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Chapter 1

Introduction

Harvesting low-grade waste heat from sources at temperatures below 100°C,
which represents more than 60% of civil and industrial waste heat, and its

conversion into mechanical or electrical energy represent a key goal for the

transition to a green economy based on renewable energies and with a low

human impact on the environment. In the last decade, many materials and

different prototypes [1] [2] have been proposed for this type of applications.

In this scenario, there is an emerging need for techniques able to charac-

terize the materials’ properties under realistic working conditions. However,

materials performance is strictly connected to the thermomagnetic genera-

tors design, therefore a continuous process of device optimization is required

along with material properties engineering. In this work, a laboratory-scale

prototype of thermomagnetic generator is presented, designed for the rapid

evaluation of thermomagnetic materials for energy-harvesting applications

and for the test of different operational configurations [3]. The core of the

device is a thermomagnetic motor, based on the Curie wheel principle, that

converts thermal energy into mechanical energy and works between two tem-

perature reservoirs, allowing the evaluation of materials performance on an

adjustable temperature range. The motor shaft is connected to a custom-

built, two-phase, miniaturized, permanent magnet electric generator specifi-

cally optimized for low-speed operation, which generates electric power and

1



Chapter 1. Introduction 2

enables the simultaneous measurement of torque, rotation speed and me-

chanical power output. The device can be operated with as low as 200 mg

of active thermomagnetic material, allowing the use and characterization of

candidate compounds even when only gram-scale batches can be obtained.

The rotors are made, starting from powder of the thermomagnetic material

and a plastic support, by means of a repeatable and easy-to-perform prepa-

ration method [2]. We report, as an example, the complete mechanical and

electric power output evaluation of the prototype working with rotors based

on different thermomagnetic alloys in the 20-60 °C temperature range. Ther-

mal imaging technologies were employed to investigate thermal gradients in

TM rotors during operation.

1.1 Thermomagnetic energy harvesting prin-

ciples and devices

At present, thermoelectric conversion represents the predominant technology

for the recovery of low-grade waste heat and its conversion to electric energy,

but it is still characterized by low efficiencies and high costs [4][5]. Recently,

interest has been rising in the scientific community for thermomagnetic gen-

eration, utilizing magnetic materials, as a promising alternative, particularly

for harvesting of low-grade waste heat, i.e. released from sources at temper-

atures below the boiling point of water [4][5].

Many proof-of-concept prototypes of thermomagnetic generators (TMGs)

have been developed, demonstrating the feasibility and potential of TM en-

ergy conversion in the context of low-grade waste heat harvesting[6][7], which

can be grouped into three main categories[1]: thermomagnetic (rotary) mo-

tors (Fig. 1.1 a)[3][8][9], thermomagnetic oscillators (Fig. 1.1 b)[10] and

static (inductive) thermomagnetic generators (Fig. 1.1 c)[11][12].

The working principle of this technology relies on thermomagnetic cycles,

leveraging the temperature-dependent magnetization of a magnetic mate-

rial. In the case of thermomagnetic motors (Fig. 1.1 a), which is also the
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Figure 1.1: Sketches of (a) TM rotor, (b) TM oscillator and (c) TM static generator

for the harvesting of waste heat. The TM material is colored in red or blue

depending on its temperature. The arrows in the material depict the arrangement

of magnetic moments inside the material. The numbers in brackets correspond to

the steps of the TM cycle reported in Fig. 1.2. (From [3])

Figure 1.2: (a) Conceptual scheme of the thermomagnetic cycle exploited in TMGs

and (b) representation of the cycle in the M-H diagram. The cycle is enclosed

between two isotherm magnetization curves at temperatures T0 and T1. The

useful magnetic work of the cycle Wm is highlighted by the green area. (From [3])
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design analyzed and described with more detail in this work, the temperature

dependency of the magnetization of the active material generates a gradient

of attraction forces when the material itself is placed in a magnetic field gra-

dient, thus producing a net torque and causing the rotation of the motor

shaft; in this way, waste heat is converted by the TM motor into mechanical

rotational energy, which can be in turn converted into electrical energy by

connecting the TM motor shaft to a standard dynamo or alternator. Simi-

larly, in thermomagnetic oscillators (Fig. 1.1b) the thermal energy causing

the magnetization variation in the active material is converted into vibra-

tional mechanical energy of a flexible cantilever on which the TM material

is placed. The vibration movement of the cantilever itself also controls the

cyclic thermal coupling between the TM material and the heat sources and

therefore governs the TM cycle. The mechanical energy produced in this way

can usually be converted into electric energy using a piezoelectric element[13]

or inductively by means of a pickup coil positioned on the cantilever [10]. In

the case of static thermomagnetic generators (Fig. 1.1c), valves are used to

cyclically switch flows of hot and cold heat-transfer fluids through the TM

material elements and the temperature-dependent magnetization change is

exploited to induce a voltage in a pickup coil, achieving direct conversion of

waste heat into electric energy.

A typical ideal thermomagnetic cycle involves two isothermal transforma-

tions, in which the magnetic field is applied (I) and removed (III), and two

iso-field transformations, with the absorption of heat from a warm source

(II) and its release to a cold source (IV). Both changes in temperature and

field influence the magnetization of the material M(T,H), as depicted in Fig.

1.2b.

The concept was already proposed in the late nineteenth century by Nikola

Tesla and Thomas A. Edison, who independently patented prototypes of

thermomagnetic generators [14][15]. These devices, however, exhibited an

extremely low efficiency and due to the use of iron as active magnetic ma-

terial, characterized by a very high Curie temperature (Tc = 1043K), could



Chapter 1. Introduction 5

not be operated near room temperature. At such high temperatures other

technologies proved to have higher efficiency and consequently the scien-

tific community lost interest in thermomagnetic power generation. In recent

decades, advancements in the study of magnetocaloric materials for magnetic

refrigeration at room temperature [16], have sparked new interest in TM gen-

eration for low-grade heat harvesting [1][17], driven by the similarity in the

desirable material properties for these two applications.

However, to fully develop the potential of thermomagnetic waste heat har-

vesting and make it economically sustainable and attractive for widespread

use, we still need to identify high-performance, non-toxic, recyclable and cost-

effective TM materials and perfect their integration into efficient devices.

Among the many desired properties, an effective TM material should exhibit

a considerable magnetization change within the working temperature and

field ranges of the target application. The satisfaction of this requirement

relies on the selection of magnetic materials exhibiting a phase transition

in the desired temperature range between two phases characterized by a

significant difference in magnetization.

Additionally, it is necessary to consider the thermal characteristics of candi-

date TM materials: specific heat and thermal diffusivity govern the rate and

the quantity of heat transferred between the material and the heat sources,

influencing the useful work produced by the TM cycle and limiting the maxi-

mum working frequency of the generator, consequently limiting the maximum

power output of the device [5][7].

Also, mechanical properties like machinability/formability and fatigue resis-

tance play a key role in the production of the active elements to be integrated

into TM devices and their long-time operational reliability.

Among the material families widely studied for magnetocaloric and thermo-

magnetic applications, MnFePSi and Heusler alloys represent broad classes

of compounds exhibiting both first-order and second-order magnetic transi-

tions with low thermal hysteresis and with critical temperatures that can be

tuned over a wide range by varying the composition. These key characteris-
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tics, combined with their low criticality in terms of raw materials availability

and their low toxicity, make them highly promising materials for TM low-

grade waste heat harvesting [1].

A third promising category of candidate materials, already investigated for

magnetocaloric applications [17] but yet not deeply evaluated for TM en-

ergy conversion and harvesting, is represented by FeBZr-based amorphous

alloys, because they exhibit a soft ferromagnetic behavior, with a high sat-

uration magnetization and a Curie temperature tunable by variation of the

alloy iron content [18]. They are also constituted by abundant, non-toxic

and non-critical elements and can be easily produced by melt spinning tech-

nique, making the production process industrially scalable and potentially

low-cost. It is alto worth mentioning that the use of melt spinning as a

preparation technique produces thin metallic ribbons, making these materi-

als ideal candidates for the manufacturing of rotors to be integrated in Curie

wheel thermomagnetic motors.



