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ARTICLE INFORMATION ABSTRACT

Original Research Paper Magnetic shape memory alloys (MSMAs) are a new class of smart materials that exhibit characteristics
Received 03 July 2016 of large recoverable strains and high frequency. These unique characteristics make MSMASs interesting
Accepted 15 October 2016 materials for applications such as actuators, sensors, and energy harvesters. This paper presents a two-

Available Online 19 November 2016 dimensional phenomenological constitutive model for MSMAs, developed within the framework of

irreversible continuum thermodynamics. To this end, a proper set of internal variables is introduced to

Keywords: . : . h

Magnetic shape memory alloy reflect the microstructural consequences on the material macroscopic behavior. Moreover, a stress-
Internal variable dependent thermodynamic force threshold for variant reorientation is introduced which improves the
Two-dimensional modeling model accuracy in multiaxial loadings. Preassumed kinetic equations for magnetic domain volume
Magneto-mechanical loading fractions, decoupled equations for magnetization unit vectors and appropriate presentation of the limit

Hardening function function for martensite variant reorientation lead to a simple formulation of the proposed constitutive

model. To investigate the proposed model capability in predicting the behaviors of MSMAs, several
numerical examples are solved and compared with available experimental data as well as constitutive
models in the literature. Demonstrating good agreement with experimental data besides possessing
computational advantages, the proposed constitutive model can be used for analysis of MSMA-based
smart structures.

4 b aiad aslis aiades olge 5l guuaz go lere 4 S caslin dode-1
bl ol o oad ssalin piycutSy 155 e geel a5 i 1996 Lo o b sl sl < smbliie lsaliils slasl]
Oliee cnl o8 cesl ot (5155 [2] e 5 Boisom bawgs %12 (e lage o 1, %02 e b pla S sl 1] e g o5Vl
Oldes S50 a8 cwl (23S Gl 55550 adpe 90 S b S 55 NigMnGa b 5 S5 50 (Sl 55 olé 50 5 bawgie punblise
Olsee 0l [B] ogise slbml Jpome 5028 ywlgiSo ol )3 publite

! Magnetic shape memory alloys (MSMAS)

Please cite this article using: tawlod o3l 33 @yl 3l Wlie ol @ gla )l gl
M. R. Mousavi, J. Arghavani, A thermodynamically consistent two-dimensional constitutive model for magnetic shape memory alloys, Modares Mechanical Engineering, Vol. 16, No.
12, pp. 1-11, 2016 (in Persian)



Sleol Jlea 9 sgwge Lo )exe

obliso HI3aa3ls G SWT (sl SSaolisdg0 55 HU 3w (532393 S LB w Jdo K aslyl

95 2 odle (Swighopebline glajloy 23z prlle (B85 S s
Ay gumblioe b aials o)l oS > g bedl s b p5lSe
@ ally JU8) izmen 5 (SWigdueblie by 5385 )l St
5 a5 Joe dger b [15] ohSen 5 lly 2012 Jlo s b i
- Ca s e . e

Jates 9 salojomebline S (53,5 Sl o jeliie 4 (Jae (ulogSY
bl s J16] o, en 5 oz 2014 Ly sl &l o oygel oS
e a3l Joo o pdlbeasih sleanld Sealusge
ot gubliie loalil> glajl]  SLlSem pucbline L, oo
g ¥ 2014 Jlo jo Laisly &) (RGOS 0y M sl ,las,L
Gansd 63l Joo o elosSY 5 e Joe wly » [17] ol e
8 elyis SlSe bliie sunigs 65, Cov digas aSuile; ol
S oSy le <ol ls s gl Jaw nl jo eisen csls &Ll 05 o
2015 Jlo o .ol oo YN &l alFlas LS.....J@L._;A sl als (o>
Sl ool gamgs @ b3l Jae S [18] phsas Sl
S, ot Glp oS g a8 I adlsl o g diign o laoee
copl pogde Laisly &l ojammege lid cow Ni-Mn-Ga alfaw oSy
Lylyls den glp wlogSY g a8 Jaw 50 5L 050 gole syl )l
Cowl o 00ld dgupy GlaisS 4 Jow cpl a0 caingd LSS (6,138 ,L
S alize IS8,k Ll (6l da el 5 LSy (6l degaza o] 40 o5
sl

