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Abstract

The effect of combined mechanical and thermal treatments in the magnetostructural proper-
ties is studied in a Ni-Mn-Sn metamagnetic shape memory alloy, by X-ray diffraction, pow-
der neutron diffraction, calorimetry, magnetometry and !'”Sn Mossbauer spectroscopy. A
NisoMn35Sny5 alloy has been mechanically milled and then annealed at different tempera-
tures in order to produce different microstructural states. The milling and the post-annealing
processes do not produce any variation of transition temperatures and atomic order. How-
ever, the induced microstructural distortions affect greatly the martensitic transformation.
Milling promotes antiferromagnetic coupling between Mn atoms, resulting in a significant
decrease in the saturation magnetization that recovers with annealing. Moreover, the temper-
ature width of the transformation is considerably affected by the mechanically induced local
strain. Last but not least, the recovery of the microstructural distortions induced by milling
is directly related to the intensity of the non-magnetic component revealed by '°Sn
Mossbauer spectroscopy. This result opens the possibility of quantifying the whole contri-
bution of defects and local strain on the martensitic transformation in Ni-Mn-Sn alloys.

Keywords Heusler alloys - Metamagnetic alloys - ''°Sn-Mossbauer - Defects - Local
strains
1 Introduction

Ni-Mn based Heusler alloys have attracted great interest during the last decades due to the
multifunctional properties they exhibit, such as large magnetic-field-induced strain [1, 2],
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magnetorresitivity [3, 4], magnetocaloric effect [5, 6], exchange bias [7] and shape-memory
effect [8]. Specifically, in the so-called metamagnetic Ni-Mn-Z (Z = In, Sn, Sb) shape mem-
ory alloys, the thermoelastic martensitic transformation (MT) is accompanied with a large
variation of the magnetization value AM at the MT temperature (T ). As a result, addi-
tional multifunctional properties arise like the feasibility of a magnetic induction of the
reverse MT [9] and the inverse magnetocaloric effect [10], thus enabling the development
of practical applications in sensing and magnetic refrigeration. As the multifunctional prop-
erties of these alloys are directly related with the occurrence of the MT, their optimization
is directly linked with the MT characteristics.

Due to magnetostructural coupling that Ni-Mn Heusler alloys exhibit, magnetic prop-
erties influence directly the MT characteristics, and vice versa. In these alloys magnetism
is mainly based on the indirect exchange between Mn atoms [11]. Depending on Mn-Mn
distances, the coupling may result to be ferromagnetic (FM) or anti-ferromagnetic (AF).
Therefore, the magnetic properties, and as a consequence, the MT features depend strongly
on composition and long-range atomic order. In fact, it has been reported [12, 13] that in
some off-stoichiometric samples the exceeded Mn atoms tend to couple AF resulting on a
lower macroscopic saturation magnetization My. Additionally, composition can be used to
properly select the range of Ty 1. Indeed, Ty is very sensitive to the long-range atomic
order. In Ni-Mn-In and Ni-Mn-Ga systems it is possible to shift Ty by standard thermal
treatments or by quenching procedures. These processes alter the atomic order, enabling
shifts of TpqT up to ATy~ 100 K [14]. However, for Ni-Mn-Sn and Ni-Mn-Sb systems,
conventional heat-treatments do not brought any variation on Tpg [15]. The high stabil-
ity of L2 structure precludes the variation of characteristic temperatures, and the L2{-B2
transition, in essence, does not take place [15]. In such systems the long-range atomic order
remains unchanged regardless heat treatments. In this regard, the modification of defects
configuration and the microstructure is, along with composition, the only way to properly
tune the functional properties of corresponding Ni-Mn based Heusler systems. In the case
of the present study, we have focused our work in Ni-Mn-Sn systems.

Despite the aforementioned promising features, the poor mechanical properties Ni-Mn
based Heusler alloys exhibit (i. e., brittleness and fragility) hinder their development towards
practical applications. The cracks formed when samples are cycled through the phase trans-
formation result in a degradation that causes samples to break [16]. As a consequence, the
use of microparticles as microactuator elements is attracting increasing interest as an effec-
tive method in order to surpass the bulk limitations [17]. However, in the micro and nano
scale, the microstructural state plays a key role on the MT features [18]. Indeed, the resid-
ual strain retained during the thermal cycling [16] increases the hysteresis of the MT and
its irreversibility [19], and eventually degrades the MT and the shape memory effect [20].
Moreover, the presence of defects in the nanoscale may inhibit the MT and may alter FM
interactions [21]. In a nutshell, although in the micro and nano regime bulk drawbacks may
be effectively overcome, the control of the microstructure becomes the key point to deal
with for a proper tuning of the MT.

