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Present paper is a review of published and new original results concerned on study the
phenomenon of the time-dependent evolution of the magnetic-fled-induced strain under constant
magnetic field at fixed temperature founded recently. The time dependent evolution of marten-
sitic structure in the constant magnetic field, stability of martensite under the magnetic field,
time-dependence of the magnetic field induced strain and magnetization in the Ni-Mn-Ga
magnetic shape memory martensites are studied in single and polycrystals. An analogy in the
time evolution of the magnetically and mechanically induced deformations in the stationary
conditions is shown. Effects of temperature, the magnetic field magnitude and its direction are
analyzed. Physical processes responsible for the time dependent evolution of martensitic struc-
ture and correspondently the magnetic field induced strain under stationary conditions are
analyzed. Mechanisms of observed time-dependent evolution of martensite structure and strain
in a constant magnetic field are proposed. It is shown basing on the theory of random processes
that thermal fluctuations of microstresses caused by the constant field is responsible for the
time-dependent magneto-mechanical behavior of the Ni-Mn—Ga magnetic shape memory marten-
sites. Activation of the new twinning systems and their evolution determines the long-time
evolution of martensite in the stationary conditions in the case of application of the magnetic
field to the hard or some arbitrary direction of magnetization.

CraTbs ABJseTC 0630pOM OMYOJMKOBAHHBIX M HOBBIX PE3YJbTATOB HCCJIEJOBAHUN SABJIEHUS
3aBUCAIIE OT BpeMeHN MAaTrHUTOMHIYIIMPOBAHHOM Ae(opMalliy IIOf JeMCTBHEM MATrHUTHOTO
MoJIsT (PUKCUPOBAHHOM BEeJIMYMHBI IIPU TIOCTOSAHHONM TeMmIlepaType. VccieqoBaHa BpeMeHHas 9BO-
JIIOIIMSI MApPTEHCUTHOM CTPYKTYPHI B (PMKCUPOBAHHOM MATHUTHOM IIOJIe, BpeMeHHAas 3aBUCHMOCTD
MarHUTOMHAYIIUPOBAHHLIX AedopMmanuii u HamarandenHoctu B Ni-Mn—Ga maprencurax 3 mar-
HUTHOM NMaMATbI0 (popMmbl. IIoKasaHa aHAJOrMS BO BPEMEHHON B3aBUCUMOCTU Ae()OPMAIIMM IO
JeficTBreM (PUKCHPOBAHHOI'O MATHUTHOIO TIOJISI M MEeXAaHWUYECKUX HAIPSIMKEHUI ITOCTOSHHON Be-
JUunHbL. ViccileooBaHO BIMAHME Ha AePOPMAIlUI0 TEeMIIepaTyphbl, BEJWYUHLI U HAIPABJICHUS
MarHUTHOrO mojis. IIpoaHausrpoBaHbl (PU3MUECKMe IIPOIlecChl, OTBETCTBEHHBIE 3a BPEMEHHYIO
9BOJIIOIMI0 MAPTEHCUTHOM CTPYKTYPHI M, COOTBETCTBEHHO, Ae()OpPMAIIMN B CTAI[MOHAPHBLIX YCJIO-
BUSIX B MAarHUTHOM IT0Jie (DMKCHPOBAHHON BEJMUYWHLI W MIPHU MOCTOAHHONW TemIiepaType. IIpezo-
JKEeHbI MeXaHU3MbI BPEMEHHOH! 9BOJIIOIUYM MAPTEHCUTHOM CTPYKTYPHI W Je(opMaliuii moj geicT-
BUEM I[OCTOAHHOIO MATHUTHOIO I0JIs. Basupysich Ha TEOPUU CAYUYANHBIX IIPOIECCOB, IIOKA3aHO,
UTO TepMHUUECKHe (PIYKTyaIllii MHUKPOHAIPSIKEHUN, CO3JaBaeMbIX MArHUTHBIM II0JIEM, OTBETCT-
BEHHBI 34 BPEMEHHYIO 9BOJIOIUI0 MarHnTo-MexaHmueckoro nosegeaus Ni-Mn—-Ga maprencuros ¢
MardMTHOM NIaMATBHI0 (POPMEI. B ciayuae COOTBETCTBMSA HAIPABICHWA MATHUTHOIO IIOJISA  JKECT-
KOH" OCHM HAMATHMYEHHOCTH B MAPTEHCHUTE C IATHUCIONHON MOLYyIMPOBAHHON CTPYKTYPOIl, aKTH-
BAaIlUsl HOBBIX CHCTEM JBOMHWKOBAHUA M MX PASBUTHE OTBETCTBEHHO 34 JOJITOBPEMEHHYIO DBOJIEO-
I[AI0 MAPTEHCUTHOM CTPYKTYPHI B CTAIIMOHAPHBIX YCJIOBUSX.

