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Magnetic-field-induced superelasticity of ferromagnetic thermoelastic martensites:
Experiment and modeling
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The superelastic effect under constant magnetic fields exhibited by the Ni-Mn-Ga ferromagnetic thermoelas-
tic martensites with single-variant and polyvariant microstructure is studied experimentally and theoretically.
The formerly proposed statistical model of the magnetostrain effect in the ferromagnetic martensite is modified
for the theoretical description of the superelastic stress-strain dependence under magnetic field. The mechanical
stress, which is equivalent to the internal stress induced by the magnetic field, is determined by fitting the
theoretical stress-strain curves to the experimental results. A quadratic dependence of the field-induced stress
on the value of the magnetization of martensite is found. This dependence supports the model assumption that
a magnetoelastic interaction causes the magnetostrain effect.
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I. INTRODUCTION tion of twinning dislocations(Ref. 4 and magnetization of
martensite were successfully analyzed using a statistical dis-
Ferromagnetic thermoelastic martensites, such as thoggbution of the energy barriers separating the metastable ar-
formed in Ni, y.yMn;_xGa v Heusler alloys, exhibit a  rangements of martensitic twin&!’ Thus, a statistical ap-
large strain upon application of a magnetic fiéld The fer-  proach based on the equivalence principle between
romagnetic thermoelastic martensites are characterized bypagnetostress and mechanical stress turned out to be a pow-
spatially inhomogeneous magnetic ordering coupled tcerful tool to tackle the whole spectrum of problems related to
highly mobile twin boundaries by magnetoelastic the magnetomechanics of ferromagnetic martensites.
interactions. Very-low-yield stresse$%’ mechanically In the present paper, the statistical approach is modified
driven change of magnetizati§meversible and irreversible for a description of the stress-strain characteristics of marten-
strains induced by magnetic fieldsnagnetoelasticity and sites affected by a constant magnetic field. A procedure for
magnetoplasticity, respectivel§*%°and a magnetic-field- the determination of the magnetic-field-induced stress is pro-
induced increase of the yield stregsagnetostregg§Ref. 10 ~ posed and applied to the results obtained for a single-
have been observed and are the subject of current researcérystalline specimen of Nj gMn,, Gas ¢ consisting of only
Theoretical studies of the phenomena exhibited by thene martensite domain with two twin variants. The proce-
ferromagnetic thermoelastic martensites aredure is based on a fitting of loops computed using the statis-
numerous:>''~18 The essential features of the magnktic tical model to the experimental stress-strain loops taken in
and magnetoelastic behavior of ferromagnetic martensiteiie presence of a constant magnetic field. The data clearly
were quantitatively described in the framework of a magneshow aquadratic dependence of the field-induced stress on
toelastic modet:*~*°According to the model, magnetoelas- the magnetization of the allofhis dependence substantiates
ticity and magnetoplasticity are caused by spin-lattice interthe magnetoelastic model of ferromagnetic martensite. Ex-
actions in solids containing magnetic atoms. Forperimental superelastic loops measured for a second single
comprehension of the magnetoelastic behavior of ferromaggrystal containing many martensite and twin variants are also
netic martensites, the concept of magnetic-field-inducednalyzed, and applicability of the statistical model to more
stress was proposed and an equivalence principle was subemplicated twin structures is demonstrated.
stantiated thermodynamically for the field-induced and me-
chanical stresseS-*°The theoretical value of the conversion Il EXPERIMENT
coefficient from magnetic field to mechanical stress esti-
mated from the magnetoelastic model proved to be in good Single-crystalline Nj, Mn,, Gas ¢ alloy (denoted as
agreement with the experimental vaftfe. NMG1) and Ni; Mnyg Gaq o alloy (NMG2) were grown
The nonlinear irreversible field dependences of both magwith the Bridgman method using ingots prepared from the
netoplastic strairii.e., strain caused by the irreversible mo- elements by induction melting in vacuum. The characteristic
