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Abstract 

 

A magnetically tunable composite has been elaborated by embedding microparticles of a 

metamagnetic shape memory alloy on a photo curable resin. The strain misfit between the 

polymeric matrix and the inclusions has been analysed within Eshelby formalism. Results 

show the non-appearance of active microcracks at the interfaces where strains are 

induced by the martensitic transformation in the microparticles. Even though the 

martensitic transformation is well detected, the values of misfit  coefficient indicate that 

the matrix accommodates all the stresses induced by the inclusions. A stable surface 

interaction between particles and matrix is also confirmed during thermal cycles. It is also 

demonstrated that the damping capacity of the composites can be tuned by combining 

oscillating strain, fillers content and magnetic field. The proposed model could be applied 

to analyse the mechanical stability in polymer matrix composites in which fillers undergo 

a first order transition with volume change and associated deformation. 

 

 

Keywords: Multifunctional composites; Polymer-matrix composites; Internal friction/damping; 

Stress transfer  
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1. Introduction 

 

During last decade, Metamagnetic Shape Memory Alloys (MSMA) have focused 

a great interest and research activity coming from their potentiality as multifunctional 

materials. The multifunctional properties they show are linked to the occurrence of a 

first-order structural transition, the martensitic transformation (MT), between 

magnetically ordered phases. The interplay between structural transition and magnetic 

ordering opens the possibility of inducing the reverse MT by applying a magnetic field 

(Acet et al., 2011; Ito et al., 2007; Kainuma et al., 2006; Karaca et al., 2009; Koyama et 

al., 2006), giving rise to properties such as the magnetic actuation, the giant inverse 

magnetocaloric effect (MCE), giant magnetoresistance and magnetically tunable 

mechanical damping (Bonifacich et al., 2021; Bourgault et al., 2010; Gottschall et al., 

2015; Krenke et al., 2007, 2005; Liu et al., 2012a; Planes et al., 2013, 2009; Sharma et 

al., 2006; Yu et al., 2006), that make these alloys very attractive for actuating and 

magnetic refrigeration applications. Nevertheless, one of the main drawbacks of these 

alloys is their poor mechanical properties, in particular the high brittleness. Composites 

made from polymeric matrix with metamagnetic shape memory powder alloys (where the 

polymer provides integrity and the alloy the functionality) have been recently proposed 

and developed to overcome the intrinsic brittleness of the bulk alloy (Feuchtwanger et al., 

2005; Hosoda et al., 2004; Lahelin et al., 2009; Liu et al., 2012b, 2009). 

Three-dimensional (3D) printing is an additive manufacturing technology that is 

becoming 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, having found numerous applications in a 

wide range of fields (Chen et al., 2019; Choi et al., 2015; Gul et al., 2018; Ngo et al., 
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2018; Tan et al., 2017; Yan et al., 2018; Zhao et al., 2019). Among the different 3D 

printing techniques, 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 (Allen, 2010; Fouassier and Laleveé, 2012). Additive manufacturing of 

MSMA-polymer composites, which exhibit tunable (using an external magnetic field) 

properties, are referred to as 4D printed composites (Zhao et al., 2019). Recently, it has 

been shown that the damping capacity of a composite made with particles of a NiMnInCo 

MSMA into an UV-curing polymer can be tuned by applying low external magnetic 

fields (Bonifacich et al., 2021). This fact allows proposing this composite material to be 

used in the design of 4D printable devices for magneto-mechanical damping applications. 

The strength of composites strongly depends on the optimal stress transfer 

between the fillers and the matrix. For well-bonded particles, the applied stress can be 

effectively transferred to the particles from the matrix and vice-versa (Hsueh, 1989); this 

clearly improves the strength (Nakamura et al., 1992; Pukanszky and VÖRÖS, 1993; 

Reynaud et al., 2001). On the other hand, the volume change and shear deformations 

associated with the MT (induced either by an external magnetic field or by changing 

temperature), generate stresses that should be properly transferred to the matrix. 

