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Abstract

Composite materials are being used in the design of new devices to produce more
functional, cheap and on-demand products. In particular, 3D printing technology based
on composites opens a huge field enabling the freedom of design and the ability to
manufacture complex structures. In this context, the analysis of the functional properties
of printable composites is of great importance. The work is focused on the analysis of
the mechanical damping of a composite made with different concentrations of a
NissMnzs.7In133C0s metamagnetic shape memory alloy into an UV-curing polymer. The
composites provide a bulk material containing very brittle metallic p-particles that can
be handled for technological applications. Damping and dynamic modulus of the
composites were modified with small magnetic fields below 100kA/m, proving that the
damping capacity can be tuned by applying an external magnetic field. From the
measurements, it has been also possible to determine the intrinsic damping and moduli
of the alloy particles, which show the characteristic properties linked to the MT. These
preliminary results allow proposing this composite material as a potential functional
material to be used in the design of printable devices for magneto-mechanical damping

applications.
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1. Introduction

The vast interest and the widespread research effort dedicated to metamagnetic
shape memory alloys (MSMASs) in the last decade stems from their potential as
multifunctional materials, based on the interplay between a first-order structural
transition — the martensitic transformation (MT) — and the magnetic ordering. In
particular, the possibility of inducing the reverse MT by applying a magnetic field gives
rise to interesting properties such as the magnetic actuation [1,2] or the giant inverse
magnetocaloric effect (MCE) [3,4] that make these alloys very attractive for actuating
and magnetic refrigeration applications. Besides, the inherent damping properties of
shape memory alloys can be used for active noise reduction and mechanical damping
applications [5,6], being able to control the damping by an external magnetic field
through the hysteretic induced MT. In general, their intrinsic brittleness limits the
applicability of MSMA, but for some specific applications, like damping or magnetic
cooling devices, brittleness is not so critical and could be mitigated by making
MSMA/polymer composites.

Three-dimensional (3D) printing is an additive manufacturing technology that
allows fabrication of objects by adding successive layers of materials. In recent years,
this technique has become very popular because of its simplicity, relatively low cost,
and unlimited creativity. This process enables the creation of complex three-
dimensional objects, which cannot be cut, assembled or carved otherwise. 3D printing
has developed rapidly and has found numerous applications in various fields, from
personalized consumer products, dentistry and surgery, biomaterials and tissue
engineering, to different kind of materials for structural and sensor-actuators

applications [7-13]. 3D printing composites materials which exhibit special tunable



(using an external magnetic field i.e.?) characteristics are referred to as 4D printed
composites [13].

There are several 3D printing techniques based on mechanical, electrical, or
photochemical approaches, each of them having its advantages and drawbacks [7,14-
19]. The photochemical approach has been proved to be very promising since well-
defined structures can be created by photopolymerization of photocrosslinkable liquid
resin under light irradiation, being also an economic and low environmental impact
technique [20,21].

Additive manufacturing of MSMA-polymer composites is cheaper and simpler
than metal printing, allowing to build for example, a heat exchanger device with the
optimum surface/volume ratio for MCE applications. Then, 3D printed MSMA/polymer
composites are promising materials for damping and refrigeration applications. In fact,
composites in sandwich geometry [22] and composites of Ni-Mn-Ga powders in a
polymer matrix [22-27], have been investigated. In the Ni-Mn-In system, the addition of
Co has been shown to increase the Curie temperature and the saturation magnetization
in the austenite phase, as well and the blocking stress level, thus reducing the value of
the applied magnetic field needed to induce the reverse MT [1,28]. Quaternary Ni-Mn-
In-Co alloys are, therefore, the most promising alloys for functional composites
elaboration.

In the present work, the damping properties of composites elaborated with
different concentrations of Ni-Mn-In-Co particles into a printable polymer have been
analyzed. The developed composites provide a bulk material, containing very brittle
metallic particles as fillers, which can be handled for technological applications. The
composites have a good mechanical stability and reflect the magnetic properties of the

MSMA-fillers. In particular, the damping capacity can be tuned when the composites
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are subjected to an external magnetic field. The fillers slightly shift the glass transition
temperature of the polymer to higher temperature. Damping and dynamic modulus of
the composites were modified with small magnetic fields below 100kA/m. The good
mechanical properties and the possibility of modifying its response under the
application of the magnetic field shown by the composites, open the possibility of using
these materials for 3-D printing as the basis for devices for MCE and

magnetomechanical damping.