Taking into account the magnetostructural coupling that Ni-Mn based Heusler alloys
exhibit, Mdssbauer spectroscopy may result a powerful tool that may shed light on the
relation between the nanoscale properties and the MT features. Thereby, unlike in some
previous works, in which Fe doped Ni-Mn-Sn systems are studied by 7’ Fe Mossbauer spec-
troscopy [22], in the present work by means of !'°Sn Mdssbauer spectroscopy (1'°Sn-MS)
a NispMn35Sn5 sample is investigated, thus ensuring the proper chemical environment of
Sn atoms. Besides, the effect of the internal strain induced by milling is also evaluated by
X-rays (XRD), powder neutron diffraction (PND), differential scanning calorimetry (DSC)
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and magnetic measurements. The results show that, even though the milling and the post-
annealing processes do not produce any variation of transition temperatures and atomic
order, the induced microstructural distortions affect greatly the martensitic transformation.
Additionally, the coupling between Mn atoms is altered, resulting in a significant decrease
in the saturation magnetization that recovers with annealing. The obtained results confirm
that, once the transition temperature has been fixed by composition, the modification of the
microstructure through thermomechanical treatments appears as the best way to tune the
functional properties of these alloys. Moreover, the recovery of the microstructural distor-
tions induced by milling is directly related to the intensity of the non-magnetic component
revealed by '1°Sn-MS.

2 Experimental

A polycrystalline NisopMn35Sn;s alloy was synthesized from high purity elements by arc-
melting furnace under argon protective atmosphere. The obtained ingot was homogenized
during 24 h at 1173 K and quenched in iced water. The composition of the alloy was ana-
lyzed by EDS in a JSM-5610LV Scanning Electron Microscope (SEM). The alloy was
hand milled in a Agatha mortar until a steady state revealed by ''?Sn-MS (&~ 20 min)
was reached. The particle mean size measured by SEM was about 10 wm. The obtained
powder was annealed at different temperatures: 573 K (AN573), 673 K (AN673), 773K
(AN773) and 873K (AN873) for 5 minutes in order to further modify the microstructural
properties. DSC measurements at a heating/cooling rate of 10 K/min were carried out in a
TA Q100 calorimeter to study the magneto-structural transformations of the samples under
different thermal treatments. The temperature dependence of the magnetization under dif-
ferent fields from 100 Oe to 60 kOe and the field dependence of the magnetization at
low temperature were measured in a Quantum Design MPMS XL-7 SQUID magnetome-
ter. Microstructural evolution was characterized by XRD measurements recorded at room
temperature in a Siemens Diffractometer D5000 operating with Cu Ko radiation and ana-
lyzed using the FullProf package programs [23]. Mossbauer spectra were obtained using a
Bal!®"Sn0; source in a transmission setup at 270 K and (ferromagnetic austenite, cubic)
equipped with a triangle-wave generator at speed of 12 mm/s. Finally, the collected spec-
tra were fitted using the NORMOS program. Finally, the atomic order was investigated by
PND measurements, which were carried out at the Institute Laue-Langevin in Grenoble
(France [J. Lopez-Garcia, J. 1. Pérez-Landazabal, V. Recarte, J. A. Rodriguez-Velamazan, V.
Sanchez-Alarcos, I. Unzueta, https://doi.org/10.5291/ILL-DATA.5-24-591]), using a D2B
instrument (A = 1.594).

3 Results and discussion

Figure 1 shows the temperature dependence of magnetization at 100 Oe (Fig. 1a) and 60
KOe (Fig. 1b) for both Milled and AN673 samples. As illustrated in Fig. 1, annealing does
not affect neither the Curie temperature T, nor the Ty (the same behavior is observed for
the rest of the AN573, AN773, and AN873 samples, not explicitly shown there). Figure 1b
shows that the high-field magnetization increases in both austenite and martensite phases
on annealing, but there is no variation on the transition temperatures. The only effect that
annealing produces in respect to the milled sample is magnetization increase. Moreover,
Fig. 1c shows the cooling-heating calorimetric measurements for the different samples,
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Fig. 1 Thermomagnetization curves for the Milled and AN673 samples recorded at 100 Oe a and 60kOe b.
Figure 1c DSC curves of the full series of samples (Milled and after different annealing treatments)

carried out around the Ty 7. The exothermic and endothermic peaks observed on the cool-
ing and heating ramps are linked to the forward (FMT) and to the reverse MT (RMT),
respectively. The A-type shoulders observed around 325 K are related to the magnetic order-
ing of the austenite at the T.. The structural and magnetic transformation temperatures
are summarized in Table 1, which shows that, indeed, annealing does not affect the char-
acteristics temperatures as showed by calorimetry measurements. However, the annealing
temperature increases the peak height and sharpness of the MT.

