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Abstract 

The increasing demand for high-performance permanent magnets towards 

sustainable technologies is dominated by materials containing critical Rare 

Earth Elements (REEs). The latter suffer from significant supply-chain risks 

and create a large performance and cost gap above the valuable counterpart of 

hexaferrites. This thesis addresses this issue by investigating a multi-fold 

approach to enhance the magnetic properties of strontium hexaferrite,  

SrFe12O19 (SrM) nanomaterials, aiming to develop a sustainable "gap" magnet. 

This research integrates several strategies: optimizing green, cost-effective, 

and scalable synthesis for phase-pure SrM nanoparticles below 100 nm; 

tailoring the intrinsic properties via chemical modification of SrM structure 

with other non-REE elements (doping); consolidating powders into dense, 

anisotropic magnets using novel low-temperature compaction systems (Multi-

Anvil, Piston Cylinder, Spark Plasma Sintering). The potential of hard-soft 

SrM/Fe0 nanocomposites is also explored.  

Key results include the synthesis of single-phase SrM nanoparticles with 

appropriate size and enhanced magnetic properties by modified solid-state and 

sol-gel methods. Efficient tuning of the magnetic and physical properties by 

aluminium and manganese doping allowed to reach coercivities up to 0.7 T and 

particle size down to 40 nm. Furthermore, advanced low-temperature 

compaction techniques were successfully employed to manufacture highly 

dense, aligned magnets, notably achieving up to 92% relative density with 

Multi-Anvil press and 97% relative density via Spark Plasma Sintering. 

Finally, an industrial-scale validation confirmed the viability of recycled 

hexaferrites in a circular economy, showing that bonded magnets fabricated 

from manufacturing waste exhibited competitive magnetic performance 
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comparable to commercial grades. This thesis aims to present a comprehensive 

framework for creating cost-effective, improved REE-free magnets that can 

bridge the critical performance gap and reduce reliance on strategic materials.  
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Outline 

The over-reliance on critical raw materials, particularly Rare Earth Elements 

(REEs), for high-performance permanent magnets poses significant 

environmental, economic, and geopolitical risks. Concurrently, a performance 

and cost gap exists between low-cost, low-performance ferrite magnets and 

high-cost, high-performance REE-based magnets. This doctoral thesis 

investigates strategies to enhance the magnetic and functional properties of 

nanosized strontium hexaferrite, SrFe12O19 (SrM), with the goal of developing 

a cost-effective, rare-earth-free "gap" permanent magnet, thus reducing 

reliance on critical REEs in specific applications.  

SrM is a widely utilized magnetic material for numerous applications, owing 

to several advantages including high chemical stability, resistance to 

demagnetization, low cost, and natural abundance of its constituents. However, 

the lower magnetic strength and energy density compared to rare-earth 

magnets limit its use in high-performance or space-constrained applications. 

Specifically, the approaches adopted in this study to further improve ferrite 

properties rely on different principles. First, the improvement of hexaferrite’s 

magnetic properties was explored by reducing its size to the nanoscale. 

Nanomaterials exhibit indeed unique properties which strongly differ from 

their bulk counterparts, arising from their finely controlled size, shape, 

composition and surface. The dimensions and shape of individual 

nanoparticles can significantly influence fundamental magnetic characteristics 

such as demagnetization resistance and magnetic anisotropy. The adopted 

synthetic strategies involved optimizing sustainable, scalable, and efficient 

procedures to produce SrM nanoparticles, eligible for industrial employment. 

Second, the magnetic properties can be potentially enhanced through the 
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substitution of its constituent ions with other non-REE elements. The 

synthesized powders were then employed in novel compaction techniques to 

increase the density and grain alignment while preserving the nanostructure, 

thus building a functional permanent magnet. Hexaferrites naturally tend to 

form a regular hexagonal thin platelet shape, with the easy magnetization c-

axis perpendicular to the platelet plane. The mechanical shape-induced 

alignment leads to significant improvements in bulk magnetic properties, 

enhancing remanence and providing superior magnetic properties in the 

direction of the easy axis alignment. On the other hand, nanoparticles 

alignment can be realized applying a strong enough magnetic field as well.  

Finally, the addition of a second nanomaterial with soft magnetic properties 

(namely, zero-valent iron nanowires) to realize hexaferrite-based 

nanocomposites was evaluated to leverage a beneficial magnetic interaction 

occurring at the interface of the two phases, through exchange or dipolar 

coupling.  

The presented work will delve into how different synthesis methods, sintering 

processes, doping, particle size and morphology can exert various effects on 

microstructure and magnetic characteristics at the nanoscale. The objective is 

to provide a comprehensive overview of these strategies, offering relevant 

insights for the development of improved SrM permanent magnets. 

The thesis is structured as follows: 

❖ Chapter 1 begins by introducing the central role of permanent magnets 

in modern technology, the dominance of rare-earth-based materials, 

and their associated challenges. It follows an analysis of current 

mitigation strategies, the research aims and specific objectives of this 

doctoral project; the chapter ends by describing the properties of SrM 
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which will be used as a main building block for the realization of 

promising nanocomposite for this purpose. 

❖ Chapter 2 will present the synthesis of nanosized SrM through low-

temperature solid-state reaction, the investigation on various synthesis 

parameters and its structural and magnetic characterization. A further 

modification on the synthesis route will also be introduced.  

❖ Chapter 3 will show the obtainment of SrM nanoparticles by a 

modified sol-gel synthesis in NaCl matrix; the structural and magnetic 

investigation, and the evaluation of the influence of some synthesis 

parameters are discussed. 

❖ Chapter 4 will investigate the doping of SrM nanoparticles with 

selected cations (Al3+ and Mn3+) by adopting the modified sol-gel 

synthesis, and the related effects on morphology and magnetic 

characteristics.  

❖ Chapter 5 will display the densification process of nanosized SrM 

powders produced by various syntheses. The employment of different 

compaction techniques, namely Multi-anvil, Piston Cylinder press and 

Spark Plasma Sintering, and their efficacy to get dense and aligned 

samples will be presented. 

❖ Chapter 6 will show the synthesis of Fe0 nanowires obtained by wet 

chemical approach through reduction of metal salts with sodium 

borohydride, and the effect of some strategies to reduce oxidation on 

their morphological and magnetic features; the nanocomposite with 

synthesized and commercial SrM to evaluate the exchange-coupling 

effect will also be discussed. 

❖ Chapter 7 will present the experience abroad in Kolektor KFH 

industry (Slovenia), with the explanation of the processing 

methodologies to obtain test samples for large-scale production. In the 
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context of the European INSPIRES project, the recycling strategies for 

permanent magnets will be discussed.  

❖ Chapter 8 will summarize the main findings of this research and draw 

overall conclusions, providing perspectives and recommendations for 

future research.  

❖ Appendix details the experimental synthetic procedures employed to 

obtain the nanomaterials. 
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Chapter 1 | Introduction 

1.1 Permanent magnets in modern technology 

Magnetic materials are typically classified according to their chemical 

composition or magnetic characteristics. One criterion is on the stability of the 

magnetic field they generate when subjected to external influences. This 

stability is often referred to as the material's "hardness" 1. Understanding the 

differences in magnetic hardness aids in selecting the appropriate type of 

magnetic material for a specific application, ensuring optimal performance and 

efficiency 2. Soft magnetic materials have low magnetic hardness and can 

readily lose their magnetization when exposed to external fields. However, 

these materials can be easily magnetized due to their high permeability, and 

they are ideal in applications where rapid, reversable magnetization is 

beneficial, such as in transformers and inductors 3,4. In contrast, hard magnetic 

materials possess a strong resistance to demagnetization, even when exposed 

to opposing magnetic fields 5. This feature is essential for applications as 

electric motors and generators.  