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temperaturesT,,=307 K, To,=313K, andT,=361K for x-variant  y-variant ~ x-variant ... etc.
NMG1 and T\y,=314 K, T,=316 K, andT-=370K for
NMG2 (T and Ty, are the forward and reverse martensitic
transformation temperatures afg is the Curie tempera-
ture) were obtained from measurements of the temperature .
dependence of the low-field magnetic susceptibility. Electron
diffraction at room temperature revealed a five-layer modu--
lated tetragonal structure of the martensitic phase with
=0.94 for both alloys(c and a denote the values of the FIG. 1. Schematic presentation of tkgdomain in NMG1 fer-
lattice parametejs Parallelepiped-shaped samples with allromagnetic martensite.
faces parallel t§100 of austenite were prepared for magne-
tomechanical testing. The specimen dimensions were 4.8ligned with thex andy axes; see Fig. 1. This microstructure
X 3.4x3.3mn? (NMG1) and 5.43.2x2.3 mn? (NMG2). is referred to as they domain.
The parallelism of all faces was better than 1@ The following assumptions are made for describing the
Uniaxial compression tests under an orthogonal magnetigeformation of a martensite witb/a<1 consisting of a
field were done at a constant crosshead speed of ginglexy domain!®'’
X 10" m/s in a mechanical testing machif@wick, Ulm) (i) The reorientation of martensite variants is caused by
equipped with a 500-N load celMTS, Schaffhausenand the total effective SthSﬁeﬁ=UXX—(ryy which is the sum of
extensometers insensitive to magnetic fieltheidenhain, mechanical and magnetic-field-induced stresses. It should be
Traunreut. The resolutions were better than 0.5 N in forcenoted thato®" is a scalar quantity representing a normal
and 10 nm in displacement. The corresponding uncertaintiesiress(tensile if positive, compressive if negatjvia the x
were 0.1 MPa for stress andx2.0~ ¢ for strain. Since the direction acting in each twin variant. The effective stre$
strain magnitude corresponding to the plateaulike region ois increased if the sample is uniaxially stressed in tension in
the stress-strain curves for the NMG1 specimen is equal tghe x direction or in compression in thedirection.
the lattice strainabout 6%, NMG1 martensite is qualified (i) The rearrangement of twin boundaries in thedo-
as consisting of only one martensite domain, while the mi-main under the action of increasing stres¥>0 occurs in
crostructure of NMG2 consisted of many different martensitetwo stages. First a smalbjuasjreversible displacement of
variants? The magnetic field was produced by a permanentthe twin boundary takes place. Then the twin boundary
magnet systerfMagnetic Solutions, Dublinwith better than  moves at high speed across a full twin and merges with the
1% homogeneity at the position of the sample for fieldneighboring boundary. Thereby, twin variants with thaxis
strengthH and better than 1° for field direction for any arbi- parallel to thex direction(x variantg disappear and theaxis
trary direction within the plane perpendicular to the load(short axi$ is progressively more preferred along theli-
direction. The sample was mounted in such a way that théection until the whole domain is a singjevariant.
longest edge was parallel to the mechanical load diregtion (iii) The critical stress valuer‘ﬁff (n refers to a specific
direction. Thex direction was defined parallel to the shortesttwin boundary initiating the rapid motion of thenth twin
edge of the sample, anxty-z constitute Cartesian coordi- boundary varies across the sample.
nates. The field direction was constant and parallel to the (iv) The critical stress values are statistically distributed
shortest edge of the sampliee., parallel to thex direction. around a certain average valuag with a probability density
The sample was mechanically loaded up to 10 MPa and urp, (characterizing the rate of the disappearance of one type
loaded at constant field strength starting with 2 T, followedof the twin variants which has a normal Gaussian form
by 1.6, 1.4, 1.2, 1.0, 0.9,...,, 0.1, and 0 T. The unloading
process was stopped at some minimal fa@é&) which was 1 (| —|od)?
needed to keep the sample in place. Then, the field was in- Pn=Zz &P = —— 22—
creased to 2 T. During this process, the compressive force 0
increased by a few N. The sample was unloaded again down
to 2 N, this time in a field of 2 T. Thereafter, the magnetic z:E expl
field was reduced to the value for the next compression test. n

