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LECTURE OVERVIEW

• Introduction to Sustainability
 Four dimensions: ecological, social, economic, and cultural

• Sustainability in Materials Science
 Focus on Critical Raw Materials (CRMs); Challenges in high-performance magnetic materials

• Case Studies in Magnetism
 Permanent magnets, Spintronic devices

• Strategies to Reduce Impact
 Novel materials with reduced or zero CRMs; Recycling; Sustainable synthesis approaches (printing)

• Emerging Tools and Approaches
 Combinatorial materials science; Artificial intelligence

• Life Cycle Assessment
 Evaluating circularity and sustainability
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WHAT IS SUSTAINABILITY?

LINK: https://courses.mooc.fi/org/uh-inar/courses/introduction-to-sustainability-2025
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Ecological Sustainability
Protection of the natural environment

Social Sustainability
Promotion of well-being and social equity

Economical Sustainability
Development of a prosperous and inclusive economy

Cultural Sustainability
 Valuing cultural diversity and heritage.

“Meeting the needs of the 
present without compromising 
the ability of future generations 
to meet their own needs”
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WHAT IS SUSTAINABILITY?
Ecological Dimension 

Climate change mitigation
Reducing greenhouse gas emissions

Biodiversity conservation
Protecting species and natural habitats

Sustainable resource management
Responsible use of water, energy, and soil

To ensure a healthy environment for future 
generations

LINK: https://courses.mooc.fi/org/uh-inar/courses/introduction-to-sustainability-2025
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WHAT IS SUSTAINABILITY?
Economic Dimension 

To promote a stable and prosperous economy 
in harmony with the other dimensions.

Promote inclusive growth
Development that benefits all segments of society

Encourage innovation
Adoption of sustainable technologies and practices

Manage risks
Addresses economic challenges in a resilient manner

LINK: https://courses.mooc.fi/org/uh-inar/courses/introduction-to-sustainability-2025
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WHAT IS SUSTAINABILITY?
Social Dimension 

Social justice
Equitable access to resources and opportunities

Health and well-being
Promoting physical and mental health

Community participation
Active involvement of citizens in decision-making

To ensure human well-being, equity, and strong
communities

LINK: https://courses.mooc.fi/org/uh-inar/courses/introduction-to-sustainability-2025



gaspare.varvaro@cnr.it
www.nm2lab.com 7Slide

WHAT IS SUSTAINABILITY?
Cultural Dimension 

Values cultural diversity
Promotes respect and intercultural understanding

Preserves heritage
Protects traditions and cultural expressions

Fosters inclusion
Ensures that all cultures have a voice in decision-making

To preserve cultural heritage, traditions, and
diversity

LINK: https://courses.mooc.fi/org/uh-inar/courses/introduction-to-sustainability-2025
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SUSTAINABILITY
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SUSTAINABILITY
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SUSTAINABILITY IN MATERIALS SCIENCE

Source: EU Commission - Critical Raw Materials for Strategic Technologies and Sectors in the EU A Foresight Study
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SUSTAINABILITY IN MATERIALS SCIENCE
Critical Raw Materials (CRMs) | Economic & Geopolitical Challenges

Source: EU Commission - Critical Raw Materials for Strategic Technologies and Sectors in the EU A Foresight Study
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SUSTAINABILITY IN MATERIALS SCIENCE
Critical Raw Materials (CRMs) | Economic & Geopolitical Challenges

Source: EU Commission - Critical Raw Materials for Strategic Technologies and Sectors in the EU A Foresight Study
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SUSTAINABILITY IN MATERIALS SCIENCE
Critical Raw Materials (CRMs) | Economic & Geopolitical Challenges

Extremely low number of extraction sites and the high geographical concentration outside Europe
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MODERN SLAVERY

LAND MODIFICATION 

WATER POLLUTION

WATER CONSUMPTION
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SUSTAINABILITY IN MATERIALS SCIENCE
Critical Raw Materials (CRMs) | Environmental & Social Challenges

