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Abstract: The production of p-particles of Metamagnetic Shape Memory Alloys by crushing and
subsequent ball milling process has been analyzed. The high energy involved in the milling
process induces large internal stresses and high density of defects with a strong influence on
the martensitic transformation; the interphase creation and its movement during the martensitic
transformation produces frictional contributions to the entropy change (exothermic process) both
during forward and reverse transformation. The frictional contribution increases with the milling time
as a consequence of the interaction between defects and interphases. The influence of the frictional
terms on the magnetocaloric effect has been evidenced. Besides, the presence of antiphase boundaries
linked to superdislocations helps to understand the spin-glass behavior at low temperatures in
martensite. Finally, the particles in the deformed state were introduced in a photosensitive polymer.
The mechanical damping associated to the Martensitic Transformation (MT) of the particles is
clearly distinguished in the produced composite, which could be interesting for the development of
magnetically-tunable mechanical dampers.

Keywords: metamagnetic shape memory alloys; structural defects; magnetocaloric effect;
mechanical damping
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1. Introduction

The change in the interatomic distances caused by the occurrence of a thermoelastic Martensitic
Transformation (MT) in Metamagnetic Shape Memory Alloys (MSMA) results in large magnetization
changes (AM) at the transformation temperature [1-4]. In fact, the strong dependence of the magnetic
exchange interactions on the Mn-Mn distances [5-7] is responsible for such a change and allows
the induction of the MT by external magnetic fields. The large magnetoresistance or the giant
inverse magnetocaloric properties are among others, relevant effects for sensing and magnetic
refrigeration [8-14] that make these alloys interesting from the application point of view. Besides,
the inherent damping properties of shape memory alloys can be used for active noise reduction and
mechanical damping applications [15,16]. The damping in the case of MSMA, can be controlled by an
external magnetic field through the hysteretic induced MT. In particular, Ni-Mn-In and Ni-Mn-Sn show
a MT between a ferromagnetic austenite and a weak-magnetic martensite. The compositional [17-20]
and atomic order [21-24] influence on the MT properties has been widely studied in the literature.
Although the long-range atomic order in Ni-Mn-In alloys can be easily controlled by means of thermal
treatments, the Ni-Mn-Sn system shows a highly stable L2; structure where the atomic order can
hardly be modified by conventional thermal treatments. The addition of Cobalt in both cases enhances
the ferromagnetic ordering of the austenite and reduces the magnetism in martensite in Ni-Mn-X
alloys, thus leading to an increase of AM and therefore to larger magnetically-induced shifts of the MT
temperature [1,25-28].

On the other side, the new Additive Manufacturing (AM) technology (3D printing) opens a huge
field in devices design, for example using polymers with different percentages of functional particles.
In this context, the metallic particle production, their characterization and properties optimization
are milestones to get valuable functional composites [29-33]. Mechanical milling is a simple method
to produce micro and nanoparticles but unfortunately produces huge internal stress, defects and
deformations that strongly modifies properties of the bulk alloy [34-39]. As an example, the high
density of the anti-phase boundaries linked to dislocations produced during the milling process [40] or
the local atomic disordering in boundary region [29] promotes antiferromagnetic coupling between
Mn moments and consequently a reduction in the saturation magnetization of both martensitic and
austenitic phases.

In this work, a hand crushing and subsequent ball milling process has been tested to produce
Nig5CosMng3yIng3 p-particles to be introduced in a photosensitive polymer. The high energy involved
in the process produces large internal stresses and high density of defects with a strong influence on
the MT. The work is focused on the analysis of the influence of milling on the structural and magnetic
properties of MSMA. The frictional contribution to the MT entropy change has been shown to increase
with the milling time. Besides, the presence of antiphase boundaries linked to superdislocations
helps to understand a spin-glass behavior found at low temperatures. A prospective study for future
applications has been analyzed; in particular, the refrigeration capacity of the p-particles and the
damping properties of the designed composites has been tested.

