analysis and the magnetic analysis, respectively.

Therefore, the data transformation for nodes and nodal forces is

necessary in the coupled analysis.

The nodal coordinates on the N-th cross-section in Fig. 3 are

given by the following equations:

J r , r  =  r , v -  , l  t a  r - 1

) ru  =  Jn , -  , l  t b  *  - ,

z u = z w _ r * t c r _ 1  " '  " " ( 4 )

where

′=α
:(XⅣ
~χⅣ_1)/(α:αN l+わ'bⅣ

+わ
,(yⅣ
~yⅣ l)/(αttαⅣ l+bttbⅣ l

+ε
,(ZⅣ
~ZⅣ l)/(α:αⅣ l+bttbⅣ l

α
告
=(αⅣ+αⅣ l ) / r :

b : = ( bⅣ十bⅣ_ 1 ) /『告

ε
:=(εⅣ
十εⅣ l)/r:

r)=7鮨Ⅳ+αⅣ.)2+(bⅣ十bⅣ_ソ十(εⅣ十εⅣ_ア・0

1n thc equations,αⅣ,珠,7寿)iS the global coordinates of thc cen―

tral nodc on the Ⅳ―th cross―secuo■.←Ⅳ,yⅣ,ZD iS the global

coordinates of thc other nodes on thc fV―th cross―section.

The nodal forces√鮨,二、,,FⅣzin the χ,ッ,z―direction of the Ⅳ
―

th nodc are calculatd by the following equations:

・………………・(8)

where N, is the total number of nodes on the N -th section. F i,, F;r,

F,,arethe nodal forces at the i -th node in the x,!, z -direction. The

nodal moments Mp*, M1,1y, Mrrin the x, y, e -direction of the N -th

node are calculated by the following equations:

(ι√た一ιJ√″)

(J,√所―ιj√た)

(J:√″一ι″民χ)・………………………………。(9)

where

J所〓χ7vr―XⅣ, J″=ッ7vI―yⅣ, ιた〓z Nj―ZⅣ …
・…・…
(10)

In eq。(10),σ′臀,yМ,そM)are thc global coordinates ofthe jẗh node

On thcノV―th crosss̈ection.
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a t t = ( X u * r - X " )  l f *

b r = ( Y * * r - F  )  l r *

c * =  ( Z * + r - Z N )  I  T *

r-= ' 161

O beam and sOlid element (b) cross-section
XN:Yf「 Z岳
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Fig. 2 Elements and cross-section Fig. 3 Generation of nodes
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4. Numerical Example

Fig. 4 shows a FePd helical spring with a weight subjected to

magnetic force by the permanent magnet (Niodume35, 1.17,

835563A/m) and the elecffo-magnet (798 tums,0-1.4A). Fig.5

shows the dimensions of two-types of helical springs to be ana-

lyzed. Fig. 6 is B-H curves of FePd and york. The assumed

sfress-strain relation for FePd is shown in Fig. 7 .The material con-

stants are given in Table 1. The total number of elements for the

magnetic analysis is 51067 (7 turns) and89245 (10.5 turns). The

total number of nodes (d. o. f.) is 10852 and 16599, respectively.

The number of elements for the superelastic analysis is 88 (7 turns)

and 130 (10.5 turns). The number of incremental steps is 8 for the

magnetic analysis and 4500 for the superelastic analysis. Figs. 8

and 9 are the calculated results for current-displacement curves and

deformations.

I  l o 5  2  l o 5 3  1 0 5
H (A/m)

Cal FePd

報

Fig. 4 FePd helical spring and magnets
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Fig.7 Stress―strain curves for FcPd
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Thble I Dimensions and material constants

Dimensions (mm) Matel・ial cOnstants(MP∂

7 m

二=37(lЫttlengthl
グ=1.7(■劉∝terl
D=26 ①iameteD

E*= 49000, Eo = 53000

G*=16333, Go=I7667
6us=dJ +C*(f -U,)=Zg

orr=67 +cr(T - M"):seo

6os=CoV -t t )=1S

oor=CoV - Ar)=z10.5 turns
L =54.5 (lotat lengttr)

d =I.2(diameter)

D =25(Diameter)
ε五
=/ι=0・00 1

β〓0。15

― eXpeFittenta l
「eslll t

饉由■日=Present

assumption

Fig. 5 FePd helical springs
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