E. Berthet et al., Global Environmental Change 86 (2024) 102841

Projections for 2040 Projections for 2040

15 milions of m3 70 milions of m3

2019 2040

2 kt-CO2eq 14 kt-CO2eq
2019 2040
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SUSTAINABILITY IN MATERIALS SCIENCE
Critical Raw Materials (CRMs) | Environmental & Social Challenges

E. Berthet et al., Global Environmental Change 86 (2024) 102841
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SUSTAINABILITY IN MATERIALS SCIENCE
CRMs in Magnetic Materials for Strategic (Green) Technologies

MATERIALS for SPIN-BASED ELECTRONICS

PERMANENT MAGNETS

RENEWABLE ENERGY
(Wind Turbines)

MOTORS e-MOBILITY

ROBOTICS DEFENSEDIGITAL
TECHNOLOGIES
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PERMANENT MAGNETS

T. Hasegawa, Electron. Commun. Japan 104 (2021) 1–8
J. M. D. Coey, Engineering 6 (2020) 119 

MARKET SHARE
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CHINA (93%)

EU (1%)
JAPAN (6%)

PERMANENT MAGNETS
Economic & Geopolitical Challenges
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PERMANENT MAGNETS
Economic & Geopolitical Challenges
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S.R. Golroudbary et al., Science of the Total Environment 832 (2022) 155022

PERMANENT MAGNETS
Environmental & Social Challenges
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S.R. Golroudbary et al., Science of the Total Environment 832 (2022) 155022

PERMANENT MAGNETS
Environmental & Social Challenges
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2023
18 BILLION $

2032
30 BILLION $

THE ECOLOGICAL TRANSITION AND

THE GLOBAL INCREASE IN LIVING
STANDARDS WILL CONTRIBUTE TO THE
INCREASE IN DEMAND FOR
PERMANENT MAGNETS AND RARE EARTH
ELEMENTS.

PERMANENT MAGNETS
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OPTIMIZATION OF EXISTING MATERIALS
J.M.D. Coey, Engineering. 6 (2020) 119
C. De Julián Fernández et al., J. Phys. D. Appl. Phys. 54 (2021) 153001
A. Kovacs et al,, Engineering. 6 (2020) 148
P. Maltoni et al. J. Phys. D. Appl. Phys. 54 (2021) 124004 (1–10).
J.M.D. Coey,, Scr. Mater. 67 (2012) 524–529.
H. Tahanian et al., IEEE Trans. Magn. 56 (2020) 900120 

RECYCLING/REUSE OF END-OF-LIFE MAGNETS
Z. Li et al., EPJ Appl. Phys. 86 (2019) 20901
A. Lixandru, et al., Waste Manag. 68 (2017) 482
J.R. Peeters et al. J. Clean. Prod. 175 (2018) 96
U. Rösel and D. Drummer, Magnetism 2 (2022) 251 

J. Cui et al., Acta Mater. 158 (2018) 118
D. Goll et al., J. Phys. Condens. Matter. 26 (2014) 064208

DEVELOPMENT OF NEW HARD MAGNETIC PHASES FREE OF REES 

PERMANENT MAGNETS
Mitigation Actions
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PERMANENT MAGNETS
Mitigation Actions | Optimization of Existing Materials

REDUCING RE CONTENT IN Nd–Fe–B MAGNETS WITHOUT 
AFFECTING PERFORMANCE

A. Microstructure Engineering
• Grain-Boundary Engineering
• Grain-Size Refinement and Texture Control

B. Exchange-Spring / Hard–Soft Nanocomposites
Combine a high-coercivity hard Nd-Fe₁-B magnetic phase with a 
high-saturation soft magnetic phase (e.g., Fe, FeCo)
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PERMANENT MAGNETS
Mitigation Actions | Optimization of Existing Materials

P. Maltoni, GV et al., Acta Materialia 282 (2025) 120491
P. Maltoni, GV et al., Small 20 (2024) 2304152

C. de Julián Fernández et al. J. Phys. D: Appl. Phys. 54 (2021) 153001

IMPROVING THE PERFORMANCE OF LOW-COST 
FERRITES (“GAP MAGNETS”)

A.Reducing Particle Size to the Nanoscale

B.Controlled Doping

C.Hard/Soft Composites

GAP
MAGNETS
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Mitigation Actions | Recycling/Reuse of End-of-Life (EoL) Magnets
PERMANENT MAGNETS

