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Abstract: 

Shape memory alloys (SMAs) are promising mechanocaloric materials for the creation of 

innovative heating/cooling systems. The present paper proposes a simple concept of “porous” 

SMA material in the form of a two-dimensional (2D) “granular” system. The basic idea is to 

place SMA cylinders in parallel and in contact, thus creating a 2D granular material, with fluid 

circulation in the third dimension (i.e. in the longitudinal direction of the cylinders). The study 

is dedicated to the validation of the mechanocaloric character of such a material system 

subjected to confined compression. First, experiments were conducted using superelastic 

nickel-titanium rods of various diameters, enabling us to create different bidispersity levels for 

the granular medium. Infrared thermography was used to analyze the temperature changes 

within the cylinders. Second, air was used as the circulating fluid for the sake of concept 

validation. Comparison between different levels of bidispersity of the granular system showed 

that a nearly-monodisperse configuration could be advantageous to optimize the concept. 
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1. Introduction 

 

Shape memory alloys (SMAs) belong to the family of smart and active materials. 

Superelasticity, one-way and two-way memory effects, as well as strong damping capacities 

are peculiar mechanical properties of these metallic materials [1-4]. The macroscopic properties 

of SMAs have their origin in a first-order diffusionless solid-solid phase transition, namely a 

reversible martensitic transformation triggered by temperature and stress applied to the 

material. The austenite-to-martensite phase change occurring in SMAs is accompanied by large 

reversible strains (several %) and a strong release of latent heat (several kJ/kg), opening 

perspectives for applications in various engineering domains. Numerous patents involving 

SMA components have been filed in the last decades. The review by Jani et al. [5] cites more 

than one hundred state-of-the-art patents in the biomedical, automotive, aerospace and robotics 

fields. The review by Yuan et al. [6] cites fifty patents only for rotary actuators. In fact, SMAs 

have been used as mechanical actuators or thermal sensors in a multitude of devices. More 

recently, another type of application has emerged in the energy domain, relying on the 

elastocaloric (i.e. under uniaxial mechanical loading) characters of these materials. A few 

patents have recently been filed in this field (see Refs [7-10]). In particular, their potential as 

solid-state cooling or heat pumping systems is promising, as they address environmental 

considerations. Many studies have concerned the analysis of the mechanocaloric properties of 

SMAs for potential use in such systems. Recently, Zhang et al. (2020) reviewed the properties 

of both elastocaloric (under uniaxial stress) and barocaloric materials (under hydrostatic 

pressure) in terms of isothermal entropy change and adiabatic temperature change [11]. Infrared 

(IR) thermography is often used to measure temperature variations at the surface of SMA 

samples under mechanical loading [12-18]. Alloys are generally compared in terms of 

temperature change amplitude or Coefficient of Performance, which measures the energy 

conversion efficiency from the intrinsic properties of the material [18-20]. Some studies have 

presented actual physical demonstrators with the ingenious integration of SMA components in 

contact with fluids or solid parts for heat transfer. SMAs have been employed in the form of 

foils or plates [21-25], wires [26, 27] and tubes [28], which present topological advantages for 

efficient heat transfer. It is worth noting that there are a small number of geometries available 

for SMA components on the market: mainly wires, but also rods, springs, foils, plates and tubes. 

This is mainly due to the elaboration process of the alloy, which generally requires cold working 

prior to heat treatment. Numerical optimizations of key geometrical parameters were proposed 



in Refs [29-32]. Potential geometries, including porous architectures, were also discussed in 

Ref [33]. 

 

Porous nickel-titanium-based (Ni-Ti-based) SMAs can be elaborated for applications in 

biomechanics, such as permanent bone implants [34]. Several manufacturing processes based 

on powder metallurgy have been applied for this purpose, such as hot isostatic pressing 

(capsule-free, with gas entrapment, or with space holders), self-propagating high-temperature 

synthesis, or sintering (spark plasma, microwave, or conventional). Additive manufacturing by 

selective laser melting has recently opened new possibilities for the production of porous 

monolithic Ni-Ti-based parts [35, 36]. The issue with these techniques is the control of the size 

and volume fraction of the pores, as well as of the chemical composition and metallurgical 

microstructure. The advantages are excellent biocompatibility, high corrosion resistance, low 

Young’s modulus, high strength, as well as good damping and energy-absorbing capacity. 