2. Experimental
2.1. Samples

NissMnzs7In133Cos ingots were produced by arc-melting, under Argon
atmosphere from pure metals. Ingots were homogenized at 1073 K for 24 hours under
Argon atmosphere followed by quenching in air. Bulk sample was milled and sieved.
Particles smaller than 63um were used as fillers to prepare the composite. For relieving
the stresses originated during the grinding, the powder was annealed at 423 K for 900 s,
under protective Argon atmosphere.

The polymeric matrix was a commercial photo curable bisphenol A-glycidyl
methacrylate (Bis-GMA\) resin produced by Schmidt (Composite flow). The polymeric
resin contains fillers of glass (28% vol., size 0.05-2.6 mm), catalyst, stabilizers,
inhibitors and pigments in a concentration smaller than 53% vol.

The MSMA-particles and the polymer resin were well mixed by hand-stirring, to
reach a homogeneous mixture. Different exposure times were considered to optimize
the curing process using UV light (600 mW/cm?, 410 nm) at room temperature (RT).
The crosslinking evolution reaches the saturation value after an exposure of 80 s under

the UV light. Composites with 1.1%, 2.6%, 6.2% and 12.8%, volume fractions of fillers
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were prepared, referred to as C011, C026, C062 and C128, respectively (see Table 1).
The fillers concentration was determined with a 50 ml pycnometer at 20°C using
distilled water. In this stadium, the composites were not subjected to any 3D printing
process. This paper is a first approach to determine the potential of the composites for

mechanical damping applications based on a photo curable polymeric resin.

Volume Density Shear modulus
tan(¢) at RT tan(¢) at Tg
fraction (%0) [g cm] at RT (MPa)

Matrix 1.85+0.01 500+10 0.164+0.002 0.345+0.004
C011 1.1+0.3 1.92+0.01 670420 0.178+0.002 0.339+0.004
C026 2.6x0.5 2.01+0.02 840+20 0.195+0.002 0.333+0.004
C062 6.2+£0.5 2.23+0.02 1490+40 0.193+0.002 0.323+£0.003
C128 12.8+0.6 2.64+0.02 2620+70 0.196+0.002 0.321+0.003

Table 1: Volume fraction, density, dynamic shear modulus and tan(¢) at room temperature (RT) and

tan(¢) at Tg for polymeric and composite samples.

2.2. Measurements

MagnetoThermoGravimetry (MTGA) studies were performed in a modified
Radwag AS 220.R2 balance from 200 K up to 400 K under protective Argon
atmosphere with a heating rate of 5K/minute and under an axial magnetic field of 100
kA/m. During the MTGA measurement, the weight (force) variation percentage pm(T),
which is proportional to the changes in the magnetization, is determined from:

w(T)—w,

pu(T) = 1)

where wi and w(T) are the initial weight measured at 200 K and the weight measured at

each temperature (T), respectively.




Dynamic Mechanical Analysis (DMA) measurements, loss tangent (damping or
internal friction, Q?), tan(¢), and dynamic shear modulus, G’, were carried out in an
inverted torsion pendulum which was assembled at the laboratory. The excitation was
controlled by a Rigol DG1022 sintetized wave function generator and the oscillations
were recorded by a Rigol DS1052E high speed digital oscilloscope. Temperature of the
sample was measured using a K-thermocouple close to the sample. The A/D conversion
from the temperature signal was done by means of a Flike 289 (true RMS multimeter).
All the system is automatically driven by a PC during heating and cooling using a
NOVUS-N2000 PID temperature controller. Measurements were performed as a
function of temperature at frequencies close to 5 Hz. The samples for DMA were
parallelepiped bars of around 1 x 1 x 20 mm?3. The maximum shear strain on the sample
was 2x10™*. Measurements were performed during heating and cooling with a rate of
1K/min in a temperature range between 220 K and 400 K. A thermal cycle in DMA
measurements involves a cooling down from RT to 220 K, followed by a warming up to
400 K and subsequently a cooling down to RT. There were not holding time neither at
the minimum nor at the maximum temperatures. Two consecutive thermal cycles were
performed for all studied samples under atmospheric Argon pressure. Nonetheless, for
the sample with the highest particles content, ten thermal cycles were performed to
explore the stability of the composite.

