HTML AESTRACT * LINKEES

© 2004 American Institute of Physics. Reprinted with permission from Journal of Applied Physics 95, number 12, pages 8074-8078.
JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 12 15 JUNE 2004

Composition and temperature dependence of the crystal structure
of Ni-Mn—-Ga alloys

N. Lanska®

Helsinki University of Technology, Laboratory of Biomedical Engineering, P.O. Box 2200, FIN-02015 HUT,
Finland and Helsinki University of Technology, Laboratory of Physical Metallurgy and Materials

Science, P.O. Box 6200, FIN-02015 HUT, Finland

O. Soderberg, A. Sozinov, and Y. Ge
Helsinki University of Technology, Laboratory of Physical Metallurgy and Materials Science, P.O. Box
6200, FIN-02015 HUT, Finland

K. Ullakko
Helsinki University of Technology, Laboratory of Biomedical Engineering, P.O. Box 2200, FIN-02015 HUT,
Finland

V. K. Lindroos
Helsinki University of Technology, Laboratory of Physical Metallurgy and Materials Science, P.O. Box
6200, FIN-02015 HUT, Finland

(Received 2 December 2003; accepted 24 March 004

The crystal structure of ferromagnetic near-stoichiometrioMYiGa alloys with different
compositions has been studied at ambient temperature. The studied alloys, with five-([&red

and seven-layered@ M) martensitic phases, exhibit the martensitic transformation temperatye (

up to 353 K. Alloys with these crystal structures are the best candidates for magnetic-field-induced
strain applications. The range of the average number of valence electrons peredtnwés
determined for phases 5M, 7M, and nhonmodulated martensite. Furthermore, a correlation between
the martensitic crystal structur€,, ande/a has been established. The lattice parameters rata) (

as a function og/a or Ty, has been obtained at ambient temperature for all martensitic phases. That
the paramagnetic-ferromagnetic transition influences the structural phase transformation in the Ni—
Mn—Ga system has been confirmed. 2004 American Institute of Physics.

[DOI: 10.1063/1.1748860

INTRODUCTION these properties still needs to be clarified in more detail.
The crystal structure of martensite is an important factor
that affects both the magnetic anisotropy and mechanical
properties of ferromagnetic Ni-Mn—Ga alloy/s* The lat-
tice parametera andc of the basic martensitic crystal struc-
dure (in parent phase coordinajedetermine the maximal
MFIS value described as-1c/a. Almost all of the theoret-
ical maximum values of MFIS have been obtained in five-
layered(5M) and seven-layereZM) martensitic phases in
the Ni-Mn—Ga systen?''® However, in the nonmodulated
hmartensitic phas€\M) it has not been observed so far, de-

It was recently recognized that ferromagnetic Ni—
Mn—Ga alloys with compositions near the stoichiometric
Heusler composition NMnGa are a class of smart materials
showing a giant magnetic-field-induced straMFIS). The
mechanism of MFIS is based on the rearrangement of cry
tallographic domaingtwin variants in an applied magnetic
field, which lowers magnetization enerfifhis mechanism
operates at temperatures below the Curie poifg) (and
martensitic transformation temperaturg€,(). The behavior
of the material in the magnetic field is determined by such ¢ . . ) T
material parameters as magnetocrystalline anisotréy) spite the high magnetic anisotropyThe reason for this is

saturation magnetization, and mechanical stress necessd high ‘V.V'””'”g stress in the NM phase, which was re-
for twin variant rearrangemerttwinning stresg?> céntly confirmed to be approximately 6—18 MPa.

During the last few years, the Ni—Mn—Ga system has Based on x-ray diffraction data, the unit cell of NM mar-
been studied in detail experimentally and theoretically a"te_?sltethas /be>e£1 d_etermln?d tob.be rrllon-modulg_teg)téztlrfgonal
over the world. It has been found that martensitic and mag\-NI ratio c/a (in parent cubic phase coordin

netic phase transformation temperatutesiransformation has bee_n_ conhcluded_ that the crystlal strugturr]e O.f SM agd ZM
enthalpy>® magnetocrystalline anisotrofyand saturation ma_r;er(ljsmc E alse§ IS mc:jrel CO?%eX an dF athltf;_an T e
magnetizatiofi® are highly composition dependent. To find scribed as the lattice modulated by periodic shuffiing along

