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Niso0.0Mnas 5 Gagi 5 single crystal exhibiting magnetic shape memory effect was analysed by X-ray diffraction,
electric resistivity and differential scanning calorimetry. Based on the intensities of the measured diffraction peaks,
we discuss the evolution of the structure and microstructure during heating and cooling. Electric resistivity and
DSC curves detect anomalous behaviour prior the transformation from martensite to austenite. We ascribe these
pre-transformation changes in measured curves to formation of the recently discovered nanotwinned form of 10M

martensite.
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1. Introduction

The discovery of magnetic shape memory (MSM) ef-
fect by Ullakko et al. in 1996 [1] started a develop-
ment of MSM alloys with exceptional properties for ap-
plications as sensors and actuators [2-4]. The archety-
pal and probably most studied MSM alloy is the Ni-
Mn—Ga. Martensite of Ni-Mn—Ga exhibits giant mag-
netic field-induced strain (up to 12% [5]) in a moderate
magnetic field (<1 T). This strain originates from the
reorientation of the structural martensitic twin variants
caused by twin boundary motion. Thus, it strongly de-
pends on the twinned microstructure and high mobility
of the twin boundaries [6]. The twinned microstructure
of MSM alloys originates from the martensitic transfor-
mation from the cubic austenite phase to lower symmetry
martensite. We focus on the non-stoichiometric compo-
sitions of the Ni-Mn—Ga resulting in five-layered mod-
ulated monoclinic martensite structure (10M), which is
the most promising structure for applications [3, 4].

Using X-ray diffraction, we discovered recently that
a new intermediate phase can form between ordinary
10M martensite and austenite [7]. In alloy of specific
composition few tenths of kelvin below the martensitic
transformation, the five-layered modulated monoclinic
martensite (10M) changed to an orthorhombic intermedi-
ate (10M’) phase. The SEM observations, XRD measure-
ments and theoretical calculations indicated that such an
intermediate phase could be actually the nanotwinned
10M martensite, with the nanotwinning suggested to be
resulting from the complex hierarchical branching on the
austenite nucleus — martensite interface |7].
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To obtain detailed insight to this newly discovered
nanotwinned microstructure we further analyse measured
XRD data. The measurements of electric resistivity and
differential scanning calorimetry reveal more details on
the evolution of the new phase with temperature. More-
over, from the calorimetry we estimate a/b twin bound-
ary energy of 10M martensite.

2. Experimental arrangement

We investigated Nisg oMnag 5Gasgy 5 (in at. %) single
crystals produced by AdaptaMat Ltd. Cuboid samples of
dimensions 0.9 x 2.4 x 20 mm? and 0.9 x 2.4 x 5 mm? were
cut with faces approximately along {100} plane of cubic
austenite. Transformation from austenite to martensite
occurred at ~ 327 K, reverse transformation temperature
was = 333 K. At room temperature, the samples had 10M
modulated martensite structure with lattice parameters
a = 0.5974 nm, b = 0.5949 nm, ¢ = 0.5589 nm, and
v =90.34°.

The XRD measurements were done on PANalytical
X’Pert PRO diffractometer in Bragg-Brentano geometry
with Co (A = 0.1789 nm) tube. Samples were attached to
a Peltier module for heating and put to the ATC-3 tex-
ture cradle used as goniometer enabling rotation, inclina-
tion and horizontal motion of the sample. Line focus with
divergent slits equal to 1° was used for continuous mon-
itoring of the reflections while heating or cooling down.

For reflections fitting, a custom-made program based
on MS FExcel and VBA for applications was used to-
gether with the solver.zlam add-in for the least squares
method implementation. Diffraction profiles were fitted
with pseudo-Voigt function defined by four parameters —
intensity at maximum, position in 26, width of the peak
and shape parameter (ratio of the Cauchy and Gaus-
sian contribution). Program allows for fitting up to three
overlapped peaks and independent fixing of the parame-
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ters in problematic cases or for using the average value of
several fits where no evolution in some of the parameters
is expected. Integral intensity of reflections was calcu-
lated using the analytic way from the parameters of the
fitting function.

Resistivity of the samples was measured by the AC
four-point method (f = 11 Hz). Stanford Research Sys-
tems SR830 DSP Lock-In amplifier was used for control-
ling the input current from the Pico Precision PP102 cur-
rent source. The output signal was amplified by PP560
low noise amplifier and detected by the same SR830.
Simple filament-based heater was used for heating the
samples during resistivity measurements. For tempera-
ture sensing, Keithley 195A digital multimeter and Pt
resistance thermometer was used.