As it is known, a giant magnetically-in- the others) and denominated as magne-
duced deformation of Ni-Mn—Ga martensites tostrain effect (MSE) and/or magnetic shape
was discovered not so long ago ([1-6] and memory effect (MSME). The MSE effect is
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caused by the reorientation of the twinned
martensitic variants under the action of ex-
ternal magnetic field applied to the speci-
men. In the case of quasi-stoichiometric Ni-
Mn—-Ga alloys with c/a <1 (¢, a are the lat-
tice parameters of the tetragonal fct
martensite [2—-6]) the strain arises due to
the increase of the volume fraction of
martensite variant with c-axis parallel to
the field and therefore, is characterized by the
contraction of the single crystal in the field
direction and elongation in the a-direction.

A slow variation of the magnetically-in-
duced strain €(H) and effect of time expo-
sure was reported firstly in the [7] for the
Ni-Mn—-Ga alloy exhibiting comparatively small
magnetostrain effect with e(Hg) ~ 0.1-0.2 %
(Hg is a saturation field). A long-time evo-
lution of the martensitic structure and cor-
respondent magnetically-induced stain was
observed and studied experimentally in the
martensitic single crystal displaying the mag-
netostrain of about of few per cents [8—11].
First theoretical investigations of time-de-
pendent phenomenon in constant magnetic
field were introduced very recently [12, 13].
It was shown, that the magnetically-induced
deformation varies noticeably within the
wide interval of time (from a fraction of a
second to the few hours or days, depending
on the experimental conditions and alloy
specimen). It is quite obvious that the stud-
ies of the time evolution of the magneti-
cally induced deformation is of a special
importance in view of the expected applica-
tions of the Ni-Mn-Ga alloys as the new
elements of magneto-mechanical transform-
ers, actuators and controllers.

Present paper is dedicated to the system-
atic review and physical interpretation of
the time-dependent effects caused by the
magnetic field under the stationary condi-
tions in the magnetic shape memory
martensites of Ni-Mn—-Ga. A special atten-
tion is paid to the clarification of mecha-
nisms of time-dependent evolution of
martensitic structure and correspondent
strain and its interpretation as the inter-
nally stressed state.

Single crystal specimens displaying mag-
netic field induced strain more then 5 % at
room temperature in elevated magnetic
field were studied. Chemical compositions
of alloys are showed in the Table.

Various methods of studies were used:
tensometry in the magnetic field, neutron
diffraction, X-ray diffraction (theta-two
theta method and texture analysis) and an
optical microscopy. All experiments con-
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cerning study of the time-dependent behav-
iour in the external magnetic field were
performed "in-situ”. Details of the speci-
men’s preparation and experimental proce-
dures are explained in [7—-11]. The single
crystalline specimens with surfaces parallel
to the {100} crystal planes were preliminary
magnetized in the field 0.5 T or 0.9 T in
the direction coincides with the [001] (direc-
tion of easy magnetization) in one of the
twinned variants. Then magnetic field was
applied in the perpendicular direction dur-
ing the experiments for study effect of the
magnetic field on strain or the structure
evolution. Strain was measured perpendicu-
lar to the applied field direction. Strain in
the magnetic field produced by electromag-
nets was measured by using an unicial mag-
netic dilatometer [14]. An optical micros-
copy study of the martensite structure evo-
lution in the steady magnetic field is
carried out using the Nd-Fe-B permanents
magnets. Experimental procedure of the
neutron diffraction study is explained in
[15, 16].

Structure of magnetic shape memory
martensites. It is well known that crystal
structure of martensite in Ni-Mn—-Ga alloys
depends strongly on compositions. The main
types of the crystal structure of martensite
existing in bulk specimens of Ni—-Mn-Ga
Heusler alloys are bct non-modulated, 5M,
T and they’re mixture. Our experience in
study of the magnetic shape memory in
Ni-Mn-Ga and some other published results
convinced us that only martensites having
5M or TM crystal structure type display
giant magnetic field induced strain. Fig. 1
represents some examples of the crystal
structure study in the magnetic shape mem-
ory martensites studied in the present work
using diffraction methods. The reciprocal
space (insert in the Fig. 1) for the marten-
site A (Tabl) represents result of neutron
diffraction study [15, 16]. Additional spots
located between main spots characterize the