Damping was determined by measuring the relative half width of the squared

resonance peak for a specimen driven into forced vibration using [29]:

tan(g)= 22— (2)
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where o is the resonant frequency, and w1 and w2 are the frequencies at which the
amplitude of oscillation reduces to 1/N2 of the maximum value. The estimated

uncertainties for tan(¢) and G” were less than 2% and 5%, respectively.

3. Results and Discussion
3.1. Magnetothermogravimetry
The temperature dependence of pw(T) shown in Figure 1 reflects the behaviour

of the magnetization as a function of temperature for the studied samples (see Table 1).
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Figure 1: Magnetothermogravimetry (om(T) = (W(T) — wi) / w;) for CO11 (inverted triangles), C026
(triangles), C062 (rhombus) and C128 (squares) composite samples. Warming: Full symbols. Cooling:

Empty symbols.

During heating, the magnetization first increases when the reverse martensitic
transformation takes place (the MSMA fillers transform from a non-magnetic
martensite phase to a ferromagnetic austenite phase) and then decreases on approaching
the Curie temperature of the austenite (Tc =~ 380 K) . On the other side, the
magnetization increases on cooling below Tc and drastically decreases on further
cooling below the forward MT temperature. The structural transformation occurs so

close to the magnetic one that the magnetization increase associated to the
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ferromagnetic ordering is truncated by the sudden appearance of paramagnetic
martensite. This behaviour has been correlated with the weakening of the exchange
interactions in the martensitic structure as a consequence of the abrupt change in the
Mn-Mn interatomic distances occurring upon the MT [30]. The thermal hysteresis in the
MT is around 20 K for the C011 sample, and around 30 K for all the remainder samples.
During the MT, the variation of pom(T) increases as the volume fraction of MSMA-fillers
increases. The polymer matrix sample (Matrix sample in Table 1) does not show any

magnetization change.

3.2. Dynamic Mechanical Analysis (DMA)
3.2.1. Mechanical damping linked to the glass transition

Figures 2 (a) and (b) show the behavior of tan(¢p) and G’ as a function of
temperature for the polymer matrix and for the composites. In the damping spectra, the
whole set of composites show a relaxation peak at around 340K linked to the glass
transition, Tg, increasing its temperature and decreasing its peak height as the volume
fraction of fillers increases. The increases in Tg is promoted by the reduction in the
mobility of the polymer chains during the transition due to the embedded fillers [31-34].
In addition, the peak height decreases due to both, the lower fraction of polymer content
and the reduced mobility of the polymer chains. As shown in Figure 2 (b), the behavior
of the dynamic modulus around the glass transition is similar in all composites.
However, the average value of the dynamic modulus increases with the volume fraction

of metallic fillers [35-38].
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Figure 2: (a): tan(¢) spectra. (b): Dynamic modulus curves. (c): Damping spectra after removing the
matrix contribution. Matrix sample (circles), C011 sample (inverted triangles), C026 (triangles), C062

sample (rhombuses) and C128 sample (squares). Cooling: Empty symbols, Warming: Full symbols.

3.2.2. DMA response at the MT without magnetic field

An hysteresis between cooling and heating measurements is observed below 310 K,
both in the damping spectra and in the moduli curves, as shown in Figure 2. This
hysteretic behavior is related to the MT taking place between 240 K and 310 K, in
agreement with the MTGA measurements shown in Figure 1. Composites with fillers
content above 2.6% show a well-defined damping peak at around 285 K (labelled as
MT), overlapped on the low temperature side of the glass transition peak. This damping
peak in the temperature region where the MT occurs is linked to the high mobility of the
austenite-martensite interfaces and to the fact that the temperature, and therefore the
transformed fraction, is changing during the measurement cycle, which implies the
movement of the transformation front interface [39,40]. Fig. 2(c) shows the damping