Although the resulting three-dimensional intercommunicating porous structure enables fluid 

transmission (body fluid [37]), these monolithic SMAs have never been devoted to energy 

applications related to the mechanocaloric effect, to the best of the authors' knowledge. 

 

In this context, the objective of the present study was to build a mechanocaloric “granular” 

material made from SMA: see Fig. 1-a. The basic idea is to place SMA cylinders in parallel and 

in contact, thus creating a two-dimensional (2D) granular system, with fluid circulation in the 

third dimension (i.e. in the longitudinal direction of the cylinders): see Fig. 1-b. The use of 

straight wires or rods largely available on the market eliminates the need for the complex 

production of porous monolithic alloys. In addition, strong compression states are possible 

without buckling thanks to the contact forces between the 2D “particles” under radial loading, 

i.e. perpendicularly to the axis of the cylinders. The proposed geometrical architecture can be 

seen as close to the rod-in-tube configuration shown in figure 7(b) of Ref [29], the multi-tube 

configuration shown in figure 3(b) of Ref [28], or the geometries shown in figure 3(a-d) of Ref 

[33]. However, the difference is in the granular nature of the proposed material system (i.e. 

with an interparticle contact force network) and in the direction of fluid circulation. Granular 

materials exhibit complex behaviors whose macroscopic features are governed by contact 

forces at a local scale. Under mechanical loading, discrete media are characterized by an 

inhomogeneous network of interparticle forces. To the best of the authors’ knowledge, granular 

media made from SMA have never been proposed in the literature, and their phase-transforming 

conditions (if any) are not known. Finally, it must be noted that the goal of the study was not to 



develop a heating/cooling system but to validate the mechanocaloric character of the proposed 

material system for potential use as both a porous and mechanocaloric medium. 

 

The terms “mechanocaloric granular system”, “SMA granular system” or simply “granular 

system” are used throughout the paper to designate a 2D discrete medium made of SMA 

cylinders. The paper is organized as follows. Section 2 describes the experimental setup based 

on IR thermography to observe the thermal response of SMA granular systems subjected to 

confined compression. Section 3 presents a preliminary finite element (FE) simulation that was 

performed to estimate an order of magnitude for the external force to be applied on the granular 

systems to achieve phase transformation. Experimental results are presented and analyzed in 

Section 4. Finally, Section 5 presents a validation of the general concept proposed in Fig. 1-b 

using air as the fluid circulating through the SMA granular system. 

 

 

2. Materials and methods 

 

Before validating the concept presented in Fig. 1-b, a test campaign was carried out to analyze 

the thermal response of different SMA granular systems under confined compression. Figure 2 

shows the experimental setup. It involved a rectangular steel frame 26 mm in width (Fig. 2-a), 

a uniaxial testing machine to apply a vertical compression load, and an IR camera to measure 

the temperature changes (Fig. 2-c). Matt black paint was applied to maximize the thermal 

emissivity of the surfaces observed by the camera (Fig. 2-b). The close environment was 

covered with thick black fabric to avoid reflections in the IR range during the measurements. 

A cardboard tunnel (not shown) was also placed between the camera lens and the observed zone 

in order to minimize any parasitic effects from the thermal environment. 

 

A remark can be made about the type of mechanocaloric effect in the granular systems under 

test. The macroscopic stress state is biaxial, but the mean pressure on the top/bottom horizontal 

walls is a priori higher than that on the left/right vertical walls. This is a classic result obtained 

from simulations by discrete element methods using elastic particles. However, the 

macroscopic response can be considered as much closer to a barocaloric effect than to an 

elastocaloric effect. At the particle scale, the effect cannot be really considered as barocaloric 

for two reasons. First, the radial loading on the particles is not homogeneous: the contacts are 



at most three or four per particle. Secondly, the contact forces are not necessarily normal 

because of the friction between the cylinders, potentially creating tangential components. 

 

Three diameters were considered for the SMA cylinders: 𝐷S = 2.90 mm, 𝐷M = 3.30 mm and 𝐷L 

= 3.81 mm. Subscript capital letters S, M and L are used throughout the paper to designate 

“small”, “medium” and “large” diameters, respectively. Cylinders of 25 mm length were cut 

from 2-meter-long bars of the NiTi-based alloy #1 supplied by Fort Wayne Metals, Ireland [38]. 