Table. Chemical compositions and transfor-
mation temperatures in the studied single
crystals

Name

Content (at. %) M, | A, Tes
Ni | Mn | Ga K

K
48.6 | 30.16| 21.3 | 300 | 304 | 368
49.7 | 28.7 | 21.6 | 306 | 310 | 372
48.2 | 30.8 | 21.0 | 307 | 315 | 370

g aw p»

49.6 | 28.4 | 22.0 | 305 | 3814 | 3873
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Fig. 1. Crystal structure of magnetic shape
memory martensites as result of study with
diffraction methods: X-ray diffraction pat-
tern of martensite of powder specimen pre-
pared from the single crystal C. Indication of
peaks is given for 5M modulated structure
and for its approximation by fct unit cell
(bold). The reciprocal space (I =0) for 5M
martensite in the single crystalline
Niyg 57Mngy 14Gayy 4 according to the neutron
diffraction data at T = 297 K; indexes hkl
are given in terms of fct structure is shown
in the insert.

close-packed planes with periodicity of 5 lat-
tice parameters and indicate the 5-layered
modulated structure. The unit cell of marten-
site lattice is determined as orthorhombic 5M
with lattice parameters: a’' = 0.421 nm, b =
0.562 nm, ¢ = 2.105 nm at 296 K. Fig. 1
shows powder diffraction pattern for
martensite of alloy C. In this case martensite
also has 5M modulated structure. Structure of
that martensite was determined in [17] as 5-
layered monoclinic with cell parameters: a =
0.4225 nm, b= 0.5577 nm, ¢ = 2.1030 nm
and B =90.3° at T = 296 K.

Because MFIS is limited by the
tetragonality [2—-6] or by the lattice distor-
tion 1 — ¢/a that is confirmed by many ex-
perimental results published by different
authors, it is convenient to simplify de-
scription of the real 5M crystal lattice in
the magnetic shape memory martensite as
tetragonal cell by ignoring of the 5-layer
structure. The martensite lattice can be ap-
proximated by fct cell following by [3—-6, 15
and others authors] relating to the parent
fce austenite phase (Fig. 1). In that case
martensite lattice parameters for alloy A
are: a = b = 0.595 nm and ¢ = 0.561 nm at
T=296 K in the terms of fct cell. The
shifting system is (110) [1-10]z; for this
fet lattice. Crystallographic relation be-
tween fet a, b, ¢ axes and a’, b’, ¢’ axis in
5-layered modulated structure are given in
[17]. Indexes for 5-layered orthorhombic
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structure are transformed in case of fct cell
as it is shown in  the Fig. 1:
(105)5 layerd - (200)fct’ (020)5 layerd (Ooz)fct'
Indexes (1 2 7) and (2 0 8) belonging to the
5-layered structure are ignored for the ap-
proximation by fct lattice. We also will use
description of a martensite in terms of fci
tetragonal lattice in the beginning of the
present paper for simplicity as is the con-
vention, however will show below, that this
kind of approximation does not explain
some important physical processes which
are responsible for the magnetic field in-
duced strain and its time dependence.

Evolution of the magnetic field induced
strain in steady magnetic field at constant
temperature. Fig. 2a shows an examples of
the magnetic field induced strain in the ele-
vated magnetic field in the martensites of
single crystals A and B (Tabl.). MFIS in the
martensite is caused essentially by a re-
alignment of twins [2—6, 8, 10], so there is
an excessive proportion of the c-axis contri-
bution to the dimensions of the specimen
along the direction of the applied field.
Ratio ¢/a <1 in the fct approximation of
crystal structure, hence the specimen is con-
tracted in the direction of the applied mag-
netic field, because [001] martensitic vari-
ant with its ¢ short axis is oriented to the
applied field. In the same time the single
crystal specimen rises in size in the a direc-
tion normal to the field, which consists with
the direction of strain measurement (Fig.
2a). After this experiment the specimen was
re-magnetized in the perpendicular direc-
tion and thereafter the magnetic field was
again applied quickly up to 0.6 T (Fig. 2b)
in the same direction as in the case pre-
sented in the Fig. 2a. Measurement of
strain was continued after the magnetic
field stabilization. As follows from the Fig.
2b the stain grown at 1.7 % during 52 min
in steady magnetic field 0.6 T without satu-
ration. The same increment of strain is
achieved due to rise in the magnetic field
up to 1 T in the case of the quick increase
magnetic field (Fig. 2a). In some cases (Fig.
2d) strain achieves large magnitudes 3.6 %
during the short exposure (10 min) in the
small field 0.48 T (Fig. 2d), displaying the
overall strain 5 % that is equal to the
strain in the elevated up to 1 T magnetic
field (Fig. 2d).