2. Materials and Methods

Nig5CosMnggIng 4 Metamagnetic alloys were synthetized from high purity elements by arc-melting
under protective argon atmosphere. The bulks obtained were homogenized at 1170 K during 24 h.
The composition of the alloys was analyzed by EDS in a JSM-5610LV Scanning Electron Microscope
(SEM, Jeol, Tokio, Japan). The alloys were milled in an agate mortar until reaching a uniform
particle-size distribution. Subsequently, a systematic ball milling was performed at Room Temperature
(RT) and at different milling times (15, 30, 45, 60, 90 min) in a Retsch PM4 under argon atmosphere
and controlled temperature, avoiding the possibility of oxidation. As-crushed powders were used to
produce the MSMA pParticle-Polymers composites. The polymeric matrix was a commercial photo
curable bisphenol A-glycidyl methacrylate (Bis-GMA) resin (Schmidt Composite flow Madrid, Spain).
The MT was characterized by differential scanning calorimetry (Q-100 Differential Scanning Calorimeter,
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DSC, TA Instruments, New Castle, DE, USA) at a heating/cooling rate of 10 K/min. The macroscopic
magnetic characterization of the alloys was performed by SQUID magnetometry (QD MPMS XL-7,
Quantum Design, San Diego, CA, USA) under different fields from 100 Oe to 60 kOe. High-Resolution
X-rays Powder Diffraction (HRXPD,) was carried out in the BL04_MPSD beamline (28 keV) at ALBA
synchrotron, Barcelona, Spain using a high-resolution detector (mad26) [41,42]. Diffraction data
treatment was carried out using the programs of the Fullprof Suite [43]. Dynamic Mechanical Analysis
(DMA) measurements, loss tangent (damping), tan(¢), and dynamic shear modulus, G’, were carried
out as a function of temperature in a homemade torsion pendulum at frequencies close to 5 Hz.
Measurements were performed during heating and cooling with a rate of 1 K/min. Measurements
were performed under Argon atmosphere at atmospheric pressure.

3. Results and Discussion

Figure 1 shows the DSC thermograms performed on cooling/heating in the bulk, hand-crushed
and ball-milled samples. The occurrence of a first-order MT is evidenced by the presence of the
hysteretic exothermic (forward MT) and endothermic (reverse MT) peaks at around 275 K and 295 K
respectively. A second-order magnetic transition taking place in the austenitic phase can be inferred
from the A-type shoulder linked to the Curie temperature observed around T, = 388 K. Focusing on
the MT peak, the area below the peak clearly decreases with deformation. Nevertheless, the peak
position does not change, indicating that the long-range atomic order does not evolve with deformation,
in agreement with the inalterability of the Curie temperature. Figure 1 right shows the evolution of the
enthalpy change at the MT with the milling time. A clear decrease is observed for the hand-crushed
sample, and then a gradual decrease of the enthalpy takes place as the milling time increases (after
60 min the MT practically disappears). The easiest way to understand this behavior is assuming
a reduction in the transforming volume fraction as a consequence of the induced internal stresses
(defects, deformations) during hand crushing or milling processes. Nevertheless, deformation itself
can also contribute to the transformation enthalpies and entropies.
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Figure 1. DSC measurements around the MT for bulk, as-crushed, and milled sample (left).
The evolution of the heat flow (forward MT) as a function of the milling time is shown on the
right side (the inset shows the normalized difference between forward and reverse entropies).