The cut sections were then lightly polished under water, paying attention not to overheat the 

material. This alloy was selected because it is superelastic at ambient temperature (𝑇amb = 

24.5°C ±0.5°C for the whole test campaign). Its so-called austenite-finish temperature 𝐴f is 

equal to 14°C. As 𝐴f < 𝑇amb, the alloy is therefore purely austenite in the stress-free state at 

ambient temperature. Under uniaxial tensile loading, it features an austenite-to-martensite 

transition (so-called direct transformation) upon loading and a martensite-to-austenite transition 

(reverse transformation) upon unloading. The supplier data sheet indicates stress levels in 

uniaxial tension at 22°C of about 450 MPa, and 100 MPa for the direct and reverse 

transformations respectively, i.e. upon loading and unloading respectively [38]. It is worth 

noting that a huge body of literature is devoted to NiTi-based SMA wires subjected to uniaxial 

tension. More rarely, experimental studies have been dedicated to their response in bending, 

torsion and axial compression. The conditions for phase transformation under radial loading 

(perpendicularly to the cylinder axis) are not established in the literature. 

 

Various granular systems were prepared by mixing the three types of SMA cylinder within the 

rectangular frame. It is important to note that the choice of numbers and diameters is a critical 

point. For example, too large a gap between the diameters of small and large particles leads to 

a lack of stress in small particles if there are not enough of them. On the other hand, too small 

a difference between small and large diameters leads to a monodisperse configuration, which 

minimizes the volume available for the fluid and requires higher loading levels. Three 

configurations are presented in Fig. 3. Two bidisperse cases were set up by mixing cylinders 

L+S and cylinders M+S. It should be noted that the latter case (Fig. 3-b) corresponds to a 

diameter ratio 𝐷M/𝐷S equal to 1.14. As this value is lower than 1.2, the macroscopic response 

is expected to be similar to that of a monodisperse case [39]. This M+S granular system is 

described as nearly-monodisperse in the following. An actual monodisperse case was also 

created using only the largest diameter (L), see Fig. 3-c. 

 



Mechanical loading was applied by a Schenck uniaxial machine equipped with a ±250 kN load 

cell. The force sensor is class 0.5 and was calibrated according to the ISO 7500-1:2018 standard 

[40]. In compression, it features a force resolution of 0.08%. The loading was displacement-

controlled with a rate of 1 mm/s up to a maximum compression force designated Fmax in the 

following. The loading rate was defined after some preliminary tests (not presented here) to 

ensure significant temperature changes in the granular systems. Let us remark that for the 

concept illustrated in Fig. 1-b, the loading rate should be a priori slow enough to allow the 

released heat to be transmitted to the fluid. For the present tests, on the contrary, the loading 

rate must be high enough to detect significant temperature changes within the cylinders. 

Systematically, three compression cycles were first applied to ensure the granular system was 

compacted. A waiting period of 10 minutes was respected before starting each test in order to 

begin from a steady thermal state. Note that mechanical irreversibility (in particular friction) 

during cyclic loading leads to the production of mechanical dissipation (also called intrinsic 

dissipation) tending to increase the magnitude of the heating effect. 

 

A Cedip Jade III-MWIR infrared camera (wavelength range of 3.5-5 μm, 320×240 pixels was 

used to measure the temperature fields on the plane circular surfaces of the cylinders during 

mechanical loading. Its measurement resolution, referred to as Noise Equivalent Temperature 

Difference (NETD), is 0.02°C. The spatial resolution of the thermal measurement, i.e. the pixel 

size projected onto the observation plane, was equal to 100 µm. Acquisition frequency was set 

to 147 Hz, corresponding therefore to a temporal resolution of 6.80 ms. The analysis in the next 

sections is focused on the temperature changes 𝜃 caused by the thermomechanical couplings 

occurring in the cylinders. This quantity is obtained by subtracting the initial temperature field 

captured just before starting the loading. Before showing and analyzing the test results, the next 

section presents a FE simulation performed in order to assess a suitable order of magnitude for 

the maximum force 𝐹max to be applied. 