Value of strain caused by the constant
magnetic field can be quite small, or much
bigger during the same time exposure in the
magnetic field Fig. 2b, 2d and [7-11]. Time-
dependent phenomenon is observed as for
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Fig. 2. Strain induced by the magnetic field
in the martensitic single crystals at constant
temperature: (a) strain in the evaluated mag-
netic field , single crystal A; (b) time depend-
ent strain in the constant magnetic field
0.6 T, single crystal A; (c) magnetically in-
duced strain in the quickly (1, 2 min) applied
elevated field for single crystal B; (d) com-
plete strain value in the quickly applied mag-
netic field and its‘ rise with time after the
field stabilization, crystal B.

poly- as well for single crystals Ni-Mn-Ga
displaying the magnetic shape memory
[7-10]. It was shown with X-ray diffraction
and optical microscopy study [7-10] that
time-dependent evolution of the twinned
martensite and twins’ redistribution under
steady magnetic field responses on the time-
dependent strain. Defects (dislocations, va-
cancies, other boundaries and their intersec-
tions cause pining effect and bloke twin
boundaries. Density of the pinning centers
is various in different specimens and de-
pends on their history, therefore as the
magnitude of time dependent strain, as well
as its kinetics is different. However, there
are common tendencies and regularity in
the time-dependent behavior in the constant
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magnetic field, namely: the magnetic field
value, effect of temperature, -crystal-
lographic direction of the applied magnetic
field. These common tendencies for the
time-dependent behavior in the magnetic
shape memory martensites are analyzed
below.

Resemblance in an effect of the magnetic
field and mechanical stress on the time-de-
pendent behaviour of ferromagnetic marten-
sites. There is an analogy in the strain of
the Ni-Mn—Ga crystal in the elevated mag-
netic field with that under applied mechani-
cal stress applied to the same crystal-
lographic direction for the same single crys-
tal (Fig. 3a). Martensite gradually deforms
under constant magnetic field and set tem-
perature in a manner analogous to creep
under the constant applied compressive
stress (Fig. 3b). therefore. Basing on
founded analogy with mechanical creep, the
time-dependent strain in constant magnetic
field at fixed temperature was denoted as
"magnetic creep” [11, 9].

Magnetic field-strain in the elavated
magnetic field and stress-strain curves,
were analysed in a few articles [for example
3-6, 18-22 and references therein].
Authors [19] have shown that there is an
analogy between strain caused by mechani-
cal and by magnetic driving forces for twin
boundary motion in martensite Ni-Mn-Ga.
The resemblance of the field-induced and
stress-induced strain (Fig. 3a) allows to
refer to the equivalence principle, which
was stated earlier [20, 21] for the magnetic
and mechanical stressing of the shape-mem-
ory alloys (see also [22] and references
therein). In the present article we accent on
some peculiarities of strain behaviour,
which are important for analysis the time-
dependent phenomenon that is a subject of
present investigation because it is assistes
to underset of an a physical nature the
magnetic creep.

There are some critical magnitudes as
for the magnetic field caused quick re-
sponse of the field/stress relaxation. Strain
rises quickly and more notably under
field/stress value close to these critical val-
ues (Fig. 8a). Thereafter strain rises
slightly due to the increase the magnetic
field/stress value. The lattice distortion
limited theoretical maximum for the single
crystal A is (1-¢/a)100 =5.7 % at
293 K [16]. Big values of strain achieved
under small field/stress magnitudes and al-
most maximal values of field/stress induced
strain at used temperature, indicates that

Functional materials, 13, 3, 2006
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Fig. 3. Analogy in the magnetic field induced strain and stress-strain behavior in the single crystal
A: (a) strain induced by the elevated magnetic field (1) and mechanical stress (2); (b) time-depend-
ent strains induced by the stationary magnetic field 0.5 T (1) and mechanic stress 0.55 MPa (2). It
is shown a module of the strain magnitude caused by the compressive mechanical stress.

used single crystal has quite small density
of defects blocked twin boundary motion.
Rise in the field/stress value causes de-pin-
ning effect of twin boundaries and strain
fides until saturation (Fig. 3a). Fig. 3b
demonstrates resemblance in the time evolu-
tion of the magnetically and mechanically
induced deformations in the stationary mag-
netic field and under the constant mechani-
cal loading at fixed temperature for the
same specimen. Firstly an analogy in the
time-dependent behavior under fixed mag-
netic field at room temperature with that
under constant mechanical stress was found
in [11]. Magnitudes of the field and strain
(Fig. 3b) were both chosen to be correspon-
dent to the slow rise of strain in the ele-
vated field and stress (Fig. 8a). Strain of
about 1-1.75 % arises momentary on the
quick field/stress application and then the
deformation smoothly increases with the
values exceeding 0.5-0.6 %. We can see
that not only rise in stress or the magnetic
field causes de-pinning effect, but the time
exposure in the constant field/stress also.