Chapter 2

TMG Device design and

characterization

2.1 Thermomagnetic motor design

The chosen design for the thermomagnetic harvester prototype is the Curie

Wheel type of thermomagnetic generator.

The core of the device is a ring, made of a composite containing the active

thermomagnetic material under test, fixed on a shaft that is free to rotate.

For all the cases evaluated in this work, a ferro- to paramagnetic transition

in the material is exploited, but also other types of magnetic phase transition

involving a change in magnetization can be used.

In our implementation of the Curie Wheel (schematic in fig. 2.1), an electric

resistor is used to simulate a source of waste heat. A small pool of water pro-

vides enhanced thermal contact between the heater and the thermomagnetic

rotor, while a thermocouple allows measurement and control of the temper-

ature of the hot side of the machine. The upper part of the wheel instead

is exposed to the ambient air and allowed to cool down. If the critical tem-

perature of the active material is between the room temperature and the hot

side temperature of the device, we can expect the cold part of the rotor to

be ferromagnetic and the hot part to become paramagnetic.

7
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Figure 2.1: Thermomagnetic generator schematic and working principle.

The thermomagnetic rotor is placed in a magnetic field gradient, generated

by three Nd-Fe-B magnets, arranged as a single element of a Halbach array

to maximize field intensity near the wheel. The magnetic field gradient gen-

erated by the magnets magnetizes the wheel segment close to the magnets,

but the magnetization is higher on the cold ferromagnetic side of the wheel

than on the hot paramagnetic side. Since the wheel is placed in the magnetic

field gradient, the cold portion of the wheel experiences a stronger attraction

force to the magnets and a net torque is produced on the shaft; this torque

causes the shaft to rotate and the cold part of the wheel to enter the hot

water and transition to the paramagnetic state. The thermomagnetic cycle

is finally closed when the material emerges from the hot water far away from

the magnet and is exposed to the ambient air, therefore being allowed to cool

down and transition to the ferromagnetic phase.

In this way, a continuous rotation of the shaft is produced and the generated

mechanical energy can be converted to electric energy by coupling the device

shaft to an electric generator.
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Figure 2.2: Thermomagnetic generator prototype used to test thermomagnetic

materials.

2.2 Electric generator design

To convert the generated mechanical power into electric energy, a permanent

magnet, iron-less core generator design was chosen to minimize detent torque

and losses in the stator core.

To make the generator more compact and easier to manufacture, an axial-flux

generator topology was employed, with a rotor composed by two discs, each

containing 8 arc-shaped Nd-Fe-B magnets with opposite polarities oriented

along the shaft direction.

To achieve constant torque and consequently constant power while running

at constant speed, a two-phase winding design was implemented. Each of

the two identical windings is composed by 8 coils of 1000 turns each of self-

bonding magnet wire of 0.017mm nominal diameter. The windings are of

the same shape and mounted overlapping, placed between the two rotor

discs carrying the magnets (see fig. 2.3). The two windings are shifted of

22.5° and as a result the two produced electric signals are out of phase of 90

electrical degrees.

Each coil was wound separately on specifically shaped 3D-printed spindle.

The coils were then heated to a temperature of 130°C via joule heating for
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Figure 2.3: Partial assembly of the two-phase generator rotor (left) and stator

(right).

10 minutes to activate the self-bonding coating of the copper wire. The ac-

tual temperature of the winding was estimated in real time during the baking

process by measuring voltage and current provided to heat the winding wire.

All the process was controlled from a PC running a Matlab script implement-

ing a PID algorithm to stabilize the temperature and automatically control

baking time. Finally, all the coils were glued in place in the generator stator

and connected in series.

For a permanent magnet electric generator, we can define the velocity con-

stant as the ratio between rotational speed and peak output voltage under

no-load conditions:

Kv ≡
ω

Vpeak(no−load)
(2.1)

For the two-phase generator design and assuming that both windings have

the same Kv value and zero internal resistance and neglecting higher order

harmonics, we can describe the voltage output of the generator in the time

domain as:
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VA(ideal)(t) = Vpeak(no−load)A · sin(Nωt+ ϕ) =
ω

Kv

· sin(Nωt+ ϕ)

VB(ideal)(t) = Vpeak(no−load)B · cos(Nωt+ ϕ) =
ω

Kv

· cos(Nωt+ ϕ)
(2.2)

Equation (2.2) can be modified to predict the real generator voltage output

at the load taking into account a different Kv value for each winding and the

voltage drop on the internal resistance of the winding as well:

VloadA = VA(ideal)(t)− IloadA(t) ·RintA =
ω

KvA

· sin(Nωt+ ϕ)− IloadA(t) ·RintA

VloadB = VB(ideal)(t)− IloadB(t) ·RintB =
ω

KvB

· cos(Nωt+ ϕ)− IloadB(t) ·RintB

(2.3)

By rearranging the terms, we obtain:

ω

KvA

· sin(Nωt+ ϕ) = VloadA + IloadA(t) ·RintA

ω

KvB

· cos(Nωt+ ϕ) = VloadB + IloadB(t) ·RintB

(2.4)

Taking the sum of the square of each member of the last two equations, we

derive:

ω2(sin2(Nωt+ ϕ) + cos2(Nωt+ ϕ)) =

K2
vA(VloadA + IloadA(t) ·RintA)

2 +K2
vB(VloadB + IloadB(t) ·RintB)

2 (2.5)

This allows us to directly estimate the instant shaft rotational speed of the

generator by measuring voltage and current output at the electric load for

both windings, assuming the velocity constant Kv and the internal resistance

Rint are known for each winding:

ω(t) =
√︂

K2
vA(VloadA(t) + IloadA(t) ·RintA)2 +K2

vB(VloadB(t) + IloadB(t) ·RintB)2

(2.6)
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A similar relation holds for torque and armature current:

τ(t) =
√︂

K2
τAIloadA(t)

2 +K2
τBIloadB(t)

2 (2.7)

where KτA and KτB are the motor torque constant for armatures A and B

respectively. When all the quantities are expressed in SI units, the torque

constant of this type of motor equals the inverse of the motor velocity con-

stant:

Kτ =
1

Kv
(2.8)

In this way, torque on the generator shaft can be estimated by means of

measuring the armature current on both windings:

τ(t) =

√︄
1

K2
vA

IloadA(t)2 +
1

K2
vB

IloadB(t)2 (2.9)

Once torque and angular speed have been estimated, their product gives the

estimate of mechanical power output:

P (t) = τ(t) · ω(t) (2.10)

2.3 Measurement control and data acquisi-

tion

To measure the mechanical power and torque output of the device at different

rotational speed regimes, a programmable electronic load was designed to be

connected to the electric generator output; the resistance value of the load

connected to the generator sets the ratio between voltage output and current,

but since voltage output is proportional to the rotation speed and armature

current is proportional to torque, changing the load resistance value has

the effect of changing the generator torque-to-speed ratio; when the device is

operational and the thermomagnetic rotor is rotating the shaft, this indirectly

changes the running speed of the device.



Chapter 2. TMG Device design and characterization 13

Figure 2.4: Schematic of the electronic load used to control the thermomagnetic

generator prototype.

The designed circuit, represented in fig. (2.4), is essentially an impedance

converter modified by introducing the 4-quadrant analog multiplier AD633

to allow the gain of the circuit to be changed by an external control voltage

provided by an analog output channel of a data acquisition card. This circuit,

when connecting an electric signal between the IN terminal and ground,

behaves as a resistor of value proportional to the control voltage:

Rload = −R1

R2

·Rshunt
Vcontrol

10V
(2.11)

While the device is running, the same data acquisition card used to control

the electronic load was used to record voltage output of the generator and the

potential difference across the shunt resistor Rshunt, which allows to calculate

armature current.