Monitoring internal stresses generated by the accommodation between matrix and 

MSMA inclusions gives information about the stability of the interphase. In this work, a 

commercial photo curable Bis-GMA resin has been used to produce composites with 

microparticles of a Ni45Mn36.7In13.3Co5MSMA. The results show the non-appearance of 

active microcracks at the interface during the MT. The strain misfit between matrix and 

fillers exhibits an overall enhancement with temperature and confirms that the matrix 

accommodates all the stresses induced by the inclusions. Besides, a stable surface 
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interaction between the particles and the matrix during thermal cycles has been 

confirmed. The possibility of tuning the damping capacity of composites by combining 

oscillating strain, the fillers content and magnetic field intensity is highlighted. 

 

2. Materials and methods 

 

Bulk Ni45Mn36.7In13.3Co5 MSMA were hand milled, sieved and annealed at 423 K. 

Particles smaller than 63µm were used as fillers to prepare polymeric composites. The 

polymeric matrix used was a commercial photo curable bisphenol A-glycidyl 

methacrylate (Bis-GMA) resin produced by Schmidt (Composite flow). The polymer was 

cured using an exposure to UV light (600 mWcm-2, 410 nm) at room temperature (RT) 

during 80 s. Composites with 1.1%, 2.6%, 6.2% and 12.8%, volume fractions of fillers 

were prepared and will be referred hereafter as C011, C026, C062 and C128, respectively 

(see (Bonifacich et al., 2021) for more details). 

The MT temperatures were determined from magnetization measured in a SQUID 

magnetometer (QD MPMS XL-7). Scanning electron microscopy (SEM) images of the 

composite samples were performed under vacuum in a FEI Quanta 200 scanning electron 

microscope operated at 20 kV. Dynamic Mechanical Analysis (DMA) measurements, 

loss tangent (tan(), damping or internal friction), Q-1, and dynamic shear modulus, G’, 

were carried out as a function of temperature under Argon at atmospheric pressure. The 

samples for DMA were parallelepiped bars with dimensionsof 1 x 1 x 20 mm3. The 

maximum shear strain at the surface of the sample was 2·10-4. Measurements were 

performed during heating and cooling at 1K min-1 in the 220-400K temperature range, at 

frequencies close to 5 Hz. Two successive heating and cooling runs were performed on 

each kind of samples; where there were not hold time neither at the minimum nor at the 
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maximum temperatures. Nonetheless, for the sample with the highest particles content, 

ten thermal cycles were performed to explore the stability of the composite. 

Amplitude dependent damping (ADD), i.e. damping as a function of the 

maximum strain on the sample, 0, was calculated using eq. (1) (Lambri, 2000; Molinas 

et al., 1994; Zelada-Lambri et al., 2006): 

dn

ln   d1
0

1- ))(A(

π
=)(εQ n         (1) 

 

where: An is the area of the nth decaying oscillation and n is the period number. The 

explored values of ε0 range in the 5-20 10-5 interval. Therefore, the Q-1 (T, ε0) was 

determined in the analysed temperature and amplitude ranges. 

The decay of the torsional oscillations was measured at nearly constant 

temperature (T  0.5 K). Decaying areas as a function of n were fitted to a polynomial 

(up to 3rd order) in order to determine the damping as a function of the maximum strain 

(0). Polynomials of degree higher than 1 indicate that Q-1 is a function of 0, leading to 

ADD effects (Lambri, 2000; Molinas et al., 1994; Zelada-Lambri et al., 2006). The 

strength of ADD can be quantified using the S coefficient (Lambri, 2000; Molinas et al., 

1994; Zelada-Lambri et al., 2006): 

0

1

Δε

ΔQ
=S



          (2) 

whereQ-1 is the damping change corresponding to the full amplitude change 

measured in the whole oscillating strain range.  