The entropy change linked to the MT, which limits the magnetocaloric effect, can be considered
as the sum of a vibrational, ASj,, and a magnetic, ASmag, terms (the small electronic term is usually
neglected), in such a way that AS® ~ ASy, + ASmag [44] (the superscript refers to the ideal state,
where the frictional contribution to entropy is negligible). For the martensite to austenite transformation
(reverse transformation) in metamagnetic shape memory alloys, the vibrational and the magnetic terms
are positive and negative, respectively, the vibrational one being necessarily higher [44]. The opposite
occurs in the forward MT being the vibration entropy change negative and positive the magnetic
contribution. The MT occurs around the Debye temperature (0p = 310 £ 25 K for austenite in a similar
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but ordered alloy [45]), and then a nearly constant vibrational contribution in a first approximation can
be assume in both forward and reverse MT. Since ASp,g is directly related to AM, a higher magnetic
contribution opposing the vibrational one should be expected in the forward (lower temperature)
than in the reverse transformation (closer to the Curie temperature), which would lead to a lower
net ASO; in the forward MT than in the reverse ASC;. So, the difference (in absolute values) between
forward and reverse entropies should be always negative. The inset in Figure 1 right shows the
evolution of this difference (normalized to the forward entropy change to avoid volume transforming
effects) and only for short milling times the difference is negative. In fact the difference turns into
positive for milling times longer than 15 min. The large contribution of the magnetic entropy and its
temperature dependence makes this system not easy to analyze. In particular, to analyze the effect
of defects on the entropy change the previous contributions should be well stablished. AS typically
increases because of the microstructural recovery brought by annealing, as in fact occurs in ternary
Ni-Mn-5n alloys [46]). This indicates that defects tend to reduce the entropy change linked to the MT.
Nevertheless, the influence of defects (point defects, dislocations, and anti-phase boundaries) in the
MT thermodynamics should be different in the direct and reverse transformation. The interphase
creation and its movement during the MT produces frictional contributions to the entropy change (ASf)
both during forward and reverse transformation. In both cases, the entropy change term is negative
(exothermic process). So, taking into account this contribution, the entropy change can be written
as: AS; (=) ~ ASO; (-) + ASg¢ (—) for the direct and AS; (+) = ASO; (+) + ASg; (-) for the reverse.
As a consequence, the absolute value AS¢ increases and AS; decreases. So, long milling times makes
the difference (AS¢ — AS;) positive in absolute values (see inset in Figure 1 right). Therefore, defects
influence on the entropy change through the frictional terms and then modifies the magnetocaloric
capacities and all the other properties linked to the thermodynamics of the MT.

The crystallographic analysis performed after different milling times allow to determine the
phase distribution at high (350 K) and low (245 K) temperatures (see Figure 2). The bulk alloy at high
temperature shows an austenitic structure (not shown here) but after hand crushing, the induced
stresses prompt a small partial transformation to martensite. The subsequent ball milling process
induces the presence of much higher martensite fractions at high temperatures (see Figure 2, left).
This effect is well known and is usually linked to stress-induced martensitic transformations [47-49].
Besides, an increasing fraction of amorphous phase seems to be present as deformation increase.
On heating, the transformation to austenite occurs but the required temperature depends on the
stabilization degree. In the present case, the diffraction spectra were measured at 350 K after heating
the sample to 420 K indicating that some martensite is still stabilized at 420 K. On the other side,
at low temperatures, the presence of higher martensite fractions shows that the MT is taking place.
The evolution of the austenite reflections (see reflections at 20 = 7.4° or 21.2° i.e.,) shows that some
austenite is retained at low temperatures because of deformation. Nevertheless, the higher is the
deformation (longer milling times) the lower is the quantity of out-of-equilibrium austenite at low
temperatures (the fraction of austenite at 250 K change from 15% in the As-crushed and 30'milled
samples sample to 8% in the sample milled during 60”). Moreover, there exists an increasing amorphous
contribution (broad peaks superimposed to the main reflections) with the milling times.
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Figure 2. Powder X-ray diffraction patterns at 350 K (left) and 245 K (right) for the as-crushed and
307and 60 'milled samples. The measurements were performed after cooling from 420 K.

The gradual widening of the reflection peaks with the milling time evidences the expected decrease
of the grain size and increase of internal strains. Figure 3 shows the evolution of both parameters
estimated from Lebail fit of the 420 K diffractograms obtained for milling times up to 60°. For longer
times, the MT practically disappears. So, deformation induces internal stresses that promotes the
martensite formation. The percentage of sample undergoing the MT highly decreases with the milling
time since the induced martensite does not transform on cooling. This agrees with the reduction of the
enthalpy change at MT with the milling time (see Figure 1 right).
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Figure 3. Evolution of the diffracting size (black holes) and internal strains (white holes) measured at
420 K as a function of the milling time.