The theoretical interpretation of the time-
dependent phenomenon. The first attempt of
a theoretical interpretation of this effect
was made in [12]. As a result, the following
physical picture of time-dependent MSE in
the Ni-Mn—-Ga magnetic shape memory
martensites was substantiated:

(i) a magnetic field application results in
an internal magneto-mechanical stressing of
martensitic alloy specimen with stresses
being different for the differently oriented
martensite variants, and therefore, a mi-
crostressed martensitic state arises;
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(ii) quick partial relaxation of the mi-
crostresses takes place due to the displace-
ments of mobile coherent interfaces, thus,
the quick magneto-mechanical response
arises;

(iii) the quick relaxation of the field-in-
duced microstresses is not complete because
of imperfections of the crystal lattice and
the incoherent character of some interfaces;

(iv) thermal fluctuations of the residual
microstresses result in its slow relaxation
and the relevant slow increase of the field-
induced deformations up to saturation.

The computing of processes based on the
theory proposed shows (Fig. 4) that the
strain evaluated with time in the constant
magnetic field does not reach the saturation
even after one year and more, how it was
computed in [12] and is shown in the Fig. 8.

The next step in the theoretical explana-
tion of time-dependent phenomenon we talk
about, was made in [18]. The conception of
slow magneto-mechanical response [13] is
specified as the deformation, which follows
the magnetic field application after the pe-
riod of time exceeding by the order of mag-
nitude a characteristic period of transversal
sound. The deformation arising before this
period of time is conventionally attributed
to the moment of the field application and
is referred to as the quick magnetoelastic
response. A statistical model describing the
time-dependent phenomenon of strain rise
in the constant magnetic field has been de-
duced from the mathematical theory of ran-
dom processes [24]. We concluded [13] that
thermal fluctuations of microstresses
strongly affect the magneto-mechanical of
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Fig. 4. Magnetic-field-induced strain versus
the common logarithm of time [13]. Curves
are computed for magnetic field H = 0.35 T.
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behavior of the magnetic shape memory
martensites in Ni-Mn—Ga alloys. The relaxa-
tion of fluctuating microstresses and the
tendency to the minimization of magneto-
static energy determines an origin of the
discussed time-dependent phenomenon.
Elaborated theory [13] suggests a jump-like
magneto-mechanical response of martensite
due to the randomly occurred micro stress
fluctuations causing de-pinning. This the-
ory is in the good agreement with the jump-
like behaviour in the time-dependent strain
in the constant magnetic field (Fig. 5a) ob-
served experimentally. Jump-like deforma-
tion occurs quickly (at <0.1 sec) at expo-
sure in the constant magnetic field at con-

stant temperature. The effects of this kind
point to the avalanche displacement of the
a)
€% M, L/E
38F
0.17
36
341
0.16
321 '
3.0 ‘/ 0.15
‘ 1 1 1 1 ]
0 2 4 6 8 t, min

different elements of martensite micro-
structure caused by the concentration of
local microstresses in some domain of the
specimen. The concentration of micros-
tresses can be conditioned, in its turn, by
the creep of dislocations and point defects
of the crystal lattice.

One of the important effects of time-de-
pendent behavior of the magnetic shape
memory martensites is rise of magnetiza-
tion with exposure at fixed temperature in
the constant magnetic field (Fig. 5b). Tak-
ing into account correspondence of 90° mag-
netic domains with twins [10] in studied
martensites and analogy in the time-depend-
ent behavior of strain and magnetization
including jump-like changes (Fig. 5a, b), we
can conclude, that origin of rise in magneti-
zation with time is determined also by the
time-dependent movement of twins oriented
by easy axis of magnetization to the applied
field. However clarification of details in the
time-dependent changes in the domain mag-
netic structure in the constant magnetic
field requires some additional study.