 
 

3. Results and Discussion 
 

 The martensitic transformation in the fillers and the magnetic response of the 

composite have been determined from magnetization measurements. Figure 1 shows the 
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temperature dependence of magnetization under 100 Oe applied magnetic field for the 

C128 composite. The occurrence of the MTin the microparticles is evidenced by the large 

magnetization jump taking place around 300 K, which shows the characteristic thermal 

hysteresis. Another magnetization jump related to the ferro-para magnetic transition takes 

place at the Curie temperature of 380 K. As shown in the inset, the application of a high 

magnetic field causes a large shift of the MT to lower temperatures. In particular, the 

temperature at which the transformation from martensite to austenite begins on heating, 

AS (austenite start), decreases from 280 K to 240 K under 60 kOe applied field, thus 

resulting in a magnetically induced structural phase transition. The characteristic 

temperatures obtained from the SQUID measurements shown in Figure 1 were 

determined as the intersection of the tangent lines of the curve on either side of the 

change in the slope of the magnetization curve. Taking into account the different 

mechanical properties of the austenite and martensite phases, this allows the magnetically 

tuning of the damping capacity of a composite (Bonifacich et al., 2021). 

 

Fig. 1 Temperature dependence of magnetization under 100 Oe applied magnetic field for 

the C128 composite. Inset: Heating M(T) curve under 60 kOe. 

 

 

3.1.Amplitude Dependent Damping (ADD) 
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The MT involves non-linear mechanisms leading to non-linear damping, i.e. 

amplitude dependent damping (ADD) (Cahn et al. 1994; Schaller et al., 2001). In fact, the 

movement of the martensite variants in martensitic phase and the movement of 

martensite/austenite interface during the MT lead to ADD during the DMA 

measurements (Bonifacich et al., 2016; Lambri et al., 2015; Pérez-Landazábal et al., 

2015; Van Humbeeck, 1985).  

 

Fig. 2 Q-1 (T=constant, ε0) vs. the maximum strain (0) for the C128 composite in the 

220-330 K temperature range. 

 

 

Figure 2 shows the Q-1 (ε0) vs.the maximum strain (0) for the C128 composite in 

the 220-330 K temperature range (not all curves are shown for clarity but its description 

is similar). Except the measurement at 330 K that shows a constant value, all curves show 

increasing values indicating an ADD. In composite materials, the study of damping as a 

function of strain is an important tool to determine the appearance of microcracks at the 

interfaces between inclusion and matrix (Lambri, 2000; Lambri et al., 2012; Lazan, 1968; 

Mocellini et al., 2017). The appearance of mechanically active interfaces in composite 

materials, e.g. by microcracks lying at the interface, implies that Q-1 describes a peaked 

shaped curve as function of ε0. The presence of a maximum in the ADD curves can be 
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easily understood considering the definition of damping, i.e. Q-1 = W / W, where W is 

the irreversible energy lossper cycle and W is the stored elastic energy. The appearance of 

de-bonding at the interfaces, or active microcracks, leads to values of W which will be 

nearly constant independently of the applied strain, but W will vary as the oscillating 

strain increases (Lambri, 2000; Lambri et al., 2012; Lazan, 1968; Mocellini et al., 2017). 

In the present case, Q-1 vs ε0 curves show a monotonous increase as a function of the 

maximum oscillating strain, ε0. Thus, within the oscillating strain range used, a maximum 

in the Q-1 vs ε0 does not to occur. Therefore, the Q-1 vs ε0 plots in Figure 2 confirm the 

non-appearance of active microcracks at the interface between the inclusions and matrix 

where induced strains appear as a consequence of the MT. This point is relevant from the 

point of view of the mechanical properties in composite materials (Bonifacich et al., 

2021; Kato et al., 1996; Lee et al., 1980; Liu et al., 2012b; Mocellini et al., 2017; Mori 

and Wakashima, 1990). 

The non-appearance of microcracks was also confirmed by SEM studies. Figure 3 

shows SEM images of MSMA particles embedded in the polymer matrix for a C128 

sample, which reflects the general appearance of the particles in the different regions of 

the composite. The SEM images show a sharp interface with no cracks on the interfaces 

between MSMA particles and the polymer matrix at least within the resolution of the 

equipment. 
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Fig. 3 SEM micrograph of a C128 composite sample. 