Magnetic measurements have been carried out on the as-crushed and milled samples to compare
the microstructure with the magnetic behavior. Figure 4 shows the temperature dependence of
the magnetization at high (60 kOe) and low (100 Oe) magnetic fields. The ferromagnetic austenite
transforms to a superparamagnetic-like martensite, showing the characteristic thermal hysteresis.
Obviously, the induction of superparamagnetic-like martensite during milling reduces the high field
magnetization above the MT. For the longer milling time, the MT is hardly detectable. So, the jump
in high-field magnetization at the MT decreases with the milling time, as expected from the gradual
increase of the stress-induced martensite. On the other side, the magnetization jump at low magnetic
fields linked to the Curie temperature occurs at around 400 K except in the sample milled more
than 60 min. In all cases, the MT temperature shows always approximately the same shift to lower
temperatures upon the application of high magnetic fields. Besides, both the Curie temperature and the
MT temperature remain almost constant irrespectively of the milling time, which again would indicate
the absence of variations on the long-range atomic order. As shown in Figure 4 (left), there exists
a much stronger influence of the mechanically-induced defects on the magnetization in austenite
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than in martensite. Apart from the magnetic nature of each phase, local atomic order variations at
antiphase boundaries (APB) produced between superdislocations as a consequence of the mechanical
deformations could be also playing a role [39].
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Figure 4. Temperature dependence of the magnetization at high, 60 kOe (left) and low, 100 Oe (right)

magnetic fields.

The magnetic field dependence of the magnetization has been also measured at 10 K to better
analyze the effect of milling in martensite. The obtained magnetization curves are shown in Figure 5
(left). For milling times below 30 min, the magnetization curves are similar whereas for longer
milling times the magnetization decreases. This result agree with the evolution of the austenite at low
temperature; the fraction of ferromagnetic austenite changes from 15% in the as-crushed and 30 “milled
samples to 8% in the sample milled during 60°. The high magnetization values (20 emu/g) observed
in the samples milled during short milling-times is a consequence of the high retained fraction of
austenite. Besides, the presence of increasing amounts of amorphous phase with apparently very
low magnetization and the reduction in the content of austenite for longer milling times reduces the

magnetization of the alloy.
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Figure 5. Left: Magnetization M(H) curves at 10 K after a Zero Field Cooled procedure (ZFC).
Right: ZFC-Field Cooled (FC) measurement under low magnetic field (100 Oe).

Figure 5 right shows the magnetization versus temperature at 100 Oe without deformation (bulk)
and with deformation (as-crushed and 15 ball milling). The thermomagnetic curves were measured by
two processes; cooled to 10 K in zero field and then measured on heating (ZFC curve), and measurement
on subsequent cooling (FC curve). The difference between both curves at low temperatures in both
deformed samples shows the thermomagnetic history effect typical of the spin-glass behaviour [50].
The maximum in the curves corresponds to the freezing temperature, T¢ [50]. The bulk sample does
not show the presence of such a maximum. Deformation makes the magnetization (the magnetic
susceptibility) increase but the milled sample shows lower susceptibility than the as-crushed sample.
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The low magnetic moment of the martensite (see Figure 4 left) must be associated to the
coexistence of ferromagnetic and antiferromagnetic interactions. Different mechanisms, i.e., reentrant
spin glasses, superparamagnetism, superspin glasses or antiferromagnetism have been proposed to
explain their superparamagnetic-like behavior [50-52]. In particular, the presence of local changes in the
interatomic distance has been shown to promote changes in the magnetic interaction. This occurs in the
Antiphase Boundaries (APB) region between superdislocations in ordered alloys [51]. So, a deformation
dependence of the low field magnetization could be expected. APB’s can be considered as regions of
enhanced ferromagnetic interaction that increase the overall susceptibility of the phase. The presence of
smaller grains and higher strains in the milled sample (see Figure 3) can reduce the overall susceptibility
with respect to the as-crushed alloy. Nevertheless, this point requires a more exhaustive analysis.
On the other side, the freezing temperature increases slightly with increasing strain (see Figure 5).
The shift of the freezing temperature to higher temperature as a consequence of the amount of defects
has been observed in other materials [53]. Before deformation, the paramagnetic state does not
show any spin-glass like behavior. Indeed, the deformed samples have two magnetic states above
T¢, ferromagnetic clusters locate along the APB and paramagnetic-like state surrounding the APB.
These paramagnetic and ferromagnetic states change to the spin-glass at T in the deformed samples.
The results indicate that the freezing temperature Tf depends on the deformation degree, increasing
with the quantity of dislocations [51].