Permanent magnets (PMs) are fundamental to modern life, serving as vital 

components in a wide range of electromechanical and electronic devices. Their 

primary role in these applications is to create and sustain a magnetic field in a 

specific area, typically referred to as the "air gap" within a magnetic circuit 5–

7. The defining characteristic of PMs, which underscores their importance in 

various technologies, is the ability to retain their magnetization over time, 

generating a stable and persistent magnetic field without relying on any 

external power source or an induced magnetic field. This inherent quality arises 

from the anisotropy of their constituent hard magnetic materials 8,9. Unlike 
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electromagnets, which depend on electrical energy to produce a magnetic field, 

PMs offer significant advantages, including a superior ratio of magnetic flux 

generated to the physical volume of the magnet itself 10. This efficiency not 

only enhances their functionality but also contributes to the compactness and 

reliability of the devices that utilize them, making PMs an irreplaceable 

component in countless applications across different industries 11,12. 

PMs possess the unique ability to store and convert electrical energy into 

mechanical energy and vice versa 5. As such, they play a crucial role in various 

modern technologies focused on energy harvesting, generation, and conversion 

13. This attribute has positioned them at the forefront of advanced engineering 

applications, including electric motors, wind turbines, magnetic levitation 

transportation, data storage solutions, and biomedical devices 14–18. The 

distinctive capability of PMs to interconvert motion and electricity forms the 

foundation for the operation of generators and motors used across a wide array 

of machinery 19. Due to their physical properties, the shift towards green 

technologies, essential for a climate-resilient and sustainable future, relies 

heavily on PMs. Their ability to store, deliver, and convert energy makes PMs 

pivotal components in the technology used to harness renewable energy 

sources. As a result, they are prevalent in low-carbon energy applications such 

as wind turbines, wave park generators, and flywheels, as well as in future 

mobility solutions that do not rely on fossil fuels, including hybrid and electric 

vehicles (EVs) 20–22. 

The first PM known to man was lodestone, based on the mineral magnetite 

Fe3O4. The natural magic of this material has intrigued people since ancient 

civilizations, and by manufacturing this material a precursor of the modern 

compass in navigation was created 23. The growing use and significance of 

PMs can be primarily attributed to the notable advancements in their magnetic 
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properties. Nowadays, PMs are categorized into four primary types, each with 

unique properties that influence their suitability for various applications: 

Alnico, ferrite, samarium-cobalt (SmCo), and neodymium-iron-boron 

(NdFeB).  

Alnico magnets (a composite of iron, aluminum, nickel, and cobalt) excel in 

high-temperature environments, withstanding temperatures up to 400°C 

without demagnetization, making them ideal for applications where heat 

dissipation is crucial 24. Ferrite magnets, made from a composite of iron oxide 

and other metallic elements, are particularly popular due to their cost-

effectiveness. They offer moderate magnetic strength, but their advantageous 

cost makes them suitable for various consumer products such as refrigerator 

magnets, loudspeakers, toys, and several other electronic devices. They are 

particularly useful in applications where a small volume is not strictly 

necessary, and their resistance to corrosion and high temperatures (up to about 

250°C) also contributes to their widespread use in industrial applications, such 

as electric motors and magnetic assemblies 25,26. SmCo magnets are known for 

their remarkable magnetic strength and durability, as they can maintain their 

magnetic properties even in extreme conditions, which makes them ideal for 

high-performance applications such as aerospace components, precision 

instruments, and high-end electric motors where reliability and performance 

are crucial 27. NdFeB magnets, often called “Neo” magnets, are the most 

powerful type of PM available today. These magnets can produce 

extraordinarily strong magnetic fields, making them ideal for applications that 

require compact size with high strength, such as in modern electronics, medical 

imaging devices (like MRI machines), and advanced automotive technologies. 

However, NdFeB magnets have a sensibly lower resistance to corrosion and 

heat. They typically operate at temperatures under 100°C without significant 

loss of magnetic performance, which necessitates careful thermal management 
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in certain applications 28,29. In the development of high-performance PMs, 

together with a desirable strong magnetic flux, maintaining good thermal or 

mechanical steadiness is also a must-have feature. It primarily enhances 

operational reliability and effectiveness across an extended range of industrial 

and commercial uses, ensuring optimal performance even under varying 

environmental conditions 30. 

1.2 The core of PMs: the maximum energy 

product 

The relevant figure of merit expressing the quality of a PM is its maximum 

energy product, or (BH)max. This number describes the ability of a PM to 

withstand the influence of a counteracting magnetic field. Moreover, it 

measures the useful magnetic flux that can be produced by the magnet within 

a given volume. In other words, the (BH)max value (in kJ/m3 or MGOe) 

provides an estimation of the magnetic energy density that can be stored in the 

magnet per volume unit and, therefore, the work that the magnet itself can do. 

This figure of merit is most frequently used to rate and compare the various 

families and grades of magnets, thus, PMs with large (BH)max values are highly 

sought after for all the previously mentioned technical applications 5. 

Before proceeding with the discussion of the structural features that determine 

the hard magnetic properties, we must define the parameters that are generally 

used to specify the magnetic properties of PMs. Understanding these 

parameters is important for characterizing how a magnetic material responds 

to an applied magnetic field (H). When magnetic material is placed in an 

external field H, a magnetic flux density (B) is created, which is due to the 

polarization of the magnetic domains (small regions where the magnetic 

moments share a common direction). This polarization creates magnetization 
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(M), which is related to B through the equation in SI units 𝐵 = 𝜇0(𝐻 + 𝑀), 

where μ0 is the vacuum permeability (μ0 = 4π·10-7 H/m), while in CGS units 

the relationship is 𝐵 = 𝐻 + 4𝜋𝑀.  

To understand the (BH)max, it is essential to describe the hysteresis loop, which 

defines the behaviour of a ferromagnetic or ferrimagnetic material in response 

to an applied magnetic field 1,31. The hysteresis loop illustrates the irreversible 

and nonlinear relationship between B or M of a material as a function of H. 

Starting with an unmagnetized sample (H=0, M=0 or B=0), as H is increased, 

M or B in the material increases along the initial magnetization (or virgin) 

curve. When H is increased sufficiently, the material reaches a state of 

saturation magnetization (MS) or saturation induction (BS), where virtually all 

the magnetic domains are aligned with the applied field, and further increases 

in H produce a negligible increase in M or B. The minimum field necessary to 

achieve saturation is called the saturation field (HSAT). 

Once the external magnetic field H is suppressed, a residual magnetization 

(MR) or remanent induction (BR) remains in the material, the so-called 

remanent magnetization or remanence. This ability to retain magnetization 

after the field removal is a crucial property of PMs. While the residual 

magnetization in hard magnetic materials is significant, on the other hand, MR 

of soft magnetic materials is almost zero. The ratio of remanent to saturation 

magnetization (MR/MS) is sometimes denoted as the hysteresis loop squareness 

ratio in specific contexts or literature, reflecting the efficiency of the material 

in retaining magnetic properties 32. For an efficient PM material, MR is usually 

0.8-1.0 times MS, resulting in a ratio closer to 1, which indicates the material 

keeps most of its magnetization. To reduce the remanence to zero, it is 

necessary to apply a field in the opposite direction. The magnitude of this 

reverse field required to accomplish that is called the coercive force (HC) or 
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coercivity. Specifically, HCi (intrinsic coercive field) is the reverse field needed 

to reduce the magnetization (M) to zero, while HCb (normal coercivity) is the 

one reducing the magnetic flux density (B) to zero. These coercivities quantify 

the resistance of the material to demagnetization. For hard magnetic materials, 

HCi is often a more critical parameter as it directly reflects the resistance at a 

fundamental level. A high coercive force is essential for a PM to maintain its 

magnetic flux against external influences, as it defines the necessary field to 

fully demagnetize the material 31. As the negative field is further increased, the 

material becomes saturated in the opposite direction. If the applied field is then 

cycled back to the positive direction and increased again to the original 

saturation, the magnetization follows a symmetrical path, forming a closed 

loop – namely the hysteresis loop. This graphical representation is not a unique 

function of H but depends on the direction and magnitude of previously applied 

fields. 

Regarding PMs, the second quadrant of the hysteresis loop is of particular 

interest. This quadrant, also known as the demagnetization curve, shows the 

relationship between the magnetic flux density (B) and the opposing magnetic 

field (H) within the magnet when it is operating in a demagnetizing condition, 

as is typical in most applications where the magnet produces an external field. 