The second unloadin@with 2 T) was performed to reset the whereo g is a constant parameter describing the width of the

'n't_ﬁl] state Oft the spetC|men. tizati djstribution andZ is the statistical sum.
€ room-temperatureé magnetization Curve was measured ¢, q4ch field value the numbar of disappeared twins

on a sp_ecimen cut from the sanrr%e single crystal as NIVIGJ(boundaries jumpscan be found from the conditiofu®"|
(dimensions were 661.0x 1.9 mnr; all faces were parallel Zlo_ﬁfq. This condition results in the expression

to {100}) using a vibrating sample magnetometer VSM-5-18

(Toei Industry Co. An initial magnetic state of the specimen

was set by aligning its long axis along the saturating field. N(o®=Ng>. pnb(|c|—|ctf), (2
n

eff| _ 2
(ot =lod) ] "

2
203

Ill. THEORETICAL MODEL . L .
whereN, is the number of twins in the unstressed specimen

The microstructure of tetragonal NMG1 martensite can bén the absence of a magnetic field adds the Heaviside
modeled by alternatingl01) twin variants, thec axis being  function, which is introduced to account for conditiGin).

134410-2



MAGNETIC-FIELD-INDUCED SUPERELASTICITY @ . .. PHYSICAL REVIEW B 69, 134410 (2004

According to assumptiofi), the valuess®™ andN are func- MPa/_TZ- The variablesu,, us, o, andoy are linear com-
tions of the components of the mechanical stress teagor binations of the diagonal straire{) and stress;;) tensor
and the magnetic field; : components,

O'Eff:()'eﬁ(O'ik,Hj), N:N(Uikij)- (3)

A statistical model based on assumptidns(iv) and Eq.(2)
is developed elsewhefé According to this model, the vol-
ume fractiona,, of y variant in thexy domain affected by the 02=V3(xx— Tyy), T3= 20— Tyy— 07z, (8)
stationary fieldHlIx and an increasing mechanical stress

(forward stress pajhis given by

Uy=V3(&xx— 8yy)y U3=2€,,~ Eyy™ Exx»

where the coordinate axes y, and z are oriented in the
ay(0OH)[1—N(oyy,H)/No], [100], [010], and[001] directions, respectively. The; value

<0 is positivg for_ a tensile and negative for a compressive stress
ay(oyy,H)= ’ along thei axis.
e ay(OH)+[1—-ay(0H)IN(oyy,H)/Ng, In the ferromagnetic parent pha&sustenity, the strains
=0, u, andus; are caused by magnetostriction. In the ferromag-

(4)  netic martensitic phase, spontaneous strafhandu}' arise,
and therefore, the Gibbs energy of this phase can be obtained

For the reverse stress path, from Eq. (7) by the substitutionu, 3— ug’f3+ u,3. For the

ay (o H)[1-N(oy,,H)], o*'<0, cubic-to-tetragonal ~ martensitic ~ transformationt'< 1
ay(oyy,,H)= —c/a, and the substitution yields a magnetic anisotropy en-
yyryy max H eff 0
ay(oyy",H), o =0, ergy
©)
where ¢{\* is the maximal stress value achieved in the
yy _ 201 _ 2
course of the forward stress path. Wa=6oM7(1—cl/a)m; ©
The normal strairsg,’;y) parallel to the compressive force
is of thei variant of martensite, and a spontaneous magneto-
xy) . off elastic stress of the specimen is characterized by the func-
ey =—(S 12)c*(ayy,H)+(cla—1) tions
X[ay(oyy,H)—ay(0,0)], (6)
whereSis the elastic stiffness of detwinned martensite me- 05°=6v3sM*(m—mj),