Effect of temperature. The effect of tem-
perature on MFIS under the elevated mag-
netic field is reported in [17,25,]. It was
shown that rise in temperature causes de-
crease of the critical magnetic field needed
for twin boundary motion. Therefore we can
expect an influence of temperature on time-
dependent behaviour of twins in the station-
ary field. Really, the magneto-mechanical
response to the fixed magnetic field slows

down with the temperature decrease
(Fig. 6). Stress relaxation occurs more
b)
B qH, T
407
B At . -: u/g , 106
0.14 ! dos
0.12 }
g —0.4
0.10 /
- 1 1 1 ]
05 10 15 tmin 03
i \ 0.2
- 4041
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Fig. 5. Jump-like magnetically induced strain and magnetization in the constant magnetic field at
fixed temperature in martensite of alloy C: (a) time-dependent strain; (b) magnetization. Insert

shows the jump-like behavior of magnetization.
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Fig. 6. Effect of temperature on the time-
dependent strain in martnesite of the
alloy A in the constant magnetic field.
1 -T=273 K; 2 - T=293 K; 3 — 303 K.

quickly at higher temperature. Temperature
dependence of redistribution of twins in the
magnetic field, as well as effect of tempera-
ture on the critical magnetic field value as
well as, is studied in-situ with neutron dif-
fraction in [15]. It was shown that a value
of the martensitic variant oriented its easy
axis normal to the applied field decreases
more intensively at higher temperature. Ef-
fect of elevating temperature on the accel-
eration of the time-dependent processes re-
sponding on strain can be caused by follow-
ing reasons: well known decreases of the
activation energy for twins’ dislocations
and higher mobility of twins at higher tem-
peratures; intensification of thermal fluec-
tuations [13] arising from the temperature
increase causes de-pinning of twins more in-
tensively and enabled jumps of the de-
pinned boundaries.

Effect of the magnetic field magnitude.
Magnitude of the constant magnetic field
also notably affects on the time-dependent
evolution in strain at fixed temperature
[8,9,11] (Fig. 2d). Strain evaluated with time
markedly if the magnetic field magnitude is
close to the critical magnetic field value (Fig.
2¢, d, Fig. 7). If the field value are close to
saturation or smaller then a critical field
value, strain rises with time slowly and value
of strain is less at the same exposure (Fig.
2d, Fig. 7a). Twin boundaries continue slow
translation after start of movement under the
constant magnetic field that is higher than
critical value, required for start of twins
(0.835 T in the case Fig.). Effect of the me-
chanical stress direction on the time-de-
pendent strainwas studied in [11]. If expo-
sure occurs at the field or mechanical stress
value higher than critical magnetic
field/stress, however much smaller then satu-
rated field/stress (Fig. 2¢, d, Fig. 7a, b),
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Fig. 7. Effect of magnitude of the constant
magnetic field on strain in the martensite
of single crystals A at 294 K. 1 — H=0.19 T;
2 - H=0.8349 T; 3 — H=0.504 T; 4 — H=0.643
T; 56 — H=0.811 T.

there are following factors effecting move-
ment of twins: stress caused by the mag-
netic field is higher than critical stress of
twinning dislocation, stress is enough to
provide de-pinning effect, local stress re-
laxation causes the non-equilibrium mag-
netically deformed state and stress fluctua-
tion responds on time-dependent strain. If
the magnetic field magnitude smaller then
critical magnetic field, time-dependent
strain occurs only due to relaxation of the
thermal fluctuation of local stress. Strain
value is very small in this case. If a con-
stant field is much more than the critical
field/stress value, stress fluctuations pro-
duce small increase in strain with time, be-
cause cardinal de-pinning of twins occurred
early, during the magnetic field evaluation.
However, reduction of the intensity of stress
fluctuations results in decrease of magne-
tostrain with time in all cases (Fig. 2d, Fig. 7).

Effect of the magnetic field direction.
How it was shown with X-ray diffraction of
Ni-Mn-Ga magnetic shape memory single
crystals, evolution of martensite under the
constant magnetic field can continue from
minutes up to times hours depending from
the magnetic field direction [7—-10]. Redis-
tribution of the martensitic variants occurs
rapidly if magnetic field is applied to the
direction of easy magnetisation in one of
the twin variants and, in contrast, it takes
several hours or days if the constant field is
applied in the "possible” or some arbitrary
direction. Ratio of martensitic variant pref-
erable oriented to the field rises insignifi-
cantly with time if field is applied to the
"easy” axis [7T—10]. These results are in an
agreement with study of time-dependence of
strain. Results of measure time-dependent
strain under field applied to the "possible”
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Fig. 8. Strain in martensite of single crystal
A at 296 K in the magnetic field applied to
the easy direction. Insert: strain in the ele-
vated magnetic field.