2.4 Device calibration

To calibrate the electric generator to allow measurement of speed and torque,

a specific procedure was carried out to experimentally determine the velocity
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constant of the generator, the winding internal resistance and the friction

torque due to the ball bearings supporting the generator shaft.

To get a first estimate of the Kv, the generator windings were connected

to a two-channel oscilloscope; the shaft was hand-spun and the oscilloscope

used to measure the signal frequency, equivalent to 4 times she shaft rotation

frequency, and the peak voltage output in nearly no-load conditions.

Then multiple measurements were carried out at variable electric loads while

attaching to the shaft a pulley wound by a thin cotton wire carrying a cal-

ibrated weight. With this setup, when constant speed is achieved we can

assume a constant torque on the shaft equivalent to the product between g,

the mass of the calibrated weight and the radius of the pulley.

Figure 2.5: Setup used for calibrating generator construction parameters.

The voltage output of the generator, once corrected for the voltage drop on

the internal resistance of the windings, is directly proportional to rotation

speed and allows to accurately estimate the Kv of the generator. Both fre-

quency and amplitude of the electric output were obtained through best fit

of the signal data using a one-term fourier function.

The expected torque on the shaft is then computed from armature current

and the estimated Kv. The difference between the true known true torque
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generated by the calibration pulley and the torque estimated from the cur-

rent is assumed to be due to friction in the bearings, plotted against ω and

modelized with a 1st order polynomial fit.

Figure 2.6: Validation of the calibration process by comparing true known values

of torque and speed to the values estimated by voltage and current output.

2.5 Thermomagnetic rotor fabrication process

To test and use thermomagnetic materials in energy harvesting applications,

there is the need for techniques to shape the materials into the active com-

ponents required in the device to be designed. Since materials of interest

for this field usually exhibit poor mechanical properties and are not easily

machinable, one of the possible solutions to this problem is grinding the

material to powders and embedding the powder grains in an epoxy matrix,

obtaining composite materials; the use of epoxy allows the use of molds to

cast pieces of the required shape and the epoxy matrix can be enriched with

additional materials to improve thermal conduction[2].

To allow to test multiple different materials in the thermomagnetic harvester

prototype, a new reliable, repeatable and easy to perform method was devel-
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oped to cast epoxy-based composite materials into ring shaped thermomag-

netic rotors (fig. 2.7).

Figure 2.7: Steps of the process used to produce epoxy-based composite thermo-

magnetic rotors.

This method relies on the use of molds produced using a dual-extruder 3D

printer, allowing possibly to obtain rotors of different sizes and shapes. The

mold itself is printed using BVOH (butenediol vinyl alcohol copolymer), a

water-soluble biopolymer. At the same time, a support for connecting the

active rotor to the TM motor shaft is printed, embedded in the mold, us-

ing regular ABS plastic (acrylonitrile butadiene styrene). The support is

specially designed to minimize contact area with the active material and

enhance the heat exchange of the rotor with the environment.

To produce a thermomagnetic rotor, a weighed amount of powders of the

materials to be tested is first mixed with a weighed amount of epoxy. The

composite is transferred to the mold while the epoxy is fresh and may un-

dergo a curing process if needed. Once the epoxy has hardened, warm water

is used to dissolve the mold, leaving the active thermomagnetic rotor already

mounted on the ABS support. This has also the benefit of allowing to gen-

tly free the rotor from the mold without applying mechanical stress to the

composite parts.

In our case, for the fabrication of all the composite-based rotors, a commer-

cial vinyl ester epoxy was used (Distitron VE 100 by Polynt) in an amount

corresponding to 24% of the mass of the powder; this quantity was empir-

ically found to be the minimum amount required to successfully bind the

powder grains: higher fractions would degrade performance in the device

because of the lower density of active material.
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Finally, each rotor underwent a curing phase at 60°C for 4 hours to improve

the hardening of the epoxy matrix.

2.6 Temperature controller design

Since regular PWM driving of the heater in the device was found to produce

EMI interference in the analog circuitry connected to the electric generator,

an Arduino-based circuit was designed implementing a more sophisticated

PID controller. The controller measures the water bath temperature using

a thermocouple and trough a proportional-integral-derivative algorithm con-

trols the electric power fed to the resistive heater in the harvester prototype.

To minimize EMI emission without compromising efficiency, instead of di-

rectly driving the heater in on-off mode, a power output stage featuring a

buck topology converter was included in the controller design and driven by

the Arduino microcontroller using PWM. A second thermocouple module

connected to the controller allows to measure also the ambient temperature.

The temperature controller can be connected to a computer via USB and

interrogated using SCPI commands, allowing for automatization of the data

acquisition.

Figure 2.8: Temperature controller assembly.
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Heusler Alloys

3.1 Experimental

Three Heusler alloys, with nominal compositions Ni48Mn36Sn16, Ni48Mn36In16,

and Ni50Mn19Cu6Ga25, were synthetized by arc melting under Ar atmosphere

the stoichiometric amount of high-purity (99,99%) elements. To compensate

for evaporation losses, a 1% excess of Mn was added. The ingots were flipped

and re-melted three times to improve homogeneity. The samples were an-

nealed at 1073 K for 72 hours and then quenched into water. The composi-

tion of the samples was analysed using energy dispersive X-ray spectroscopy

(EDX) in a scanning electron microscope (Bruker Esprit microanalysis on a

FEG-ESEM FEI QUANTA 250). All samples compositions were found to be

in agreement with the nominal ones within the 1% margin of experimental

error. The prepared bulk samples were manually ground in an agate mortar

and sieved to obtain powders with a maximum grain size of 120µm. The

powders were annealed at 773 K for 4 h in Ar atmosphere, followed by slow

cooling, to reduce the stresses introduced during the grinding process and to

recover the magnetic properties of the bulk samples [19] [20].

The temperature dependence of the low-field a.c. magnetic susceptibility

of the samples was measured as a function of temperature with an applied

ac magnetic field of 1 mT using a ThermoMagnetic Analyzer (TMA). This

18
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Figure 3.1: NiMnIn ingot obtained by arc melting.

allowed to identify the Curie temperature of the materials and confirm the

absence of other magnetic transitions. Magnetization measurements were

performed as a function of temperature using an extraction magnetome-

ter (Maglab2000 System by Oxford Instruments) and a force magnetometer

(DSM8 by Manics). These measurements were used to obtain high-field mag-

netization values and to calculate the potential thermomagnetic performance

of the materials from M(T,H) data.

Figure 3.2: (a) normalized ac magnetic susceptibility in zero applied dc magnetic

field and (b) magnetization in 1T applied magnetic field as a function of tempera-

ture for the alloys: Ni48Mn36Sn16 (blue squares), Ni48Mn36In16 (orange triangles),

and Ni50Mn19Cu6Ga25 (green circles). Inset of (b): magnetization of the three

samples in an applied magnetic field of 1 mT [3].

For this study, ring-shaped rotors were prepared for each of the three investi-

gated materials (NiMnIn, NiMnSn and NiMnCuGa) following the procedure

described in section 2.5. The fabricated rotors have an external diameter
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of 20 mm, an internal diameter of 18 or 17 mm and a length of 1 mm (fig.

3.3). Utilizing a composite with 87±2 wt% magnetic powder, the net mass

of active magnetic material in the rotors with an internal diameter of 18 and

17 mm is approximately 0.23±0.01 g and 0.34±0.01 g, respectively.

Figure 3.3: Example of rotors made of NiMnIn with a radial thickness of 1 mm

and 1.5 mm[3].

