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The sequences of the thermally induced martensitic and intermartensitic
L2,-510M—>14M—L1, and L1,>14M—10M—L2, transformations are ob-
served in Ni,, ¢Mn,g ;Ga,, o single crystal on the cooling and heating branches
of a thermal cycle. The modes of stress-induced intervariant transitions in
the 10M, 14M, and L1, martensites are investigated on the basis of matrix
approach, and the stresses of orientation-variants’ rearrangements are de-
termined as a function of martensite structure, transition mode, and temper-
ature. The twinning stress decreases along the L1,, 14M, and 10M marten-
sites with a decrease of period of a nanotwinned structure.

Key words: shape-memory alloys, Ni,MnGa, martensitic transformation, ori-
entation variant, intervariant transition, twinning stress.

ITocaimoBHOCTI TepMiuHO iHAYKOBAHMX MAaPTEHCUTHUX i MiKMapTEHCUTHUX
neperBopens L2,—->10M—>14M—L1,i L1,5>14M—>10M—L2, cnocTepiraors-
ca y Nizy (Mnyg ;Gay o-MOHOKDUCTATL ¥ TePMiUYHOMY ITMKJL OXOJOMKEHHA Ta
HarpiBanHdA. [locaimikeHOo BUAM iHAYKOBAHUX HAIPYTI'OK MiKBapiaHTHUX Iie-
pexoxniBy 10M-, 14M-1i L1 -mapTeHCcUTaxXx Ha OCHOBI MATPUYHOIO OIIVICY TA BU-
3HAUEHO HAIIPYTH Nepepo3IOoAiJly OpieHTaIiiHWMX BapiAHTIB, 3aJIEeXKHO Bif
CTPYKTYPHU MapTeHCUTY, BUAY Ilepexony Ta TeMueparypu. Hanpyra aBifiHuUKYy-
BaHHA 3MEHINYEThCA Y3X0BXK L1,)-, 14M-, 10M-MapTeHCUTIB i3 3MEHIIIEHHAM
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mnepiogy HAaHOABIMHMKOBAHOI CTPYKTYPH.

Karouogri ciaoBa: cronu 3 mam’arTtio popmu, Ni,MnGa, MapTeHCUTHE IEPETBO-
peHHdA, opieHTaliiHNII BapiAHT, MiKBapiaHTHUI HIepexin, Hampyra ABiiHUT-
KyBaHHA.

IlocnemoBaTeTbHOCTH TEPMUYECKU MHIYIUPOBAHHBIX MAaPTEHCUTHBIX M MEXK-
MapTeHCUTHBIX npeBpamenu#t L2,—-»10M—>14M—L1, nv L1,>14M—>10M—
— L2, rabmronatorcsa B Niyy ¢Mnyg ;Gay o-MOHOKPHCTALIE B TEPMUUECKOM ITUK-
Jle OXJIAXKAEHUs 1 HarpeBa. VccieoBaHBI BUABI WHAYIIVPOBAHHBIX HAIIPAMKE-
HUEM MeyXKBapUaHTHBIX mepexonoB B 10M-, 14 M- u L1 ,-mapTeHCHUTaX HA OCHO-
Be MATPUYHOTO ONMCAHUA U OIpeJesleHbl HAaNPAMKEHUS IlepepaclipefieleHus
OpPUMEHTAIIVOHHBIX BAPDMAHTOB B 3aBUCUMOCTH OT CTPYKTYPHI MapTeHCUTAa, BUIA
Ilepexofia 1 TeMueparypsl. HanpsaxeHue BOMHUKOBAHUSA YMEHbBIITA€TCSA BAOJIb
L1,-, 14M-, 10M-MapTeHCUTOB C YMEHBIIIEHNEM IIEPUOLa HAHOABOMHUKOBAH-
HOI CTPYKTYPBHI.

KaroueBsie cioBa: craBel ¢ mamMaAThio hopmbl, Ni,MnGa, MapTeHCUTHOE IIpe-
BpallleHne, OPUEHTAI[MOHHLIM BApUaHT, MEeKBAaPUAHTHBIN IIepexo/l, HalpsasKe-
HYe JBOMHUKOBAHMII.

(Received April 18,2017)

1.INTRODUCTION

The martensitic transformations in ferromagnetic Ni-Mn—Ga alloys
attract much attention for many years, since they are associated with
the large magnetic field induced strain (MFIS). Reversible magnetic
field induced strains up to 12% were reported for the alloys with com-
positions near Ni,MnGa compound [1-4].