Linear Economy Recycling Economy Circular Economy

X
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Mitigation Actions | Recycling/Reuse of End-of-Life (EoL) Magnets
PERMANENT MAGNETS

Linear Economy Recycling Economy Circular Economy

X
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Mitigation Actions | Recycling/Reuse of End-of-Life (EoL) Magnets
PERMANENT MAGNETS

Z. Cherkezova-Zheleva et al., Metals 14 (2024) 658 

Resources needed for Recycling & Environmental Impact
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Mitigation Actions | Recycling/Reuse of End-of-Life (EoL) Magnets
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Mitigation Actions | Recycling/Reuse of End-of-Life (EoL) Magnets
PERMANENT MAGNETS

EoL
RE-Magnets

Demagnetizing Disassembling
Cleaning

Pulverization

Sintering
Alignment

NEW
Magnets
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Mitigation Actions | Recycling/Reuse of End-of-Life (EoL) Magnets
PERMANENT MAGNETS

EoL
RE-Magnets

Demagnetizing Disassembling
Cleaning

Pulverization

Sintering
Alignment

NEW
Magnets

Hydrogen Decrepitation (HD)
Hydrogen Disproportionation–Desorption–Recombination 
(HDDR)

Milling (Ball Milling o Jet Milling)
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Mitigation Actions | Recycling/Reuse of End-of-Life (EoL) Magnets
PERMANENT MAGNETS

Pulverization

Polymer
Composite

Bonded
Magnets
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Mitigation Actions | Recycling/Reuse of End-of-Life (EoL) Magnets
PERMANENT MAGNETS

Pulverization

Polymer
Composite

Bonded
Magnets

3D-Printed
Magnets

Filament
Extrusion

measuring system to control the diameter tolerances of the
filament.

An important aim of this work is to manufacture isotropic
NdFeB permanent magnets with high dimensional accuracy.
We use a commercially available fused deposition modeling
printer. This system creates the object layer by layer by a
meltable thermoplastic. The wire-shaped plastic is first heated
to just above its softening point. With the aid of an extruder,
and a movable, heated nozzle, the object is built up in layers
on the already solidified material on the building platform.8,9

We choose the Builder 3D printer from Code P. The max-
imum building size is 220! 210! 164 mm (L!W!H), the
layer height resolution is 0.05–0.3 mm. The nozzle diameter is
0.4 mm, and it is fed with filaments with a diameter of
1.75 mm. For the optimal printing results with the NdFeB
compound material, which is described above, the best empiri-
cally found printing and slicer parameters are listed in Table I.

To measure the stray field of the printed permanent mag-
net, the 3D printer is upgraded to a 3D magnetic flux density
measurement system. As sensing device, a 3D Hall sensor is
used. The microcontroller is programmed to read out the com-
ponents of ~B with a frequency of 0.5 kHz. The sensor has a
measurement range of 6130 mT, and a measured detectivity
of 40 lT/

ffiffiffiffiffiffi
Hz
p

for DC magnetic fields. The adjustment and
the alignment of the sensor is important for the accuracy of
the stray field measurement. The idea is to avoid an exact
positioning and alignment of the sensor, because this would
lead to a complex sensor mounting system. A calibration
method relying on detailed stray field simulations is proposed.
In our case, the sensor is attached to the extruder head with a
self printed suspension without any adjustment.

The calculated magnetic flux density ~B of a predefined
object (e.g., cylinder magnet) is used to calibrate the sensor.
The main idea of the calibration is to use an inhomogeneous
reference field which relates to the geometry of the calibration
sample and its stray field. The measurement system scans the
magnetic field in a defined volume outside the cylinder mag-
net. With the numerical solution ~Bs and the measured field
~Bm an optimization problem can be formulated, where the
squared error between the calculated and measured values is
minimized, in order to determine the calibration parameters.

A reference field of a cylinder magnet can be calculated
numerically by solving ~Bsð~rÞ ¼ %l0rU with the magnetic
potential Uð~rÞ.10 Where l0 and ~M are the vacuum perme-
ability and the magnetization, respectively. The magnetiza-
tion is chosen along the z-axis (~M ¼ M0~ez).