 

 Figure 4 shows Q-1 (T) as a function of temperature for the extreme values of 0 

(5·10-5 and 20·10-5) for samples C011 (a), C062 (b) and C128 (c). Q-1 was also measured 

under an external magnetic field (HDC) of 100 kA/m for C062 (b) and C128 (c) samples. 

Samples with a lower filler content hardly show detectable differences with the magnetic 

field. The parallel evolution of the dynamic shear modulus (G´) is also shown in Figure 

4.d together with the G´ temperature dependence of the polymeric matrix. The damping 

peak between 250 K and 320 K (b-c) and its G´ defect (d) was recently related to the MT 

process (Bonifacich et al., 2021). In fact, the damping peak was linked to the thermally 

induced mobility of the austenite-martensite interfaces that occurs inside the fillers 

(Bonifacich et al., 2021; Pérez-Sáez et al., 1998; R. Schaller et al., 2001). The thermal 

hysteresis found in both Q-1 and G´ curves increase with the volume fraction of fillers. 

Although the MT-peak is not clear in the C011 composite 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 complete phase transformation, i.e. MSMA-fillers are full 

martensite or full austenite, the difference between heating and cooling disappears 

(Bonifacich et al., 2021). No difference appears in DMA studies during two consecutive 
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thermal cycles performed for all composite samples. Moreover, ten thermal cycles were 

carried out only for the sample C128, where no differences bwtween curves were found. 

 

 
 

 
 

Fig. 4 Q-1 (T, ε0=constant) as a function of temperature for the extreme values of 0 (5·10-

5 and 20·10-5) for samples C011 (a), C062 (b) and C128 (c). Q-1 was also measured under 

an external magnetic field (HDC) of 100 kA/m for C062 (b) and C128 (c) samples. Full 

symbols: heating run. Empty symbols: cooling run. Arrows indicate the increase and the 

decrease in temperature. (d) Temperature dependence of the dynamic shear modulus, G´ 

(also for the polymeric matrix, grey circles), measured under magnetic field during the 

heating (full lines) and cooling (broken lines). 

 

Damping increases with the strain amplitude 0 only in the 240 K - 310 K 

temperature range. Outside this range, the inclusions of Ni45Mn36.7In13.3Co5 MSMA are 

entirely in martensitic or austenite. Besides, the matrix (without fillers) does not reveal 
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any amplitude dependent effect. So, the non-linear effects found are promoted by the 

existence of martensite/martensite and martensite/austenite interfaces present during the 

MT in the MSMA-fillers) (Bonifacich et al., 2016; Cahn et al. 1994; Kartasheva et al., 

2017; Lambri et al., 2015; Pérez-Landazábal et al., 2015; Salas et al., 2012; Schaller et 

al., 2001; Van Humbeeck, 1985). In fact, the movement of the austenite/martensite 

interfaces is strain amplitude dependent (Schaller et al., 2001). ADD in the MT-peak is 

related to the dynamics of the martensitic phase transformation and consequently, the 

intrinsic, transient and phase transformation (mainly dependent on the 

austenite/martensite movement) damping contributions must be taken into account 

(Pérez-Sáez, 1998). The ADD degree is higher for C128 than for C011 due to its higher 

volume fraction of inclusions. Nevertheless, non-linear effects have not been observed in 

the usually less sensitive dynamic shear modulus G´ (Lazan, 1968; Mocellini et al., 

2017). In all cases, the applied magnetic field (HDC) increases the MT-peak height. 

Therefore, a combined increase of the strain amplitude of the solicitations, the fillers 

content and the applied magnetic field leads to an increase in the MT-peak height (up to 

around 5 times) and then an improvement in the capability of absorbing mechanical 

vibrations can be obtained. For instance, the damping values for C128 sample, increase 

about a 3% under magnetic field and about an 11% when the maximum oscillating strain 

increases from 5·10-5 to 20·10-5. Combining both effects, an increase of around 16% can 

be observed. Therefore, the capacity of tuning of these composite samples by combining 

oscillating strain, the fillers content and magnetic field intensity should be highlighted.  