chanically stressed in thedirection.(The state of the speci-
men at zero values of stress and field is taken as the undis-

torted one. The term depending on the stiffness expresses o5°=65M?(2mZ—m;—mg) (10
the reversible part of the strain while the term involving the
volume fraction is the irreversible part of the stréior more

detail see Ref. 17 (for more details see the Appendix and Refs. 13-THhe

rotation of the magnetization vector under the action of an

To be of any use, Eqgl), (2), and (4)—(6) require the S .
: off ! external magnetic field is accompanied by the appearance of
function o"(oy ,H;) to be known. The latter function can be field-induced stresses or magnetostresses

deduced from the phenomenological magnetoelastic model
of ferromagnetic martensité=1° According to this theory,
the Gibbs energy density of a cubic crystal is expressed as o2 H)=0TYH)—oT50). (12)
(using Sl unit$ ’ ’ ’

G=F¢— 8 MZ[v3(m{—md)u,+(2mZ—m;—mZ)us] The stressoy is invariant with respect to the permutation
x«<Yy and, therefore, cannot initiate any motion of the twin
boundaries. By contrast, the stress changes sign upon

where the termF, denotes a Helmholtz energy of the de- permu_tationx<—>y and, hence, removes the equivalence of
formed crystal, the term proportional to the phenomenologithe twin components. _ _ _

cal magnetoelastic parametéris a magnetoelastic energy I @ static magnetic fieldHiix is applied to the specimen
(M is the magnitude of the magnetization veckbr andm consisting of_a 5|ngle<y domain, |t_ is perpendlcul_ar to the
=M/M is a unit vector with components,, m,, andm,), ~ €asy magnetic axislly of they variant of martensite and a
the third term is the Zeeman energy describing an interactiofiéld-induced stress
between the magnetization and an external magneticHield

Mo is the free-space magnetic permeability, and the last term 20127042
is caused by the mechanical stressing of the crystal. The op(H)= 12/36M"H/Hs,  H<Hs,
parameters is defined in Refs. 15 and 16 and has units of 2 12v36M2, H=Hg,

_m'H/.LoM_(O'2U2+O'3U3)/6, (7)

(12)
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arises owing to the rotation of the magnetization vector ing(z¥)= — (5-1/2) (¢ H)+ (c/a)[ ay(o\y,0) — ay(0,0)]

2 - . yy yys y\Tyys y\eo -
the magnetic field. The valuels=12 8(1—c/a)|M is the (16)
magnetic saturation field for the martensitic phase. The ma
netic moment of thex variant is aligned along theaxis and,
therefore, cannot be rotated by the magnetic fieligk.
Thereforeo,(H) =0 for thex variant, and thus, the effective
field-induced stress is

gIior azxdomain, the strain componeay, is independent of
the volume fractions of the twin components and «, .
Therefore, the deformation of this domain is

e=—(S"42)0*"(ayy H). 17

a®(H)=o,(H)/V3. (13)  The average deformation for a mixture of the different twin
structures is
If 6<0, the stressr,(H) is negative, and hence, this is the ) (xy) ) (2y) ) (2
case of the field-induced compression of the specimen in the eyy=B" eyy’ +p eyy’ +B Eyy o (18)

x direction or tension in thg direction[see statemertt) and WherelB(ij) denotes the volume fraction §fdomains in the