D9zge saJae 25145 855wzl Gl e Sl j9pe 5 (o
ebliie o Jle flee 4 il SIS Lot 6 lAT,L Gl ks
rsmebline Glace p Sgee Ly ) Cull (5lad (25 olen a4 e
C,S).> 6Lmr=}:glin )‘| “;ob )914‘.;.,@ 4 L@J..La Q_ﬂ )‘l san o Q{l » os)l.c
Loy Sigbomblae bbby i b awablon glaals o)y
lopselSe ool S 2 52,5 i s o aad Jaih o Ll 5300
SagSug Sl sla)ld) 5l (S n miie 3 Joe 2UlE poe coge
Slofoy G pplfe & Jas Jle glee 4 b sl
a B8 bl g ylsalitls 18, s S5 Ll |, Swisdepblie
Loyt JB (36555 anpinn SRolS (25 4 4ty 518, (i
A yo a5 w50 ol Jaw e ol Ho atdlog waless s il
e STl Glr prmes 5 WS e B s ) plSe
OHen g oY Jls laie @) Wl o5 5 Sl gunloliso
3% s b annlie ;0 5 05l loszy (sai g0 Yoono Lol ([17]
s Jloye5  Jeud BB Cds

eslie Gamgs LSl Jao S ] edle aghy gl 5l o
e (g0lass o solgds (gamgs Sl cwnbline &S ,L o sl
00 Fosle egmed g S ) S0 g ol Sl
OgeYge 8 Lol Slolme slaanjo 2al5 jslaie 4y Joe o ]se,8
Joo Jsd B cds b e o 5 yeS Sleolme pze ook
sloojle (gilutcd lp 3game sl (o9, 50 edlital 1y ) (solerinn
leige il cnlio (glan 5 plaie 4 wiadgn

Dgd e Sl g isle Joo ganse,d 2 Lisu 5o cedie opl 3l w
Omm A AR 008 e it o eS8 e 0 e
Gi o Cale o el 4l platl Eomy 5 gl 4l Jow sla el

" Demagnetization
® Magnetic shape memory effect

12 o plesis 16 095 1395 siawwl (a0 Swilse wise

2 S Gl 5l G8b Sl S S G S
Sl ey o Jsene loalidls bl s 4] ol oS iSUly s
Sl JUl gl oY ol L oy e alaly a5 Lo b
omsbliie Jlaaliils clasldT s (5 Shae a5 LT 5l Lol soesl o0d Sgame

(< ¢ €2 oL Lo s
Ol 3 8kee Gl 3 08 (o0 el (ke slailyly (il ST n
S99 5 5 dsane lvabile closlIT 5 Slas Luils )5 51 YL s a3l
o8 olyen 4 S pdyciS s, wili s [B] 3iRekS vz
[6] b ,Slos b 4o ceslio gl 35 olgie 4 1y sl ol YU o Shos
el 00,5 C)!a“" [7] Gyl lrosuseuils g b K>