As shown in Fig. 1c and Table 1, the MT peak temperatures and the corresponding
hysteresis, defined as the temperature shift between heating and cooling transformation
peaks, remain unchanged for the different annealing temperatures. Likewise, the DSC mea-
surements also indicate that the T, of the austenite is almost unmodified by the thermal
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Table 1 Temperature of DSC peaks for the FMT (M,,), for RMT (A,), T., MT hysteresis and the
transformation temperature interval AT for the set of samples

Sample M, (K) A, (K) T, (K) Hys (K) AT (K)
Milled 208(1) 228(1) 317(1) 19(2) 92(2)
AN573 209(1) 228(1) 322(1) 18(2) 85(2)
AN673 208(1) 226(1) 321(1) 18(2) 83(2)
AN773 209(1) 227(1) 322(1) 19(2) 75(2)
ANS73 208(1) 227(1) 322(1) 20(2) 70(2)

treatments. On the other hand, the temperature range where the transformation spreads, AT,
becomes gradually reduced diminishing from 90 K to 70 K (see Table 1). Such transfor-
mation interval has been determined by the average value of the difference between the
starting and finishing transformation temperatures for the FMT (M; and M ¢, respectively)
and for the RMT (temperatures Ay and A 7, respectively). Thus, although the temperatures
of the magnetoestructural transitions, Ty and T., do not change with the post-milling, the
reduction of AT indicates that the dynamics of the transformation is strongly affected by
the microstructural evolution taking place during the heat treatments. The effect of anneal-
ing on the studied sample is an increase of the saturation magnetization and a narrowing of
the calorimetric MT peaks. Taking into account that both T, and the MT temperature are
highly sensitive to atomic order [24], the lack of variation in these transition temperatures
seems to indicate a null effect of annealing on the atomic order [15].

In order to correlate the microstructure with the annealing treatments, XRD measure-
ments have been carried out in austenitic phase at room temperature. Figure 2 shows the
XRD patterns obtained for the different samples. All of them display the characteristic
[220], [400] and [422] peaks corresponding to the well-known Heusler L2{ cubic struc-
ture, (Fm3m) space group [15]. The reflection peaks lye at the same angles in all cases,
indicating an almost null change of cell parameter (see the cell parameter values in the
upper right corner of each diffraction pattern in Fig. 2). Nevertheless, the peaks become nar-
rower as the annealing temperature increases, which, as expected, suggests a variation on
the microstructural parameters. Figure 3a displays the evolution of internal strains and grain
size determined from the Lebail analysis of the diffraction patterns along the series of sam-
ples. The internal strains decrease and the grain size increases with the increasing annealing
temperature, evolving from small grain size with high percentage of strain (88.98 4 0.02A
and 9.32 =+ 0.03 %o, respectively, on the Milled sample) to bigger grains and lower strains
(222.08 £ 0.06 A and 1.09 + 0.03 %o, respectively, in AN873).

Once determined the internal strains, we can depict the MT and magnetic properties as
a function of the microstructural evolution. Figure 3b shows the MT temperature range as a
function of internal strains. It can be seen that AT increases almost linearly with the micros-
trains, in agreement with an increase of the elastic energy, indicating that AT variation
is directly related to microstructural changes. The long-range atomic order and magnetic
ordering of the austenite were analyzed from Powder Neutron Diffraction (PND) measure-
ments. Figure 4 shows the experimental and fitted PND patterns obtained from the milled
and AN673 samples at 270 K (ferromagnetic austenite). Both samples show the cubic L2
structure with the same lattice parameter (6.004(1) A for the Milled sample and 6.003(1) A
for the AN673 sample) compatible with the calculated values by X-rays (see Fig. 2). The
magnetic and structural parameters for 4a and 4b Wyckoff positions obtained after Rietveld
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Fig. 2 a) Room temperature XRD patterns and the corresponding calculated lattice parameters for Milled,
ANS573, AN673, AN773 and AN873 samples. The dots are the observations, the red line the calculated

pattern and the black line the difference between observed and calculated intensity
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Fig. 4 Rietveld refinement of the neutron diffraction patterns for the Milled (top) and AN673 (bottom)

samples recorded at 270 K

refinement are shown in Table 2. The occupancies are almost the same in both cases (4a
positions are mainly occupied by Mn atoms and 4b positions are occupied by both Mn and
Sn atoms [12], which means that the degree of L2 atomic order is the same in both samples.
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Table 2 Occupancy and 1 magnetic moment values obtained from the Rietveld refinement for 4a and 4b
positions for the Milled and AN673 samples. The occupancy of Ni position has been fixed to be 1.