Differential scanning calorimetry was carried out with
Linkam DSC6000 system equipped with the LNP95 cool-
ing system. Three rounds of calorimetric measurements
were done with the heating/cooling rate of 5 K/min.

3. Results and discussion

The formation of the nanotwinned 10M’ phase was ini-
tially described by Straka et al. [7]. Here, based on de-
tailed temperature measurements of the diffraction pat-
terns, we further discuss the evolution and nature of the
newly-observed phase.

We continuously measured 2Theta-Omega scans in the
angular range 72°-76°, in which 400 and 040 reflections of
10M martensite were present and where possible austen-
ite 400 peak could be expected. Samples were reoriented
in a way that the a and b axes were perpendicular to
the studied surface prior the measurements [8]. Due to
the use of the divergent beam geometry and due to the
twinned structure, we were able to observe both 4001s
and 04019y, reflections in about 20 s lasting scan. This
allowed for sensitive observation of temperature evolu-
tion when heating and cooling slowly (rate 0.8 K/min
or lower).

Diffraction patterns at three selected temperatures are
depicted in Fig. 1. In lower temperature region (305
325 K), two major reflections 400195; and 040195 were
present. Although fitting the pattern with only two re-
flections gives a good agreement with measured data, in-
cluding the third reflection, corresponding to the nan-
otwinned phase, leads to a better fit. This shows that
the nanotwinned phase might be partially present even
at low temperatures. Fitting with symmetrical pseudo-
Voigt function gave good agreement with measured data,
no asymmetry corrections were necessary. This is also
apparent from the crystallographic Ry p factor = 0.078.

When heating, the positions of 40019y; and 04019, re-
flections shift continuously with no anomalous effects (see
Fig. 2a), until approx. 326 K (Fig. 1b), where 40010ps
reflection of the new phase becomes distinct. Observed
pattern cannot be fitted using 400105 and 0401, reflec-
tions only, even when using asymmetric fitting functions.
Depicted fit using three symmetric pseudo-Voigt func-
tions has Ry p = 0.076.
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Fig. 1. Diffraction profiles measured at three selected
temperatures. (a) At 309 K, two major reflections

40010n and 04010 are observable due to use of the di-
vergent geometry and the twinned microstructure. In-
cluding another reflection 40010, led to a better fit.
(b) At 326.9 K noticeable changes occur, the intensity
of the 4000,/ reflection increases significantly. (c¢) At
327.7 K, the 400, reflection is dominant while the
4001057 and 04010as reflections are still present.

Finally, at 327.7 K (Fig. 1c) the reflection 4001+ cor-
responding to the nanotwinned phase is dominant, while
4001957 and 040195 have lost the majority of their inten-
sity. The fit is still very good with Ry p = 0.081.

As the low intensity reflections are present, some pa-
rameters (especially shape and width parameter) had to
be fixed during fitting on some temperature intervals,
where no development of these was expected. Prior to
this, multiple fits without any restrictions and with dif-
ferent initialisation parameters were performed in order
to obtain an insight into the tendencies, certainty and
average values to be used in the final fit. This secured
better stability and prevented collapsing to the local min-
ima while fitting.

Final integral intensities of the observed reflections ob-
tained from the fit are shown in Fig. 2. For completeness,
the lattice parameters already published and discussed
in [7] are also depicted.

Ratio of the a and b intensities of the original a/b lam-
inate slightly changes during the heating up to 326 K.
This effect might also be caused by the constant inclina-
tion angle used during the whole measurement — one re-
flection can get slightly more into “focus” while the other
one might slightly get out during heating.

Linear increase of the overall intensity in the low tem-
perature region might by ascribed to slight changes in
geometry due to thermal expansion of the sample. As
the background might change during the measurement,
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Fig. 2. Integral intensities of the observed reflections

during heating (a) and cooling (b). Sum of all three in-
tensities is also depicted. For illustration, the calculated
lattice parameters obtained from the same reflections
published in [7] are also shown.

this can further affect precise evaluation of the integral
intensity value. When the nanotwinning becomes sig-
nificant, the overall intensity increases even more. This
could be ascribed to the change of microstructure.

Heating was stopped before the occurrence of austenite
and no austenite peak was present in the measured scans.
Due to divergent beam geometry, such a peak would ap-
pear at ~ 75.5°(region not shown in Fig. 1 but measured).
If the austenite peak appeared, the overall integral inten-
sity of the 4001¢as, 04010957 and 4001, reflections would
decrease. However, as the overall intensity is increasing,
not decreasing, we can assume no austenite nucleus forms
within irradiated region.