The evaluation of the three materials in the TM motor was performed record-

ing mechanical power output and rotation speed while varying the resistive

load and the temperature of the hot water. The load sweep was conducted

in both increasing and decreasing load resistance to verify measurement re-

peatability. Power versus speed curves were recorded for each rotor by using

as cold source a controlled forced flow of thermostated air at 297 K and with

increasing warm water temperatures in 5 K increments from 303 K to 338

K. The rotor was submerged to a depth of 3 mm in the water. This level

was selected to position the peak of the stray magnetic field at the water

surface. Consequently, one peak of the magnetic field gradient is situated

just above the water level, while the other peak is fully immersed in the

warm water. Under static conditions, this geometrical configuration of the

TM motor maximizes the torque on the rotor by optimizing the temperature

difference between the sections experiencing the maximum field gradient.

More experiments were performed to estimate the real working temperatures

of the active material by infrared thermography analysis while operating the
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device on natural air convection for cooling.

3.2 Results and discussion

3.2.1 In operando evaluation for TMG

Figures 3.4, 3.5, 3.6 report the mechanical power output as a function of the

angular speed for the three materials at different values of T1, while main-

taining the cold side temperature constant at 297 K. Generally, the power

output increases as the temperature of the warm heat source increases, ow-

ing to the enlargement of the cycle area and of the magnetization change

during the thermomagnetic cycle. However, this trend varies with the ro-

tation speed. Under a heavy external load, the rotation speed is low while

torque saturates, limiting the power output. As the electric load decreases,

the rotational speed increases, leading to an increase of the power output to a

maximum value. With a further increase in speed, we observe a stabilization

or even a decrease in power output, especially for measurements performed

with T1 exceeding the Curie temperature of the exploited material. This

effect is caused by the reduction of the real thermal span experienced by

the material when increasing rotational speed. This results in a decrease in

the magnetization variation during the cycle and, consequently, in the out-

put power. When the mean temperature of the cycle surpasses the Curie

temperature of the active TM material, the reduction in dM/dT induces a

decrease in the net torque of the rotor and, consequently, in the power out-

put. This effect is more pronounced for NiMnCuGa (fig. 3.6), which has the

lowest Curie temperature in the series.

Figure 3.7 compares the maximum power output as a function of T1 for the

three materials. NiMnCuGa, having the lowest Tc among the three samples,

produces the maximum output at low temperatures. As the warm reservoir

temperature increases, the NiMnCuGa output tends to stabilize, whereas the

output of NiMnIn and NiMnSn increases. The NiMnIn alloy shows a max-

imum mechanical output of 0.70±0.04 mW, which corresponds to 3.0±0.1
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Figure 3.4: Mechanical power output of the TM motor prototype as a function of

the shaft speed obtained by varying the temperature of the warm source (T1) and

the external resistive load exploiting rings of NiMnIn. Each point represents the

average between the measurements performed with increasing and decreasing load

sweep. The solid lines are the polynomial interpolation of experimental data[3].

Figure 3.5: Mechanical power output of the TM motor prototype as a function of

the shaft speed obtained by varying the temperature of the warm source (T1) and

the external resistive load exploiting rings of NiMnSn. Each point represents the

average between the measurements performed with increasing and decreasing load

sweep. The solid lines are the polynomial interpolation of experimental data[3].
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Figure 3.6: Mechanical power output of the TM motor prototype as a function of

the shaft speed obtained by varying the temperature of the warm source (T1) and

the external resistive load exploiting rings of NiMnCuGa. Each point represents

the average between the measurements performed with increasing and decreas-

ing load sweep. The solid lines are the polynomial interpolation of experimental

data[3].

W/kg or 23.7±0.4 mW/cm3, considering the output power normalized to

the mass or to the volume of the active material.

To further investigate the mechanisms leading to a power output drop asso-

ciated to increased rotational speed, additional experiments were performed

to compare the output of 3 rotors made by the same NiMnIn material: a ring

rotor with a radial thickness of 1 mm (internal diameter of 18 mm), a ring

rotor with a radial thickness of 1.5 mm (internal diameter of 17 mm) and a

tandem-rotor made of 2 rings with a radial thickness of 1 mm on the same

shaft (fig. 3.8).

The three rotors contain 0.23 ± 0.01 g, 0.34 ± 0.01 g and 0.46 ± 0.02 g of the

active TM material, respectively. The distance between the two rings in the

tandem-rotor, set at 6 mm, proved to be sufficient to treat the two rotors as

independent thermal bodies and avoid any effects related to water capillarity.

The power output of the tandem rotor is approximately double of the single

1 mm rotor, resulting in a mass-normalized power output of 3.0 ± 0.1 W/kg
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Figure 3.7: Maximum mechanical power output as a function of temperature of

the warm reservoir for a rings of 1 mm thickness of NiMnIn (orange triangles),

NiMnSn (blue squares) and NiMnCuGa (green circles). Solid lines serve as guide

to the eyes[3].

Figure 3.8: Thermomagnetic generator prototype operation using a tandem

NiMnIn rotor.
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at a hot side temperature of 338 K. On the opposite, the thickest rotor does

not show an increase of the power output proportional to the mass of active

magnetic material: its normalized power is limited to 2.4 ± 0.1 W/kg (fig.

3.9)

Figure 3.9: Comparison of the maximum mechanical power output as a function

of temperature of the warm reservoir for: a single ring of NiMnIn with a radial

thickness of 1 mm (orange triangles), a single ring of NiMnIn with a radial thickness

of 1.5 mm (pink diamonds) and two rings of NiMnIn with a radial thickness of 1

mm fixed to the same shaft (azure circles). Solid lines serve as guide to the eyes[3].

This limitation can be attributed to the heat transfer between the rotor and

the environment and may signify that the inner parts of the TM materials

are contributing less to the mechanical power output than the outer shell.

This result also suggests that the heat exchange rate at the interface between

the rotor and the fluid (air or water) is currently the limiting factor of the

power output of the TM motor. Enhancing heat exchange at the interface

and increasing the surface-to-volume ratio of the active rotor are then critical

objectives for further improving the power and efficiency of TMGs.
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3.2.2 Infrared thermography

To further investigate the role of heat exchange rates in the TMG device, it

is imperative to determine the effective temperatures reached by the active

material during the thermomagnetic cycle and how they vary throughout

rotation.

A preliminary result of infrared (IR) thermography analysis of the rotor

during operation is shown in figure 3.10. The thermal image was acquired

using a high-resolution infrared camera (FLIR SC7000) while the TM motor,

equipped with the 1 mm thick NiMnIn rotor, operated with the warm source

temperature set to 323 K and a rotational speed of 1.5 rad/s. The thermal

image of the TM motor and the analysis of the angular temperature distribu-

tion in the rotor reveal a thermal gradient in the portion of the rotor outside

the water. A total temperature difference of about 6.5 K is observed, with

the maximum temperature being 5 K lower than the water temperature and

the minimum temperature of the cycle being about 14 K higher than room

temperature. This preliminary thermal analysis confirms that the temper-

ature difference experienced by the material within the cycle is lower than

the difference between the thermal sources, and the maximum temperature

reached by the material is lower than the temperature of the warm source.
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Figure 3.10: (a) Infrared thermal image of the exposed parts of the thermomagnetic

motor during operation, equipped with the 1 mm thick NiMnIn rotor. The warm

heat source is maintained at 323 K. The load is adjusted to achieve a rotational

speed of approximately 1.5 rad/s. (b) Temperature of the angular segments of the

rotor above the warm water as a function of angular position starting from the

water surface on the left[3].
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FeBZr amorphous alloys
In collaboration with University of Sevilla (ES)

A series of four FeBZr samples was produced, with the aim of testing new

materials of potential interest for low-grade waste heat energy harvesting ap-

plications. For this kind of employ, some key characteristics of a candidate

material would be a high saturation magnetization, a magnetic transition

temperature near room temperature tunable by changing the composition

and a large magnetization variation with respect to temperature near Tc. In

literature, Fe-B-Zr based amorphous alloys were found to meet all the de-

sired criteria, exhibiting a soft ferromagnetic behavior with a high saturation

magnetization and a Curie temperature tunable by varying the alloy Fe con-

tent [17][18]. FexB 5
16

(100−x)Zr 11
16

(100−x) (x = 83, 84, 85, 86) compositions were

selected, with the intent of producing a series of samples with variable Curie

temperatures around 300K.