spectra after removing the matrix contribution. The hysteresis of the MT-peak increases
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with the volume fraction of fillers, as shown in Figures 2(a) and (b). Although the MT-
peak is not clear in the C011 composite (inverted triangles) due to the low volume
fraction of fillers, the hysteresis is observed in both the damping and the shear modulus
curves. Once the fillers undergo the phase transformation, i.e. MSMA-fillers are in
martensite or in austenite state, the hysteresis vanishes, leading to overlapped cooling
and warming curves. The MT-peak height, related to a relaxation process linked to the
MT, depends on the warming rate, whereas the peak temperature was frequency
independent [39,40]. On the other hand, a dramatic change in the dynamic modulus is
observed through the MT, with the modulus of the martensite phase being greater. This
behavior can be explained as a consequence of the presence of some soft phonons
branches in the austenite (which are indeed responsible for the instability of this phase
against distortions such as those linked to MT [41]), implying that some elastic
constants, for example ¢ =(C;; — €;2)/2 , show very low values. The martensite
phase, in turn, does not present these soft modes. The results were reproducible during
subsequent thermal cycles. In fact, similar results were obtained in the C128 sample
after ten thermal cycles. Thus, it is a promising point in favor of the good mechanical

stability of the composites here studied.

3.2.3. Damping under magnetic field

Tunable dampers are of especial interest in different applications. In our case, a
magnetic field can be used to modify the mechanical response of the bulk composites.
In particular, in order to analyze the change of the damping properties, an external
magnetic field of 100 kA/m was applied during the DMA measurements.

Figure 3(a) shows the damping spectra for C128 sample measured without

(black symbols) and under (red symbols) magnetic field on warming (full symbols) and
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on cooling (empty symbols) in the temperature range where the MT takes place (the
behavior is similar in all samples, so for sake of clarity just the measurement for the
highest concentration composite is shown). In all cases, the maximum temperature
reached is 400 K. A slight increase in the MT-peak height (heating and cooling) under
magnetic field is observed, in agreement with previous works [42]. Besides, the peak
temperature decreases and the hysteresis increases with the applied field, the effect
enhancing when the volume fraction of MSMA-fillers increases. As expected, no
changes in the damping of the matrix were detected under magnetic field. In the same
way, the dynamic modulus curves, Figure 3(b), shift to lower temperatures when

measurements are performed under magnetic field.

0.3 T T T T T T T T T T T T T T

tan(¢)
o
%

oo
0.1 DdFﬁ]OOO © H=0, Cooling
4 &CQ e ® H=0, Heating
{ 4 0 H=100 kA/m, Cooling
[ |

DD o8 F.#
O . O 1 1 1 1

H=100 kA/m, heating

240 250 260 270 280 290 300 310 320
Temperature (K)

13



o ISeq
lll-.lnn‘-.-.-'-'-'i,‘.“

2000t ——rt—
240 250 260 270 280 290 300 310 320
Temperature (K)

E 00

s 60

O

«» 5000

=

>

8 4000

S DDDDD%D%

8 o H=0, cooling Q o

<= 3000F e H=0, heating i
(72} o H=100 kA/m, cooling

o ® H=100 kA/m, heating Sieeecerinae
S

@©

c

>

(@)

Figure 3: (a) Damping spectra and (b) Dynamic shear modulus for C128 sample with (red symbols) and
without (black symbols) external magnetic field, Hpoc =100 kA/m. Cooling: Empty symbols Warming:

full symbols.
Figures 4 (a) and 4 (b) show a summary of the effect of the magnetic field on the

hysteresis-width determined from both damping and dynamic modulus (evaluated at the

MT-peak temperature) as a function of the volume fraction of fillers.
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Figure 4: Effect of the magnetic field on the hysteresis-width. (a) Damping as a function of the volume
fraction of fillers. Left axis: hysteresis evaluated at the MT-peak temperature; right axis: damping peak
height at the MT-peak temperature. (b) Modulus as a function of the volume fraction of fillers. Left axis:
temperature hysteresis width from the dynamic modulus evaluated at MT-peak temperature; right axis:
Dynamic modulus value at the MT-peak temperature. Direct triangle: hysteresis at H=100 kA/m, inverted
triangle: hysteresis at H=0. Light blue circle: heating at H=0, light blue open circle: cooling at H=0, blue

square: heating at H=100 kA/m, blue open square: cooling at H=100 kA/m.