The S coefficient (eq. 2) allows to make more evident the ADD effect (Lambri, 

2000; Molinas et al., 1994; Zelada-Lambri et al., 2006). Figure 5 shows the temperature 

dependence of the S coefficient in the 220 K- 340 K range (for clarity, the curves were 

vertically shifted). The S curves describe a hysteretic broad peak in the MT temperature 
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range. In addition, the S values increases with the increase in filler concentration. In fact, 

the S change associated to the MT in the C128 sample is around five times higher than in 

the C011 sample. Therefore, the S evolution should be correlated to the damping 

mechanisms linked to the MT which are strain dependent (Bonifacich et al., 2016; Cahn 

et al. 1994; Pérez-Landazábal et al., 2015; Schaller et al., 2001). Above the MT 

temperature range, the S values decreases but in all cases a superimposed second stage 

appears more evidently for high filler concentration. This second stage could be related to 

the interaction between point defects and dislocations, or to the interaction between 

dislocations and magnetic domains in the ferromagnetic austenite (Bonifacich et al., 

2016; Bonifacich et al., 2017; Cahn et al. 1994; Lambri et al., 2021; Pérez-Landazábal et 

al., 2015; Schaller et al., 2001). Further studies (beyond the aim of this work) should be 

needed to clarify this point. 

 

Fig. 5 Temperature dependence of the S coefficient in the 220 K- 340 K range (for 

clarity, the curves were vertically shifted) during heating (full symbols) and cooling 

(empty symbols). 

 

3.2.Strain misfit and elastic energy transference 

 

The internal stresses generated by the accommodation misfit between matrix and 

inclusion-particles in a composite material have been analyzed within the Eshelby 
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approach (Eshelby and Peierls, 1957; Mori and Tanaka, 1973; Mura, 1987), through a 

model originally developed for describing the elastic misfit in two-phase polymer 

(Mocellini et al., 2009). The model considers an elastic, infinite, homogeneous and 

isotropic matrix (polymer Bis-GMA) and hollows inner regions (holes), where larger 

inclusions are putted (Ni45Mn36.7In13.3Co5 MSMA-particles). From the mechanical 

equilibium condition at the boundary between the matrix and inclusion elements, 

considering a pure Reuss aproximation, a misfitting coefficient, , as a function of the 

Young moduli, E, and inclusions and matrix volume fractions was obtained (Mocellini et 

al., 2009), 

 

























m

i

i

m

fr

fr

E

E
1

1
         (3) 

where fri, frm, Ei and Em are the volume fraction and the elastic modulus of the inclusions 

and matrix, respectively. The misfit coefficient  relates the inclusion strain caused by the 

matrix (or vice versa). Values of  trend to 1 indicate that the inclusion strongly deforms 

the composite matrix. Contrastingly, a decrease in  values from 1 towards smaller values 

indicates that the inclusion is suffering a stressing from the matrix. See for more details 

(Mocellini et al., 2009). 

On the other side, inclusion from its initial compressed state to the final 

equilibrium state gives rise to a transference of elastic energy to the matrix. The ratio 

between the density of elastic energy transferred to the matrix (wm) and the total available 

density of elastic energy (wT) can be described as (Lambri et al., 2011) 
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Nevertheless, in several cases, the Reuss approximation used to get eqs. (3) and (4) is 

not entirely appropriated (Mura, 1987). So, a more general relationship between the 

actual modulus of the composite (E) and the moduli using the Voigt (EV) and Reuss (ER) 

approximations has been proposed (Bonifacich et al., 2021). 