4.1 Experimental

All the samples were prepared starting by melting the pure elements, nom-

inally weighted to obtain ingots of 5g of total mass, in an Edmund Bühler

MAM-1 arc furnace under argon atmosphere of 500mbar. A pre-melt of the

required iron was carried out beforehand to separate oxides and impurities,

28
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while boron and zirconium were used without further preparation. Each ingot

was flipped and melted three times to improve compositional homogeneity.

Between subsequent melts, the ingots’ surface was mechanically polished to

remove as much oxidation and impurities as possible from the melting pro-

cess. All the ingots during the final melt were placed in a elongated crucible

and were thus given a shape suitable for introduction in the melt spinner

quartz tube crucibles.

As a final step, all the samples were melt spun in a Edmund Bühler Melt

Spinner SC at a temperature of 1400°C under pure Ar atmosphere. The

tanks providing gas to the nozzle for melt ejection were filled with argon at

atmospheric pressure, while the main chamber of the melt spinner was filled

with argon at a pressure of 700mbar. The rotation speed of the copper wheel

was set to 70Hz, corresponding to a surface speed of the wheel of 44m/s.

To characterize the magnetic behavior of the produced samples, SQUID mag-

netometry experiments were performed, measuring the mass magnetization

with respect to temperature and magnetic field intensity. The measurements

were carried out in a Quantum Design MPMS-XL SQUID magnetometer

and some preliminary measurements were performed using a DC extraction

magnetometer, a modified version of the Oxford Instruments Maglab Sys-

tem 8000, equipped with a liquid nitrogen flow cryostat. For each sample,

multiple pieces of the melt-spun ribbons were put together to increase the

available magnetic signal and reduce the relative error on the weighted sam-

ple mass. All the samples were positioned in the magnetometer with the H

field in-plane with respect to the ribbon surface.

Finally, several temperature cooling sweeps between 360K and 240K were

performed, with increasing values of magnetic field up to 2T, to estimate the

magnetic entropy change for all the samples.

For this study, two ring-shaped rotors were prepared from the sample having

composition FexB 5
16

(100−x)Zr 11
16

(100−x) with x=86 using the as-spun ribbons.

Because of the elasticity of the material, it was not possible to grind the

ribbons to powders and follow the procedure described in section 2.5 for the
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fabrication of composite-based rotors.

For this reason, the thermomagnetic rotors have instead been prepared by di-

rectly winding and gluing the as-spun ribbon, of approximately 1 mm width,

on a 3D-printed circular plastic support (fig. 4.1).

The fabricated rotors have an diameter of 18mm and a length of approxi-

mately 1 mm. The net mass of active magnetic material in the rotors was

approximately 0.10±0.01 g and 0.15±0.01 g, respectively.

Figure 4.1: Example of rotor made of FeBZr melt-spun alloy.

The in-operando evaluation in the TM motor was performed by recording

mechanical power output and rotation speed while varying the resistive load

and the temperature of the hot water. The load sweep was conducted in both

increasing and decreasing load resistance to verify measurement repeatability.

Power versus speed curves were recorded for each rotor by using as cold source

the ambient air at a temperature of 297K with natural convection. The rotor

was submerged to a depth of 3 mm in the water as in previous experiments

conducted on Heusler alloys.
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4.2 Results and discussion

4.2.1 X-Ray Diffraction characterization

For each produced composition, a sample was taken from the middle portion

of the as-spun ribbon to perform X-ray diffraction experiments in order to

identify the material’s structure. All the collected diffraction patterns present

a single large, broad, diffraction peak at angles 2Θ between 35 and 55 degrees

(amorphous halo) and a second significantly smaller broad peak between 70

and 85 degrees (fig. 4.2). The absence of narrow diffraction peaks excludes

the presence of a long-range structural ordering, confirming the amorphous

or nanocrystalline nature of the samples under study.

Figure 4.2: X-ray diffraction patterns of the as-spun FeBZr amorphous ribbons.

4.2.2 SEM analisys

To investigate the morphology, thickness and composition of the samples, a

SEM microscopy analisys was carried out using a FESEM Zeiss Auriga com-

pact equipped with a Oxford Instruments EDX detector. The SEM morpho-

logical analysis didn’t show any structures at the micrometer scale. The SE
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detector imaging shows areas with different contrast (fig. 4.3), but the EDX

composition maps show a uniform distribution of the alloy components also

in these areas.

The Fe/Zr ratio from EDX spectra was found to be in good agreement with

respect to the nominal compositions within the uncertainty of the instrument.

Boron concentration estimations were possible, but the detector in use over-

estimates boron during quantitative analisys and to get accurate results a

reference sample of well known boron content would be needed.

Cross section imaging of the ribbons allowed to measure the thickness of the

samples, which resulted to be between 10 and 30 µm (fig. 4.4).

Figure 4.3: SE detector SEM planar image of the sample Fe85.

4.2.3 Magnetometry and magnetic entropy change

The mass magnetization was measured between 380K and 10K for values

of µ0H of 1T and 1mT (fig. 4.5 and 4.6), in both cooling and heating

temperature ramp modes.
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Figure 4.4: Cross-section SEM image of the sample Fe85 used to estimate ribbon

thickness.

All the samples exhibit a relatively sharp second order Curie transition, with-

out signs of the presence of secondary magnetic phases or other magnetic or

magnetostructural transitions.

A thermal hysteresis of approximately 1K was observed between cooling and

heating M(T) measurements and should be attributed to the thermal inertia

of the sample holder.

The magnetization values collected at 10K with an applied field of µ0H=1T

were taken as an estimate of the saturation magnetization. All the saturation

magnetization Ms values obtained are relatively high, above 120emu/g, with

a mild correlation with respect to the iron content of the alloys.

The derivative of the mass magnetization with respect to temperature was

computed for each sample starting from the M(T) measurement data col-

lected at µ0H=1mT (fig. 4.7) and the temperature value of its minimum

was taken as an estimate of the Curie temperature Tc. The produced sam-

ple series shows the desired tuning of the Tc, with a Curie temperature that

increases while decreasing the alloy Fe content at a rate of approximately
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Figure 4.5: Magnetization measurements of the as-spun FeBZr amorphous alloys

vs temperature with µ0H=0.01T.

Figure 4.6: Magnetization measurements of the as-spun FeBZr amorphous alloys

vs temperature with µ0H=1T.
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8K/% (fig. 4.8).

Figure 4.7: Computed magnetization derivative with respect to T of the studied

FeBZr amorphous alloys.

At 340K and 100K magnetic 5-segments hysteresis loops were measured for

each sample to further investigate the nature of the magnetism above and

below the Curie temperature Tc, starting from H=0 and up to µ0H=1.2T

in absolute value (fig. 4.9). All the samples show below Tc an excellent soft-

magnetic behaviour, with a coercivity below 5 · 10−5T (40A/m2) (fig. 4.10

and 4.11). Above Tc, all the samples exhibit paramagnetic behaviour.

Regarding the magnetic entropy change associated to a magnetic field vari-

ation from 0 to 2T, all the samples showed a broad peak in correspondence

of the Tc, with a maximum value of ∆S of approximately −1.6JKg−1K−1

almost independent from the composition (fig. 4.12). This kind of measure-

ment is meaningful in the context of thermomagnetic energy harvesting since

the integral of the ∆S curve between two different temperatures represents

the magnetic work produced by a TM cycle operating between those two

temperatures.
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Figure 4.8: Estimated Curie transition temperature of the studied FeBZr amor-

phous alloys vs iron content percentage.