As shown in the figure, the application of the magnetic field increases the
hysteresis while slightly modifies the damping and the dynamic modulus at the MT
temperature. Nevertheless, at lower temperatures the effect of the magnetic field is more
evident as shown in figure 3. Therefore, the damping tuning capacity is restricted to the
250-270 K temperature range using these magnetic fields. Higher magnetic fields (not
available using the DMA technique) should enhance the effect since the MT shift will
be larger. In any case, the figure shows that the higher is the p-particle volume fraction
the higher is the effect of the magnetic field, in agreement with reported results by
Nilsén et al. [27] for NiMnGa-epoxy composite material. Magneto-rheological
contribution decrease the damping and increase the modulus when the magnetic field
increases [34]. Nevertheless, magneto-rheological contribution outside the MT
temperature range was not detected in the current composites probably because the low
strain amplitude used and the low volume fraction of magnetic fillers present in the
composites [27].

In order to understand the increase in the hysteresis, the entropy contributions to
the MT must be taken into account. It is well known that a magnetic field induces a shift

of the MT temperature according to the Clasius-Clapeyron equation [43]:
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dT,; AM

dH ~ “as ©

where A4S, AM, Twut , H and Mo are the entropy change during the transformation, the
difference in magnetization between the austenite and the martensite, the MT-peak
temperature, the applied magnetic field and the magnetic permeability in vacuum,
respectively. So, a magnetic field shifts the MT towards lower temperatures when the
magnetization in the austenite phase is higher than in the martensite phase. In contrast,
when the magnetization in the austenite phase is lower than in the martensite phase, the
magnetic field shifts the MT temperature towards higher temperatures. The MT of
composites undergoes a nearly 2 K shift towards lower temperatures, in agreement with
previous works on similar MSMA [44]. As state before, an increase of the MT
hysteresis has been observed when the transformation takes place under an applied
magnetic field. According to equation (3), the shift of the MT temperature depends on
the ratio between A4S and AM. In MSMA, A4S decreases when the transformation
temperature drops due to the counterbalance between the vibrational and magnetic
contributions of the MT entropy [45]. On the contrary, AM exhibits the opposite
behavior, increasing for lower transformation temperatures since the MT takes place
from an austenite phase with increasing magnetic order [45]. Thus, the A4M [ AS ratio,
and therefore the displacement of the transformation temperature with the magnetic
field, is greater in the direct transformation (at lower temperatures) than in the inverse
one (at higher temperatures). This effect explains the increase of the hysteresis with the

magnetic field.
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3.2.4. Evolution of the moduli of MSMA- fillers through the MT

The change of the elastic and mechanical properties of composites by adding
different fillers has been largely analyzed in the literature [32, 35, 46-52]. One of the
most used approximation is the Halpin-Tsai model, which allows to calculate the
modulus of the fiber-composite with the fibers lying parallel, perpendicular or randomly
oriented regarding the applied stress [53]. This model has been also used in rubber-
based composites containing carbon nanotubes (CNTSs) [54]. In addition, there exist also
several works related to the study of the elastic modulus in composite materials as
reported in Refs. [55-59]. For instance, Luo et. al., proposed a modification of the
Halpin-Tsai model for spherical particles [55] and Li et.al. [59] takes into account the
effects of temperature, particles volume fraction, particles radius and the deterioration
of the interfacial bonding strength between polymer and fillers. Additionally, Wang et.
al. shows an interesting overview about micromechanical models for composites
containing nanoparticles [58].

On the other hand, the simplest method to obtain the effective modulus of the
composite material is through the rule of mixtures, which could be accepted as a
reasonable approximation under small stresses [35]. There are an upper bound given by
Voigt model and a lower bound given by Reuss model. The first model supposes that
strain is transmitted uniformly trough the material, whereas in the Reuss model it is
supposed that the applied external stress is transmitted uniformly trough the material
[35].

In the present work, the moduli of the MSMA-fillers around de MT has been

determined from the moduli of the composite using a Voigt and Reuss weighted-
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average approximation. Equations (4) and (5) represent Voigt (E’v) and Reuss (E'r)

modulus as a function of temperature.