the best alloys for practical applications, certain importan{ 110X 110], system or with a long-period stacking {310,

properties of Ni—Mn—Ga have been mapped with theirclose-packed planéé® Nevertheless, the basic unit cell of

compositior®1% However, the effect of crystal structure on th® SM phase is often approximated to a tetragonal or mono-
clinic cell with ratioc/a<<1 (in parent cubic axgswhile that

of the 7M phase has been determined to be orthorhombic or

3E|ectronic mail: Nataliya.lanska@HUT.FI monoclinicl’~2°
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TABLE I. Chemical composition, martensitic transformation temperatures, Curie point, electron concentration, and type of martensitic phdsenat 29
studied alloys.

Content(at %) Mg Me Ag Ar Te ela Phase
Alloy Ni Mn Ga (K) (K) (K) (K) (K)

1 50.7 28.4 20.9 334 325 339 345 367 7.685 5M
2 50.7 28.3 21.0 330 323 338 343 363 7.681 5M
3 50.7 27.8 215 325 323 331 334 371 7.661 5M
4 50.6 28.5 20.9 333 331 339 341 371 7.682 5M
5 50.0 29.8 20.2 344 340 347 351 370 7.692 5M
6 50.0 28.9 21.1 321 311 320 330 374 7.656 5M
7 49.9 29.9 20.2 344 338 350 354 369 7.690 5M
8 49.7 29.1 21.2 311 309 319 321 372 7.643 5M
9 49.6 29.2 21.2 303 301 309 309 376 7.640 5M
10 49.2 30.6 20.2 328 323 333 337 370 7.668 5M
11 49.1 30.7 20.2 324 321 332 335 370 7.665 5M
12 49.0 30.3 20.7 312 309 318 323 370 7.642 5M
13 48.5 30.3 21.2 302 299 305 308 372 7.607 5M
14 51.0 28.5 20.5 356 350 354 360 365 7.710 ™
15 50.5 29.4 20.1 351 343 348 357 366 7.711 ™
16 49.5 30.3 20.2 341 337 344 348 363 7.677 ™
17 48.8 314 19.8 337 333 338 342 368 7.672 ™
18 54.9 23.8 21.3 559 541 568 587 360 7.795 NM
19 54.0 24.7 21.3 497 487 498 510 328 7.768 NM
20 53.9 24.4 21.7 530 524 551 560 336 7.749 NM
21 53.7 26.4 19.9 523 512 538 546 344 7.815 NM
22 53.3 24.6 22.1 465 459 468 476 371 7.715 NM
23 52.9 25.0 22.1 348 344 354 363 356 7.703 NM
24 52.8 25.7 215 390 367 377 404 382 7.724 NM
25 52.7 26.0 21.3 434 416 424 446 376 7.729 NM
26 52.4 25.6 22.0 423 414 424 434 375 7.692 NM
27 52.3 27.4 20.3 398 391 403 408 380 7.757 NM
28 51.7 27.7 20.6 383 369 381 394 386 7.726 NM
29 51.5 26.8 21.7 393 374 380 400 377 7.677 NM
30 51.2 27.4 21.4 371 366 371 375 370 7.68 NM
31 51.0 28.7 20.3 379 366 376 385 372 7.721 NM
32 50.5 30.4 19.1 391 376 383 397 378 7.751 NM
33 47.0 33.1 19.9 326 323 329 331 366 7.614 NM

The crystal structure of the Ni—-Mn—Ga martensitic EXPERIMENTAL PROCEDURES
phase strongly depends on composition and
temperaturé&!®?122The relationship between/a and the
average number of valence electrons per at@ta) has
been investigated by Tsuchiga al?* and Chernenket al?2

The studied Ni-Mn—Ga materials were manufactured at
Outokumpu Research Oy and at AdaptaMat Ltd. After ho-

It is pointed out thak/a=7.7 corresponds to the crossing of S O B B S S S S U
lines T versuse/a and Ty, versuse/a for Ni-Mn—Ga T RS - @M
alloys?? This is a critical value, at which the crystal structure 32
of the martensitic phase changes from BMth c/a<1) to
NM (with c/a>1). This critical value was estimated by 30
Tsuchiyaet al?! to be e/a=7.61-7.62. However, in both &
publications?*?? the data concern mostly the NM phase, A
while the 7M martensitic phase was not studied and data for s
the 5M phase were restricted to the alloys with a martensitic 26
phase transformation below ambient temperature.