The maximum energy product (BH)max is the largest value of the BH product 

that can be obtained from the demagnetization curve. It corresponds to the 

point on the B-H curve in the second quadrant where the rectangular area under 

the curve is maximized. This maximum area represents the optimum working 

point of the PM for many applications. 
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The (BH)max is crucial for rating the performance of PM materials. A higher 

(BH)max value indicates that a smaller volume of magnetic material is required 

to produce a given magnetic field in a magnetic circuit. It is also proportional 

to the maximum energy that can be stored in a given volume of the magnet. 

Achieving a high (BH)max is a primary goal in the development of new and 

improved materials for PMs. Ideally, a PM material with a “square” hysteresis 

loop, characterized by high remanence and coercivity, will exhibit a larger 

(BH)max. As this value represents the peak energy storage capability per unit 

volume, the development of PMs with higher (BH)max has been a historical 

trend, driven by the progressive discovery of new materials and improvements 

in processing techniques33. 

Figure 1-1 Graphical representation of magnetic hysteresis loop in a B-H plot. 
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1.3 High-performance PMs based on Rare 

Earths  

Noteworthy progress has been made in the fabrication of high-powered PMs 

during the last century, thanks to the discoveries of SmCo and NdFeB alloys. 

Rare Earth Elements (REEs) are comprised of the lanthanide elements plus 

scandium and yttrium, and they are generally classified into light REEs 

(LREEs) such as lanthanum, cerium, praseodymium, neodymium, samarium, 

europium, and the heavy REEs (HREEs) gadolinium, terbium, dysprosium, 

holmium, erbium, thulium, ytterbium, lutetium, scandium and yttrium. 

REEs emerged as significant materials for PMs in 1967, with the discovery of 

magnets based on SmCo 34,35 at Philips Research Laboratories, and again in 

early 1982 with the even stronger NdFeB 36–38 at General Motors Research 

Laboratories and Sumitomo Special Metals Corporation. Today, a large 

fraction of the market depends on these kinds of PM due to their exceptional 

magnetic properties. These magnets are characterized by leading values of 

(BH)max and remarkable resistance to demagnetization, making them 

indispensable in all scenarios where peak performances are mandatory.  
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Figure 1-2 Overview of the development of hard magnetic materials in the 20th century and 

relative (BH)max. Modified from ref. 33. 

SmCo magnets, based on two main distinct phases, SmCo5 and Sm2Co17, are 

still important due to their excellent thermal stability and corrosion resistance. 

These magnets can be used at temperatures up to 500 °C with a relevant 

(BH)max of about 239 kJ/m3 (30 MGOe) 39. SmCo formulations offer a lower 

(BH)max at room temperature compared to NdFeB, however, their (BH)max falls 

less dramatically with increasing temperature, so they are the preferred choice 

when operating temperatures are particularly elevated.  

Currently, the NdFeB-type PMs dominate in terms of performance. They have 

attained increased (BH)max over 25 years after the discovery due to the 

excellent magnetic properties of its main phase, Nd2Fe14B, and the remarkable 

progress in the production process 40. Commercial grades of strong magnets 

owing (BH)max over 400 kJ/m3 (like N52 or N55, where the number refers to 

the corresponding BHmax value in MGOe) are well-established 33,41,  while the 
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current record value, 60 MGOe (474 kJ/m3) 42 is close to the (BH)max 

theoretical limit of 512 kJ/m3 for this kind of magnets. Higher (BH)max, in 

conjunction with the cost advantage over SmCo, enabled the progressive 

growth of NdFeB in the spectrum of applications. These magnets usually 

contain four different REEs: neodymium (Nd), praseodymium (Pr), terbium 

(Tb), and dysprosium (Dy). The exact composition of REEs within a NdFeB-

PM can vary, with different proportions leading to different magnetic 

properties. Although the Nd2Fe14B phase provides the largest (BH)max, its main 

disadvantage is that it suffers from significant declines in magnetic strength as 

temperature increases. However, the material’s thermal stability can be 

improved by inserting other REEs such as Tb or Dy, but this also leads to a 

detriment of magnetic strength and a rise in cost, as HREEs are less abundant 

and thus more expensive. 

Throughout the years, PMs based on REEs have become an essential 

component of countless high-tech products. The outstanding performances 

shown by these PMs, particularly NdFeB, have allowed the miniaturization of 

several devices, such as laptop computers and other consumer electronics. The 

reason relies on the fact that stronger magnets with larger (BH)max can furnish 

the same energy density in a much smaller volume than weaker magnets, as 

illustrated in Figure 1-2. 

1.4 The “Rare Earth Challenge”: supply, 

sustainability, and geopolitics 

1.4.1 Escalating demand and market analysis 

Studies from the International Energy Agency (IEA) in 2024 highlighted that 

global demand for magnet REEs (Nd, Pr, Dy, Tb) experienced a significant 
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jump (Figure 1-3) in recent years. It nearly doubled between 2015 and 2023, 

reaching ninety-three kilotonnes (kt). This increase is strongly correlated with 

the expanding embrace of clean energy technologies. Specifically, the 

proportion of magnet REE demand (share) deriving from clean energy 

applications rose from 8% to approximately 18% within the same timeframe, 

mainly driven by increased EV sales and wind turbine installations in order to 

support the efforts for climate change mitigation. 

On the other hand, projections under the Announced Policies Scenario (APS) 

indicate a continued upward trend in total magnet REE demand, reaching 131 

kt by 2030 and increasing to 181 kt by 2050. Within this overall growth, the 

demand for EV motors is expected to show the largest relative increase, 

escalating from 7% in 2023 to almost 30% by 2050. The Net Zero Emissions 

Scenario (NZE) assumes a more accelerated implementation of EV and wind 

turbine infrastructure between the present day and 2030 compared to the APS. 

Consequently, the NZE scenario projects total magnet REE demand in 2030 to 

be fifteen kilotonnes higher than the APS forecast for the same year. Stated 

Policies Scenario (STEPS) reflects the current policy environment without 

assuming additional measures or targets beyond the ones officially announced 

and legislated predicting a lower demand and growth compared to APS and 

NZE.  
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Figure 1-3 Outlook for global magnet-REE (Nd, Pr, Dy, Tb) demand by sector and scenario: 

stated policies scenario (STEPS), announced policies scenario (APS), net zero emission 

scenario (NZE). From 43 

The rising share of clean energy technologies in the total demand for REE-

magnets indicates a shift towards more sustainable and environmentally 

friendly energy solutions, while the faster growth in the NZE scenario 

underscores the need for accelerated adoption of clean energy technologies to 

meet climate goals. 

1.4.2 REEs - Environmental after-effects  

As a result of the escalated demand for these elements, REEs became of 

concern to numerous industries, avidly looking around for them. Contrary to 

what the name suggests, REEs are relatively abundant in the Earth’s crust. 

Nevertheless, their extraction processes pose significant environmental and 

economic challenges 44–48. They gained the label “rare” because of the 

unusualness of finding them in a pure form, even though fairly plentiful in the 

entire Earth’s crust. Their extraction is performed through several complex 

operations due to low concentrations in ores, which processing in copious 

amounts leads to increased energy consumption and CO2 emissions, and the 

necessity of separation from other materials they are intimately mixed with. As 
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a result, REEs are often more resource-demanding and costlier to extract than 

standard ores like iron or coal 49. The natural occurrence of radioactive 

elements such as thorium and uranium in rare earth-bearing minerals can lead 

to occupational and environmental radiation exposures during mining and 

processing, with a huge production of hazardous waste, the disposal of which 

must be rigorously managed. As IEA reports, very few countries outside China 

have the infrastructure and willingness to build solutions for managing these 

radioactive by-products. At the same time, only 17% of working REE miners 

align with the Global Industry Standard on Tailings Management. 