Eq. (8)] . . , . experimental specimen.
If a compressive stress, <0 is applied to the specimen 'y ¢110,d be emphasized that E@.8) provides only the
consisting of a singley domain, they variant of the marten-  gimsjest approach to the problem, disregarding the elastic

site is compressed along tleaxis while thex variant is jyieraction between the spatial domains of martensite occu-
compressed perpendicular to tbexis. The compression of pied by twins belonging to different domaifise., the inter-

the x variant with stressry, is equ!valent to its eIongapon nal stresses of the martensite are neglécted
under stressr,,= — o, because either stress results in the

sameo, value. Therefore, the effective stress violating the

. . . e . IV. APPLICATION TO EXPERIMENTAL RESULTS
equivalence of the martensite variants and initiating the twin

boundaries motion is From fits of theoretical stress-strain curves calculated
from the model equationdEgs. (6) and (15)] for a series of
o=, — oy=0,1V3==20y,. (14  o(H) values to the experimental stress-strain loops obtained

by mechanical cycling of the specimen in stationary mag-
When the magnetic fielthlix and stressr,, are applied to netic fields, the magnetic-field-induced stress can be ob-
the specimen simultaneously, the effective stress is the sutained. Experimentally, the value
of the valueq13) and (14)—i.e.,
ogy=0(H)/2V3 (19

ff _
ooy, H)=0a(H)V3=20y,. (19 is most indicative, because this value is equal to the me-

. . . . chanical stress needed for the compensation of stress induced
The function(15) differs from the effective stress introduced by the magnetic field on the martensitic structisee Eq.

n Ref. 17 .by. the fact_or of 2 in front of .theyy_value. This 15)]. Thus, the valueSd can be referred to as the equivalent
difference is immaterial when the specimen is affected onl firess vy

by the mag_netic field or qnly by th«_e rn_echanical stigsshe Figure 2 shows some of the experimental stress-strain
latter case it results only in a redefinition of the parameters of

the statistical distribution, Eq1)]. In contrast, the presence oops Obtamqu for NMG1 t_o gether with the fitted theoretical

of the factor of 2 in Eq(15) is essential for the determination CUTVeS @ndryy values providing the best fithe valuesc/a

of the equivalent field-induced stress, when both magneti¢_ 9:94: oc=3.0 MPa, andoo=0.75 MPa were usedThe

field and mechanical stress are applied to the specimen. 1'eld dependence of the equivalent stress obtained from the
It can be summarized that the factor of 2 in HG5) f|t§|qﬂg procedure is shown in Fig. 3 together wit)(H) and

results from the fact that the mechanical stress affects botﬁgy(H) calculated from Eqs(4), (12), and(19). The curve

variants forming anxy domain, while the magnetic fielllx ~ 9y,(H) was calculated using a magnetization vallve

stresses only one of them because the magnetic field rotates0-6 T and 6= —1.5 MPa/F for the magnetoelastic con-

only the magnetization vector of thyevariant*’ Moreover, it ~ Stant estimated from the magnetostriction of the austenitic

should be emphasized that according to Etjsand(14), the ~ Phasé'® and resulting in a reasonable theoretical value

average mechanical stress needed for the reorientation efoHs~0.8 T for the saturation field.

martensite is equal to/2, because in this case the effective  Figure 3 demonstrates satisfactory agreement between the

stress is equal to.. Nevertheless, the value is an ad- field dependence of the equivalent stress extracted from the

equate characteristic of the pinning energy of twin bound-experimental stress-strain curves and quadratic dependence

aries. on magnetic field strength inherent to the magnetoelastic
Equation(6) describes the deformation of martensite con-model in the field range € uoH<500 mT. The maximal

sisting of a singlexy domain. The polydomain martensitic “experimental” value /=3 MPa is close to the value

structure of the NMG2 specimBmay be modeled by a mix- o,(Hs)/2vV3=3.45 MPa resulting from Eq12).