As mentioned above, only 5M and 7M structures exhibit

24

MFIS. In the present work, the crystal structure of ferromag-
netic near-stoichiometric BMnGa alloys with different 46
compositions in the electronic concentration range from Ni (at.%)

e/a=7.60 to 7.82 is investigated. The present research is

; - . - FIG. 1. Ni and Mn content in the studied alloys. The marks correspond to
designed to find the alloy compositions with SM or 7M the martensitic crystal structure observedlat298 K. Straight lines indi-

StrU_Ctures having the highest possible martensitic transfolsate compositions with a constant average number of valence electron per
mation temperatures. atome/a.
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mogenization at 1253 K for 48 h, and aging at 1073 K for 72

h, the ingots were cooled in air to room temperature. Thegection. Here, the presence of the additional spots, and the
samples with suitable sizes were cut from the ingots with @&yumber of the intervals into which they divide the distance
spark cutting machine. After cutting, the samples were at firspetween the main peaks, indicate lattice modulation and its
wet polished and, finally, electropolished in 25% nitric acid- periodicity.
ethanol solution at a temperature of 273 K for 30 s with 12V
and 0.1 A/mm. The chemical compositions were deter-
mined by means of a scanning electron microscope equippéﬁESULTS AND DISCUSSION
with an energy-dispersive spectrometer. Transformation tem-  Near-stoichiometric NMnGa alloys with different com-
peratureMs, Mg, Ag, Ag, and Curie poinflc were mea-  positions, exhibiting martensitic transformation temperatures
sured using low fieldac magnetic susceptibility77-573 K and a Curie temperature higher than 300 K, were chosen for
and a differential scanning calorimeter Linkam 6(13—  crystal structure study. Consequently, it was possible to carry
873 K). A Philips X'Pert x-ray diffractometer equipped with out x-ray investigation of the ferromagnetic martensitic crys-
an Eulerian cradle, Co-tube, and parallel beam ofiie®ly  tal structures at ambient temperature. The valence electron
lens and parallel plate collimator with a divergence 0.3°)concentration of the alloys lies in the range frefa=7.60
was used to study the martensitic structure. Texture type ang 7.82. For calculation of the value fa/a, the valence
6—260 scans were used to find the main Bragg reflectionselectrons per atom were 10 for Ni, 7 for Mn, and 3 for Ga.
X'Pert Graphics and Identify software was applied for theThee/a values for the studied alloys are presented in Table I,
analysis of peaks. The lattice parameters of the basic crystghgether with the chemical composition, the transformation
structure were determined in parent phase cubic coordinategmperaturedls, Mg, As, Ag, Curie temperatur@., and
according to the main Bragg reflections. The existence ofhe martensite typé5M, 7M, and NM. In addition, Fig. 1
lattice modulation was confirmed by a linear scan in recipshows the Ni and Mn content of the alloys together with the
rocal space Q-scan between the main peaks (110* di-  type of martensitic structure observed at room temperature.
In all the alloys with a martensitic transformation tem-

peratureT), above Curie poinT ¢, the martensite was of the
NM type. Here,Tyy,=(Mg+Mg)/2, andMg andM¢ are the
start and finish temperatures of the martensitic transforma-
tion. Among the alloys with NM martensite at room tempera-
ture, there are a few alloyglloys 23, 24, 28, 30, and 33, see
Table ) having T\,<T.. The electron concentration range
for the alloys with a NM phase is frora/a=7.61 to 7.82,
while their T, is in the wide temperature range of 323—-550
K. We confirmed that the unit cell of the NM phase is tetrag-
onal withc/a>1. No lattice modulation is observed for this
phase. The dependence @f on Ty, for the alloys with a
nonlayered martensitic phase is shown in Fig. 2. The pre-

N S S sented data indicate that the lattice tetragonality approaches
290 300 310 320 330 340 330 maximum c/a~1.23 atT,,>550 K. The tetragonal distor-

T () tion (c/a—1) decreases with a decreasing .