Conventional solvent leaching for separation of REEs contributes noticeably 

to environmental impacts, with considerable amounts of strong bases and acids 

employed, such as sodium hydroxide and sulfuric, oxalic, or hydrochloric acid 

50. Mining is the most detrimental activity, destroying the ecological 

environment and causing severe pollution. The overall procedure involves 

mechanical or chemical soil removal and erosion, leading to infertile lands; the 

release of dust and toxic gases inevitably pollutes the circumstantial air; the 

solvents used for extraction can leak and contaminate groundwater or 

sometimes entire waterways. Consequently, the destruction of habitats 

inevitably affects the surrounding local biodiversity and wildlife. This is the 

motivation of the blaming attribution of “not so green” technological 

transition.  

1.4.3 REEs - Supply chain vulnerabilities and 

geopolitical concerns. 

As previously stated, despite their name, REEs are not particularly scarce in 

the Earth's crust, but their economic viability for extraction is a critical 

limitation. Although these elements are reasonably abundant, REEs are 

typically found in dispersed, low-grade ores, rendering many potential sources 



18 

 

economically unprofitable for their mining and extraction 51 52. Moreover, 

REEs illustrate a clear example of a lack of geographical variety among the 

essential minerals for the energy transition. This geological and economic 

reality creates a fragile and unstable global supply chain, extremely vulnerable 

to geopolitical tensions and shifts in market demand. Therefore, even minor 

disruptions can have significant repercussions, affecting price volatility and the 

availability of these critical raw materials.  

 

Figure 1-4 Magnet-REE (Nd, Pr, Dy, Tb) production from operating and announced projects. 

From 43 

A major strategic vulnerability arises from the heavy geographical 

concentration within the borders of China, which historically holds a dominant 

position in the REE production and market 53,54. In 2023, just three countries 

accounted for 85% of magnet-REE mining, with China responsible for 62% of 

global production. However, the refining stage is even more concentrated, with 

China alone controlling 92% of global refined output in 2023 (Figure 1-4) in 

a near-monopolistic position. This extreme concentration of mining sites and 

key intermediate products in the hands of a single nation underscored a 

dangerous lack of diversification in the entire REE supply chain. Especially 

the refining is expected to remain highly concentrated, with China still holding 

a significant 77% share of global refined output by 2030. Consequently, it 
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could exert a strong influence on the international market of REE raw materials 

and REE-based PMs. 

According to the USGS (2025), global Rare Earth Oxide (REO) mine 

production is estimated to have reached 390,000 metric tons in the past year. 

This growth was largely driven by increased output from China, Nigeria, and 

Thailand 55. China itself produced 270,000 metric tons of REOs in 2024, a 15% 

rise from its 2023 production of 255,000 metric tons. These quantities are 

particularly notable considering China's domestic REO reserves, estimated at 

44 million metric tons. Furthermore, official production statistics likely 

underestimate actual Chinese REO output as they do not account for 

undocumented mining. This unreported production further reinforces China's 

primary role in the global REE supply chain and likely augments REO 

resources at its disposal. 

China built its monopoly over the global supply even on several policies the 

government adopted throughout the years. China’s leading position has 

reportedly been used as leverage in trade and political negotiations 56,57. For 

example, the tightening of the Chinese export regulations caused the sharpest 

increase in REE prices between 2009 and 2011, as shown in Figure 1-6. The 

restrictions of China on REE raw materials, owning around 97% of global REE 

production at the time (Figure 1-5), caught general attention when the United 

States (US) and the European Union (EU) complained against China to the 

World Trade Organization (WTO) in 2009. They claimed that export 

restrictions imposed by China, including quotas and taxes, violated WTO rules. 

These geopolitical tensions were exacerbated by the territorial dispute with 

Japan over the Senkaku/Diaoyu Islands in 2010, where China took advantage 

of its dominance on REE supply and suspended exports towards Japan during 

the political conflict. In 2012, the US, the EU and Japan challenged China 
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again to the WTO for its policies. The countries further contested that the 

Chinese measures were principally aimed at satisfying internal demand and 

controlling the international price of REE minerals and raw materials.  

 

Figure 1-5 Overview of Chinese and Rest of World (ROW) mine production of REEs 

throughout the years (1985-2018) and some policy variations. Modified from 56. 

As Wübbeke pointed out, the export restriction, the most controversial policy, 

needs to be considered in the context of other policies and regulations in the 

Chinese economy, including the reorganization of industries, resource 

conservation, and environmental protection 57. Those points were the same 

reasons China moved and replied to its arguing contenders. The ambiguity that 

follows is inevitable. The shrinking of export quotas, the joint regard towards 

import trade, and the stricter control over internal industry and unregistered 

production all contributed to build the Chinese strategic stockpile and 

economic empire over REEs. The imposition of quotas is a powerful strategy 

that China holds tightly as it affirms its monopolistic grip on REEs. Not only 

in export trade but also internal production quotas can be a constraint in the 

long-term supply chain, as the disturbance can generate a positive influence, 

in other words, an increase, on international prices. The giant spike in RE 

prices became a major concern among REE stakeholders worldwide, making 
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evident the high susceptibility of supplies for REEs and the clear risk of a 

shortage in the future. Therefore, the period from 2010 to 2013, when China’s 

adopted policies that heavily impacted REE prices and demand, defined the 

so-called “Rare Earth Crisis”.  

 

Figure 1-6 Indexed prices for selected REOs from 2006 to 2016. From 53. 

 

The anxiety triggered by the precarious steadiness of the REE supply chain, 

manipulated by China’s monopoly, represented the moving force for the other 

nations to find additional ways to reinforce their stocks. The balance between 

the increasing demand for a certain material and its availability is one factor 

defining its criticality 58. The criticality of a resource is fundamentally defined 
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by two entangled factors. The potential for supply disruptions, comprising 

geopolitical instabilities, logistical challenges, and resource depletion, and the 

material's economic importance, which includes its role in technological 

advancements and its impact on overall economic stability. Having this in 

mind, the definition of critical raw material (CRM) fits perfectly with REEs 

59,60. These underlying reasons put pressure on the main economic entities, 

such as the US and EU, to find reliable and unhindered access to crucial raw 

materials. To address this challenge, in 2011, both created their list for the 

assessment of CRMs 61,62 to fulfil their objectives in the decarbonization 

processes toward a more environment-friendly future.  

Therefore, the scrupulous analysis of all the possible bottlenecks through 

foresight studies is devoted to preventing disruption and helping build a 

resilient supply chain 63–65. Consequently, a focus on fostering domestic 

production and processing facilities and forging resilient international 

partnerships is necessary and essential, as explicitly explained in the 2024 

Critical Raw Materials Act 66. This Act, in the frame of the Green Deal 

Industrial Plan, advances core arguments aimed at creating a secure and 

resilient supply chain, through the creation of a continuous monitoring system, 

the strategic diversification of imports by expanding the EU’s global network 

while actively tackling unfair trade practices, and the improvement of CRM 

sustainability and circularity across the European market.  

1.5 The quest for alternatives: mitigation 

strategies and the "Performance Gap" 

Within this broader context, another strong strategy to reduce the CRMs and 

REEs dependency and evolve the magnet technology is to operate, where 

possible, by substitution. The concerns over cobalt's criticality in SmCo PMs 
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and the need to identify alternatives led to the very development of the NdFeB 

alloy in 1984 58. As previously stated, today, most technological applications 

rely on REE-based PMs. The primary benefit is attributed to their superior 

performance-to-volume ratio. A notable trend is the employment of high-value 

PMs in numerous small-tech devices, even when the inherent high 

performance of these materials is not strictly essential for device functionality. 

This paradox suggests a potential over-specification, where the small volume 

may be favored over purely functional requirements, driven by factors such as 

miniaturization demands or market trends. The huge spike in prices as a 

consequence of the “Rare Earth Crisis”, the still precarious and unpredictable 

value chain or REEs for all the aforementioned linked environmental and 

geopolitical motivations, is forcing attention on substitution, cost reduction 

and recycling of these materials for the PMs production.  