The experimental field ~Bexp can be calculated with the
measurement data ~Bmð~rÞ and the background field ~Bbackð~rÞ
to ~Bexp ¼ ~Bmð~rÞ % ~Bbackð~rÞ. ~Bbackð~rÞ is a baseline measure-
ment to reduce the systematic errors of the setup. The simu-
lated field ~Bsim in relation to the calibration parameters
~s; c; b; a; ~Dr is defined as

~Bsim ¼~sRZYXðc; b; aÞ~Bsð~r % ~DrÞ; (1)

where~s is the sensitivity of the Hall sensor, RZYX is the rota-
tion matrix with the Euler angles ðc; b; aÞ to compensate the
tilting of the sensor, and ~Dr is the sensor offset.

Solving the following minimization problem results in
the unknown parameters of the calibration:

min
~s ;c;b;a; ~Dr

k~Bexp % ~Bsimk2: (2)

Powell’s method is used for minimization.11

Fig. 2(a) indicates a significant difference between simu-
lation and measurement. After applying the calibration

FIG. 1. SEM micrograph of the NeoferV
R

25/60p filament, NdFeB spheres
inside the PA11 matrix.

TABLE I. Best empirically found printer and slicer parameter for NeoferV
R

25/60p.

Parameter Value

Extruder temp 255 &C

Layer height 0.1 mm

Printer speed 20 mm/s

Fill density 100%

Fill pattern Rectilinear

Bed adhesion Solvent free Pritt glue stick

Bed temp 40 &C
FIG. 2. (a) Line scan (y¼ 0, z¼ 16 mm) of ~Bexp above the cylinder magnet
(d¼ 15, l¼ 8 mm) without calibration, and the simulation ~Bsim at the same line.
(b) Measurement data in comparison with the simulation after calibration.

162401-2 Huber et al. Appl. Phys. Lett. 109, 162401 (2016)

procedure (b), the measurement fits very well with the simu-
lation after the calibration method. The 3D Hall sensor has a
X/Y to Z sensitivity deviation of approximately 20%.

With this method, the field ~B can be scanned in 1D, 2D, and
even 3D outside an object. The spatial resolution of the printer is
0.1 mm for the x and y-axis, and 0.05 mm for the z-axis.

The printing process is benchmarked with a complex
geometry that is known to minimize the components of the
magnetic stray field ~B in x and y direction in a wide range
along the x-axis rx. This is an important aspect for giant mag-
netoresistance (GMR) sensor applications.2 The printed mag-
net is magnetized along the z-axis inside a pulse coil with 4 T.
Finite element simulations using FEMME were performed to
find the best design for the magnet.12,13 The numerical simula-
tion solving the magnetostatic Maxwell equations, and using a
vector hysteresis model for a proper description of the perma-
nent magnetic material. A rectangular magnet with a pyramid
notch shows the best simulation results (Fig. 3(a)).

Fig. 3(c) shows a picture of the printed magnet with the
isotropic NeoferVR 25/60p material. The overall size of the

magnet is 7! 5! 5.5 mm (L!W!H) with a layer height of
0.1 mm, and features with a thickness of 0.8 mm. This indi-
cates the possibility to print miniaturized magnets with com-
plex structures. Fig. 3(a) displays an area scan of ~B, and Fig.
3(b) a line scan above the pyramid tip (T). Compared to the
FEMME simulation, it points out a good conformity between
the printed and the simulated magnet.

Magnetic properties of NeoferVR 25/60p polymeric
magnetic composite materials were measured by Pulsed
Field Magnetometry (PFM) (Hirst PFM11).14,15 All meas-
urements were carried out with the same parameters—
temperature of 297 K and a magnetic field up to 4 T peak
field. Cubes with an edge length a of 5 6 0.02 mm are pre-
pared. The hysteresis measurements are performed in x, y,
and in z magnetization direction to identify the magnetic
behaviors of the layer structure (see Fig. 4) of the printed
magnet. The average demagnetisation factor N for a cube is
1/3.16 Fig. 4 shows the hysteresis measurement of the injec-
tion molded and the 3D printed cube for each magnetization
direction. The injection molded sample shows an isotropic
behavior, like the 3D printed cube which indicates that
the layer structure of the printing process is irrelevant for
the magnetic properties. The measured remanence Br, the
intrinsic coercivity Hcj, and the volumetric mass density .
of the samples are listed in Table II. Br differ between the
datasheet and the measured value around 4%. The deviation
of the volumetric mass density . between the injection
molded and the printed cube is 22% and therefore in the
same range as the deviation of Br of 25%.