Figure 4.9: Magnetization vs magnetic field H of the studied FeBZr amorphous

alloy FexB 5
16

(100−x)Zr 11
16

(100−x) with x=85.
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Figure 4.10: Magnetization vs magnetic field H of the studied FeBZr amorphous

alloys.

Figure 4.11: Magnetization vs magnetic field H of the studied FeBZr amorphous

alloys, detail.
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Figure 4.12: Magnetic entropy change ∆S of the studied FeBZr amorphous alloys

corresponding to a magnetic field change from 0 to 2T.
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4.2.4 In operando evaluation for TMG

Figure 4.13 shows the mechanical power output as a function of the angular

speed for the tested rotors at three different values of T1, while maintain-

ing the cold side room temperature constant at 297 K. Generally, the power

output increases as the temperature of the warm heat source increases, but

rapidly saturates when T1 exceeds 318K; this result resembles the experi-

ments carried out on NiMnCuGa and in a similar way should be attributed

to the low Tc of the chosen composition for the active material.

Also for these samples, power output varies with the rotation speed, showing

an optimum speed of ω = 1.6rads−1 at which the maximum mechanical

power output of 4.6 · 10−5W is produced, corresponding to 0.18±0.02 W/Kg

of active material (fig. 4.13).

Figure 4.13: Mechanical power output of the TM motor prototype as a func-

tion of the shaft speed obtained by varying the temperature of the warm

source (T1) and the external resistive load exploiting two rotors of composition

FexB 5
16

(100−x)Zr 11
16

(100−x) with x=86.
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MnFePSi alloys
In collaboration with Delft University of Technology (NL)

A series of samples of the MnxFe2−xP1−ySiy family of compounds was pre-

pared by high energy ball milling to test the capabilities of these materials

for thermomagnetic energy harvesting applications.

This family of compounds has been widely studied for magnetic refrigeration

applications, showing a sharp ferromagnetic to paramagnetic transition at

the critical temperature. Changes in the Mn to Fe and P to Si ratios allow

the tuning of the Tc over a wide temperature range; for certain composi-

tions, however, a huge thermal hysteresis is observed, and also considerable

quantities of secondary crystalline phases can be present[21].

The compositional formula MnxFe2−xP0.4Si0.6 (x=1.32,1.27,1.23,1.18) was cho-

sen to obtain a series of four samples with increasing Tc in the range between

300K and 340K; the Si to P ratio was selected to achieve the lowest possible

thermal hysteresis for the required Tc range, but as a tradeoff about 15%

weight fraction of secondary phases is expected[21].

5.1 Experimental

The samples have been prepared by high energy ball milling of the raw ma-

terials in powder form, namely Mn (99.7%), Fe (99.8%), FeP (Fe 70 wt.%,

40
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P 25.7 wt.%), Si (99.6%), using 80ml steel jars (fig. 5.1) under argon at-

mosphere. A balls-to-sample mass ratio of 4:1 was used, introducing in the

jars one 4g steel milling ball for each gram of final product to be prepared.

The milling process was carried out for a total time of 10 hours at a speed

of 380rpm using a Fritch Pulverisette 5 mill.

Figure 5.1: Steel jar for high energy ball milling containing precursor powders and

milling balls before starting the milling process.

The powders collected after the milling process were compressed into pellets,

sealed in quartz ampoules under argon atmosphere and underwent an an-

nealing process for 24 hours at 1100°C. After the annealing, all the samples

were quenched into water.

The samples obtained from the annealing were then hand-ground to powders

using a steel mortar. Liquid nitrogen was used to make the samples more

brittle and help the grinding process.

All the samples have been characterized by x-ray powder diffraction experi-

ments using a PANalytical X’Pert Pro diffractometer and the diffraction pat-

terns were analyzed by Rietveld refinement using the FullProf suite[22][23]

to confirm the desired crystal structure has been obtained and assess the

fracion of secondary phases.

The samples’ magnetic properties have then been characterized using a Quan-
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tum Design MPMS-XL Squid magnetometer. Temperature swept magneti-

zation measurements in a field of 10mT were used to estimate the critical

temperature Tc and the thermal hysteresis of the produced materials. The

samples needed to be prepared by placing a small amount of powders on the

adhesive side of a piece of kapton tape to avoid rearrangement and reorien-

tation of the powder grains.

Multiple M(T) measurements were performed at increasing values of applied

magnetic field up to 2T in order to estimate the magnetic entropy change

∆S for a magnetic field change from 0 to 2T.

For this study, we prepared ring-shaped rotors for in-operando evaluation

for each of the four investigated compositions. The rotors have an external

diameter of 20 mm, an internal diameter of 18mm and a length of 1 mm.

Utilizing a composite with 85±2 wt% magnetic powder, the net mass of

active magnetic material in the rotors is approximately 0.21±0.01g.

The evaluation of the four material compositions in the TM motor was per-

formed recording mechanical power output, electric power output and rota-

tion speed while varying the resistive load and the temperature of the hot

water. As in previous experiments of the same type, the load sweep was

conducted in both increasing and decreasing load resistance to verify mea-

surement repeatability. Power versus speed curves were recorded for each

rotor by using as cold source the ambient air at a temperature of 298K under

natural convection. The rotor was submerged to a depth of 3 mm in the

water to obtain the same thermal gradient as in the previous experiments.

The overall efficiency of the device in the conversion from thermal to electric

power was estimated by taking the ratio between electric power output and

the electric power provided to the heater resistor that simulates the waste

heat source in the prototype.
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5.2 Results and discussion

5.2.1 X-Ray Diffraction characterization

The Rietveld analysis of the XRD patterns (fig. 5.2) allowed to estimate a

main hexagonal Fe2P-type P-62m phase content of approximately 82 wt.%,

in good agreement with data reported in literature[21]. Similarly to other

reported results[21], the recorded diffraction patterns contain extra peaks due

to the presence of a cubic Fe3Si-type structure (Fm-3m) and an hexagonal

Mn5Si3-type structure (P63/mcm) with a weight fraction of approximately

12% and 6% respectively.

Figure 5.2: X-ray powder diffraction patterns of the samples with composition

MnxFe2−xP0.4Si0.6 (x=1.32,1.27,1.23,1.18).
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Figure 5.3: Phase composition estimate obtained by Rietveld refinement of the

XRD patterns for samples MnxFe2−xP0.4Si0.6 (x=1.32,1.27,1.23,1.18).

5.2.2 Magnetometry and magnetic entropy change

Measurements of M(T) in 1T magnetic field (fig. 5.4) confirm a high low-

temperature saturation magnetization above 100Am2Kg−1 for the entire sam-

ple series and also a considerable dM/dT above 2Am2Kg−1T−1 at the critical

temperature. Low-field temperature-swept magnetization measurements in

a 10mT magnetic field (fig. 5.5) show a sharp magnetic phase transition

above room temperature and confirm that the tuning of the Tc by means of

changing the Mn and Fe content of the alloy was successfully achieved; in

all the samples, the observed thermal hysteresis resulted to be less than 2K.

At temperatures lower than 150K, traces of other magnetic phase transitions

are observable and can be attributed to the presence of secondary phases.

Regarding the magnetic entropy change associated to a magnetic field vari-

ation from 0 to 2T, all the samples showed a narrow peak in correspondence

of the Tc, with a maximum value of ∆S ranging from −4 to −5.5JKg−1K−1

(fig. 5.6).
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Figure 5.4: Magnetization in 1T applied magnetic field as a function of temperature

for the alloys with composition MnxFe2−xP0.4Si0.6 (x=1.32,1.27,1.23,1.18).