In 2024, the global PM market, driven by the growing demand for energy-

efficient technologies, is estimated to possess a value of $53.4 billion, and 

based on a Compound Annual Growth Rate (CAGR) projection of 8.57%, it is 

anticipated to reach $111.9 billion by 2033 67. The global market is essentially 

split between NdFeB and hard ferrite magnets. Over 90 per cent of all PMs 

produced and sold belong to these two magnet material types, which are 

undoubtedly different in terms of performance and cost. Average (BH)max 

values of NdFeB are almost 10 times higher than the counterpart Ba/Sr-ferrite 

(Figure 1-2), but their average price can jump even more. Figure 1-7 displays 

the 2020 estimated magnet market, categorized by different types of materials. 

11. These charts reveal a significant contrast in magnet usage from a value 

versus weight perspective. Chart (a) demonstrates the dominance of NdFeB 

magnets in value terms, accounting for the majority of the total at 64%. This 

highlights the role of NdFeB as a high-value component, indicative of its 

superior magnetic strength per unit. On the other hand, chart (b), depicting 
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weight, shows ferrite magnets as the overwhelmingly dominant type, 

constituting 81.9% of the total production tonnage. This dominance 

underscores its position as a cost-effective, high-volume magnetic material 

suitable for applications where mass and economy are prioritized over extreme 

magnetic strength.  

 

Figure 1-7 2020 PM market by material type: on value basis (a) and weight basis (b). From 
11 

Based on magnetic property requirements and economic considerations, the 

dichotomy in the respective market roles of these two materials pushed the 

research forward in recent years. Most efforts have been devoted to refining 

NdFeB-type magnets to enhance their energy products or, even more, their 

thermal stability. Small additions of HREEs such as Dy or Tb gave the ability 

to withstand temperatures up to 200 °C, suitable for electric motors, but the 

criticality of these elements imposes to reduce or eliminate HREEs content in 

NdFeB magnets 68. The hope of discovering a novel ultra-high-performance 

material to completely replace REE-based magnets is still not dismissed, but 

Nd2Fe14B is a close-to-ideal-performance PM 28. Additionally, while REEs are 

essential for high-performance applications, a considerable segment, 

especially in sectors like automotive and energy, requires magnets with only 

moderate strength within the 35-100 kJ/m3 (BH)max range.  
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Seeking opportunities to mitigate reliance on REEs, a promising approach lies 

in targeting the performance range lying between REEs and ferrites. The 

existence of a substantial "performance gap", as previously shown (Figure 1-2 

and Figure 1-7), separates the lowest-performing REE magnets from cost-

effective competitors like hard ferrites. Innovative pathways should, therefore, 

focus on developing a novel, economically viable magnetic material with a 

(BH)max capable of bridging this gap. Such functional material could not only 

offer enhanced performance and weight reduction in applications currently 

employing ferrites but also provide a more affordable alternative than REE 

magnets in less demanding applications, even if accompanied by a modest 

increase in weight 69.  

1.6 Research aims, objectives and scope 

Within this context, my doctoral project, is driven by the need to deal with the 

performance gap. On this prospect, we focused on the in-depth investigation 

of strategies to enhance the magnetic and functional properties of strontium 

hexaferrite, SrFe12O19 (SrM), with the objective of elevating the energy 

product, which rarely exceeds 38 kJ/m3, to create a "gap magnet" solution. This 

advancement would offer a valuable alternative option for applications 

requiring lower-performing PMs, thus allowing for the potential replacement 

of current REE-based magnets and reducing dependency on critical materials. 

Moreover, if these "gap magnets" can be produced via a scalable and cost-

efficient route, they would be eligible for industrial commercialisation. 

Thereby, REE-magnets would become more readily available and better 

allocated to high-performance applications, where their unique properties are 

truly essential.  

As previously explained, to develop valuable magnetic materials for PMs, 

achieving high remanence and a coercivity large enough to sustain the 
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magnetization is crucial. Both parameters contribute to the squareness and the 

broadening of the hysteresis loop, and, indeed, to the (BH)max value9. The 

strategies to improve the properties of SrM are various and still largely under 

investigation, but they can be broadly categorized as physical and chemical 

modifications. Controlling the particle size and morphology at the nanoscale 

is a critical aspect of enhancing its magnetic properties 26. Reducing the size of 

magnetic material to nanograins can increase its coercivity, transitioning from 

a multidomain to a single domain state below a critical size threshold70. Single 

domain, platelet shaped crystals of SrM having a certain degree of freedom can 

be mechanically or magnetically oriented, increasing both remanence and 

coercivity by the parallel alignment of the basal planes and thus of the 

magnetization easy axes, with reduced internal demagnetization71,72. Chemical 

modification, or doping, allows tuning the atomic structure by the strategic 

replacement of metal cations in specific sites, influencing the overall 

magnetization and the magnetocrystalline anisotropy25,73. The exchange-

coupling with a soft phase can also to leverage the high MS of the soft phase to 

improve the remanence of the composite, while the hard phase provides the 

high coercivity74. For this strategy to work efficiently, the nanoparticles’ high 

surface area to volume ratio is necessary to ensure optimal interaction.   

The development of high-performance PMs faces a complex set of 

interconnected open questions, spanning fundamental theory, materials 

engineering, and industrial scalability. The intrinsic physics of intermetallic 

compounds works against discover an intermetallic phase owning better 

magnetic properties than NdFeB, and the challenge remains to engineer a 

microstructure that impedes reverse domain nucleation and growth. Reliable 

methods to control nanoparticle size, shape, and phase purity, and to assemble 

them into dense, well-aligned architectures, are lacking75. Realizing bulk 

nanocomposites that combine hard and soft phases with strong exchange 
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coupling continues to be hindered by phase separation, interface control, and 

grain boundary engineering. Achieving predictable magnetic properties (e.g., 

high coercivity, remanence, and energy product) in nanoparticles is hindered 

by issues like surface effects, dead layers, and defects76. From a processing 

perspective, achieving macroscopic texture with a preferred magnetization 

direction, while preserving nanoscale features that enhance coercivity, through 

synthesis and consolidation, is still unresolved32. At the industrial level, most 

high-performance nanoparticle synthesis routes are not yet scalable or 

environmentally sustainable, and the development of direct, one-step, green 

processes for air-stable, high-coercivity powders remains an urgent goal. 

Therefore, the specific aims of this research were multiple: the first was to 

synthesize single-phase SrM nanoparticles with controlled morphologies, 

microstructures, and compositions using sustainable chemical synthesis routes 

and suitable to be scaled on industrial level such as low temperature solid state 

synthesis and modified sol-gel in NaCl matrix. Then, the effects of several 

processing parameters, sintering temperature, specific dopants (Al and Mn), 

on the morphological and main magnetic properties (saturation magnetization, 

remanence and coercivity) of synthesized SrM were examined. The 

densification and grain alignment techniques (Multi-anvil and Piston Cylinder 

press, Spark Plasma Sintering) were also investigated to obtain true samples of 

PMs. Furthermore, the synthesis of Fe0 nanowires through wet chemical 

approach was performed to assess the coupling of this material with high MS 

and SrM. Additionally, in the framework of the European project INSPIRES, 

the sustainable and efficient strategies to recycle NdFeB magnets from end-of 

life appliances were assessed, with the purpose of contributing to the long-term 

circularity of this critical raw material and a greener forthcoming technology. 
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1.7 Hard hexagonal ferrites – a promising 

candidate 

Within the hexaferrite family, strontium hexaferrite (SrFe12O19) is a material 

of significant interest for PM applications. Initially developed by Philips 

Research Laboratories in the 1950s, following the serendipitous discovery of 

barium hexaferrite (BaFe12O19), commercially known as Ferroxdure77, 

SrFe12O19 has progressively gained market dominance. This is owed to several 

advantages, including improved magnetic properties over BaFe12O19 and its 

non-toxic nature. Both materials are isomorphous with the mineral 

magnetoplumbite (PbFe12O19), from which derives the name of the M-type 

hexagonal ferrite structure they belong (SrM, BaM).  

