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ABSTRACT

The link between microstructure evolution, micromladed domain and the structure
transformation of Ni-Mn-Ga shape memory microwiresepared with rapid
solidification is studied systematically by TEM akdRTEM. Multiple microdomain
structures are determined according to the correlpg diffraction spots. The
domain structure with a periodic distortion is ackif characteristic of premartensitic
phase. When cooling below the martensitic transé&bion temperature, the austenitic
phase transforms to modulated 5M martensite, arel gsbquence of phase
transformation can finally be confirmed from au#tiento premartensite to 5M
martensite during cooling. The characterizatiomméromodulated domain and the
structure characteristics of austenite at atomialescprovide comprehensive
understanding on the martensitic phase transfoomatiute.

Keywords: Shape memory alloys, Premartensitic phase, Micromodulated domain

structure, M artensitic transfor mation

1. Introduction

The first order solid-state martensitic phase iteoms in ferromagnetic shape

memory alloys (FSMAs) gives rise to multi-functibngroperties, such as



superelasticity, shape memory effect and elastacaleffect [1-5]. Among the
FSMAs, stoichiometric NMnGa Heusler alloy and its derivatives Ni-Mn-X (18p,
Sb) in shape memory alloys (SMASs) systems havadé#d great attention recently
[6-12]. Martensitic transformation consists of #ite distortion when evolving from
the parent phase with L3tructure to the martensitic phases which inchati@gonal
five-layered, orthorhombic seven-layered and tetnad) non-layered crystallography
lattices in Ni-Mn-Ga system [13]. PremartensiticMjPtransformation, which is
usually considered as the appearance of a precsteter, is a kind of weak first-order
transition. The origin of modulation or shuffling related to a TAsoft acoustic
phonon mode of the austenitic phase at a wave wgetd3, which is corresponding
to a minimum on the slowest transversal phonondbraand it is associated with
nesting features of the Fermi surface [14, 15]. iddle, several kinds of abnormal
properties on elasticity [16], thermology [17], @lecity [18] and magnetism are
found during phase transformation [19-22]. Theidgwole of the electronic structure
and its relationship with the lattice dynamics h&een indicated by first-principle
calculation [14] and experimental measurements BAS [23]. Various kinds of
structural transformation characteristics have d&sen reported in Cu-Zn-Al [24],
Ni-Ti [25, 26], Ni-Fe-Ga [27],EwlIn [28] phase transition materials and novel
high-carbon steels with cubic martensitic struui29]. PM usually occurs during
martensitic transformation from highly symmetricb@u phase (austenite) to lowly
symmetric phase (martensite), and this procesbeatriven by external stimuli such
as temperature, magnetic field and applied stréége PM phase structure of
NioMnGa possess the same symmetry of parent phase [30] and it transforms to
martensitic phase through a first order phase ittanswith a discontinuous change in
the unit cell volume as also the modulation wavetseand considerable thermal
hysteresis [31, 32]. PM phase is also considerddeamtermediate state that plays an
important role in linking the structure transformat and the origin of
ferromagnetism [30]. There is a discussion on wdretlthis modulation is
commensurate [15] or incommensurate [30, 31] aljhothe fact of symmetry

breaking during phase transformation.



Ni-Mn-Ga is a multiferroic SMA with ordered paranmegic and ferromagnetic
phase near the phase transformation temperature 33JL The large magnetic
field-induced strain (MFIS) (10%) obtained underagplied magnetic field originates
from the strong magnetoelastic coupling effectvaté twin boundary motion [34].
Meanwhile, large MFIS is closely related to theseamce of a long period modulated
structure. Here, in order to overcome the intrifsittleness of Ni-Mn-Ga SMAs, the
Taylor-Ulitovsky method was used to fabricatgocrystalline structured microwires
[35-37]. The rapid solidification process that cadidy quenching the melt alloys
may lead to a rich variety of microstructures anopprties, which has already been
observed before [38, 39]. The origin of micromodedadomain structure of PM,
magnetoelastic coupling effect, phase transformatmd their relationships are
required further investigation for Ni-Mn-Ga rapidéplidified alloys. Understanding
the characteristics of the PM phase and moduladimmain structure is critical to
obtain advanced multifunctional properties throunggdrtensitic phase transformation.
In this work, TEM methods are employed to study thieromodulated structure
evolution and phase structural transformation rooteNi-Mn-Ga microwires at