Although other approaches have been proposed in the literature based on the temperature
derivative of the Helmoltz-free energy [54,55], the MCE, defined as the field induced entropy change
ASiso in isothermal conditions, has been calculated according to classical thermodynamics through
the temperature dependence of magnetization (curves not shown here but similar to those shown in
Figure 4 but at different applied magnetic fields). The measured AS;s, for a powder milled during 15
as a function of temperature and magnetic field is shown in Figure 6.

(J/kgK)

1S0

AS.

= &
TS, T &

Figure 6. Temperature and field dependence of the magnetic field induced entropy change (AS) in a
15 ball milled sample.

A positive peak (inverse MCE) is observed linked to the magnetostructural transformation at
the MT. The MCE values increase with the increasing magnetic field, reaching a maximum value
of around ASjs, = 5 J/kgK at 60 kOe. The ASjs, comes from the magnetic induction of the MT
which is limited by the maximum entropy change found in Figure 2 for the sample milled during
15" (AS = 5 J/kgK). The results seem to indicate that a field of 60 kOe is high enough to induce the
full available MT. Although the measured value is small comparing with the bulk entropy change,
a subsequent high temperature thermal treatment should remove the defects and improve their MCE
properties. Further work is in progress to improve their MCE capabilities.

From the application point of view, the production of MSMA p-particles opens the possibility of
producing MSMA-particle containing polymers (composites) by different techniques and in particular
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by Additive Manufacturing (AM) technology (3D printing). The new AM technology opens a huge
field, for example, in the design of heat exchangers for magnetic refrigeration grounded on the inverse
magnetocaloric effect or in the design of tunable (using for example external magnetic fields) damping
devices. To check the potential capacities in both fields, preliminary studies have been performed on
the particles, concerning the magnetic field induced entropy change and the damping properties.

For this last application, the hand crushed powders were embedded in a photosensitive polymer.
Figure 7 shows the temperature dependence of the damping (tan(¢)) and dynamic shear modulus
(G’) of the composite. The damping spectra show the peak related to the glass transition of the
polymer, Tg, at around 340 K and its related fall in the dynamic modulus at around 300 K, overlapped
to the MT. Nevertheless, composites show a well-defined damping peak at around 285 K (labelled
as MT), overlapped on the low temperature side of the glass transition peak. There exists a clear
change in the shear modulus linked to the damping peak. Both the peak and the modulus defect
show a temperature hysteresis related to the MT. So, the damping of the polymer reflects the effect of
the MT and consequently the application of external magnetic fields could change for example the
transformation temperature and consequently the temperature range where the damping is maximum.
Obviously, much more efforts are necessary to understand and design tunable dampers using this
technology but these previous results seem to be promising.
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Figure 7. Damping (tan(¢), black holes) and shear modulus (G, white holes) as function of temperature
measured in a Metamagnetic Shape Memory Alloy-Polymer composite.

4. Conclusions

A crushing and subsequent ball milling process has been tested to produce MSMA p-particles.
The particles in the deformed state were introduced in a photosensitive polymer to check their
damping capacity. The high energy involved in the milling process produces large internal stresses
and high density of defects with a strong influence on the MT characteristics. Deformations induce
internal stresses that promotes the MT; the interphase creation and its movement during the MT
produces frictional contributions to the entropy change (exothermic process) both during forward and
reverse transformation modifying the absolute values of the total entropy. The frictional contribution
increases with the milling time as a consequence of the interaction between defects and interphases.
The influence of the frictional terms on the MCE has been evidenced. Besides, the presence of antiphase
boundaries linked to superdislocations helps to understand the spin-glass behavior at low temperatures
in martensite. Finally, the damping of the produced composites reflects the MT, so the elaborated
composites appear to be promising candidates to the development of mechanical dampers tuned by
external magnetic fields.
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