ture ofxy, zy, andzxdomains. The volume fractions of twin For comparison of the “experimental” values of the

components in aydomain depend oy and/orzcomponents equivalent stress with the experimentdi(H) dependence

of the field, both being equal to zero in the case under contFig. 4 measured for the different specimens of the NMG1

sideration. Therefore, the deformation okyadomain is alloy, 053 values are plotted in Fig. 5 together with
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(0)
.. (a) ..
H= H =600 mT
6 M=0 6. o™ = 2.38(4) MPa
& &
S S 4
0 [72]
@ /2 g
5 2-/ } gmmm T a 2
0- '/JM T 04
0 1 -2 3 -
Strain (%) Strain (%)
(b) (e) FIG. 2. A series of experimen-
8- . 8- tal (solid line and theoretical
H =200 mT ! H =1000 mT » (dashed ling stress-strain loops
6. o® = 0.40(5) MPa i 6 o™ = 2.85(3) MPa obtained at different constant
= ! = fields for the single-crystalline
% n : % N NMG1 specimen consisting of
- ' g a single martensiticxy domain.
§ é Compression stress is applied
B 2] » 2 along [010] while HI|[100].
The values of the magnetic field
04 ) 04 R — . a A and experimentally determined
Strain (%) Strain (% equivalent stress are indicated on
rain (% rain (%) the graphs.
(c) )
8 . 8
H =400 mT ) H =1200 mT
6 6™ = 1.57(5) MPa ! N o =2.89(3) MPa
|
g | g
= 4 S 4
2 @
[ [0
B 21 & 2
04 04
Strain (%) Strain (%)
éM?(H/Hg) obtained from the experimentdd (H) depen- (i)  The maximal strain weakly depends on the strength of
dence(a constant scaling factar=8 MPa/T was usefl as the applied magnetic field.
functions of the reduced magnetic figtiHs and the square (i) Some reversible deformation is observed even in the
(M/Mg)? of the reduced magnetization. Figure 5 demon- absence of any magnetic field.

strates clearly the direct proportionality between the equiva-
lent stress and the square of the magnetization and, therefore, Feature(i) indicates thaiy, xz andyz domains occupy
the magnetoelastic nature of the magnetostrain effect in mar- : ' o

\ . roximatel | volum f th [ ., B
tensite[see Eq(10)]. It becomes clear that the observed field approximately equal volumes of the specimée., 3

—g(x2) = gy — initi i -
dependence of the equivalent stress is not exactly quadratic'B B 1/3) and the initial volumes of twin compo

for fields larger than ca. 500 miin Fig. 3 indicated by nents are approximately equal to each otfies., ay(0,0)

. . o . = a,(0,0)= a,(0,0)=1/2].
vertical dotted ling because for this field range the field de- y( oz -
pendence of magnetization is not lindaee Fig. 4 Feature(ii) results from the statistical model when the

A precise adjustment of the theoretical stress-strain deparametetoc| appreciably exceeds the maximal value of the

pendences to the experimental curves obtained for thQEId'mduceq stress. . .
NMG?2 alloy is not possible in view of the complicated twin Feature(iii) shows that the martensitic state of the speci-

microstructure of the martensite in this specimen, but nevernen 1S mternglly stressed. AS the analytical form of the n-
tarnal stress is not clear, this feature cannot be described in

theless, its magnetomechanical behavior can be understo{)he framework of the statistical model in its present state
taking into account the following features of the experimen-""_. . P o
Figure 6 shows experimental and theoretical stress-strain

tal stress-strain curveig. 6): loops obtained for the martensitic alloy NMG2. The values

(i) The maximal strain resulting from the reorientation of of equivalent field-induced stresses were taken equal to those
martensite variants under the effect of mechanicadetermined above for NMG1 martensite. In accordance with
stress is about 2%. the features listed above, the paramefes =1/3, «;(0,0)
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4- 12 3.0
_ Equivalent stress
©
% 2.5
™ |
a \g’ 2.0
2 8 15
72}
n n
g -cqc-; 1.0
w <
0.5
= 2
] =]
2 o 0.0
g w /l v T v T v T v T v T
S 0.0 0.2 0.4 0.6 0.8 1.0
o 2
L H/Hs, (M/MS)
FIG. 5. The equivalent stresg)} (circles and square of mag-
netizationéM? (solid line) as a function of the reduced fiell/Hg
for NMG1 martensite. The equivalent stress is also presented as a