The near-stoichiometric Ni,MnGa Heusler alloys with b.c.c. (L2, or-
dered) austenite structure undergo transformation to one of several
martensites. The f.c.t. (L1, ordered) tetragonal martensite is thought
to be the ground state of martensitic phase. The nanotwinned 10M te-
tragonal and 14M orthorhombic martensites are resulted from stack-
ing of nearly close-packed {111} basal planes, which originate from
{110}, ... planes of austenite, with the (32), and (52 ), sequences, corre-
spondingly [5—14].

Martensitic transformation lowers the crystalline point symmetry
of parent cubic phase. It is followed by two events: (1) the transfor-
mation strain accommodates by formation of multiple martensitic ori-
entational variants and (2) the easy magnetization axis and easy mag-
netization plane appear in the tetragonal 10M (c¢/a<1) and L1,
(c¢/a > 1) martensitic variants, respectively. At magnetic field applied,
the variants have different free energy dependent on direction of easy
magnetization.

The MFIS phenomenon is caused by grows of volume fraction of
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preferentially oriented variant controlled by motion of intervariant
twin boundaries. The rearrangement of martensitic variants results in
shape strain that is as large as the tetragonality of crystalline lattice.

The MFIS is possible if the magnetocrystalline anisotropy energy of
martensitic variant is high enough to move the intervariant interfaces
[15]. Thus, an achievement of low twinning stress is one of the aims in
design of MFIS alloys.

In the paper below, we report the modes and twinning stresses of
stress-induced intervariant transitions in the 10M, 14M and L1, mar-
tensites of near-stoichiometric Ni,MnGa single crystal.

2. EXPERIMENTAL PROCEDURES

The Nijy¢Mn,g ;Gayy o alloy was prepared by melting in an induction
furnace in argon atmosphere, followed by casting into alumina cruci-
ble. The single crystal was grown with using the Bridgeman method
and annealed for the homogenization at 1273 K for 72 hours. The rec-
tangular prismatic sample with dimensions of edges 5x6x7 mm?® was
cut from a single crystal with a low speed diamond saw and elec-
tropolished in 30% nitric acid—methanol solution. The edges of the
sample were parallel to the [100],, [010]. and [001]. directions of the
cubic lattice of austenite phase.

The low field magnetic susceptibility and x-ray diffraction meas-
urements were used to determine the temperatures of martensitic
transformations, martensite crystal structures and lattice parameters.
The variant structure of martensites was distinguished with two-
surface metallographic analysis. Initial single-variant state of marten-
site sample was achieved by mechanical training.

Compression mechanical tests were carried out at 10 s strain rate.
The whole investigation has been fulfilled with the same single-crys-
talline sample.

3. RESULTS AND DISCUSSION
3.1. Thermally Induced Structural Transitions

The ferromagnetic transition at Curie temperature 370 K and four
successive structural transitions were observed on cooling of
Nijo,6Mn,g ;Gag.o sample (Fig. 1).

The first transition at temperature 332 K was martensitic trans-
formation of austenitic L2, ordered cubic phase (4) with lattice param-
eter 0.5839nm in nanotwinned 10M tetragonal martensite. Lattice
parameters of the martensite are equal to a=06=0.594 nm, ¢=0.557
nm (in cubic crystal-lattice basis x; of austenite phase).
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Fig. 1. Temperature dependence of magnetic susceptibility.

As temperature being decreased, two successive intermartensitic
transformations occurred. At temperature 259 K, the 10M tetragonal
martensite was transformed into the nanotwinned 14M orthorhombic
martensite. The lattice parameters of 14M martensite are equal to
a=0.616 nm, b=0.580nm, c=0.553 nm.

At temperature 215K, the 14M orthorhombic martensite trans-
formed into nontwinned tetragonal martensite (NM) with lattice pa-
rameters equal a=b=0.548 nm, ¢=0.655nm. The structure of NM
martensite can be described by tetragonal L1, ordered unit cell doubled
because of L2, ordering of austenite phase.

The transition to nonidentified structure (X) was observed at tem-
perature 149 K. The temperatures of reverse phase transformations
during heating are as follows: T ™"M=169K, T'M M“M_-277K,
T14M~>10M — 307 K, TlOM%A — 341 K.

3.2. Modes of Stress-Induced Intervariant Transitions

Before mechanical tests on intervariant transitions, the variant struc-

TABLE 1. Lattice parameters of austenite (4) and martensitic (10M, 14M and
NM) phases at temperatures 340 K (4), 297 K (10M, 14M) and 210 K (NM).

