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Chapter 14
Calorific Analysis of a Granular System Made in Shape  
Memory Alloy

Tanapon Yachai, Rym Boufayed, Pawarut Jongchansitto, Itthichai Preechawuttipong, and Xavier Balandraud

Abstract  The study deals with the calorific response of a granular system made of Ni-Ti shape-memory-alloy (SMA) 
cylinders. SMAs belong to the family of active materials. Depending on their operating temperature, they feature unusual 
thermomechanical properties for metals: super-elasticity, one-way and two-way memory effects, as well as strong damping 
capacities. These properties take their origin from a solid-solid phase transformation accompanied by production or absorp-
tion of latent heat, which opens perspectives for the development of new heating/cooling systems. A “porous” material was 
built by placing SMA wires in parallel. It was subjected to confined compression with a uniaxial testing machine. Thermal 
measurements were performed by infrared thermography. Production and absorption of latent heat were observed in the 
contact zones between cylinders. Results enable us to envisage the circulation of a fluid through the SMA granular material 
for heat transfer.
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�Introduction

Shape-memory alloys (SMAs) belong to the family of smart and active materials as they are temperature- and mechanical-
responsive. Depending on the temperature, they feature unusual mechanical properties for metals: super-elasticity, one-way 
and two-way memory effects, as well as some strong damping capacities. These macroscopic properties have their origin in 
a diffusionless solid-solid phase transformation triggered by stress and temperature. The austenite-to-martensite phase tran-
sition in SMAs is accompanied by large reversible strains (several per-cents) as well as a production of latent heat. Since the 
1990s, scientific studies on these materials have been very numerous. After an intense academic research phase, application 
development is now in full swing. For example, the review by Jani et al. [1] cites more than 400 articles and 100 patents in 
four major fields of application: automotive, aerospace, robotics and biomedical. In parallel, thousands of patents involving 
SMA components have been proposed. SMAs are used as mechanical actuators or thermal sensors in a multitude of devices. 
Recently, applications to cooling and/or heating systems have been developed: see for instance [2–4]. Some studies also 
concern the analysis of the elastocaloric effect of superelastic SMAs for potential use in heating and cooling devices: see for 
instance [5–8]. The aim of the present study is to build an elastocaloric “granular” material by placing superelastic SMA 
cylinders in parallel (forming thus a so-called Schneebeli material [9]). Each cylinder corresponds thus to a particle of a two-
dimensional (2D) discrete medium. This configuration allows us to envisage the circulation of a fluid through the “porous” 
material thus created, for heat transfer from the superelastic SMA wires to the fluid.

Granular materials are generally composed of grains with various sizes and shapes of particles, as well as different con-
stitutive materials: sands, soils, rocks (civil engineering), cereals, sugar and rice (agro-food processing industry), raw parti-
cles (pharmaceutical industry). They exhibit mechanical behaviors that differ from common solids, liquids, and gases [10] 
because the mechanical response is governed by the contact forces between particles. Under macroscopic mechanical load-
ing, a granular material is characterized by a heterogeneous network of interparticle forces [11]. Numerous numerical inves-
tigations have been presented in the literature to analyze the influence of parameters such as particle size and shape [12–14], 
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friction [15], surface energy [16] and base materials [17]. Experimental approaches are also available, involving in particular 
full-field measurement techniques. To the best knowledge of the authors, granular materials made in SMA have never been 
studied in the literature. The objective of the present study is to perform experimental and numerical validation of a SMA 
Schneebeli material to be used for heat transfer to a fluid.

The paper is divided in four parts as follows. The first section presents the experimental setup used to analyze the thermo-
mechanical response of a SMA Schneebeli material under confined compression. The second section is devoted to prelimi-
nary 2D finite element (FE) simulations to visualize the distribution of austenite and martensite phases inside the SMA 
cylinders under load. The third section presents the experimental results in terms of temperature change in the SMA cylin-
ders. The last section proposes a demonstrator employing air as a fluid circulating in the elastocaloric material system.

�Experimental Setup

Figure 14.1 presents the experimental setup for the thermomechanical analysis of a SMA Schneebeli material under confined 
compression. A long bar in nickel-titanium (Ni-Ti) SMA, 2 m in length and 3.81 mm in mm, was supplied by Fort Wayne Metals. 
This alloy featured an austenite-finish (Af) temperature around 14 °C. At ambient temperature, the austenite-to-martensite stress 
plateau upon loading in tension was at around 480 MPa. The stress plateau for the reverse transformation (martensite-to-austen-
ite) upon unloading was at around 140 MPa. Small cylinders, 25 mm in length, were cut and slightly polished to obtain smooth 
surfaces. Once placed in the rectangular frame, black paint was applied on the ends of the cylinders to maximize the thermal 
emissivity. Close environment was covered by thick black fabric to limit parasitic reflection in the infrared range.

The mechanical loading was applied with a Schenck uniaxial machine equipped with a ±250 kN load cell. The test con-
sisted of a displacement-controlled compression phase applied with a rate of −1  mm s−1 until a maximum force of 
Fmax = −150 kN, followed by an immediate unloading phase (in about 40 ms) after reaching the maximum compression 
force. The maximum force of −150 kN was defined from preliminary FE simulations (see the next section). Before starting 
the test, several load-unload cycles were applied to pack the granular system, followed by a waiting time of 30 min in order 
to start the loading from a thermal equilibrium state.

Tests were performed as ambient temperature Tamb = 24.5 °C, so the SMA cylinders were purely austenite in the stress-free 
state (Tamb > Af). A Cedip Jade III-MWIR infrared camera was employed to capture the temperature fields. The spatial resolu-
tion of the thermal measurement was equal to 88.6 μm. Recording frequency was set to 147 Hz, leading to a temporal resolu-
tion of 6.80 ms. Temperature changes during a mechanical test were obtained by subtracting the initial temperature field 
captured before starting the test.