0 250 500 750 1000 function of the square of the reduced magnetizatiof/Nig)?
Magnetic Field (mT) (Mg=0.6 T): experimentcrossesand linear fit(dashed ling

FIG. 3. Field dependence of the equivalent stress for single@pplied mechanical load exert magnetic and mechanical
crystalline NMG1 martensite determined theoretically by the de-forces on a twinning dislocatich:’ The magnetic force is
scribed fitting procedurésolid ling) and experimentally from the the origin of the magnetic-field-induced strésBislocations
stress-strain datéopen circley in comparison with the quadratic themselves are sources of internal stresses which give rise to
function resulting from the magnetoelastic motiashed ling The  dislocation-dislocation interactions. The force on a twinning
volume fraction ofx variant in thexy domain is shown for illustra-  dislocation that results from the surrounding dislocations
tion (dash-dotted line strongly depends on the dislocation structure—i.e., the spa-

tial distribution of dislocations. The net force on the disloca-
—1/2, |o]=4 MPa, andoy,=1.1 MPa were taken for the tion controls, on the microscopic scale, the onset and direc-

theoretical curves. The calculated dependences reasonatig” ofd|sloc_at|on motion and, o_ndhhe_ Macroscopic scale, the
illustrate an evolution of the stress-strain loops accompany(-)_ set and direction of deformation Since one of the con-
ing variation of the magnetic field. A comparison of the ex_tr]bunoqs to t.he net. forc_es—na.mely,. that Wh'Ch V?S”“S from
perimental loops with the theoretical dependences clearly inglslocatlon—d|s_I_ocat|on Interaction—is spaﬂglly mhomogg—
dicates the presence of internal stresses opposing the appli gous, the critical CO”tT'bU“O” of t.he'remalnmg magnetlc
stress; the reversible part of the deformation observed exper-[esultmg from the applied magnetic figland mechanical

mentally exceeds the calculated reversible deformation fo _resul_tmg from the applied me_chan_u_:al str)etm_ces_ IS Spa-
all field values. tially inhomogeneous, too. This critical contribution to the

The close fit of the model to experimer(&igs. 3 and 5 net force on the twinning dislocation is reflected on the mac-

supports the statistical approach to twin boundary motion. | oscopic scale.by the critical stress fqr the poundary motion.
remains to find the micromechanistic origin of the statistical hus, the statistical nature of the d!sloca'ﬂon structure  di-
nature of the critical stresgssumption(iv) of the mode] rectly results in the statistical distribution of". As the den-
On the microscopic scale, twin boundaries move by the moS'Y O.f twinning d|slqcat|ons is larger n a polyvanant _crys_tal
tion of twinning dislocationd®2° The magnetic field and the than in a single-variant crystal, the width of the distribution
' of internal stresse@nd thuso ) is expected to be larger in a
polyvariant crystal than in a single-variant crystal. This again

0.6- is in agreement with the results for NMG1 and NMG2.
E 04 V. DISCUSSION AND CONCLUSIONS
c 41
(=] . . .
=2 The present experimental and theoretical studies of the
% superelastic behavior of Ni-Mn-Ga martensite in a constant
5, 0.2 applied magnetic field have led to a consistent model de-
= scribed in this paper. In this model, magnetoelastic stress is
0.0 responsible for both ordinary magnetostriction and detwin-

0 500 1000 1500 ning of the microstructure. During detwinning, the magneto-
- elastic stress performs a mechanical wank:65M?(1
Maanetic Field (mT) . . L
—c/a) per surface unit of the jumping interface. The present
FIG. 4. Experimental magnetization curve taken in a magnetiévork shows that ordinary magnetostriction seems to be suf-
field parallel to the shortest edge of the VSM specimen of theficient to trigger the detwinning of the specimen. This con-
NMG1 alloy. clusion is supported, e.g., by the data of the mechanical
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A=—10"* (see Fig. 3 in Ref. Pand is comparable te(¢"