The ferrite magnets have found widespread use in motors for household 

electronics, industrial equipment and automotive applications (integrated in 

DC motors for powering windows, mirrors, and headlight orientation). M-type 

hexaferrites offer several benefits over REE-based PMs, making them a 

preferred choice for specific applications and justifying their significant PM 

market share. While their magnetic performances were sensibly lower 

compared to REEs at room temperature, hexaferrites exhibit a notable 

advantage in retaining their magnetic flux at elevated temperatures (up to 

300°C), better behaving than NdFeB in this regard. This is due to its higher 

Curie temperature (Tc), the upper limit of a PM operating temperature 31. The 

value of Tc sets the thermal limits of a PM’s functionality, as its permanent 

magnetic properties are lost above this point. Sr-hexaferrite’s Tc is 

approximately 450°C (723 K), while in contrast, the Tc of NdFeB magnets is 

lower, typically ranging from 310°C to 400°C (583-673 K). Although certain 

grades of SmCo offer even higher Tc (700-850°C or 973-1123 K) and 
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maximum operating temperatures, SrM provides a beneficial balance of 

temperature performance at a more reasonable cost 12,69. As ceramic oxides 

hexaferrites are electrical insulators, thus preventing eddy currents which is 

particularly relevant for dynamic operations in electrical motors. For the same 

reason, they are also chemically inert, rendering them resistant to corrosion 

and stable even when exposed to moisture or harsh environmental conditions, 

eliminating the need for protective surface coatings. This robust resistance to 

degradation thus reduces fabrication costs and enhances the long-term 

reliability of the device. Conversely, NdFeB magnets are known to be 

susceptible to rust and corrosion due to the presence of iron in their 

composition, often requiring protective coatings such as nickel plating to 

prevent degradation. While SmCo magnets generally exhibit better corrosion 

resistance than Neo magnets, they can still be brittle and prone to chipping 78. 

A significant advantage of SrM over REE-magnets lies in the cost and 

availability of its constituent raw materials. The constituent elements of 

hexaferrites, such as strontium carbonate and iron oxide, are abundant and 

inexpensive raw materials compared to REEs. This is particularly relevant for 

large-scale applications where the material cost constitutes a significant 

portion of the overall expense. Ferrites have a reduced environmental impact 

throughout their lifecycle compared to REEs, from extraction to post-

processing. This is primarily attributed to the abundance of its raw materials 

and the relatively simpler production involved. Furthermore, development 

efforts are focused on recycling their residues, ensuring the circularity of the 

whole manufacturing process 79,80. The lower environmental mark of SrM 

aligns with the increasing global emphasis on sustainability and environmental 

regulations, making it a more ecologically responsible choice.   
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To fully appreciate the potential of SrM as a magnet, it is crucial to consider 

its crystallographic structure, from which derive its key magnetic properties. 

1.7.1 The M-Type structure 

 

Figure 1-8 Representation of the hexagonal unit cell, showing the two lattice parameters a 

(length of the edges in basal plane) and c (length of the edges along the c-axis). Modified from 
25 

SrM crystallizes in a hexagonal magnetoplumbite-type structure, belonging to 

the space group P63/mmc81. The hexagonal unit cell is characterized by two 

primary lattice parameters: a, which represents the length of the edges in the 

basal plane, and c, which denotes the length of the edge along the principal 

hexagonal axis 25.  

Four Miller indices h, j, k and l are usually employed to indicate the planes. 

The last one indicates the principal c-axis and the three others the axes in the 

basal (0001) plane of the hexagonal polyhedron, at angles of 120° to each other 

(Figure 1-8) 26. The unit cell of SrM comprises two formula units with 64 ions 

per unit cell (2 Sr2+, 24 Fe3+, and 38 O2-). The hexagonal close-packed (hcp) 
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arrangement of oxygen ions forms the framework of the structure, with metal 

cations occupying specific interstitial positions82. This highly ordered array 

creates a complex magnetoplumbite structure which results in flat crystals with 

hexagonal facets that can be observed in microscopic examinations.  

A way to visualize the structure is to consider it to be built from two different 

building blocks, S and R, packed along the c-axis (Figure 1-9). The S (for 

spinel) block presents two layer and the same occupancy of tetrahedral and 

octahedral sites as the spinel (cubic) crystal structure (1/3 in tetrahedral, Td 

cavities and 2/3 in octahedral, Oh ones), thus having (Fe6O8)
2+ composition. 

The other block, R, is built from a three-layer hcp sequence, with a quarter of 

the oxygen anions substituted in the intermediate hexagonal layer by the large 

divalent cation (Sr2+, Ba2+). Considering the interstitial Fe atoms, the 

composition of this block is (SrFe6O11)
2−. The full unit cell is obtained by 

ordering the blocks along the c direction, following the sequence RSR∗S∗, 

where the star indicates a rotation of 180°, giving a repeat distance of 2.2–2.3 

nm 83,84. This superstructure contains five distinct crystallographic sites for 

Fe³⁺ ions, indicated by the Wickoff positions 2a, 2b, 4f1, 4f2 and 12k 82. Each 

of these sites presents a unique local environment defined by the surrounding 

oxygen anions, important for understanding the magnetic properties of the 

compound. The 2b site hosts Fe3+ ions in a trigonal bipyramidal coordination 

in the R block. Site 4f1 and 2a are the tetrahedral and octahedral sites of the S 

block. The 4f2 site features octahedrally coordinated Fe3+ ions in the R block, 

but this environment is distorted due to the proximity of Sr atoms in the R 

block. Finally, 12k site feature Fe3+ in octahedral sites at the boundary between 

R and S blocks, which are also distorted (assigned to the R block). 
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Figure 1-9 Crystallographic structure of (SrFe12O19)2. From 85. 

SrM exhibits ferrimagnetic behaviour arising from the unequal and antiparallel 

alignment of magnetic moments of Fe³⁺ ions along the c-axis 86. The magnetic 

structure can be understood by examining the spin orientation of iron ions 

across the various sublattices formed by the different crystallographic sites. 

The spin orientation of each iron cation is coupled by super-exchange 

interaction through the oxygen anions 84. The Fe3+ cations have a spin-only 

magnetic moment of approximately 5 μB (Bohr magnetons) at 0 K, which 

arises from its five unpaired d electrons (S=5/2, high spin). The magnetic 

moments of Fe³⁺ ions at 12k, 2a, and 2b sites are aligned parallel to the c-axis 

(spin up), while those at 4f₁ and 4f₂ sites are aligned antiparallel (spin down). 

Considering the site occupancy of the M-type ferrites (n12k =6, n2a = 1, n2b 

= 1, n4f1 = 2, n4f2 = 2), this configuration results in a net magnetic moment 

along the c-axis, as the number of Fe³⁺ ions with up spins (8) exceeds those 

with down spins (4) and this unequal distribution leads to the ferrimagnetic 
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behavior, with a theoretical magnetic moment of 20 μB per formula unit 73. 

Even if the MS at room temperature of M-hexaferrites is only slighty lower 

than other ferrimagnetic oxides, e.g. magnetite, however it is very low 

compared to the MS of most PM materials, like Nd2Fe14B. Their distinctive 

feature, which justify the employment as PMs, is the strong uniaxial 

magnetocrystalline anisotropy (MCA). This anisotropy primarily originates 

from the single-ion contribution of trigonal bipyramidal Fe3+ ion at the 2b site, 

and, in minor extent, from the slight perturbation the large divalent metal cation 

(Sr2+ or Ba2+) induces in the lattice. The hexagonal crystallographic structure 

of the M-type ferrites makes the anisotropy lying along the c-axis 25. At room 

temperature, the anisotropy constant (K1) shows relatively high values, 3.2·105 

J/m3 for BaM and 3.5·105 J/m3 for SrM. The strong anisotropy favors the 

alignment of magnetic moments along the c-axis, creating a preferred 

magnetization direction and stabilizing against demagnetizing fields and 

thermal fluctuations. A high MCA is a prerequisite for a high coercive field. 