various temperatures.
2. Experiment details

The ingots with nominal composition of @Wn3Gayo (at.%) alloy were
prepared from high pure elements (>99.9%) usingplantric-arc induction furnace
and were re-melted four times to ensure homogeseiifThe microwires with the
diameter of 30-30@um were fabricated by Taylor-Ulitovsky method, whiclvolved
rapid quenching from the melt master alloy. Theailetof microwire fabrication
process were described elsewhere [39, 40]. Theichéoomposition was determined
by a scanning electron microscope (SEM, Zeiss A)rigquipped with an energy
dispersive X-ray spectrometer (EDX), using 20 k¢ederating voltage, 10 mm work
distance and >60 s data acquisition time duratidme microstructure analysis at
microscope scale was carried out by transmissiectrein microscopy (TEM, Tecnai

F30) and high-resolution transmission electron ascopy (HRTEM). Since the



micron scale microwires are too small to fabridayeusing electrolysis double spray,
ion milling technique is selected. lon-milling wigbrecision ion polishing system
(PIPS, Gatan) were performed to fabricate the sasnpvhich can avoid extra stress

that may affect the martensitic transformation.
3. Resultsand discussion

The prepared Ni-Mn-Ga shape memory microwire isagstenitic phase state
(marked as P) with the lattice parameter, a = R8%vhich is the same microwire
used in ref [39]. The martensitic phase transforomatemperature in the vicinity of
room temperature (RT) with the martensitic traositistarting temperatureMi),
finishing temperatureMs) during cooling and the austenitic starting terapae A),
finishing temperatureA) during heating are 264 K, 261 K and 269 K, 274 K,
respectively. The Curie temperature estimated fld8C curve is ~372 K. The
average chemical composition of the microwire isftmed to be Niz gMn,3 Gaps 4
(x0.5%, at.%) from the surface and fracture by EDXe Tchemical composition
deviation from the nominal composition is mainlyedio the volatilization of
manganese in the preparation of microwires.

Fig.1 shows TEM observation of austenitic phasditvin-Ga microwires at RT.
The dislocations and the characteristics of laltlgridomain can be seen from the
bright field image in Fig. 1(a). Fig.1 (a2), (bA§1) and (d1) are the selected area
electron diffraction (SAED) pattern obtained atfeliént crystal zone axis. Here, the
most obvious feature of the SAED is the satellitesich are surrounding the main
diffraction spots. In order to throw light on thosgharacteristics, dark-field
micrographs are taken from the selected satelfiteshown in (b2) from (bl), (c2)
from (cl) and (d2) from (d1), respectively. Theldaeld image of (b2) and (c2) are
obtained from three satellites surrounding varimasn diffraction spots at <110> and
<100> crystal zone axis and they exhibit complemdm structureThose satellites
obtained from the SAED patterns with different agufations under different crystal
zone axis. Fig.1 (a3), (b3), (c3), and (d3) are skbhematic illumination of the

configuration of satellites. High-order diffracti@pots also appeared except the main



diffraction spots and the surrounding satellitesshown in (b1l) and (cl). The dark
field images, such as (b2), (c2) and (d2), exhibgmgnificantly difference compared
with the tweed structure i.e., diffuse striatiomty along the various axis directions.
These kinds of features will be discussed combingth HRTEM results later.
Various domain characteristics were also reporteldet observed in the as-prepared
samples at RT, such as FeSiB [41] microwires, Ni=leg[27, 42] systems.