Lattice parameters, nm
Axes
A@e) | oM | 1M | NML1)
X, 0.5839 0.594 0.616 0.655
X5 0.5839 0.594 0.580 0.548
X 0.5839 0.557 0.553 0.548
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ture of martensites has to be described. We propose matrix description
of variant structures and intervariant transitions that would be espe-
cially suitable for the unorthogonal crystalline bases (Table 1).

The cubic-to-tetragonal L2;,—>10M martensitic transformation re-
duces the point symmetry of a crystal lattice, and three different ori-
entational variants with tetragonal axis parallel to one of <100>, direc-
tions of austenite cubic phase can be generated. These variants can be
designated by three transformation strain matrices:

g™ 0 0 g™ 0 0
e @M= 0 ey 0 |, M@= 0 eu¥ 0 |
0 0 &V 0 0 g
e 0 0
g" (@)= 0 & 0 | (1)
0 0 &

where £l" = (a/°” —a’)/a’ =0.017, 2" =(¢;"” —a’ /a’) = -0.046
and ¢’ = 0.5839 nm, a/°” =0.594 nm, ¢/°” =0.557 nm are the crys-
tal lattice parameters of austenite cubic and 10M martensite tetrago-
nal phases.

At the intermartensitic 10M—14M transformation, the ortho-

rhombic 14M martensite is a final phase. Six orientational variants of
14 M martensite are defined by following strain matrices:

SﬁM 0 0 gﬁM 0 0
g M= 0 ey 0 |, gM@)=| 0 ¥ o0 |,
0 0 ey 0 0 e
) B S B
g, @)= 0 " 0 L eM@y=| 0 B o |, (2
0 0 ey 0 0 ey
e’ 0 0 e’ 0 0
g B)=] 0 g 0 |, M@= 0 ¥ 0 |,
0 0 en" 0 0 &V

where €]} = (a}*” —a’)/a’ =0.055, g™ =(B*Y —a’)/a’* =-0.007,
exg” = (i —a) /a? =-0.053 and a? =0.5839, a* =0.616, b*" =

o

=0.580, c;** =0.553 nm are the crystal lattice parameters of the aus-
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tenite cubic and 14M martensite orthorhombic phases.
Finally, three variants of tetragonal NM martensite are defined by
strain matrices:

e 0 0 e 0 0
e M= 0 & 0 [,g"@=0 g 0 |
0 0 g 0 0 g
g’ 0 0
M@= 0 e 0 |
NM
0 0 & (3)
NM A NM A
where &))" = Cta—Aac =0.122, g}V = ata—Aac =-0.061 and a’ =

c c

=0.5839 nm, a’ =0.548 nm, ¢ =0.655nm are the crystal lattice

t t

parameters of austenite cubic and NM martensite tetragonal phases.

The variant rearrangements in the 10M, 14M and NM martensites
were examined in two-stage orthogonal loading experiments. The addi-
tional e, basis formed by edges of the sample in initial austenitic state
was used to determine the loading direction, sample shape, and orien-
tation.

Under loading, the variant structure of martensite crystal is deter-
mined by tendency to minimize the total free energy of the crystal and
loading device,

j [ const— o, (k) |dV . (4)

m
oe{lOM,14M,NM}y,

Therefore, the appropriate loading can stimulate a variant rearrange-
ment.

Mechanical tests of 10M martensite were carried out at tempera-
tures of 10M martensite phase stability on cooling and heating
branches of thermal cycle (Figs. 1 and 3). At the first stage of mechani-
cal testing, the sample of 10M martensite in single-variant state de-
fined by €}?" (1) strain matrix (that is the 10M variant 1 with short te-
tragonal axis ¢, oriented along e;) was loaded in compression along e,
sample edge by stress o, =(0,-0,0). For this loading, the 10M variant 1
became unstable and rearrangement (g}’ (1) — €/’"(2)) occurred
(Fig. 2, 10Mac).

At this rearrangement started from 10M variant 1 and finished
with 10M variant 2, the transient microstructures were observed that
were composed of these two variants in (011) twin-related conjunction.
The increase of volume fraction of 10M variant 2 was controlled by
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Fig. 2. Stress—strain curves for the intervariant transitions in the 10M, 14M,
NM martensites and the intermartensitic 14M—NM transformation.

(011) twin boundary motion. Because of (gj?" (1) — €;?"(2)) transition,
the short tetragonal c, axis of 10M martensite was n/2 turned around
e, axis of the sample and consequently crystalline a, axis was replaced
by ¢, axis along e, sample edge (10Mac mode of intervariant transi-
tion).