81 (there is a tendency to magnetostriction increases on ap-
proaching the martensitic transformation temperaturbus,
64 one can conclude that the magnetostrictive deformation trig-
- gers the jumps of the twin boundaries and, hence, can be
o responsible for the detwinning of the martensite.
= 4- The statistical model presented here describes quantita-
@ tively the magnetic-field-induced superelastic behavior of the
g o ferromagnetic martensite in Ni-Mn-Ga single crystals.
” From a fit of theoretical stress-strain curves to the experi-
mental ones, it becomes possible to determine the mechani-
04 . . . . . cal stress which is equivalent to the internal stress induced
0.0 05 -1.0 -1.5 -2.0 by the magnetic field. The experimental and theoretical re-
Strain (MPa) sults show that the fiel'd—iryduced stres's is proportional to the
square of the magnetization, supporting the theory that the
(b) magnetoelastic interaction is the fundamental source of the
8- ; large strain caused by the field-driven twin rearrangement.
H =600 mT A comparison of theoretical stress-strain curves for the
- o> = 2.38(5) MPa NiTMn-Ga sing'le cry;talline specimen containing differently
- twinned domains with experimental ones demonstrates the
& presence of internal stresses caused by the elastic interaction
= 4 between the differently twinned spatial domains of marten-
@ site.
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H=1000 mT APPENDIX
61 o' =2.85(10) MPa The Helmholtz energy of the cubic phase, involved in Eq.
= (7), is
0o
S 4 1
% F= 6c'(u§+ u3) — SMZ[v3(mi—m)u,
&» 2 +(2mZ—m’—m?)uz], (A1)
042 : . . . . whereC' is the shear modulus. The SUbStitUtiDﬂ:;ﬂUg/!:;
0.0 0.5 -1.0 -15 -2.0 2.5 + Uy 3 with ug’f3o<1—c/a results in
Strain (%) 1
FIG. 6. A series of experimentdbolid line and theoretical F= EC'(U§+U§)+65M 2(1-claym?— SM?[V3(m§
(dashed lingstress-strain loops obtained for the NMG2 single crys-
tal. —mZ)u,+ (2m; —m?—mg)ug], (A2)

stress-strain test presented in Figa)2 This figure demon- for thei variant of the tetragonal phase, corresponding to the
strates that during unloading, the detwinned martensite deinear approximation for a small parameter&/a. In this
forms linearly. From the slope of the stress-strain curve, ampproximation, the magnetic anisotropy energy corresponds
elastic compliance of 1410 * MPa * is obtained. This to the tetragonal symmetry, while the elastic and magneto-
means that a stress of 1.8 MPa, causing complete detwinninglastic energies of the tetragonal phase coincide with those of
of the martensite, induces a comparatively small elasti¢he paren{cubic) phase. The “tetragonal corrections” to the
strain e®)~2x10"*. According to Ref. 21, this deforma- elastic and magnetoelastic energies are proportional to (1
tion exceeds the sustainable misfit for the different variants-c/a)? and are disregarded.

of a tetragonal lattice and results in the spatial rearrangement Using

of twins. The ordinary magnetostriction measured in the aus-

tenitic phase of Ni-Mn-Ga alloy slightly exceeds the value o= (IFIdey )T, (A3)
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we defineoyy in terms ofu, 3: expressing Hooke’s law for a stressed ferromagnetic crystal
[cf. Eq. (10)].

025=(IF/duz 37 (A4) Equations(A5) show that the magnetoelastic coupling is
Equations(A2) and (A4) result in responsible for the occurrence of a stre$§~ 5Mi2, which
is quadratic in the components of the magnetization vector
o2+ 68VEAMA(ME—my)=2C'u,, M. Purely magnetic terms in a free energy cannot contribute
to the mechanical stress because they are independent of the
o3+ 6M?(2m; —mi—my)=2C"us, (A5)  strain tensor components.
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