comabliae jloalasl> glaildT o acbliae gloe 51 oob 25,8
Al 50 g e boolpen ( Jlasl s Gl 4 aidly s e
0 4 yamis 5 b olss 8] cuul NSl Az b4 al
Gb b T s Sl 5 Byb Sl enblie oaliils slasL]
sladae o6 05l (oo ordg, 1) laslIT nl 13, (g5le e 4 5ls s
] 00l a3l u;.u...]aLJ.a Sloalasl> LgLa)LJT L8, gl e Gl (gousio
Al 50 &l 50,5 S o Jae (pl ST 10 0l aid S IS & 0,50,
ablyge Joles 5L 538 sk & i
G sl e bl Jsalitls slaslT (sl " Sy s
ol sl o el i o ceablae e I L
Jdo 4 a8 il sals 2,8 Jaw opl jo sl @l ublieg,d
Solsy (embline jlsalisl> glajl] ob; ceabliae (63 ,Silusals
bl 45“’#’"“"“" olol oy (Soo3 0 3Ls§¢39-:‘w‘ﬂ-bbi°
a5 bl 99 ol (sexsb ol 10] Joual 1999 Lo s osle s
5 bt pliee il 1y ot %0y 31 sligs 50 S oy
33 &S Sl Sme S99l )5 (o p (Sl S Heh> (e
50 0ge8 &1 2l lg 90 cpl (gumdbline (65,50 S & jg0 4 1) o5l8e0
aels Ky ol L cusiile ilyly ,o 45 sl sid 5y Jae ol
Seie ol jgme & Lagy) ondge (Saigdmeblite bl woenl ® oiblie
b Joles G235 Byme b 11] 55Vl 5 cimlied 2000 Jlu s cans] st
RS widly A Sm A (028 slabees Bkl (ebline Glae
P S Gt | (Sl 5 le s pablise plaee 51 (86
@l ool Cows 4y alayl, 3l eolizal b [12] 6555a o 15Tzl 2003 Lo
@ Jow 1] sVl 5 Gimlind Joe yo omublite Glage b Jobee i
Sl (pbliie plase S sl 4 Al (A6 S (G ol
J13] colesI g Xj,m 2003 Jlo o .60ls &l o 25 0 Sgee g olgsds
Senlsgay olal 2 gamgs (Jaa (Il > lapiie (Byxe b
slajlon a5 (258 (nlb Jow cnl jo 0838 (Brre pdbcsS p slaanl b
el 90 iy sod (pmblite Lol Sloz 4 G ( Saisd i blize
4 Ls..._..!aL.xA als (o> J.MS 9 ts"’]"")LA d,dl.g.)b (> )...5 le;'-la
2004 Jlo 5 el oud byme lslag, Sl 52,8 L s jshaie
Joe S ealleS 5 S gy anes b (1] GubsSY 5 e

* Phase transformation

2 Martensite variant reorientation
® Magpnetization

* Magnetic easy axes

® Twin boundary

® Magnetic domain



SleErl Jbea 9 Sgwge LSy doxo

oablice HI3aladls Lo 3WT sl SSaolisdg.0 5 JU jlw 532393 5 LB Jdwo S a1yl

csmoloe sl aals o)lgss &S > ogdle ol Jlos! (6,0 sliuly o
QW1 5 pmbline Gl Ggm 4 (SN pmbline glajloy (15
a5 bbbz loalabl> glajldl jo pae o5l dw ol ol okl salys
hasle @il )’L‘-" 1) T S s8mg S 53,

sl slaills ol

Ls‘“"‘laL"’“" 6[.:@4.;.4.‘& o)|9.3..) “’S)"’ A

SNV uebliie slajloy 5,z @
layeie 5l g5 de (JB1S 5l dw (235 050 joliie 4 Buiow ol 5o
ol il ly ceme slo S Ll oo oolatul alise Sl
el Gl BB (1) abasl, & jg0 45 4S 09l S

{51 +& =1

§ =0, i=12 1
‘5..._>)L 2l Ol il samo L 6151.) sl psie cpl polie o o
ol 355l slad g

ool goz> S caime plas @y e V35 )l <l s sl
sljloy cpo omebliae Glawe Ol o a5 ) aanblow
S A=) col oy ol 18 Cg yo Ll jo (Sdigh pmblize
oz embloe Glae Olé jo aS cul pwoblse glaasly o>
a; s sla et ool =8 Cax yo il o Faigi pebline slals
Syge 4 a5 il ail Sl iy g ke e (g laie aulgr el
e ol 6 (2) e

0<aq <1, i=12 @)