  RV EppEE  1         (5) 

where p is the weighting factor such that 0 <p 1. In the present case, a p = 0.25 value 

was determined (Bonifacich et al., 2021). Then, the ratio of applied external stress 

transmitted uniformly trough the composite is (1 - p). Consequently,  

  mi p  1          (6) 

Where i and m are the stress in the inclusion and in the matrix, respectively. Thus, the  

coefficient, for a non-pure Reuss condition, takes the form 
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In the same way, the ratio between the density of elastic energy transferred to the matrix 

and the available density of elastic energy can be modified as 
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2         (8) 

The evolution of the  coefficient on heating and cooling are shown in Figure 6.a. In 

order to determine the  coefficient (see eq. 7), the volume fraction of inclusions, the 

modulus of the matrix (Figure 4.d) and the modulus of the MSMA particles have been 

taken from (Bonifacich et al., 2021) (see inset in Figure 6).The  coefficient exhibits an 

overall increase with temperature, mainly controlled by the softening of the polymeric 

matrix (see grey circles in Figure 4.d). As the temperature increases, the matrix can 

accommodate better the internal stresses induced by the MSMA particles, since  1. 
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The opposite occurs on cooling; some strain is induced over the MSMA particles, i.e. the 

internal stresses on the MSMA particles increase. Besides, the  coefficient decreases as 

the volume fraction of MSMA inclusions increases due to the lower capability of the 

matrix to accommodate stresses (Lambri et al., 2014). Therefore, the particles will suffer 

more misfit deformation as the volume fraction of particles increases. 

 

 
Fig. 6 Temperature dependence of the  coefficient (a) and (wm/ wT) (b) during heating 

(full symbols) and cooling (empty symbols). 

 

The MT induces an inverted peak superimposed to the whole trend of  

coefficient measured during heating (marked by an arrow for C128); the higher is the 

volume fraction of MSMA particles, the deeper the peak is.The inverted peak reveals that 

the particles are being deformed by the matrix in order to accommodate the strain 

misfit.This agrees with the softening of MSMA particles around the MT (see inset). The 

thermal hysteresis clearly increases with the volume fraction of MSMA particle, though 

the effect on cooling is quite less marked. 

In order to understand the physical processes controlling the shape of  parameter 

on cooling, the temperature dependence of the ratio wm/wT (eq. 8) has been analysed. As 
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shown in Figure 6.b, the ratio wm/wT decreases with temperature since wm decreases as a 

consequence of the reduction of the elastic modulus of the polymer (wm is proportional to 

the elastic modulus). In addition, wm/wT increases with the volume fraction of MSMA 

particles due to the increase in available energy to be transferred to the matrix (wT) when 

the amount of particles increases. Again, during heating, a superimposed peak associated 

to the MT appears. The peak height increases with the volume fraction of particles. This 

peak is related to the decrease of wT associated to the modulus softening of the MSMA 

particles in the MT. Moreover, the peak in wm/wT can be observed even in the C011 

sample, indicating that the ratio wm/wT is more sensitive to the MT than the misfit 

coefficient. On cooling, in turn, the modulus values are lower than on heating within the 

temperature range of the MT (see inset in Figure 6.a), which results in a lower availability 

of the energy to be transferred to the matrix. Therefore, the temperature dependence of  

and wm/wT ratio on cooling is the result of the effect of the hysteretic behaviour in the 

modulus on the competence between the modulus of the matrix and the MSMA 

inclusions. Finally, it is worth mentioning that the behaviour of both  and wm/wT 

parameters does not evolve during subsequent thermal cycles, pointing out a large 

stability of the surface interaction between the particles and the matrix, in agreement with 

the above-mentioned non-appearance of microcracks. 

 

 

 

4. Conclusions 

The strain misfit between the polymeric matrix and the metallic inclusions has 

been analysed within Eshelby formalism. Results show the non-appearance of active 

microcracks at the interface where induced strains appear as a consequence of the 

martensitic transformation in the microparticles. On the other hand, even though the 
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martensitic transformation is well detected, the misfit coefficient exhibits values close to 

1, indicating that the matrix accommodates all the stresses induced by the inclusions. A 

stable surface interaction between the particles and the matrix is also confirmed during 

thermal cycles. It is also demonstrated that the tuning capacity of the elaborated 

composites can be modified by combining oscillating strain, the fillers content and the 

magnetic field intensity. The proposed model could be applied to analyse the stability and 

stress accommodation in any polymer matrix composites in which the filler material 

undergoes a first order phase transitions with volume changes and an associated 

deformation. 
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