and "easy” axis of magnetization for the
same single crystal present Fig. 2a, b and
Fig. 8, correspondently. Effect of the mag-
netic field direction on strain in elevated
field is analyzed in the literature not
enough. Some aspects of the applied filed
direction on strain were analysed in [26].
Critical field as well as field for the strain
saturation are extremely small in the case
presented in the Fig. 8a to compare with
these in the Fig. 2a. These differences at-
tracting a typical behaviour of magnetic
shape memory martensites are out of the
subject of present paper and will discussed
in our special article. Taking into account
these differences, we choose magnitude of
the constant magnetic field for study of the
time-dependent strain (Fig. 8b and Fig. 2b)
to be equal the same conditions-almost mid-
dle magnitudes situated between the critical
magnetic field value and field required for
the strain saturation: 0.186 T (Fig. 8a) and
0.6 T (Fig. 2a). The strain evolution with
time in the constant field is different for
these directions. Rise in strain is in
3.8 times larger if field is applied to the
"possible” direction to compare with that
applied to the "easy” [001] direction during
the same exposure 50 min: 1.7 % and
0.45 %, correspondently (Fig. 8b and Fig. 2b).
In bough cases analyzed above (Fig. 2, Fig. 8)
evolution of martensite is caused by move-
ment of twins belonging to the preferable
oriented variant due to de-pinning of
blocked boundaries occurring with time. Re-
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Fig. 9. X-ray diffraction pattern of single
crystal D studied in-situ with exposure in the
magnetic field applied to the [001] direction.
Inserted fragment shows change in the (004)
peak intensity during 28 hours in the mag-
netic field. CuK  irradiation.

distribution of twin variants with time in
the constant field occurs in the same way as
in the elevated magnetic field, but slowly
due to de-pinning of blocked boundaries and
fluctuating stresses. Value of martensitic
variant expanding with exposure in the
field rises insignificant if the magnetic
field is applied to the [001] easy direction
(Fig. 9).

However, martensite demonstrates very
peculiar behaviour in the time-dependent
evolution in a case of the constant field
application to the "hard” axis or to some
arbitrary directions. Fig. 10 shows result of
X-ray diffraction study of an effect of ex-
posure in the constant magnetic field ap-
plied parallel to the direction [010]s, on
martensitic structure. Crystal had almost
single variant state (010) in the studied
surface before application of the magnetic
field (Fig. 10a). Thereafter the specimen
was clamped by its surface parallel to (010)
on a permanent magnet and studied in-situ
(Fig. 10b) with time. It is seen (Fig. 10a
and b), that intensity of the (040),, peak
decreases drastically as well as in the case
shown in the Fig. 10 after field application.
However in this case there is no re-orienta-
tion between (040)s, an (004), variants.
Instead of that new variants are appeared.
These variants can not be explained in the
frame of approximation of real structure in
martensite by the tetragonal fect unit cell
(Fig. 1), which we used above following by
others authors. These new peaks belong to
the 5M modulated lattice and correspond to
the (2, 8, 0) and (2, 12, 0) (Fig.1). These

Functional materials, 13, 3, 2006
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Fig. 10. Experimental 0—20 diffraction patterns for single crystal D at room temperature: (a) before
an action of the magnetic field; (b) evolution with time of martensite in the magnetic field.

Magnetic field applied normal to the studied surface. CuK,
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Fig. 11. Martensite structure evolution of the crystal D with exposure in the constant magnetic
field 0.8 T at room temperature studied in-situ: (a) 0.37 hours in the magnetic field; (b)
17.37 hours under magnetic field. Magnetic field is directed normal to the studied surface.

orientations are twinned to the each other.
Crystallography of twinning in the 5M
martensite of Ni-Mn—Ga was studied firstly
in [17]. Intensity of both of them rises with
exposure in the magnetic field, whereas in-
tensity of the initial (2, 10, 0) 5M peak,
which corresponds to the (040) for the fct
approximation, continues to decrease with
time (Fig. 10b). Presented results (Fig. 10)
show necessity to use the correct descrip-
tion of magnetic shape memory martensites
in terms of real 5-layered modulated struc-
ture not only for the time-dependent proc-
esses, but for magneto-plasticity in
Ni-Mn-Ga in the elevated field. Ignoring of
the real 5M structure does not let to under-
stand nature of processes occurring in ferro-
magnetic martensites in the magnetic field.
Fig. 11 shows the structure evolution
with time in the constant magnetic for the
case discussed just now. Experiment is per-
formed in-situ: the specimen D lies on the

Functional materials, 13, 3, 2006

permanent magnet during whole time of the
experiment. Direction of the magnetic field
is normal to the studied surface Fig. 11 a
demonstrates a new twins’ system consisted
thin parallel twins appearing in the right
area of picture as result of the magnetic
field application. This poly-twin develops
with time as the single whole system occu-
pying the left area (Fig. 11b). Moreover, the
new poly-twin system devours the old twin
boundary (arrow in the Fig. 11b) and that
boundary disappears with long time expo-
sure in magnetic field.