Considering that the anisotropy is uniaxial, the anisotropy field (HA) can be 

determined by the expression 2K1/μ0MS, reaching values of 1.35 MA/m and 

1.47 MA/m for BaM and SrM, respectively 73.  

This intricate relationship between crystal structure and magnetic properties 

provides a foundation for tailoring the characteristics of the material through 

strategic substitutions, processing techniques, and size control. Understanding 

these structure-property correlations is therefore essential for better optimizing 

the magnetic and functional properties of SrM, in order to further enhance its 

suitability for PM applications. 
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Chapter 2 | Synthesis of SrM 

nanoparticles by Low-Temperature Solid-

State Reaction (LTSSR) 

Taking into account the need of selecting synthetic route suitable for industrial 

application, a low-temperature solid-state reaction (LTSSR), followed by 

calcination, was initially explored 1. A typical synthesis involves mixing iron 

(FeCl3.6H2O) and strontium (SrCl2.4H2O) chlorides with sodium hydroxide 

(NaOH) in a mortar, yielding their respective oxo-hydroxides [details in 

Appendix]. The reaction is rapid and exothermic and produces minor fumes 

and results in a brownish, amorphous paste consisting of mixed Fe3+ and Sr2+ 

oxo-hydroxides. The resulting paste is washed thoroughly on a Büchner funnel 

with demineralized (DM) water until a chloride assay (using AgNO3/HNO3) 

confirms the absence of Cl− ions. This step removes excess NaOH and the 

NaCl by-product. The washed paste is then dried at 80 °C and ground into a 

fine powder prior to calcination. This methodology was selected as offering 

several advantages that align well with industrial scalability: it comprises few 

simple steps, and its solvent-free, solid-state nature allows for loading 

considerable amounts of reagents during the mixing stage. Furthermore, the 

process is cost-effective, utilizing room temperature conditions, low-cost 

precursors, and basic laboratory equipment. The employment of only water as 

solvent for the washing stage minimizes pollution and costs. The calcination 

step is also performed at a relatively low temperature (775 °C), significantly 

lower than conventional industrial procedures, which typically require 

temperatures exceeding 1000 °C 2–5. Overall, this method is well suited for 
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industrial applications where large volumes are required.  For the same 

purpose, cost optimization and pollution management are key considerations. 

While the overall procedure is relatively straightforward, several processing 

parameters such as the Fe3+/ Sr2+ molar ratio, the Na+/ Sr2+ molar ratio, the 

calcination temperature, and the pH of the washing solution, were investigated 

to assess their impact on the size, structural and magnetic properties of the 

synthesized SrM nanoparticles. Powder X-ray Diffraction (PXRD) was 

employed to analyze the crystallographic phases and lattice parameters. 

Transmission Electron Microscopy (TEM) images were used to determine 

particle size, morphology, and size distribution. The effective metal content 

was verified by Inductively Coupled Plasma Atomic Emission Spectroscopy 

(ICP-AES). The key magnetic properties (MS, MR, and HC) were determined 

from hysteresis loops measured at 300 K either from SQUID or PPMS 

magnetometer. Individual reaction parameters were systematically varied and 

tested, with the aim to obtain SrM nanoparticles with desirable magnetic 

properties and particle sizes within the nanometer range. 

2.1 Temperature selection for controlled size of 

SrM nanoparticles 

In the first series of experiments, the procedure reported by Kiani et al 1 was 

followed to obtain a single-phase compound after the heat treatment. 

Accordingly, the molar ratios between the metals in the reaction were set as 

Fe3+/ Sr2+ = 10 and Na+/ Sr2+ = 45, to limit the formation of the main 

contaminant they detected, namely hematite (α-Fe2O3). The temperature used 

in the reference work, 750 °C for 3 hours, was determined based on differential 

thermal analysis (DTA) data, displaying at a temperature around 739 °C the 

formation of the SrM phase after dehydration of the hydroxides into metal 



47 

 

oxides 1. In our case, to ensure the full conversion of the precursors into the 

desired product, the lowest temperature selected for the calcination stage was 

775°C, slightly above the temperature designated for the proper SrM phase 

formation. Moreover, higher temperatures (837 °C and 900 °C) were 

investigated, to evaluate the effect on the size and aggregation of the 

nanoparticles 6.  

The synthesized powders were evaluated by PXRD analysis to detect the 

presence of other phases outside SrM, and to estimate the crystallite size and 

the cell parameters of the resultant product. Moreover, TEM images were 

registered to check the morphology and the actual size of the nanoparticles, in 

combination with the size distribution. The results obtained are summarized in 

Table 2-1.  

Table 2-1 Crystallite size and cell parameters a and c obtained from PXRD, mean size and 

standard deviation obtained from TEM analysis of SrM samples produced by LTSSR at 

different calcination temperatures. 

Sample 
Cry.size 

(nm) 

a 

(Å) 

c 

(Å) 

Mean Size 

(nm) 

Std. Dev. 

(nm) 

3h, 775 °C 100(4) 5.8855(3) 23.074(2) 63 20 

3h, 837 °C 117(5) 5.8825(3) 23.059(2) 100 31 

3h, 900 °C 119(7) 5.8837(4) 23.064(2) 129 41 

 

As expected, at higher temperatures there was an increase in the mean particle 

size and its polydispersity, which was consistent with continuous and not 

homogeneous grain growth as the temperature rose 7. A partial increase, 

although to a minor extent, was found in the crystallite size, while the cell 

parameters remained essentially unchanged and within the approximation of 

the cell refinement.  
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Figure 2-1 PXRD diffraction patterns of SrM samples produced by LTSSR with different 

calcination temperatures: 775 °C for 3 h (red line), 837 °C for 3 h  (blue line) and 900 °C for 

3 h (green line).  

The diffraction patterns of the 3 samples displayed the typical reflections 

corresponding to the SrM profile without evidence of hematite impurities (the 

latter can be easily recognized by the presence of the most intense peak at 2θ 

= 33.2°). Thus, since no improvements were obtained by increasing 

temperature, in the following T = 775 °C was selected to get crystallite with 

size around 100 nm.  TEM images revealed the formation of highly 

agglomerated nanoparticles. This assembly in large aggregates, even partially 

sintered in some points, could challenge the further orientation of the 

nanograins.  
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Figure 2-2 TEM images and size distribution plots of SrM samples produced by LTSSR and 

different calcination temperature: (a) 775 °C, 3h; (b) 837 °C, 3h; (c) 900 °C, 3h.The 

histograms were estimated from over 100 particles and fitted to a lognormal function. 
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2.2 Optimization of the washing stage through 

pH control 

Attention was also paid to the pH of the water solution resulting from the 

washing stage. As reported by Kiani et al. 1, the amorphous paste, obtained 

from the reaction of metal chlorides precursors with NaOH to form metal 

hydroxides, is washed extensively with demineralized water until chloride ions 

are removed. Indeed, chloride ions can be potentially retained during the 

conversion of metal oxides precursors, hindering the correct formation of the 

hexaferrite phase 8.   

As a further indication to the chloride assay, the pH in the washing solution 

was controlled to establish a relationship with the resultant product. Therefore, 

in this series of trials, the molar ratios between the reagents were adopted in 

order to obtain a single-phase product  with respect to the reference (Fe3+/ Sr2+ 

= 10 and Na+/ Sr2+ = 45), washed until the chloride assay was negative, and the 

pH of the washing solution was kept under investigation, from neutral pH 

(around 6/7 of DM water) to basic (above 8). After that, the product was then 

dried and calcined at 775°C for 3 hours. The samples were named 

SrM_LTSSR_x, where the x indicates the pH found in the washing solution. 

In Figure 2-3 a comparison of the PXRD diffractograms of the obtained 

samples is shown. No dramatic change in the diffractograms was noticed, 

confirming that the main phase was the strontium hexaferrite, but moving 

towards basic pH some other low-intense peaks, at 2θ = 33.2° and 2θ = 32.8° 

not related to the main phase appeared. The first one was assigned to the 

presence of hematite (α-Fe2O3), while the other was more difficult to attribute, 

as it can be proper of cubic/orthorhombic mixed oxides SrxFeyOz / SrFexOy, 

which share really close diffraction peaks positioning in that frame. Even if not 
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in massive amounts, the presence of these additional phases could be related 

to an inhomogeneity in the quantities of precursors before the calcination step 

arising from incomplete mixing.   