The microstructure characteristics presented inftakl results could be related
to the preparation process of Ni-Mn-Ga microwir€ee as-prepared MMnzGay
microwires, prepared by rapid solidification fronolten liquid metal to microwires
with water cooling via the Taylor method, may passéigh dislocation density,
stacking fault and low atomic degree of order. Meaife, the phase transformation
temperature of the microwires is very close to R$ually, the alloy with the same
composition presents martensitic state [43]. Feras-prepared Ni-Mn-Ga microwire,
appropriate annealing treatment improves atomieroctegree of alloy as well as
phase transformation temperature (usually more teanKelvins) [44, 45]. It is
well-known that the defects such as dislocation atatking fault are actually
beneficial to the martensitic transformation (MTdahey may act as nucleation site
for MT. By using ordering annealing, the constitughase of samples may transform
from as-prepared austenite to annealed martensitthis experiment, the ordered

phase was observed from the as-prepared Ni-Mn-Geomires.
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Fig.1. Bright field image of the microwire (al) atite corresponding SAED patterns along the
[111] (a2). SAED patterns along the<110> (b1), <4@1) and another <100> (d1) zone axis
direction, and the corresponding dark field imabg2), (c2), (d2) obtained from the satellites,
respectively. (a3), (b3), (c3), (d3) are the schardiagram showing the sets of positions of the
satellites observed from the corresponding SAEB) (fustrating four set of satellite positioned

around each main diffraction spots with X fractibimalices of+ 0.11 <10> and Y fractional

indices of+ 0.6 <110> for the satellite.

The satellites in SAED patterns suggested thatrabkends of microstructures
existed in N\\MnGa alloys and the mystical microstructure chamastics were worth
future HRTEM analysis. Fig.2 demonstrated the nsttrecture analysis results of the
austenite of Ni-Mn-Ga microwires at RT. The fasufer transform (FFT) diffraction
spot (a2) obtained from HRTEM image (al) presefaad satellite spots around each
main spot, which is corresponding to the SAED pafien Fig.1. The inverse fast

Fourier transform (IFFT) pattern (a3) was obtaifiean one satellite spot in (a2),



marked with number 1. The IFFT image (a3) presehés typical feature of a
wave-like structure with a wave vectdr0.656 nm, which is close to the magnitude
of that in NpFeGa alloys [42]. The modulation wave vector cqroesls well to the
well-defined satellites. The angle between the wansetor and the atomic
arrangement direction of <110> is about 4By analyzing the enlarged IFFT image
(a4d) of (a3), the wave vectors are found to forrthvpieriodic atomic stacking along
the <110> direction. Besides, the characteristfdsveed structures are composed of
5 atomic layers according to the geometric relatiobhe structural fluctuation at
atomic scale reveals the multiple modulations dmel dtomic arrangement before
martensitic transformation.

Group b figures show the HRTEM image (b1) of austewith multiple domain
structure. The more complex diffraction spots (r®Jicated complex multiphase
microstructure appeared in this system. Austengs @onfirmed (b3) according to the
IFFT image obtained from the main diffraction sfmiarked with number 1) and the
average interplanar spacing d of (110) plane isiab®0 nm. Fig. 2(d) is the IFFT
image of satellite spot marked with number “2” anckeveals the feature of complex
domain. The modulation wave vector is calculatedé¢d/=0.678 nm with periodic
characteristics. The satellites are related to ttheed characteristic of austenite
without changing its structure.

Moreover, multiple kinds of domain structure to xise as shown in group ¢
figures. The FFT spots areas marked as A and B mkssents the main diffraction
spots with the satellites surrounding it, as shawhig. 2(cl). (c2) is the IFFT image
obtained from the main diffraction spot and it ra¢ethe same structural parameter
with that shown in (b3). The structures of theseromodulated domains are different,
as shown in (c3) and (c4), which are obtained fthencorresponding satellites from
area A and B in (cl), respectively.should be noticed that there is a different angl
between the satellites and the main diffractiontspahich suggests the various
micromodulated domain structure appeared in augtephase Ni-Mn-Ga alloys.
However, the austenitic structure obtained from rean diffraction spots remains

unchanged. The crossed microstructural domain tsieigllustrate an oblique angle



of 75.6 in (c4), this kind of tilt could be result from m@nsitic microdomains or
unmodulated premartensitic transformation in locarea. The ordered
micro-modulated domain structures in Fig. 2 areral lof precursor of martensitic
variants below the martensitic transformation.