At the second stage of loading cycle being auxiliary, the sample was
7/2 turned in grips of testing machine and the 10 M variant 2 was load-
ed with 63=(0,0,-6). The intervariant (g}’ (2) — €]’ (1)) transition
restored the initial variant structure and shape of the sample. The evo-
lution of sample shape strain during loading cycle has some features.

The strain step across the twin boundary between the first and sec-

ond orientational variants,

A (12) = e (2) — &M (1) =

000 000 (5)
=g - |0 1 0/=0.063]0 1 0],

0 01 0 01

is a plane strain. Therefore, the size of the sample edge along e, is in-
variable in the loading cycle. The calculated strains along e, and e; axes
are equal to 0.063 at the complete 10Mac intervariant transition.
These strains are in agreement with experimentally measured ones
(Fig. 2, 10Mac).

This mode of intervariant transition in 10M martensite can be de-
noted as 10Mac because the transition interchanges the a and e crystal
axes in e; basis by the n/2 rotation around the third axis.

An essential feature of mechanical properties of 14 M martensite is
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existence of three modes of intervariant transitions. In the stress-free
14M martensite, which was assumed orthorhombic, six orientational
variants (2) have an equal free energy. Under loading, three modes of
intervariant transitions are possible. If to begin with orientational
g;” (1) variant, the intervariant transitions can be realized by plane
strain processes that are distinguished by following shape strains:

AeM(12) =6/ (2) -6, (1) =

0 00 0 00 ©6)
=M™ |0 1 0(=0.046/0 1 0],
0 01 0 01
Aep™(14) = el (4) — g™ () =
100 0 0 )
=g -e™ |0 1 0(=0.062/0 1 0],
0 00 000
Ag; M (16) = €M (6) — &M (1) =
100 100 )
=g g™ |0 0 0[=0.108/0 0 O|.
0 0 1 0 0 1

These intervariant transitions belong to the 14Mbc (6), 14Mab (7) and
14Mac (8) transition modes (Fig. 3).

Under cooling below 259 K, the intermartensitic 10M—14M trans-
formation occurred. The sample of 14M martensite in €}** (1) single-
variant state was sequentially loaded in e,e; plane with stresses

>
>
%
o
=
o]

g o & @
3 N N
3 heating - i - o
3 0.641 1.1 gfo 8 0.64 NMca 14Mab 1.1 g)ﬂ
) =B =
S 060}  cooling < & o60] | 14Mac <
§ 1.0 8 i +—1.0 3
o 056 S o 056 S
2 £ 3 £ £
= e 5B 14Mbc 10Mac =
= 052 : ' : - 095 § 052 ¢ 0.9.8
~ 160 200 240 280 320 360 — 160 200 240 280 320 360
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a b

Fig. 3. Temperature dependences of sample edge sizes (e;, e,, ;) on the cooling
and heating branches of thermal cycle (a) and scheme of intervariant transi-
tion modes (b).
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o,=(0,-c,0) and ;= (0,0,—c), which induced two successive intervari-
ant transitions, (&} (1) — €}**(2)) and (g} (2) — €} (1)), controlled
by (011) twin boundary motlon These 1ntervar1ant transitions are re-
lated to 14Mbc mode (Fig. 2, 14Mbc and Fig. 3, b).

Under subsequent cooling below 215K, the intermartensitic
14M—>NM transformation occurred. Because loading of NM marten-
site variant € (1) in e,e; plane could induce only degenerated transi-
tion of the NMaa mode, the loads with o, =(-5,0,0) and 65=(0,0,-c) in
e;e; plane were used, and the NMca intervariant transitions,
EM@A) - ef™(@3)) and (e]”(3) > ey (1)), controlled by (101) twin
boundary motion were observed (Fig. 2, NMca and Fig. 3). The shape
strains of (¢} (1) — €]/ (3)) transition are given by

Ae™(13) = &)™ (3) - &)™ () =
100 100
=M g™ 10 0 0[=0.183(0 0 O

0 01 0 01

9

and coincide with experimentally measured NMca strain (Fig. 2).

For the single variant state of the crystal, the sizes of crystal edges
measured in e; basis are proportional to corresponding lattice parame-
ters measured in cubic x; basis of austenite phase. For this reason, the
scale of crystal lattice parameter was plotted at the left side of
Fig. 3, a. The lattice parameters of austenite phase and the 10M, 14M,
NM martensites are designated by solid lines on Fig. 3, b. It can be seen
that the lattice parameters estimated for the martensites from crystal
size measurements are well close to the parameters measured with x-
ray diffraction method. This coincidence validates completeness of in-
tervariant transitions and its modes.