FIG. 3. c/a ratio for the alloys with 5M phase at=298 K as a function of The 5M phase is found in those alloys with 301K
the martensitic transformation temperatiig . <T\=342 K in the electron concentration range frata

5M phase

cla ratio

093
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FIG. 7. c/a ratio atT=298 K as a function of martensitic transformation
temperature Ty,) for the alloys with 5M, 7M, and NM phases. The bound-
aries in the inset show the temperature range in which all the phases were
observed.

=7.61 to 7.69. The Curie temperature for such alloys is
higher thanT,,. The basic unit cell of these alloys is deter- found to be monoclinic withc/a<1 and angley~90.5°.

mined as monoclinic witlt/a<1 and the maximum anglg

Although the unit cell of both 7M and 5M martensites is

betweena and b axes 90.50°. The splitting of the main monoclinic, the difference between the lattice parameders
peaks due to monoclinic distortion of the 5M lattice wasandb (0.038—0.040 nmin 7M martensite is considerably

clearly observed at largegangles. In Fig. 3¢/a ratio of the
alloys with a 5M phase is plotted as a functionTqjf;. The
decreasing ofl, leads to the linear increasing ofa and,

higher than that in 5M martensite. The ratda for 7M
martensite is lower than that for 5M martensite. It is approxi-
mately of the same valu®.890-0.894in all studied alloys.

consequently, to a decreasing of the maximal theoreticalhe maximal theoretical MFIS value (Ac/a) for 7M mar-
MFIS value described as-ic/a. According to Fig. 4, the tensite (~0.11) is higher than for 5M martensite-0.07).
difference of the lattice parameteasand b, together with ~ Seven-layered modulation of these alloys has been recog-
the deviation of the angle from 90°, becomes smaller with nized as the six additional spots in a linear scan between
decreasingy, . Monoclinic distortion of the lattice therefore (400 and(620) peaks in reciprocal spac€ig. 6).
decreases with a lowering,, . Five-layered modulation of The summarized data ofa versusTy, for all martensi-
these alloys is recognized as the four additional spots in thic phases are shown in Fig. 7. There is a specific range,
linear scan betweert400) and (620 peaks in reciprocal 323 K<T,,<353 K, where alloys with different martensitic
space(see Fig. . phases are simultaneously observed. This same region is
Only four of the studied alloys showed a 7M phase atpresent in Fig. 8, in whiclke/a is shown as a function a/a
room temperature. Theify, lies in the narrow temperature for all martensitic phases. Now the multiphase regioe/ef
range of 335-353 K belowW, while their e/a is in the is limited with values 7.61 and 7.71. The change frofa
range of 7.67—7.71. The basic unit cell for these alloys was<1 to c/a>1 takes place within this whole area instead of

NM
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FIG. 6. Scattering intensity distribution along the line betwé4®0 and

(620 nodes in reciprocal space for 7M phasdloy 17). Arrows mark the

FIG. 8. c/aratio atT=298 K as a function of electron concentratiefa for
the alloys with 5M, 7M, and NM phases. The boundaries showeilze

additional peaks connected with seven-layered modulation of the lattice. range in which all the phases were observed.

Downloaded 18 Nov 2004 to 130.233.104.251. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



8078 J. Appl. Phys., Vol. 95, No. 12, 15 June 2004 Lanska et al.

at one sharp boundary. The first limiting valeea=7.61 is  (4) The tetragonal distortion of the lattice in the NM phase
in close agreement with the value determined by Tsuchiya as well as monoclinic distortion in the 5M phase de-
et al,?! while the seconde/a=7.71 is close to the value creases with decreasifg, .

determined by Chernenket al?? Probably, the closeness of

martensitic and ferromagnetic transitions in this range intro-

duces uncertainty to the formation of the structure type re-

sulting from austenite-martensite transformation. In this re-’B‘CK'\IOWLEDGMENTS

gion, as there is no one-to-one correspondence between The authors would like to acknowledge the funding sup-
crystal structure and a single variable suchTgg or the port given by the National Technology Agency of Finland
average number of valence electron per a®im, the rela-  (Tekeg as well as that from their industrial research partners
tion between alloy components should be taken into accounfyokija Research Center, Outokumpu Research Oy, Metso
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