Site 4a Site 4b
Occupancy 1(ip) Occupancy 1(ip)
Mn 0.95(4) Mn 0.41(4)

Milled Ni 0.05(4) 1.26(6) Ni 0.02(0) -0.45(6)
Sn (—) Sn 0.57(4)
Mn 0.94(3) Mn 0.43(3)

AN673 Ni 0.06(3) 2.58(2) Ni 0.05(0) 0.37(2)
Sn (—) Sn 0.52(3)
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Fig. 5 Magnetic field dependence of magnetization of the set of samples recorded at 10 K, martensite. The
inset shows the normalized M/M; of the Milled and the AN873 sample for a better visualization of their
different approach towards saturation

Therefore, in agreement with the observed absence of variation in the transition temper-
atures, no atomic order variation is brought by annealing. Nevertheless, interestingly, the
magnetic coupling between Mn atoms in 4a and 4b positions drastically evolves from AF
to FM upon annealing, in spite of neither atomic order nor lattice parameter do change. It
is worth noting, that in agreement with XRD, the reflection peaks are clearly broader in the
Milled sample. This points out a microstructural evolution (higher crystallite size or lower
microstrains in the annealed sample), which could be behind the magnetic one.

Magnetic measurements at low temperature were carried out in order to determine the
evolution of magnetic properties of the martensite during the microstructural recovery
induced by the thermal treatments. Figure 5 shows the magnetic field dependence of the
magnetization of the different samples at 10 K. It is worth noting the increase of the satura-
tion magnetization, as well as the clear change of the shape of the curve, with the increasing
annealing temperatures. Additionally, the inset of Fig. 5 shows the normalized M(H) cycle
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Fig.6 Experimental 1°Sn-MS spectra measured for all the studied samples

of Milled and AN673 samples recorded at 10 K, where different approach to saturation is
clearly observed. This different approach to saturation and the increase of the saturation
magnetization on annealing can be ascribed to a different AF contribution to the magnetic
moment between the Milled and AN673 samples, as indicated by the PND results shown in
Table 2.

Summarizing, in contrast to the behavior reported in Ni-Mn-Ga and Ni-Mn-In by
Sanchez-Alarcos et al. in Ref. [25], calorimetric, XRD and PND measurements and mag-
netic characterization performed in NisoMn35Sn;5 show clearly the null effect of annealing
on long-range atomic order, however, such measurements indicate a noticeable microstruc-
tural variation with annealing. It is known that in Heusler alloys, cold working on bulk
alloys induces the presence of anti-phase boundaries (APB) surrounded by dislocations (dis-
locations in atomic ordered structures appear as super-dislocations; a pair of dislocations
separated by an APB where the atomic order, and consequently the ferromagnetic coupling,
is modified) [26, 27]. Therefore, it is expected that the presence of APBs causes the internal
strain observed in the Milled samples in XRD and PND measurements.

The reduction of the density of APBs with annealing, as a result of the annihilation of
dislocations [28], will be the cause of the observed reduction of the internal strain of the
annealed samples, and so, of the narrowing of DSC’s MT’s peaks. The Rietveld refinements
of PND patterns (see Table 2) indicate the presence of AF coupling between Mn atoms in
the Milled sample that after annealing become mostly FM coupled. Moreover, interatomic
distances vary slightly at APBs [29], and taking into account that the magnetic coupling
is very dependent on Mn-Mn interatomic distance [30], PND results suggest that APBs
(present in milled samples) may be the cause of the AF coupling observed. Indeed, the
exchange interaction between the second nearest neighbor Mn atoms located across the
APB can become AF in an otherwise FM material [31, 32].