 

 



3. Preliminary finite element simulations 

 

Discrete-element codes that are available to simulate granular materials do not include SMA 

superelastic behavior for the particles. It was therefore decided to carry out FE simulations in 

order to estimate the external force level required to achieve an austenite-to-martensite 

transformation under confined compression. The monodisperse system (Fig. 3-c) was selected 

for the calculations as it is the most compact, needing therefore a priori a higher external 

loading level to activate the phase transformation compared to the bidisperse cases. An Ansys 

package was employed using Auricchio’s model for superelastic behavior [41]. It should be 

noted that the objective here was not to reproduce a precise experimental configuration. Indeed, 

it is well known that the local response in granular materials is strongly sensitive to tiny local 

fluctuations in the input parameters (dimensions, geometries and locations of the particles, bulk 

material properties, surface properties), which justifies the statistical or macroscopic analyses 

classically carried out in the literature dedicated to these materials [39, 42-44]. The objective 

of the present simulation was simply to identify an order of magnitude for the external vertical 

force to be applied to achieve an austenite-to-martensite transformation. Various force levels 

were numerically applied until a significant phase transformation in the interparticle contact 

zones was observed. Figure 4 shows for instance the field of martensite volume fraction 𝑥 in 

the monodisperse granular system subjected to a vertical compressive force of -150 kN. In this 

figure, 𝑥 = 0 (blue colour) and 𝑥 = 1 (red colour) correspond to pure austenite and pure 

martensite respectively, whereas intermediate values correspond to a mixing of the two phases. 

It can be seen in the figure that the austenite-to-martensite transition occurs in the contact zones, 

as expected due to the stress concentrations. Martensite is more present in the top and bottom 

rows of cylinders, which can be explained by the fact that these cylinders are subjected to fewer 

contacts than the others. However, as indicated above, it is tricky to go further in a local analysis 

from this FE simulation. Nevertheless, the macroscopic information that can be gained for the 

monodisperse case is that the order of magnitude of the external vertical force creating a 

significant phase transformation in the contact zones is of about -150 kN. Lower values are 

expected for the bidisperse cases, because the latter involve fewer contacts (therefore 

transmitting more contact force for the same external loading). The next section presents the 

results of the experimental tests. 

 

 



4. Experimental results 

 

This section presents some results of the experimental test campaign performed on the three 

granular systems in Fig. 3. The objective was to confirm, thanks to IR thermography, a release 

of latent heat due a phase transformation under confined compression, and to compare the three 

configurations in terms of calorific responses. The middle panel of Fig. 5 shows the relationship 

between the vertical force and the displacement of the actuator for the bidisperse case (Fig. 3-

a) up to 𝐹max = -100 kN. The first part of the curve is quite linear, which can be explained by 

the fact that the granular system was initially compacted (no large rigid-body movements of the 

cylinders). The slope then decreases from a force of about -90 kN, which can be attributed to 

phase transformation. This can be confirmed by observing the different fields of temperature 

change 𝜃 that are displayed in the figure. Rapid heating occurred in one of the small cylinders, 

featuring a temperature rise of more than 12°C. This value is close to the adiabatic temperature 

change of 13°C measured under axial loading on the same alloy [45]. Considering a typical 

value of 490 J/(kg·K) for the specific heat, this gives a latent heat of about 6 kJ/kg. This value 

is of the same order of magnitude of that identified by Gu et al. (2020) in uniaxial tension: latent 

heat decreased from 11.3 kJ/kg to 8.7 kJ/kg after a few hundred stress-induced transformation 

cycles [46]. It is interesting to note that temperature strongly increases in this cylinder along a 

short force plateau at -92 kN, as it can be observed in the two thermal maps displayed for this 

force level. This observation can be related to the classical stress plateau accompanying the 

austenite-to-martensite transformation in the stress-strain curve of superelastic SMA wires in 

uniaxial tension. Finally, let us note that temperature actually started to increase earlier during 

loading (see the map for -70 kN), revealing an early phase transformation. 

 

Figure 6 shows the results obtained for the nearly-monodisperse case (Fig. 3-b). Compared to 

the previous configuration, a higher compression force (-150 kN) was required to reach a 

temperature rise of 12°C. However, more cylinders appear to be subjected to significant 

temperature increases (compare with Fig. 5). In particular, an inclined row of several “hot” 

cylinders is visible in the thermal map. Finally, Figure 7 shows the results obtained for the 

monodisperse case (Fig. 3-c). A temperature change of barely 4°C is achieved in several 

cylinders for a force of -170 kN. A remark can be made with respect to the numerical 

comparison in Section 3. In the case of an adiabatic evolution, the martensite volume fraction 

𝑥 should be proportional to the temperature change 𝜃. Indeed, 𝑥 can be considered proportional 



to the material’s change in enthalpy for a complete transition from austenite to martensite. 