Figure 5.5: Low-field magnetization in 10mT applied magnetic field as a

function of temperature for the alloys with composition MnxFe2−xP0.4Si0.6

(x=1.32,1.27,1.23,1.18).
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Figure 5.6: Magnetic entropy change ∆S for the alloys with composition

MnxFe2−xP0.4Si0.6 (x=1.32,1.27,1.23,1.18) corresponding to a magnetic field

change from 0 to 2T.

5.2.3 In operando evaluation for TMG

Figure 5.7 compares, as an example, mechanical and electric power output

with respect to rotation speed for a rotor of composition Mn1.23Fe0.77P0.4Si0.6

at a temperature of the warm source (T1) of 323K, while maintaining the

cold side room temperature constant at 298 K under natural convection. The

mechanical to electric power conversion efficiency varies with angular speed,

but it is worth to observe that efficiency up to 70% can be achieved with

the designed prototype. As with other tested thermomagnetic materials,

mechanical power output initially increases with ω, then reaches a maxi-

mum and finally decreases at higher rotation speed, showing that an optimal

working regime exists for the device during operation. Figure 5.8 shows that

generally power output also initially increases with increasing warm source

temperature and then saturates.

Figure 5.9 compares the maximum obtained mechanical power output as a

function of T1 for the four MnFePSi compositions under investigation. For

all the samples, a sudden rise in power output is observed as the warm source

temperature T1 of the device is increased above the critical temperature Tc

of the material contained in the rotor; when further increasing the warm side
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temperature of the thermomagnetic motor, power output rapidly saturates

or even drops.

This result highlights that material performance heavily depends on the crit-

ical temperature of the material and the real temperatures of the thermo-

magnetic cycle, confirming the need to specifically tune the material Tc con-

sidering the working temperatures of the device for each different application

case.

For the MnFePSi material family, with the investigated compositions, the

best-performing configuration was found to be using a rotor containing active

material of composition Mn1.18Fe0.82P0.4Si0.6, with a Tc of 333K, setting the

warm side temperature of the device to 338K and with a room temperature of

300K on the cold side of the machine. Under these conditions, the maximum

measured power output, found at a speed of ω = 3rads−1, amounts to 2 ·
10−4W , corresponding to 1.0±0.1 W/Kg of employed active material. The

estimated overall thermal to electric energy conversion efficiency of the device

in the same conditions was of 3 · 10−5, which corresponds to 0.03% of the

Carnot efficiency for the same working temperatures.
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Figure 5.7: Comparison of mechanical and electric power output of the TM motor

prototype as a function of the shaft speed obtained by varying the external resistive

load exploiting rings of composition Mn1.23Fe0.77P0.4Si0.6 at a temperature of the

warm source (T1) of 323K.

Figure 5.8: Mechanical power output of the TM motor prototype as a function of

the shaft speed obtained by varying the temperature of the warm source (T1) and

the external resistive load exploiting rings of composition Mn1.23Fe0.77P0.4Si0.6.
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Figure 5.9: Maximum mechanical power output as a function of temperature T1

of the warm reservoir for a rings of 1 mm thickness containing MnxFe2−xP0.4Si0.6

(x=1.32,1.27,1.23,1.18). Solid lines serve as guide to the eyes.



Chapter 6

Mn5(Si,P)B2 alloys
In collaboration with Delft University of Technology (NL)

A series of four samples of the Mn5(Si1−x,Px)B2 family of compounds was

prepared by high energy ball milling and studied as a low cost candidate

material for low grade waste heat thermomagnetic energy harvesting appli-

cations. This family of compounds typically shows a second order ferromag-

netic to paramagnetic transition at a critical temperature Tc which can be

easily tuned in the range between 300K and 400K by modifying the P and

Si content of the alloy, which represents an optimal characteristic for the use

in waste heat harvesting applications[24].

The compositional formula Mn5(Si1−x,Px)B2 (x=0.99,0.93,0.87,0.83) was cho-

sen to obtain a series of four samples with increasing Tc in the range between

303K and 318K.

6.1 Experimental

The samples have been prepared by high energy ball milling of the raw ma-

terials, namely Mn (99.7%), MnP (Mn 63 wt.%, P 33.1 wt.%), Si (99.6%),

B (99.8%) using 80ml steel jars (fig. 6.1) under argon atmosphere.

Since all the raw materials consisted in powders, except for boron which was

available in form of solid pieces, a quantity close to the required amount of
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boron was first weighed; then the required quantities for the remaining raw

materials were re-calculated and weighed accordingly.

A balls-to-sample mass ratio of 4:1 was used, introducing in the jars one 4g

steel milling ball for each gram of final product to be prepared. The milling

process was carried out for a total time of 10 hours at a speed of 350rpm

using a Fritch Pulverisette 5 mill.

Figure 6.1: Steel jar for high energy ball milling containing precursor powders and

milling balls before starting the milling process.

For the two samples corresponding to x=0.93 and x=0.87 the milling pro-

cess did not completely grind the boron pieces, resulting in an incomplete

incorporation of the boron mass in the alloy; those compositions were then

re-prepared by pre-grinding the boron pieces by hand using an agate mortar

and the speed for the milling process was increased from 350 to 380rpm while

keeping the same total milling time.

The powders collected after the milling process were compressed into pellets,

sealed in quartz ampoules under argon atmosphere and underwent an an-

nealing process for 24 hours at 1130°C. After the annealing, all the samples

were quenched into water.

The samples obtained from the annealing were then hand-ground to powders

using a steel mortar. Liquid nitrogen was again used to make the samples

more brittle and help the grinding process.
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All the samples have been characterized by X-ray powder diffraction experi-

ments using a PANalytical X’Pert Pro diffractometer and the diffraction pat-

terns were analyzed by Rietveld refinement using the FullProf suite[22][23]

to confirm the desired crystal structure has been obtained and assess the

fracion of secondary phases.

The samples’ magnetic properties have then been characterized using a Quan-

tum Design MPMS-XL Squid magnetometer. Temperature swept magneti-

zation measurements in a field of 10mT were used to estimate the critical

temperature Tc and the thermal hysteresis of the produced materials. All

samples were prepared for SQUID magnetometry measurements by placing

a small amount of powders on the adhesive side of a piece of kapton tape to

avoid rearrangement and reorientation of the powder grains.

Multiple M(T) measurements were performed at increasing values of applied

magnetic field up to 2T in order to estimate the magnetic entropy change

∆S for a magnetic field change from 0 to 2T.

6.2 Results and discussion

6.2.1 X-Ray Diffraction characterization

The Rietveld analysis of the XRD patterns (fig. 6.2) allowed to estimate a

main tetragonal Cr5B3-type I4/mcm phase content of approximately 92 wt.%

for the purest sample, in good agreement with data reported in literature[24].

Similarly to previously reported results[24], the recorded diffraction patterns

contain additional peaks due to the presence of a hexagonal Mn2P-type sec-

ondary phase with P-62m space group. The remaining diffraction peaks are

explained considering a third orthorombic Mn5B-type structure (Pnma) sec-

ondary phase.

For the samples that were reprepared at higher milling speed, a higher main

phase fraction was observed, along with a significantly smaller fraction of the

MnB secondary phase, suggesting that increasing milling speed and reducing

the grain size of the starting raw materials can be beneficial for the phase
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purity of the product.

Figure 6.2: X-ray powder diffraction patterns of the samples with composition

Mn5(Si1−x,Px)B2 (x=0.99,0.93,0.87,0.83).

6.2.2 Magnetometry and magnetic entropy change

Measurements of M(T) in 1T magnetic field (fig. 6.4) confirm a high low-

temperature saturation magnetization above 85Am2Kg−1 that increases up

to 100Am2Kg−1 while decreasing the atomic P content of the alloy from

0.99 to 0.83. Low-field temperature-swept magnetization measurements in a

10mT magnetic field (fig. 6.5) show a single magnetic phase transition above

room temperature with no thermal hysteresis and confirm that the tuning of

the Tc by means of changing the Si and P content of the alloy was successfully

achieved.