In order to ascertain the nature of the effect of annealing on the magnetic properties, the
magnetism was studied at the atomic level by ''°Sn-MS. Figure 6 shows the experimental
11981n-MS spectra of all the studied samples. The spectrum of the Milled sample is mainly
composed of a singlet; however, in the case of AN573 the depth of the singlet decreases
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Table 3 Hyperfine parameters obtained from the fitting procedure of all the studied samples. By hyperfine
field of the sextet component and the A; intensity of the singlet component, along with § isomer shift and I"
line-width parameters. § and I" have been constrained to be the same for both subspectra

Sample By (T) As (%) S(mm/s) T'(mm/s)
Milled 4.1(1) %31(3) 1.53(1) 1.96(1)
ANS573 4.6(2) %18(1) 1.48(1) 1.67(7)
ANG673 5.2(1) %15(1) 1.48(1) 1.54(5)
AN773 5.3(1) %6(1) 1.48(1) 1.51(4)
ANS873 5.6(1) %1(1) 1.48(1) 1.50(2)

and at higher annealing temperatures a clear broadening of the spectra appears. Indeed, in
the case of AN873 sample a magnetic contribution is observed. Sn atoms do not carry any
intrinsic magnetic moment, but a transferred hyperfine field can be induced from neighbor
magnetic Mn atoms [33].

Figure 7 shows the fitting of the previously cited spectra. All the spectra have been fit-
ted using two discrete contributions: a non-magnetic singlet and a magnetic subspectrum.
Although in the case of AN873 sample the spectrum can be also be fitted with a single sex-
tet component, better x> values are systematically obtained by considering also the singlet
contribution. Taking into account the cubic structure of the sample (austenite phase with
L2 structure) the quadrupole shift has been taken to be zero. It is worth noting, that in the
fitting procedure the line-width and the isomer shift of the two subspectra have been con-
strained to be the same. Table 3 shows the results of the fitting procedure. Similar values of
the & isomer shift were obtained for all the samples, indicating that the chemical order in
the surrounding of Sn atoms remains the same, independently of the annealing process [34].
However, the line-width parameter I" listed in Table 3 decreases as the annealing temper-
ature increases. The I parameter is sensitive to slight distortions of the local environment
of the Mossbauer probe atoms [35], so its decrease indicates a microstructural evolution on
the very close environment of Sn atoms.

The relative intensities of both Mdssbauer contributions change gradually with the
annealing temperature, being the magnetic subspectrum practically the only one dominating
the AN873 spectrum. The main common feature is the decrease in the singlet component
(Ay) and increase in the B, magnetic hyperfine field value, with increasing annealing tem-
perature, indicating that the number of Sn atoms with transferred hyperfine field increases
with annealing. The major recovery of the I' parameter occurs in the first two annealing at
573 K and 673 K. The dislocation annihilation at these temperatures has been previously
reported in other Heusler alloys [27, 36]. However, as the 1196h-MS shows (see the evolu-
tion of the A, in Table 3) the recovery process continues above 673 K without a significant
change in I" parameter. In this region, the recovery would be mediated by the elimination of
point defects, such as vacancies [37], introduced during the milling of the sample. Figure 8a
shows the width of the temperature range in which the MT is extended, AT, as a func-
tion of the singlet contribution Ay, and Fig. 8b, shows the singlet contribution A of the
11981-MS versus the internal strains. Taking into account these two figures and Fig. 3b, they
clearly indicate that the non-magnetic singlet contribution is directly related to the inter-
nal strain-state and the distorted regions present in the sample. Therefore, the influence of
the microstructural recovery on the MT can be directly tracked by the singlet component
revealed by 112Sn-MS.
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4 Conclusions

The effect of combined mechanical and thermal treatments in the NisoMn35Sn;s metamag-
netic shape memory alloy was studied by XRD, PND, DSC, magnetometry and ''°Sn-MS.
A hand-milled alloy has been annealed at different temperatures producing different
microstructural states that are correlated with the magneto-structural properties. Milling
induces a high average of internal strain and, as consequence, a small grain size and a high
density of defects. Annealing relaxes the internal strain, increasing the grain size, recover-
ing the MT and enhancing the magnetostructural properties. Upon annealing, the density of
non-magnetic defects and their strain field decrease, thus leading to an increase of the sat-
uration magnetization and a decrease of the martensitic transformation temperature range,
respectively. It has been shown that both, MT and magnetic properties of NisoMn35Sn;s
are very sensitive to slight microstructural distortions even without inducing any change in
atomic order. Due to the high stability that the Ni-Mn-Sn systems show against the atomic
disorder, this result opens an additional way to properly tune the multifunctional properties
in the Ni-Mn-Sn systems. From a technological point of view, once the transition temper-
ature has been fixed by the composition, the characteristics and therefore the properties
linked to the martensitic transformation can be modified by thermomechanical treatments.
Finally, we show that ''°Sn-MS is a proper technique to link the MT with the microstruc-
tural state, becoming a practical tool to assess the microstructural characterization of the
local strains and defect state in order to properly tune the MT towards future applications.
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