A method to manufacture polymer bonded isotropic
magnets with no special instruments or highly expensive
equipment necessary for this process is presented. A 3D
printer is used and upgraded to a full 3D field scanner. With

FIG. 3. (a) Geometry of the permanent magnet, and area scan of ~B with a
step size of 0.1 mm in the middle of the printed magnet. (b) Line scan
2.5 mm over pyramid tip (T) compared with FEMME simulation of the mag-
net with perfect shape. (c) Printed isotropic NdFeB magnet with NeoferV

R

25/
60p with optimized shape to suppress Bx and By along the x-axis rx.

FIG. 4. Hysteresis measurement of injection molded and 3D printed cube in
different magnetization directions.

TABLE II. Summary of the datasheet and the measured NeoferV
R

25/60p

material properties.

Procedure . (g/cm3) Br (mT) Hcj (kA/m)

Datasheet 4.35 400 630

3D print 3.57 310 740

Inj. mold 4.35 387 771

162401-3 Huber et al. Appl. Phys. Lett. 109, 162401 (2016)
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C. Huber et al., Appl. Phys. Lett. 109 (2016) 162401
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From Waste to Value-Added Smart Objects
PERMANENT MAGNETS

Y. Kim et al., Nature 558 (2018) 274H. Zhai et al., Composites Part B 298 (2025) 112387
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Mitigation Actions | Development of new hard magnetic phases FREE of REEs 
PERMANENT MAGNETS

J. Cui et al., Acta Mater. 158 (2018) 118
D. Goll et al., J. Phys. Condens. Matter. 26 (2014) 064208

PGMs
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Mitigation Actions | Development of new hard magnetic phases FREE of REEs 
PERMANENT MAGNETS

J. Cui et al., Acta Mater. 158 (2018) 118
D. Goll et al., J. Phys. Condens. Matter. 26 (2014) 064208

PGMs

t-MnAl ~0.11 MJ/m3

a-MnBi ~0.16 MJ/m3

a-MnBi@Fe ~0.32 MJ/m3

Fe-N ~0.36 MJ/m3

L10-FeNi ~0.45 MJ/m3
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L10 FeNi
Ms ~ 1.6 T; K ~ 106 J/m3

à (BH)max ~0.45MJ/m3 

J. Cui et al., Acta Mater. 158 (2018) 118
S. Mandal et al., Crit. Rev. Solid State Mater. Sci. 2022

c-axis

FCT

Mitigation Actions | Development of new hard magnetic phases FREE of REEs | L10-FeNi 
PERMANENT MAGNETS
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N. Bordeaux et al., Acta Mater. 103 (2016) 608
E. Poirier et al., J. Appl. Phys. 117 (2015) 17E318 

A1

L10

TO-D 
~ 320 °C 

c-axis

Mitigation Actions | Development of new hard magnetic phases FREE of REEs | L10-FeNi 
PERMANENT MAGNETS
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LOW ATOMIC MOBILITY BELOW
TO-D KINETICALLY
LIMITS THE FORMATION OF
THE L10 PHASE, WHICH IS
NATURALLY FOUND ONLY IN 
METEORITES THAT HAVE 
COOLED THROUGH 
BILLIONS OF YEARS
AT EXTREMELY LOW COOLING
RATES (1 K EVERY MILLION
YEARS).
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Mitigation Actions | Development of new hard magnetic phases FREE of REEs | L10-FeNi 
PERMANENT MAGNETS

Y. P. Ivanov et al.,, Adv. Sci. 10 (2023) 2204315
S. Mandal et al., Crit. Rev. Solid State Mater. Sci. 2022
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H2
0.01 L/min