Fig. 14.1  Experimental setup for thermal analysis by IR thermography: (a) schematic view of the 2D granular system made of SMA wires, (b) 
photo of the experiment
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�Finite Element Simulations

FE simulations were performed to model the force transfer in a periodic granular system made in superelastic SMA. Ansys 
package was employed for this purpose. The Auricchio’s SMA model is implemented in the software [18]. A 2D calculation 
with a hypothesis of plane stresses was considered, which can be accepted for comparisons with experimental results. Indeed, 
thermal measurements by IR thermography were done on free surfaces, i.e. surfaces in a plane-stress state. Element PLANE182 
of Ansys was used to mesh the cylinders. Periodic organization of the cylinder network was assumed in the simulations.

Figure 14.2a shows the field of martensite volume fraction x in the granular medium under a vertical compression force of 
−150 kN. Pure austenite and pure martensite correspond to x = 0 and x = 1 respectively, whereas x ∈ ]0; 1[ corresponds to a mix of 
the two phases. Figure 14.2a shows that martensite is present only in the contact zones, which is logical because these zones are 
subjected to higher stresses. It can be noted also that martensite is more present in the bottom and upper rows of cylinders. This 
result can be justified by the fact that these cylinders have fewer contacts than the others, so they are potentially subjected to higher 
contact forces. Figure 14.2b shows the field of Von Mises stress in the austenitic zones. It appears that the cylinders in contact with 
the two vertical walls feature lowest Von Mises stresses. This is why less martensite is produced in these boundary cylinders.

Martensite volume fraction x can be considered as proportional to the latent heat produced. In the case of an adiabatic 
transformation, the same property is true for the temperature change θ, i.e. x should be in theory proportional to θ. Compression 
force of −150 kN was considered as relevant to exhibit detectable heterogeneous temperature changes in the granular system. 
Next section analyzes the experimental temperature changes obtained by IR thermography.

�Experimental Results

Figure 14.3a shows the field of temperature change θ for the maximum compression force Fmax = −150 kN. It can be seen 
that the cylinder network is not perfectly periodic. As a consequence, the field of temperature change due to contact forces 
is not periodic either. Strong temperature increases are visible in certain cylinders. Temperature rises of more than 3 °C are 
detected in the contact zones between cylinders. They can be attributed to an austenite-to-martensite transformation. They 
can be also attributed to thermoelastic couplings as well as mechanical dissipation due to friction. Lowest temperature 
changes are on the right side of the granular system. This can be explained by the fact that the cylinder at the top right was 
not subjected to mechanical loading. Indeed, no temperature change is detected in this cylinder.

Figure 14.3b shows the field of temperature change θ at the end of the unloading phase. Strong temperature decreases are 
detected at the contacts between cylinders: θ reached around −3  °C in certain zones. These temperature drops can be 
attributed to the reverse phase transformation, i.e. to the martensite-to-austenite transformation. It can be noted that the 

Fig. 14.2  Result of a FE simulation for a periodic SMA granular system under a compression force of −150 kN: (a) field of martensite volume 
fraction, (b) field of Von Mises stress in the austenitic zones
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temperature gradients are more concentrated for the unloading phase than for during the loading phase. This can be explained 
by the rapid unloading phase, leading to better adiabaticity than for the loading phase. Identification of strong temperature 
drops during the unloading phase could be advantageously used to reveal contact force networks in such a granular medium.

Differences between the (experimental) field of temperature change θ in Fig. 14.3a and the (simulated) field of martensite 
volume fraction x in Fig. 14.2a can be explained by several reasons: (1) experimental loading is not fast enough to achieve 
adiabaticity; (2) thermoelastic coupling is not taken into account in the simulation; (3) the placement of the cylinders in the 
experiment is not perfectly periodic. This later reason is probably the most important. Indeed, the force network is strongly 
impacted by the actual locations of the cylinders. Any slight fluctuations from the perfectly periodic configuration lead to 
major changes in the interparticle force network.

�Demonstrator of Elastocaloric Device

A demonstrator was designed to show that an elastocaloric granular system made of SMA cylinders can be used for heating 
or cooling a fluid: see Fig. 14.4. Air was chosen for the first validation tests. The mechanical loading applied to the granular 
system was cyclic: force-controlled at a frequency of 0.17  Hz, minimum and maximum vertical force of −18  kN and 
−180 kN respectively. The rotation speed of the fan was set to 3200 rpm. Air thus circulated between the cylinders during 
the cyclic confined compression loading. A type-K thermocouple was used to measure the output temperature. A cyclic oscil-
lation of the air temperature at the same frequency of the mechanical loading was evidenced. The amplitude of the oscillation 
was of nearly 0.2 °C. A maximum temperature rise of 0.5 °C was measured at the beginning of the loading. These tempera-
ture levels are small because of the fluid used. However, the demonstrator opens perspectives for the design of efficient 
elastocaloric granular systems made of SMA wires by using a real heat transfer fluid and another mechanical solicitation 
mode.

Fig. 14.3  Field of temperature change θ measured by IR thermography: (a) for the maximum compression force Fmax = −150 kN, (b) at the end 
of the unloading phase
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�Conclusion

The calorific response of a granular system made of superelastic Ni-Ti SMA wires subjected to confined compression was 
analyzed by IR thermography. Strong heat production was observed at some contacts, revealing localized austenite-to-
martensite transformation due to the contact forces. Results allow us to envisage the circulation of a fluid through the SMA 
granular system for heat transfer. A first demonstrator was developed, opening perspectives for the design of new elastoca-
loric systems made of SMA wires.
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