Results discussed above (Fig. 10 and Fig. 11)
testify to existence an another mechanism
of structure evolution in the magnetic field
that is different from well known redistri-
bution of two twin martensitic variants
proposed in [2—6] and confirmed early for
example in [8, 10, 15, 27 and others]. New
mechanism concerns the structure relaxa-
tion in the magnetic field applied to the
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some arbitrary direction of the magnetic
field. New twinning system is activated due
to stress caused by the magnetic field,
forming poly-twin system containing a new
two twinned orientation. We have deal in
this case with mechanical twinning in the
magnetic field concerning on as an origin of
new twins, as well as with they’re propaga-
tion. Expansion of poly-twin system occurs
as in elevated magnetic field, as well as in
the constant magnetic field with long-time
exposure. Crystallographic aspects of the
structure change and probably transforma-
tion in the crystal lattice will be discussed
in our special paper.
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3ane:xHi Bix yacy edexkTH, CIpUYMHEHi i€
maraiTHoro moaa y Ni-Mn-Ga maprencurax
3 MAr”HiTHOI0 MaMATTIO (GopmMu

H.I'nasayvra, O.Pydenkxo, I.I'nasayvrui

CratTa ABisAEe co00I0 OTJIAZ OMyOJiKOBAaHMX Ta HOBUX PE3YJLTATIB 3 HOCHiIKEeHHSA SBUIILA
nedopMmariii, cupruYMHEHOI MAar"HiTHUM noJjieM (ikcoBaHol BeJWYUHW 3 MJUHOM dYacy IIpU
crariit Temnepatypi (MargiTHu# Kpum). JocaigKeHO YacoBy €BOJIOIiI0 MapTEHCUTHOI CTPYK-
Typu y He3MiHHOMY MAarHiTHOMY IIOJi, YacOBY 3aJIelKHICTh iIHAYKOBAHMX MArHITHUM IIOJIEM
neopmariii ra Hamarmiuenocti y Ni-Mn-Ga maprencurax 3 MarfiTHow maMATTIO GOPMU.
ITokaszana aHajoriss y uacoBiil eBosIii medopmariiii mix gi€e0 cTayoro MarHiTHOTO MOJA Ta
MexaHIiuUHiX HampyKeHb (hiKcoBaHHOI BeanuyuHU. JOCHifKeHO BIJIUB TeMIlepaTypu, BeJIUYU-
HU Ta KpucrajorpadiyHoro HanpAMKY MartiTHoro noJd. IIpoanasnisoBano ¢isuuni nmporiecu,
fAKi BUBHAUAIOTh YaCOBY €BOJIOIIiI0 MapTeHCHUTHOI CTPYKTypH Ta, BifmoBigHo, medopmariii y
cTalioHapHUX yMoBaxX y (hiKcoBaHOMY MAarHiTHOMY IOJIi IpHU cTaJiil TemIeparypi. 3ampomo-
HOBAaHO MeXaHiBMU dYacoBOl eBOJIIOIiI MapTeHCUTHOI CTPYKTypu Ta gedopmariii mix giero
cTayioro Mar"itTHoro mnoJasa. Basymouwnch Ha Teopili BHUIAJKOBUX IIPOIleciB ITOKas3aHoO, III0
TepMiuHi Qaykryamnil MiKpoHanpysKeHb, fAKi BUKJINKAE MarHiTHe IoJe, BigmoBizaioTh 3a
margito-mexariuny noseginky Ni-Mn—-Ga mapreHcuTiB 3 MariTHO namsaTTIO (PopMH, IO
BigmOyBaeTbcsi i3 mamHOM uYacy. AKTHMBAIISL HOBMX CHCTEM ABIMHMKYBaHHS y MapTeHCHUTI 3
I’ ITUIIAPOBOI0 MOJLYJIHOBAHOIO CTPYKTYPOIO TA iX YacoBa €BOJIONis BU3HAYAE JOBIOTPUBAILY
€BOJIIOIII0 MAapTEeHCHUTY y CTAIl[iOHAPDHUX yMOBAaxX y pasi, KOJM HANPSIMOK MACHITHOIO IIOJIS
cuiBnazae 3 "JKOPCTKOIO W BicCIO HamMarxHiuyeHocTi.
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