EY (T)=frE; (T)+ fr, B, (7T) )

E's (T): fr fr (5)

where, E’i, E’m, fri and fry are the fillers modulus, the matrix modulus, and the volume
fraction of fillers and matrix, respectively.

The actual composite modulus (£°) must be in between the Voigt and Reuss
bounds. Therefore, our approximation consists in weighting each contribution by means

of a p factor (0 <p <1):

E'=pE\, +{1- p)E's = p(frE'+ B )+ (1- p)——— (6)

1 m

Then, our mathematical treatment gives rise to a result for £’ which would be a bit alike
the one obtained from a self-consistent treatment [35]. In the studied composites E i >>
E’m and frm > fri, and equation (6) can be transformed to determine the fillers modulus

from the experimental data as:

E-p fr E'_—(1-p) I?r”‘
E' = m

The calculus of the effective modulus for the composite material involves the
values of the Young moduli for the fillers and the matrix. Nevertheless, in the present
calculations we have used the dynamic elastic shear modulus instead of the Young
modulus, in agreement with previous works [32,60-62]. Anyway, this will not diminish

nor obstruct the subsequent analysis made within a mean field approximation. In
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equation (7) the volume fraction of fillers is well known and the RT shear moduli of
both, the polymer and the composite can be measured at 300 K. However, the elastic
modulus of the MSMA-fillers is also necessary to obtain an adequate “p” value. In a
previous work, a value of Cs4 = 70 GPa for the cubic austenite at RT has been measured
in a Ni-Mn-In-Co single crystal [63]. Then, considering the particles randomly oriented
as an isotropic material (Cas corresponds to the shear modulus of the fillers) and using
equation (7) a value of p = 0.25 is obtained in all composites independently of the
volume fraction of fillers.

The temperature dependence of the dynamic modulus of the fillers, with and
without magnetic field, calculated for C128 are shown in Figure 5 (the rest of
composites overlap the plotted curves and are not shown for clarity); (a) the absolute
value and (b) the relative variation with respect to the austenitic state. All curves show a
minimum around 280 K related to the direct MT, which has not been clearly detected in

the curves in Figure 2(b) and 3(b) since the matrix masks the fillers contribution.
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Figure 5: (a) Dynamic shear modulus of the NissMnsszIniz3Cos MSMA particles obtained from C128
composite sample using Equation (7) with (red symbols) and without (black symbols) external magnetic
field, Hpc =100 kA/m. Cooling: Empty symbols Warming: full symbols. (b) Relative variation with

respect to the austenite at 330 K.

In addition, the usual hysteresis related to the MT which increases under
magnetic field, was also detected in agreement with the above results. It is interesting to
note the overlapping of the calculated curves for different volume fraction during the
same type of run (heating or cooling) and the same magnetic field condition (with or
without magnetic field). In addition, the modulus values in martensitic phase (= 125
GPa) are higher than in austenitic phase (= 75 GPa) in agreement with the literature for

this alloy composition [64,65].

4. Concluding remarks
An UV-curing polymer based composite containing NissMnszs7In1z3Cos MSMA

with different percentages of MSMA-particles has been produced for 4D printing
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applications. The composites provide a bulk material, containing brittle MSMA- fillers,
which can be handled for technological applications. In particular, its damping
characteristics have been studied. The composites have a good mechanical stability and
reflect the magnetic properties of the fillers. The damping capacity can be tuned when
the composites are subjected to an external magnetic field. The metallic fillers slightly
shift the glass transition temperature of the polymer to higher temperature. Damping
and dynamic modulus of the composites were modified with small magnetic fields
below 100kA/m. The degree of tune ability damping properties can be modified by
changing the volume fraction of fillers and/or the applied magnetic field. In addition,
the mechanical properties of the MSMA particles has been determined from the
damping and moduli measurements of the composites with and without applied
magnetic field. The intrinsic behavior of the fillers agrees with the well-known bulk
counterpart, retaining the characteristic properties linked to the MT. These preliminary
results allow proposing this composite material as a potential functional material to be

used in the design of printable devices for magneto-mechanical damping applications.
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