Here, the satellites around the main spots reveal “tweed structure”, i.e.
micro-modulated domain structure. Single and cibskamain structures have been
investigated through the TEM dark image and HRTEMging. The single domain
with the width of tens of nanometers, as shownigm E(d2), can be obtained from
one of the paired satellites. The “tweed structwbtained from three satellites, as
shown in Fig. 1(c2), represents the multiple kimdisnicrostructural domains. The
width of the tweed structure is in the scales nstef nanometers. During the junction
place of single domain, the crossed domain strastemerge with different contrast,

as marked with black arrow in Fig. 1(b2).

Fig.2. Microstructure analysis of the Ni-Mn-Ga nowfires at RT. Group (a) figures show the
single domain structure (al) and the corresponBIff image (a2). (a3) is the IFFT image from
the satellite pattern in (a2). (a4) is the enlarigpealge from (a3) and it reveals the tweed structure

with the periodic atomic stacking. Group (b) figsirdemonstrate the complex domain structure



(b1). (b3) and (b4) are the IFFT images obtainethfthe satellites of “1” and “2” in (b2), which
is obtained by FFT in (b1). Group (c) figures shilve multiple kinds of domain structure (the
dotted line is the domain boundary) in (cl), arahfrthe district A and B, the FFT images are
presented. (c2) is the IFFT image obtained fromntan patterns. (c3) and (c4) are the IFFT
images obtained from the satellites of districtrAl &, and it reveals the single domain and cross

domain structure respectively.

The Ni-Mn-Ga microwires are L2cubic austenitic phase at RT and then
transform into modulated martensitic variants wihewoling below the martensitic
transformation temperatur#{ ~264 K), as shown in Fig. 3. The constituent plase
microwires was stripe martensitic phase at 228 K #@rnwas confirmed to bé&éM
martensite according to the corresponding SAEDepadt When heating above the
phase transformation temperature, the diffuse lstrdssappeared and the microwires
became austenite again. During this martensititsfoamation, the process of PM can
be confirmed; a freezing of the displacements astat with the soft phonon is
generated and caused a periodic distortion antbtoos the parent cubic lattice when
cooling to a certain temperature. Below the cert@mperature, the PM distorts along
the [110] direction due to the magnetic-elasticpimg and its relation to the lattice
dynamics. A strain and commensurate shuffle leathéoquasitetragonal primitive
unit cell with the c-axis parallel to any of thdedbtes located in equivalent position.
The results suggest that the micromodulated donaimsemperature dependent and
are also the precursor of the martensitic transétion. Moreover, those results also
verify the changes in structure and magnetic ptypeacurring simultaneously during

the martensitic transformation induced by decrepsmperature.
——— —

Fig.3 Bright field TEM image of Ni-Mn-Ga martensitimicrowire at 228 K (a) and the



corresponding SAED confirms ti&# modulation structure.

The model is drawn to illustrate the structurahsfarmation of R.PM and
PM - 5M during cooling, as shown in Fig. 4. Accordingthe definition of Zhang'’s
notation [27], the stacking sequenceddf martensite belongs toZBalong the 110]
direction. The phase transformation process illat@d in Fig. 4(a) and (b) indicated
that undergoes nonhomogeneousl@}<110> elastic shearing displacement. The
{001}sv planes of five-layed modulated martensite are stamed from the
{110}cubic planes of austenite when the temperature is béiewls. The martensitic
transformation temperature of Hin,,Gaz microwire is between 264 K and 274 K,
which is close to RT. The observation of complexnustructural domains from TEM
observation at RT could be attributed to the freergy decreasing involved in
localized atomic movement to form an unstable itemal state, and then it
transforms to martensitic state upon subsequeningod he prepared shape memory
microwire undergoes rapidly solidification by qubmg from molten state. High
solidification rate prevents the atomic orderingl amakes the alloys metastable. The
microdomain structure and the corresponding stgslpattern are a kind of precursor
of martensitic transformation for the alloy of ts#ronal state.