Crystal Complex
L10-FeNi Alloy

Tp = 290 °C
t = 12 h 

NiFe(CN)5NO•xH2O

GV et al., Scripta Materialia 238 (2024) 115754
A. Capobianchi, GV et al., Patent Application Filed PCT/IB2023/062068 (2023)

Mitigation Actions | Development of new hard magnetic phases FREE of REEs | L10-FeNi 
PERMANENT MAGNETS
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GV et al., Scripta Materialia 238 (2024) 115754
A. Capobianchi, GV et al., Patent Application Filed PCT/IB2023/062068 (2023)

Mitigation Actions | Development of new hard magnetic phases FREE of REEs | L10-FeNi 
PERMANENT MAGNETS

200 nm

CARBON 
SHELL

20 nm

Ms ~140 Am2/Kg
(Ms,bulk = 154 Am2/Kg)

Hc ~ 56 mT 

A1
L10
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SUSTAINABILITY IN MATERIALS SCIENCE
CRMs in Magnetic Materials for Strategic (Green) Technologies

SPIN-BASED ELECTRONICS

PERMANENT MAGNETS

RENEWABLE ENERGY
(Wind Turbines)

MOTORS e-MOBILITY

ROBOTICS DEFENSEDIGITAL
TECHNOLOGIES
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MATERIALS FOR SPINTRONIC DEVICES
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MATERIALS FOR SPINTRONIC DEVICES

20 nm

SiOx
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SPIN-VALVE STRUCTURE

• Memory devices
• Logic devices
• Sensors

PGMs



gaspare.varvaro@cnr.it
www.nm2lab.com 50Slide

MATERIALS FOR SPINTRONIC DEVICES

20 nm

SiOx

Pd (Pt)
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SPIN-VALVE STRUCTURE

• Memory devices
• Logic devices
• Sensors

A. Palomino et al., Sust. Mat. and Tech. 28 (2021) e00270
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MATERIALS FOR SPINTRONIC DEVICES
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M. Hassan, GV et al., ACS Appl. Mater. Interfaces 14 (2022) 514969

Mitigation Actions | Development of systems with reduced CRMs content
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MATERIALS FOR SPINTRONIC DEVICES

M. Hassan, GV et al., ACS Appl. Mater. Interfaces 14 (2022) 514969

Mitigation Actions | Development of systems with reduced CRMs content
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MATERIALS FOR SPINTRONIC DEVICES

E. S. Oliveros Mata et al., Applied Physics A 127 (2021) 280

Mitigation Actions | Sustainable synthesis approaches 

S. Gomez-Gijon et al., Adv. SustainableSyst. 9 (2025) 2400486
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MATERIALS FOR SPINTRONIC DEVICES

R. Xu et al., ACS Nano 2025, 19, 21891−21903

Mitigation Actions | Sustainable synthesis approaches 
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LECTURE OVERVIEW

• Introduction to Sustainability
 Four dimensions: ecological, social, economic, and cultural

• Sustainability in Materials Science
 Focus on Critical Raw Materials (CRMs); Challenges in high-performance magnetic materials

• Case Studies in Magnetism
 Permanent magnets, Spintronic devices

• Strategies to Reduce Impact
 Novel materials with reduced or zero CRMs; Recycling; Sustainable synthesis approaches (printing)

• Emerging Tools and Approaches
 Combinatorial materials science; Artificial intelligence

• Life Cycle Assessment
 Evaluating circularity and sustainability



gaspare.varvaro@cnr.it
www.nm2lab.com 56Slide

EMERGING TOOLS AND APPROACHES
Combinatorial Materials Science

Combinatorial (High-throughput) search for new materials
…for accelerated materials discovery

M.L. Green et al., JAP 113 (2013) 231101

MATERIAL DEVELOPEMENT

PROCESSING, MASS 
PRODUCTION

CAREFUL SYNTHESIS AND ANALYSIS 
OF SELECTED COMPOUNDS Rapid mapping (screening) of 

compositional, structural and physical 
properties

Single-run synthesis of material “library” 
samples that contain variation of the 
materials’ parameter of interest (in our 
case the composition).