Several reasons explain the large discrepancy between the simulated martensite volume fraction 

field 𝑥 in Fig. 4 and the experimental temperature change field 𝜃 in Fig. 7. The experimental 

response is influenced by: heat diffusion within the cylinders, i.e. local non-adiabaticity; the 

thermo-elastic coupling effect within the cylinders; and irreversible mechanical phenomena, in 

particular the interparticle friction which produces intrinsic dissipation [47]. More generally, as 

already indicated in Section 3, the local response in a discrete medium is strongly sensitive to 

any tiny variability in the geometry and material at the local scale. As a first conclusion of these 

experiments, considering the high temperature rises observed, it can reasonably be stated that 

an austenite-to-martensite transformation was created by the confined compression loading. 

 

A remark can be made about the influence of the loading rate on the mechanical response of 

the SMA cylinders due to the presence of strong thermomechanical coupling. Indeed, the stress-

strain curve in uniaxial tension or compression classically presents a stress plateau during an 

isothermal test (i.e. at low strain rate). This stress plateau is all the more inclined as the test is 

anisothermal, thus requiring ever higher stress levels to complete the phase transformation. In 

other words for our application, the smaller the temperature variation amplitudes in the SMA 

cylinders during phase transformation (thanks to a strong heat transfer on the surface of the 

cylinders), the easier the phase transformation is from a mechanical point of view. The use of 

a fluid circulating between the cylinders thus enables the heat transfer while it is also 

advantageous from a mechanical point of view. Before employing a fluid (see Section 5), rapid 

mechanical loading was applied to demonstrate that an austenite-martensite phase 

transformation does occur during the radial loading of the cylinders. 

 

Two properties are well known in the case of classic elastic particles. First, the more 

homogeneous the granular system is, the more homogeneous the interparticle force magnitudes 

are [39]. Second, highest stresses are expected in small particles for polydisperse granular 

systems; indeed, failure in polydisperse systems generally starts in the smallest particles. The 

present experimental results for granular systems made of phase-transformation materials 

appear to be in agreement with these two properties. It should be noted that discrete materials 

are characterized by wide statistical distributions of contact force magnitudes. For a fixed 

granular configuration (in terms of the number, shape and size of particles), the spatial 

distribution of the contacts varies greatly, depending on the positions of the particles. Tiny 

variations in the shapes or dimensions of the particles, as well as in the boundary conditions, 



also strongly impact the distribution of contact intensities. The following trends can be deduced 

from the test campaign (see Fig. 8): 

 the higher the level of size dispersity, the higher the amplitude of the local heat release 

(which is good for the targeted application in Fig. 1-b) but the stronger the localization 

of the phase transformation in the granular system (which is bad for the application); 

 the lower the level of size dispersity, the higher the number of cylinders involved by 

phase transformation (which is good for the application), but the higher the external 

force level required (which is bad for the application). 

The nearly-monodisperse system in Fig. 3-b appears to be a compromise between the two other 

configurations for the targeted application. The present experimental study has shown that it is 

possible to consider an optimization of the granular medium. Simulations by discrete element 

methods integrating superelastic SMA behavior at the contacts could help in the future to 

optimize the numbers, diameters and locations of the cylinders. Based on these test results, the 

next section presents a validation of the concept illustrated in Fig. 1-b. 

 

 

5. Validation of the concept 

 

The concept of a “porous” mechanocaloric granular material made from SMA cylinders through 

which a fluid flows was tested using air for the sake of simplicity. Figure 9-a shows a schematic 

view of the experimental setup. Air flow through the granular system was created by means of 

a tunnel and a fan placed at the exit of the granular system. To limit air leaks, duct tape was 

applied to seal the top of the granular system in the frame. A type-K thermocouple was used to 

measure the output temperature 𝑇air, see Fig. 9-b. The recording frequency chosen for 

temperature measurement was 10 Hz from a TC-08 USB thermocouple data logger (Pico 