CS o ple OISl sasmoplis J3ls sloyaie ol polie o s
el guboliie slaaiols o g0
(SNt mbline slaloy 232 prlle (235050 ln 02 YL
o lloy e a1 = @) 5 4 perblise glaals 51 Sy o sl
2 mo5e (Sighpmbliie gz samaglis il cqz &S My,
el oo a8 F L s A5 et st 4 clenl panbline azels ]
HB (3) alyly & j30 4 o5 il oo S 0lgan Lo lo ol 51 S5 e ol

el 5l
”m+i”:l! i:1|2
{||m_i|| =1, =12 ©)

S S et D58 g0 i ||| = VI S g0 4 o3l Sles oS
S Hgmbline glajloy i3z prille die 4 oS lajloy
ood 4185 135 40 151 (gl i el casbliie ol Sl &) Caps

Wiloas ools lis 2 IS o

10 6 pise s 3 00l Fwly cpunni -2-2
ol ahati G o IS Swisd pueablise oy olei e 2 JSKG a4 azgi b
905 a1l (4) adaly &y s |,

2 2
M= {; Siamy,; + ; & — a)m_ M=t 4)

00 (s 00l Lolgz 0 aS el gLl Swigb dolize M a5
S5 Sl B ) ool b wosle 255 Gl e sliie &
5ol g 8 (SaWl i 90 A4 e Ojge 4 S5 WS el

KPR PP SR P E R PPN P

Golgidy Sl Joo g0 5 -2

logals 1 5l e Sigd o (Brma Sl sl it lail (isu opl o
Sloiin o (M Fuighipmbliin sy 5 & (25,5 9uib) oole
Moo oy g 0 (G5 i) (2B slaite eizen 5 S
AT e Caws @ (ﬁ cowablize

10 (b o ol -1-2
CuiSile B 50 cwablin jlsabbl> sl Glp 1 JS6 slhe
Vo g Viio)ls 0g2g Ziblg £ 90 (gamgs > (o ‘l‘_gld.g‘}l o JUsS1 s
s lojgme b shlse wadi a Sills g5 50 (al olsS sl g
sy [ Sos byb 51,8 e 8 el aSls 108, 58 Olaise
36 el 28 o 51 oml il 4 yile Al slos asyl
Al cmdolieg b Caols o punboline loakitl> slaslIT o o)l
iyl omnblse Glae Gle o b a5 gl 4sS 4 rcaib
5B 50 4 S e 8 S ommbline Ll sl jo 05l il
5.5 00,18 0bsS jeme Glen gliwly o gty mn JUeST S oy e
sbely jo o)ls bled pwabline olol (sbiwl, o cuublone Hlowe Jles! b
JUsS1,5 oligS j9me w090 ST HLid Cot aslien yobo 410,50 18 o
Ol SRS 5o gy Gl 51 18 0jsmme ST LAS sliuly o o)l hles
Sl e 5l il s > G NT,L A gl 4wy ol lg g0
bl Sle sl NSl cnlply Wisd o e bl
WNigd co RaSG A liBee 3l sacdlly ezl 4 e wiliSee
e b St Caz g0 e 0 Slgoe (rdge (SWgdmblise Sl
(ombloe aLls 2 0 el o 20] oo % )8 ombliie Lol
Olase STasl atsly ps o cabline olol Gliul, 4 o wily o
o)les oS L wad Jhel aobliae ol bl o wnbliae
plol gl 48 4y oSy (plcails wales Jlos a4 1) cwpblisn sbaals
eblin o b @le cqa b pnnblin slo aials a5 0,5
eeblse lae STLl cauas oo 38150 slo atals 4 1) 095 sl o >,

e

A1 Martensite variant 2 (V,)
i 4
‘12 Martensite variant 1 (V)
: 011
Austenite = ¢
R >
s |2
—-
H,

Fig. 1 Crystal structure of austenite phase and two types of martensite
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Fig. 13 Comparison between simulations and experiment: strain
response for uyH, = 0.0 Tesla
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Fig. 21 comparison between simulations and experiment: strain
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