HIGH-THROUGHPUT 
SYNTHESIS/CHARACTERIZATION

HIGH-THROUGHPUT COMPUTATIONS 

MEANINGFUL DEFINITION OF SUITABLE ELEMENTS COMBINATIONS

To screen hundreds of possible 
compositions

C. Tan et al., Adv. Mater. Technol. 9 (2024) 2302038
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EMERGING TOOLS AND APPROACHES

Source: Bochum University (A. Ludwig’s Group)

Combinatorial Materials Science | High-throughput Deposition Techniques
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EMERGING TOOLS AND APPROACHES
Combinatorial Materials Science | High-throughput Characterization Techniques

V. Alexandrakis, GV et al., ACS Combinatorial Science 17 (2015) 698
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EMERGING TOOLS AND APPROACHES
Artificial Intelligence

AI-Driven
Materials 

Discovery Cycle

Experimental 
Validation

(also supported by AI)
Publication

Data Extraction
(AI, e.g., 

GPTAricleExtractor) 

Prediction of 
New Materials
(Machine Learning)

Materials Database 
(e.g., NEMAD)

I. Papadimitriou et al., Computational Materials Science, 235 (2024) 112793



gaspare.varvaro@cnr.it
www.nm2lab.com 60Slide

LIFE CYCLE ASSESSMENT (LCA)
Life Cycle Assessment (LCA) is a standardized method (governed by the ISO 14040 series) employing mathematical models, large databases, and 
specialized software to measure a product's environmental effects from its raw materials through disposal.

Thamires Martinho Prados et al., Clean Technologies and Environmental Policy 27 (2025) 471

1. Goal and Scope Definition
• Define why the assessment is being done 

and what it will cover.
• Specify system boundaries, functional unit, 

and assumptions.

2. Life Cycle Inventory (LCI)
Collect data on energy, materials, water, 
emissions, and waste for each stage.

3. Life Cycle Impact Assessment (LCIA)
Analyze the potential environmental impacts 
(e.g., global warming, toxicity, resource 
depletion).

4. Interpretation
• Evaluate results, identify hotspots, and 

suggest improvements.
• Ensure conclusions are consistent with the 

goal.
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LIFE CYCLE ASSESSMENT (LCA)
Life Cycle Assessment (LCA) is a standardized method (governed by the ISO 14040 series) employing mathematical models, large databases, and 
specialized software to measure a product's environmental effects from its raw materials through disposal.

Thamires Martinho Prados et al., Clean Technologies and Environmental Policy 27 (2025) 471

1. Goal and Scope Definition
• Goal: Reduce environmental impact of neodymium magnets used in electric motors.
• Functional unit: 1 kg of permanent magnet.
• System boundary: From raw material mining to end-of-life recycling.

2. Life Cycle Inventory
Collect the input data (energy, materials, water, emissions, and waste) for each processing 
step)

• Raw Material Extraction: Mining of neodymium, iron, boron.
• Processing: Alloy production, magnet shaping, sintering.
• Use Phase: Installed in motors (low maintenance).
• End-of-Life: Recycling or disposal of magnets.

3. Life Cycle Impact Assessment
Analyze the potential environmental impacts (e.g., global warming, toxicity, resource 
depletion)

• Energy use: High during extraction and sintering.
• Emissions: Mining and refining can release CO₂ and heavy metals.
• Resource depletion: Rare earth elements are limited.

Step 4: Interpretation
• Hotspots: Neodymium mining and processing.
• Improvement: Recycling rare earth elements and optimizing energy use in production.

CASE STUDY: PERMANENT MAGNET
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MAGNET Conference

04 – 06.02.26, Lecce, Italy

Chairs:
G. Maruccio (Un. Salento)
A. Monteduro (Un. Salento)
S. Rizzato (Un. Salento)

Abstract Submission Deadline: 24.11.25 
www.magnet.aimagn.org

Roberta Ciprian Prize 

Nomination Deadline: 01.12.25 
www.aimagn.org/

The prize is awarded in recognition of outstanding 
contributions to fundamental and applied 
magnetism by young researchers.