On the heating branch of a thermal cycle, the intermartensitic
NM—14M transformation occurred at 277 K. The 14M martensite
variant ¢}/'(1) was two-stage loaded in e,e; plane by stresses
6, =(-06,0,0) and o5=(0,0,—c), which induced successive intervariant
™M) - €M(6)) and (g™ (6) — ¢! (1)) transitions controlled by
(101) twin boundary motlon These 1ntervariant transitions belong to
14Mac mode (Fig. 2 and Fig. 3).

At subsequent heating above 307K, the intermartensitic
14M—10M transformation occurred. Two-stage mechanical testing of
10M martensite variant ¢;?”(1) with loads o0;=(0,0,-6) and
6, =(-06,0,0) induced the 10M ac intervariant (¢}’ (1) — £}’ (3)) and
(€’ (38) — €}’ (1)) transitions controlled by (101) twin boundary mo-
tion. These 1ntervariant transitions are identical to 10Mac transitions
on the cooling branch of a thermal cycle (Fig. 3). The modes of inter-
variant transitions are summarized in Table 2.
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It is worth to note that the nanotwinned 10M and 14M martensites,
which discussed to be transient adaptive phases [16, 11, 17—-18], were
surprisingly stable to mechanical disturbance. The stresses caused in-
tervariant transitions in nanotwinned martensites were insufficient to
initiate the intermartensitic transformation of 10M and 14M marten-
sites to perfect NM martensite. The only exception was the inter-
martensitic 14M—>NM transformation occurred at temperature 220 K
that is 5 K above the temperature T"** "™ =215K of stress-free in-
termartensitic 14M—NM transformation. The stress—strain diagram
of intermartensitic (g} (1) - e (1)) transformation induced by
stress 0,=(0, —6,0) are shown at Fig. 2. The experimentally measured
shape strains of 14M—>NM transformation are in accordance with cal-
culated ones:

g —ghtM 0 0
= 0 eaa — €5 0 = (10)
0 0 SQQM - sségM
0.067 0 0
= 0 -0.054 0
0 0 —-0.008

3.3. Stresses of Intervariant Transitions

Stresses of variant rearrangements were measured at a half of inter-
variant transition strains. The stresses are dependent on martensite
structure, mode of intervariant transition and temperature (Fig. 4, a).

To compare the mobility of twin boundary in various martensites, it
is useful to normalize the measured stresses. The stress-induced rear-
rangement of martensite variants can be considered as a transition of
unstable loaded thermodynamic system crystal + loading device into a
stable state. Let us assume a specific free energy of k—I[ intervariant
transition equal to ¢(kl) = 6;;[¢;;(k) — €;;(1)] and select a volume fraction
of favourable martensite variant o €[0,1] as a variable, which de-

TABLE 2. The modes of intervariant transitions in the 10M, 14M and NM
martensites of Ni,MnGa.

Martensite | 10M 14M | NM(L1,)
Mode ac ab be ac ca
Strain 0.063 0.062 0.046 0.108 0.183
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Fig. 4. Stresses of variants’ rearrangement in the 10M, 14M and NM marten-
sites.

scribes a state of thermodynamic system. Then, . = —0¢(kl)/0w is an
effective stress moving a twin boundary at intervariant transition. As
we used the only one crystal during the whole research, this stress can
be a measure of lattice resistance for the movement of twin boundary
in different martensites. Using data of Fig. 4, a, the average value of
effective stress can be determined at simplifying assumption
Gt A® = G;;[€;;(k) —€;;(1)], where Aw=1 and G, equals to above deter-
mined stress of variant rearrangement.

The effective stresses of intervariant transitions in the 10M, 14M
and NM martensites are shown in Fig. 4, b. First of all, the effective
stresses of the intervariant 14Mbc and 14Mac transitions become
equal (within data scattering). As to distinction of effective stresses
for the different martensites, there is a certain dependence of these
stresses on crystalline structure of martensites. The effective stress of
twin boundary motion in perfect tetragonal NM martensite is the
highest and decreases in the nanotwinned 14M and 10M martensites
with a decrease of period of a nanotwinned structure.

4. CONCLUSIONS

Various modes of stress-induced intervariant transitions in the 10M,
14M, and L1, martensites were experimentally realized and discussed
on the basis of matrix approach.

Mechanical testing of the same single crystal in different structural
states gave an opportunity to compare twinning stresses in the 10M,
14M, and L1, martensites of Ni,MnGa.

The stress of twin boundary motion in perfect L1, martensite is
highest and decreases in the 14M and 10M martensites with a decrease
of period of a nanotwinned structure.
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