Regarding the magnetic entropy change associated to a magnetic field vari-

ation from 0 to 2T, all the samples showed in correspondence of the Tc a

broad peak due to the second order nature of the magnetic phase transition,
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Figure 6.3: Phase composition estimate obtained by Rietveld refinement of the

XRD patterns for samples Mn5(Si1−x,Px)B2 (x=0.99,0.93,0.87,0.83).

Figure 6.4: Magnetization in 1T applied magnetic field as a function of temperature

for samples Mn5(Si1−x,Px)B2 (x=0.99,0.93,0.87,0.83).
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Figure 6.5: Low-field magnetization in 10mT applied magnetic field as a function

of temperature for samples Mn5(Si1−x,Px)B2 (x=0.99,0.93,0.87,0.83).

with a maximum value of ∆S ranging from −2.3 to −3JKg−1K−1 almost

independently from the composition (fig. 6.6). This characteristic makes this

compound family a promising candidate to be tested for use in thermomag-

netic harvesting applications in which the device needs to be able to operate

in a wide warm side temperatures range.
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Figure 6.6: Magnetic entropy change ∆S for samples Mn5(Si1−x,Px)B2

(x=0.99,0.93,0.87,0.83) corresponding to a magnetic field change from 0 to 2T.



Chapter 7

Conclusions and perspective

This work investigated the potential of four families of materials, Ni,Mn-

based Heusler alloys, FeBZr amorphous alloys, MnxFe2−xP0.4Si0.6 crystalline

alloys and Mn5(Si1−x,Px)B2 alloys for thermomagnetic harvesting of low-

grade waste heat in the temperature range of 300 – 340 K.

Their performance was directly measured in a novel thermomagnetic tester

designed for in-operando evaluation of TM materials under various condi-

tions. This small-scale prototype of thermomagnetic motor allows for testing

small sample masses (less than 0.3 g), typical of laboratory-scale material

science experiments, and serves as a crucial bridge between fundamental ma-

terial research and prototypes development. The tester can measure the me-

chanical output power of the TM motor as a function of the thermal sources

temperatures and of the rotational speed, which is varied by applying an

external electronic load, allowing to assess the behavior of the device in dif-

ferent dynamic conditions. The variation of thermal sources temperature

and rotation speed, which control heat exchanges, allows to experimentally

realize TM cycles with different thermal spans and evaluate the optimal ther-

momagnetic performance of each material.

This is important to test materials characterized by different magnetization

gradients with temperature and materials undergoing a first-order magnetic

transition characterized by hysteresis and irreversibility effects. In general, all
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promising thermomagnetic materials that can be reduced to a coarse powder

with maximum grain size smaller than 200 µm can be implemented and tested

in the prototype. This was made possible by a straightforward and repeatable

method specifically developed for producing small and dimensionally precise

ring-shaped rotors, which relies on epoxy-based composites and 3D-printed

soluble molds. The use of additive manufacturing for producing the molds

possibly allows to obtain complex rotor shapes and facilitates the evaluation

on different rotor designs.

The capability of the TM tester to continuously monitor the rotational speed

and torque of the rotor enables the indirect assessment of the homogeneity

of the prepared rotors and the verification of potential long-term deteriora-

tion effects. Moreover, the precise measurement of the mechanical and of

the electric power output achievable by connecting the TM motor to an elec-

tric generator underscored the potential of the realized TM energy converter

design.

To further enhance the performance of the TM motor it is necessary to inde-

pendently test and optimize its various components (geometry and material

of the active rotor, magnetic field source, heat exchange medium and spatial

distribution of the thermal gradient, mechanical-to-electric energy converter).

This objective can be accomplished thanks to the flexibility and modularity

of the presented prototype, which can also serve as a test-bench for TMG

designs.

In this work, a preliminary study on the geometries of the active elements was

performed when testing Heusler alloys as active materials. Three configura-

tions of the active element were examined, revealing that, with characteristics

length scales of 1 mm, the bottleneck restricting the output mechanical power

of the thermomagnetic motor is the heat exchange at the interface with the

heat transfer fluids and inside the composite thermomagnetic material. This

result highlights the need for further effort to design active elements with

an increased surface to volume ratio and improve heat conduction in TM

epoxy-based composites.
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A critical aspect to address in the future will be the accurate determination

of the temperatures reached by the material during the cycle. This mea-

surement is crucial for completing the in-operando characterization process

for thermomagnetic materials, allowing to obtain the effective temperatures

reached by the TM cycle during operation. Achieving this, along with mul-

tiphysics finite element simulations, will allow to optimize the geometry and

thermal properties of the thermomagnetic generator, enhancing the ther-

momagnetic performance of the material and of the harvester device itself.

Additionally, it would enable the accurate calculation of the heat absorbed

by the magnetic material within the thermomagnetic cycle and the efficiency

of the thermomagnetic energy conversion process. Also, each element of the

prototype (i.e.: the magnets assembly, the relative position of water level and

field gradient, the electric generator) needs to be independently character-

ized, optimized and tested in order to improve power generation performance

and efficiency of the device and increase the fraction of magnetic energy that

is converted in mechanical and electrical energy.

From the material science point of view, it is not possible to pinpoint a single

best-performing TM material for low-grade waste heat harvesting. All the

experiments presented in this work agree in pointing out that to improve the

performance of this kind of devices the active material must be chosen, and

its properties optimized, starting from the critical temperature Tc, according

to the real working conditions for a specific application.

Experiments performed on the selected Heusler alloys demonstrated the pos-

sibility to use these materials in TMG devices and first revealed the impor-

tance of the material critical temperature Tc in relation to the device working

temperatures; they also served as a test bench for the TM rotor fabrication

process using epoxy-based composites, which is crucial to overcome the lim-

itations caused by the poor mechanical properties of many TM materials.

The measurements carried out on FeBZr metallic glasses obtained by melt

spinning demonstrate for the first time that these materials constitute good

candidates for thermomagnetic energy conversion applications; their excel-
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lent elasticity allows to directly fabricate TM rotors from the as-spun ribbons,

thus greatly reducing the thermal properties degradation that is otherwise

introduced by the use of an epoxy matrix when working with composites.

For the studied class of iron-based metallic glasses, containing a considerable

amount of boron in the composition, additional investigation with techniques

complementary to SEM EDX is necessary to confirm the effective alloys com-

positions.

The results collected by in-operando evaluation of MnxFe2−xP0.4Si0.6 alloys

obtained by high energy ball milling prove that this class of materials con-

stitute an excellent low-cost, critical elements-free candidate for thermomag-

netic energy harvesting applications. Further work in this direction will in-

clude efforts to optimize the material composition and the annealing condi-

tions to minimize the presence of secondary crystalline phases in the alloy.

When operated with MnFePSi alloys, the electric power output of the pro-

totype significantly exceeded that achieved in other Curie wheels and static

TMGs, highlighting the potential of the developed device.

Finally, a preliminary evaluation of Mn5(Si1−x,Px)B2 alloys synthesized by

high energy ball milling shows that these compounds also represent a promis-

ing candidate for low grade waste heat harvesting, showing a critical tem-

perature Tc that can be easily tuned exactly in the temperature range of

interest. Also, the wide second order transition constitutes a favorable char-

acteristic to design devices able to operate in a wide range of warm and

cold-side temperatures. Future work on these compounds will involve a com-

plete in-operando characterization of the produced samples in the developed

TMG device already presented in this work.
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[29] Aslı Çakır, Lara Righi, Franca Albertini, Mehmet Acet, and Michael

Farle. Intermartensitic transitions and phase stability in ni50mn50-xsnx

heusler alloys. Acta Materialia, 99:140–149, 2015.

[30] Thorsten Krenke, Mehmet Acet, Eberhard F. Wassermann, Xavier
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