Technology). The base measurement resolution of the thermocouple is 0.025°C. The “average” 

sample mode available in PicoLog 6 software [48] enabled us to improve this measurement 

resolution: the standard deviation of the noise during a steady thermal regime (fan rotating 

without cyclic mechanical loading) was measured at less than 0.007°C at 10 Hz thanks to this 

time filter. The location of the thermocouple in the tunnel was defined from numerical 

simulations using SOLIDWORKS Flow Simulation software (2020). Various revolutions per 

minute (rpm) values were applied to the fan, ranging from 220 rpm to 3200 rpm. Various 

temperature distributions with temperature variations were also applied to the cylinders. For 



instance, Figure 10-a shows the results for a fan rotation speed of 3200 rpm with a maximum 

temperature change of 4°C in some cylinders. As expected, the air temperature drops rapidly 

outside of the granular material. A compromise was sought to find a fixed location for the 

thermocouple for fan rotations in the range [220 rpm; 3200 rpm] so that the maximum 

homogenized air temperature is captured. A distance of 15 mm from the granular material was 

found. Figures 10-b and -c show for instance the temperature fields in the thermocouple’s plane 

for 220 rpm to 1500 rpm respectively. 

 

Figure 9-c shows a nearly-monodisperse system placed in the steel frame. It can be noted that 

the frame geometry was slightly modified compared to that used for the preliminary tests 

(compare with Fig. 2): in particular, fillets were manufactured to limit stress concentrations; 

furthermore, two larger steel cylinders were placed at the top left and right corners of the 

granular system to prevent the SMA cylinders from being forced out during compression. For 

all the tests, three preliminary compression cycles were applied to ensure that the granular 

system was compacted. The fan was turned on ten minutes before the beginning of each test in 

order to start from a steady thermal state. The ambient temperature 𝑇amb was defined as the 

temperature measured by the thermocouple just before starting mechanical loading. Sinusoidal 

mechanical loading at frequency 𝑓L was applied to the granular systems while air continued to 

circulate. For all the tests, the force ratio between the minimum value 𝐹min and maximum value 

𝐹max was set to a positive value (𝐹min/𝐹max = 0.1) to avoid loss of contact during force 

oscillation. Analysis focused on the temperature change 𝜃air measured by the thermocouple 

over time 𝑡 with respect to the ambient temperature: 𝜃air(𝑡) =  𝑇air(𝑡) − 𝑇amb. 

 

Figure 11 shows the time variation in air temperature change 𝜃air at the exit of the nearly-

monodisperse SMA granular system for 𝐹max = -180 kN and 𝑓L = 0.083 Hz, comparing various 

fan rotation speeds: 220, 1200, 1700, 2200, 2500, 2800, and 3200 rpm. The first observation is 

that the magnitude of 𝜃air is low compared to the temperature changes 𝜃 measured in the SMA 

cylinders in Section 4. This was expected because of the fluid used. The order of magnitude is 

the same as in the experiments by Michaelis et al. in Ref [26], also using an air flow generated 

by fans around a SMA wire in uniaxial tension. However, two points reveal a heat transfer from 

the “porous” mechanocaloric material to the circulating fluid. Firstly, a cyclic oscillation of the 

air temperature is observed at the same frequency as the mechanical loading, whatever the fan 

rotation speed. Secondly, the temperature started to increase at the first loading stage, in 



agreement with an exothermic austenite-to-martensite transformation upon loading. Finally, let 

us note that our choice of large diameters and air as the circulating fluid led to energy 

performances that are lower than those of the devices presented in the literature. However, a 

significant result of the present study is to highlight the relevance of the nearly-monodisperse 

configuration, which is a form of compromise between the advantages and disadvantages of the 

monodisperse and the bidisperse configurations. 

 

Two additional observations can be made for Fig. 11 concerning the amplitude and the mean 

value of the temperature fluctuation over the cycles: the mean temperature decreases over the 

cycles but stabilizes above ambient temperature, which can explained by a heat leakage in the 

metallic frame; and the amplitude of temperature oscillation increases with the rotation speed 

of the fan and stabilizes from 2800 rpm. Other loading frequencies and levels were applied, 

confirming these tendencies. The two other granular systems were also tested. For example, 

Figure 12 shows the time variation in air temperature change for the three granular 

configurations (bidisperse, nearly-monodisperse and monodisperse) for 𝐹max = -180 kN and a 

fan rotation speed set to 3200 rpm. The loading frequency 𝑓L is equal to 0.083 Hz for the 

bidisperse and nearly-monodisperse cases, and three times greater (0.250 Hz) for the 

monodisperse case. The void ratios in the three granular systems were almost the same (19%, 

23% and 22% – excluding the zone around the two large steel cylinders in the calculation – for 

the bidisperse, nearly-monodisperse and monodisperse cases respectively), contrary to the 

volume-to-surface ratio, which decreases with the size dispersity level: 0.84 mm, 0.89 mm and 

0.95 mm respectively. Three comments can be made about the graph. First, temperature 

oscillation at the loading frequency is confirmed. Second, the monodisperse case features the 

lowest temperature changes, despite the higher loading frequency and the higher volume-to-

surface ratio. Third, the nearly-monodisperse configuration features the highest temperature 

changes, making it a compromise between the other two cases, in agreement with the global 

trends indicated in Section 4. 