During the phase structural transformation from ki2g¢ superstructure t&M
modulated martensitic phase, the unit cell voluneeluces by half, and the
tetragonality increases and the lattice distortshwd=90.3. Meantime, crystal
structure of PM remains a complete coherence oglstiip with the matrix (can be
seen as isostructural phase transition). But unlike traditional martensitic
transformation process, the local fluctuation oman structure and composition
emerge at this stage. The orientations of the mam@in structure are corresponding
to the satellite orientations. Thus, the single domand crossed domain structural
with obvious differences can be seen during PMsfiamation by analyzing the
satellites. The tweed contrast regions observetl périodic changes and various
modulation wave vectors are the characteristiddMfNi-Mn-Ga Heusler alloys. But

this result is different from the Bain distortioh 0% Pt-substituted MnGa alloys



[30]. Long-range ordered wave vectors have ordstedtture in a single or multiple
directions. The existence of th&M-like modulated structure in single domain
structure suggests that the phase transformatmeeps will be PM. 5M. Comparing
the diffraction pattern of <111> crystal zone aBetween austenite and martensite,
and the angular deflection between the patterratdliges and the main diffraction
spots, the phase transition process is accompadnyiddttice distortion and slightly
twisted. Low-symmetry martensitic phase of Ni-Mn-Bausler also have tetragonal
non-modulated (NM) and 7-modulated (7M) martensifituctures belowMs
depending on the composition [46, 47]. A hierarehyerged in the microstructure of
Ni-Mn-Ga film exhibits the morphology martensitetlvimicro-twins — nano-twins

- modulated stacking [48]. During the martensitiangformation, the adaptive
martensites can be expected under the conditiarthibaenergy of the twin boundary
between the two variants is very low and elastiergy at the interface between
austenite and martensite is high. Hence, the IBHBES in Ni,MnGa with extremely
low twinning stress is related to the modulateducitires of premartensite and
martensite phases [49]. Then the phase transfaméilows to accommodate the
mismatch of the crystal latticend the martensite phase forms a coherent structure
consisting of lamellae with periodic stacking ofemtation variants related [46]. The
modulated domain structure may also exhibit vergrgg coupling effect during the
magnetic structural transformation from paramagnetistenite to ferromagnetic

martensite.
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Fig. 4 Schematic model are corresponding to thectstral transformation of RPM (a) and
P-5M (b) during cooling process. The wave vectors farened with periodic lattice stacking
along the [115] direction (a) and atomic projectifrithe () stacking of5M transformed from
the L2 cubic austenitic structure (b). The arrows aredinection of the displacement of crystal

planes relative to the lower plane.
4. Conclusions

The microstructural characteristics and phase fioamsition route of prepared
Ni-Mn-Ga microwires are investigated especially th@cromodulated domain
characteristics by TEM and HRTEM analysis. Microstural informtion on the
single and multiple microdomains structure are ioleth by analyzing the satellites
surrounding the main diffraction spots. The micralmated domain structure is
aligned by atomic stacking periodically resultimgcomplex tweed structure, which is
a kind of precursor during martensitic transform@atiThis phenomenon is related to
the austenitic microwires prepared by rapidly gbédtion, which generated
abundant internal stress and defects. Various donstiuctrues transform to

five-layered modulated martensite with stripe feasuwhen the temperature is below



Ms, and the phase transformation sequence can bmaiadia three step-FPM- M
during cooling. The stimultaneousness of magnetid atructural transformation
induced by low temperature is verified at atomi@lsc This kind of complex
magnetic-structural evolution can facilitate theeegence of habit plane and may
exhibit better reversibilityOur findings could provide insight into the mectsmiof

MT and the design of advanced SMAs.
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Highlights:

*  Superlattice is observed in austenitic Ni-Mn-Ga microwires.

*  Single and multiple microdomain structures are analyzed in premartensitic phase.

* Martensitic transformation from P to 5M is confirmed by in-situ TEM
observation.

* Schematic model are established to illustrate phase transformation: P - PM — M.