During cooling, hysteresis behaviour occurs. The
40019ps+ reflection is dominant until cooling down to
318 K, where 400195 and 040195 regain their intensity.
According to our results, the nanotwinned phase is par-
tially present even at the end of the cooling process. The
high intensities of the 400193, and 040195 peaks indicate
that the majority of the sample returned to the original
spontaneously created a/b laminate of the 10M marten-
site at the end of cooling.

To further study the transformation processes, we mea-
sured the temperature evolution of the electric resistiv-
ity. During heating, after the nearly linear change from
the room temperature, the large and sharp decrease in
resistivity detected is caused by the martensitic transfor-
mation [9]. The different resistivity of martensite is par-
tially caused by the different cross-section of the sample
(difference less than 3%). However, the main reason for
the higher resistivity of martensite can be the interaction
of carriers with twin microstructure [10] and changes in
electronic structure including Fermi surface nesting [11].

Detail look reveals the pre-transformation changes in
the temperature dependence of electric resistivity, just
few tenths of kelvin below the transformation to austen-
ite (Fig. 3). This behaviour strongly correlates with the
presence of the nanotwinned 10M’ phase described above.
The small change in the resistivity (approx. 6.3% of
the entire resistivity change) could have been caused by
transformation to a new phase or rather by changes in
twinned microstructure. Refinement of the a/b laminate
resulting in channelling of the conductivity along the twin
boundaries could be speculated. During cooling from
austenite, no anomalous effect was observed (not shown).
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Fig. 3. Electric resistivity as a function of tempera-

ture. Nearly linear evolution during heating in marten-
site is followed by an anomalous behaviour before the
steep jump to the austenite at T'a.

Similar pre-transformation behaviour as that of the
electric resistivity was found by DSC (Fig. 4). In this
case, some minor change was detected 4 K below the T4
temperature, followed by a large peak due to marten-
sitic transformation, which is first order transformation.
The transformation to austenite was very sharp, in agree-
ment with resistivity measurement. Repeated behaviour
was detected in three rounds of measurements, as shown
in the inset.

The anomalous behaviour represents 5.6% of the over-
all heat consumed during the entire transformation. The
latent heat of the transformation is about 11 J/g. If only
the formation of additional a/b twin boundaries is con-
sidered, then their surface energy can be calculated from
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Fig. 4. DSC curves from the three rounds of measure-
ments. Peaks correspond to the consumption or the
generation of the heat during the martensitic transfor-
mation. Transformation temperatures from martensite
to austenite (7T4), from austenite to martensite (Thr)
and the Currie temperature (T¢) are marked. In the
inset, the detail of the DSC curves during heating close
to the martensitic transformation is depicted. Linear
evolution during heating in martensite is followed by
the pre-transformation changes before the steep change
indicating the martensitic transformation at 7.

the anomalous heat. This gives the surface energy den-
sity of a/b twin boundaries ~ 3 meV /A2 for assumed twin
width 10 nm. Considering the model [7], we can assume
that some heat is consumed on the formation of austenite
nuclei and therefore the true surface energy of the twin
boundaries may be actually much lower. The theoretical
ab-initio calculation gives the a/b twin boundary energy
of 0.1 meV/A? [7] and Kaufmann et al. calculated for
the a/c twin boundary of non-modulated martensite the
value of 2 meV /A2 [12].

The differences in temperatures determined by DSC
and resistivity can be ascribed to the different heating
rate, different experimental arrangement and the differ-
ent sample used. Even though the samples were cut
from the same single crystalline ingot, it is common that
the composition along the ingot differs slightly along the
axis [13]. This can explain the observed difference as
the properties of off-stoichiometric Ni-Mn—Ga alloys are
highly dependent on composition [14, 15]. However, the
overall effect of anomalous changes before the marten-
sitic transformation is clearly noticeable in both cases
indicating new 10M’ phase which was identified by X-ray
diffraction.

4. Conclusion

We studied structural changes in Nisg.oMnog 5Gasy s
single crystal by means of X-ray diffraction, electric
resistivity and DSC measurements to characterize 10M’
phase occurring in the vicinity of martensitic transfor-
mation. The new 10M’ phase is formed by nanotwinning
of modulated 10M martensitic phase. The process of

nanotwinning is expressed as anomalies in resistivity and
DSC curves. The integral intensities of X-ray lines indi-
cate that the 10M’ nanotwinned phase might be partially
present even at room temperature. From anomalous heat
changes measured by DSC we estimate the upper bound
of a/b twin boundary energy to be 3 meV /A2
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