6. Conclusion 

 

SMAs are mechanocaloric materials that have opened perspectives for the creation of new 

heating/cooling systems. However, the reduced number of geometries available for SMA 

components limits the architecture possibilities of such devices. In particular, manufacturing 

monolithic porous SMAs remains complicated, and is dedicated in practice to other applications 

in biomechanics. The present paper proposes a simple concept of “porous” material in the form 

of a 2D “granular” system, placing SMA cylinders in parallel and in contact, with fluid 

circulation allowed in the third dimension, i.e. in the longitudinal direction of the cylinders. The 

concept was tested in two steps. First, an IR camera was used to confirm the phase-transforming 

character of the discrete material system under confined compression. It was observed that the 

granular nature leads by construction to a heterogeneous phase transformation but avoids 

buckling. Second, the concept was validated using air as the circulating fluid. A comparison 

between different levels of bidispersity in the granular system showed that a nearly-

monodisperse configuration could be advantageous to optimize the concept. The advantages of 

the proposed 2D granular SMA system are: 

 it is simple and cheap compared to monolithic porous SMAs. Indeed, SMA are widely 

available on the market in the form of straight wires and rods; 

 buckling is prevented by the internal contact force network; 

 fluid flow is not hindered by the mechanical loading system, whose direction is 

perpendicular to it; 

 the concept can easily accommodate size reduction. SMA wires are available on the 

market starting at diameters of a few tens of micrometers. 

Extrapolating from the present study, the next steps will be the use of a heat-transfer liquid and 

a dedicated fluid circuit. SMA tubes could also be used to increase the heat transfer area. 
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Fig. 1 Concept of elastocaloric granular material made from shape-memory alloy (SMA) rods: 

a) cylinders placed in parallel and in contact, forming a two-dimensional granular system; b) fluid 

flowing through the SMA granular system subjected to radial mechanical loading. 



  

Fig. 2 Experimental setup to demonstrate the mechanocaloric character of the discrete materials under 

study: a) schematic view of a rectangular frame containing a granular system subjected to confined 

compression; b) device placed in a uniaxial testing machine; c) view of the experiment instrumented 

by infrared (IR) camera. 



 

Fig. 3 Schematic view of three SMA granular systems: a) bidisperse configuration; b) nearly-

monodisperse configuration; c) monodisperse configuration. Subscript letters S, M and L are used for 

the small, medium and large cylinder diameters, respectively. 



 

Fig. 4 Field of martensite volume fraction obtained by finite element simulation for the monodisperse 

SMA granular system in Fig. 3-c. 



 

Fig. 5 Results for the bidisperse SMA granular system in Fig. 3-a for a maximum vertical force 𝐹max 

of -100 kN. 



 

Fig. 6 Results for the nearly-monodisperse SMA granular system in Fig. 3-b for a maximum vertical 

force 𝐹max of -150 kN. 



 

Fig. 7 Results for the monodisperse SMA granular system in Fig. 3-c for a maximum vertical force 

𝐹max of -170 kN. 



 

Fig. 8 General trends from experimental results. 



 

Fig. 9 Experimental setup to validate the general concept presented in Fig. 1-b: a) schematic view of 

the device; b) photos of the device; c) details. 

 



 

Fig. 10 Simulation results of air flow and heat transfer. 

 



 

Fig. 11 Time variation in air temperature change 𝜃air for the nearly-monodisperse granular system 

subjected to cyclic confined compression. Fixed parameters: maximum vertical force 𝐹max = -180 kN; 

force ratio 𝑅 = 0.1; loading frequency 𝑓L = 0.083 Hz. Various fan rotation speeds, expressed in 

revolutions per minute (rpm), were compared. 



 

Fig. 12. Time variation in air temperature change 𝜃air for the three granular systems subjected to 

cyclic confined compression. Fixed parameters: maximum vertical force 𝐹max = -180 kN; force ratio 𝑅 

= 0.1; fan speed rotation = 3200 revolutions per minute. 

 