 

Figure 2-3 PXRD diffraction patterns of SrM samples produced by LTSSR with different pH 

in washing solution. All samples were calcined at 775°C for 3 hours. 

The formation of these other phases can be attributed to the variation of the 

ratio between metal precursors before calcination: the SrO–Fe2O3 system in 

solid state reactions is depicted by a very narrow compositional range in which 

the single M-phase can form 2,3,9. Accordingly, the presence of the second 

additional phase, besides hematite, can be justified by the shift of the relative 

amounts of precursors, necessary to develop single-phase SrM. The excess of 

iron can lead to iron oxides such as hematite, while an iron deficiency can 

result into Sr-rich phases 10,11. However, since the two metal hydroxides are 
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soluble in water in different proportions 12, as shown by the corresponding 

solubility constant products:  

• Iron (III) hydroxide: Kps = 2.79·10-39 

• Strontium (II) hydroxide: Kps = 3.2·10-4 

Therefore, this washing stage can be critical to have high control on the 

precursor molar ratio before calcination. 

 

Figure 2-4 Hysteresis loop at 300 K of SrM samples produced by LTSSR with different pH in 

the washing solution. All samples were calcined at 775°C for 3 hours. 

The magnetic properties, which are summarized in Table 2-2, were estimated 

from the hysteresis loops measured  at 300 K (Figure 2-4). For the sample 

SrM_LTSSR_6.5 MS, MR and HC were the lowest in the series. Conversely, the 

best features (higher MS, MR and HC) were found at slightly basic pH, in the 

sample SrM_LTSSR_7.5. The most relevant variation was found in the 
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coercivity value, while the saturation magnetization and especially the 

remanent magnetization seemed to be less affected. At higher pH 

(SrM_LTSSR_8.5) lower values in coercivity and magnetization with respect 

to the sample SrM_LTSSR_7.5 were observed, probably due to the presence 

of the secondary phases.  

Table 2-2 Magnetic parameters estimated from hysteresis at 300K of SrM samples produced 

by LTSSR with different pH in the washing solution. 

 Ms  

(Am2kg-1) 

Mr  

(Am2kg-1) 

Mr/Ms µ0Hc  

(T) 

SrM_LTSSR_6.5 61 30 0.50 0.45 

SrM_LTSSR_7.5 69 34 0.49 0.59 

SrM_LTSSR_8.5 65 32 0.49 0.51 

 

Based on these results it was decided to stop the washing stage pH = 7.5 of the 

draining solution is reached.  

 

2.3  The impact of metal ratios on the 

development of additional phases  

Another factor that has been identified as having a major influence in the 

process is the relative proportions between the metals 1, particularly concerning 

the formation of spurious phases. In almost all the synthesis route developed 

so far for SrM, including conventional ceramic process, the iron to strontium 

molar ratio must be controlled in order to obtain a single-phase product  13. In 

this synthesis, however, the sodium to strontium ratio must be also taken into 

consideration, since sodium hydroxide plays a decisive in converting the 

starting materials into the appropriate precursors. Thus, to identify the optimal 
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ratios to obtain a single-phase product and to determine which parameter has 

the greatest influence on the formation of secondary phases, small deviations 

from the ratios used in the reference reaction 1 were investigated: considering 

the molar ratios Fe3+/Sr2+ = 10 and Na+/Sr2+ = 45 as the starting point, a 

stoichiometric molar ratio Fe3+/Sr2+ = 12 was tested, then gradually reduced to 

discourage the hematite formation, which has been reported to be the main 

contaminant detected. Additionally, an increase in the Na+/Sr2+ ratio was 

explored to get smaller particle size and to assess the influence of sodium 

hydroxide on the process. During these experiments, the other processing 

parameters were kept constant at pH of the washing solution = 7.5 and 

calcination temperature at 775 °C for 3 hours. The conditions used to prepare 

the samples are summarized in Table 2-3. For clarity, the samples were named 

as SrM_LTSSR_Rx/y, indicating as x the Fe3+/Sr2+ ratio and y as the Na+/Sr2+ 

ratio. After the calcination, the samples were characterized by PXRD. 

Table 2-3 Summary of synthesis parameters for SrM samples produced by LTSSR with different 

metal ratios.  

Sample Fe3+/Sr2+ Na+/Sr2+ pH Calcination 

SrM_LTSSR_R12/45 12 45 7.5 3h, 775°C  

SrM_LTSSR_R10/45 10 45 7.5 3h, 775°C  

SrM_LTSSR_R10/55 10 55 7.5 3h, 775°C  

SrM_LTSSR_R9/45 9 45 7.5 3h, 775°C 

SrM_LTSSR_R9.5/45 9.5 45 7.5 3h, 775°C 
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Figure 2-5 PXRD diffraction patterns of SrM samples produced by LTSSR with different metal 

ratios.  

As it can be seen in the resulting powder diffractograms (Figure 2-5), even in 

this case, the main phase is still attributable to the Sr-hexaferrite. Nevertheless, 

when deviations from the molar ratios R10/45 were made, some additional 

peaks appeared. The most evident, recognizable from its high intense 

diffraction peak at 2θ = 33.2° accompanied by lower intensity peaks at 2θ = 

24.2°, 35.6°, 49.5° and 62.5°, was the presence of about 8% of hematite (α-

Fe2O3) when the molar ratio was shifted towards iron (R12/45). Even 

increasing the quantity of sodium hydroxide (sample R10/55) a low quantity 

of α-Fe2O3, noticeable by the same more intense diffraction peak at 33.2°. 

Moreover, increasing the sodium hydroxide content another small peak, placed 

at 2θ = 32.8°, was detected. This diffraction peak could correspond to a 

cubic/orthorhombic mixed oxides SrFexOy / SrxFeyOz. On the other hand, 
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lowering the Fe3+/Sr2+ ratio from 10 to 9 (R9/45), only this latter additional 

phase (2θ = 32.8°) was detected, with no evident presence of hematite. This 

secondary phase appeared also for Fe3+/Sr2+ = 9.5 (R9.5/45), and the intensity 

enhancement of the diffraction peak appeared to be proportional to the increase 

in strontium molar ratio.   

The formation of these mixed oxides can be possibly ascribed to a variation of 

the molar ratio between iron and strontium precursors during the washing step 

2,10. Thereby, even in this case the washing process can have an influence in 

further changing the final proportion of the precursors before the calcination: 

starting with a stoichiometric molar ratio of Fe3+/ Sr2+ = 12 can leave an excess 

of iron in the system, which, due to its minor water solubility, can lead to 

hematite formation. Instead with a larger amount of strontium, as in the case 

of Fe3+/ Sr2+ = 9 and 9.5, strontium-rich oxides can form as secondary phases 

11. So, to limit the appearance of additional phases, the selected molar ratios 

between the metals were Fe3+/ Sr2+ = 10 and Na+/ Sr2+ = 45.  

As a further step an assessment of the reproducibility of the synthesis was 

performed by preparing 3 samples using the best parameters identified (Fe3+/ 

Sr2+ = 10 and Na+/ Sr2+ = 45, pH = 7.5 for the washing solution, and calcination 

temperature at 775 °C for 3 hours).  
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Figure 2-6 PXRD diffraction patterns (close-up) of SrM samples produced LTSSR and 

synthesized using the same parameters: Fe3+/ Sr2+ = 10; Na+/ Sr2+ = 45; pH = 7.5 and 

calcination at 775°C, 3h. The arrows indicate the peaks of additional phases: red arrow for 

hematite, black arrow for mixed Sr-Fe oxides.   

 

The resultant PXRD diffractograms showed patterns confirming the prevalent 

presence of the SrFe12O19 phase in all the samples. The in-depth analysis of the 

region between the SrM diffraction peaks corresponding to (107) and (114) 

planes (Figure 2-6), however, revealed the main peaks of secondary phases. 

These peaks are very weak and dominate in intensity by the peak of SrM at 

32.4°. Nevertheless, a minimal presence of mixed Sr-Fe oxides was also 

detected. 

 Overall, the structural and dimensional features (Table 2-4) of each sample 

were consistent, including the mean size and relative standard deviation 
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obtained by TEM analysis, as well as the structural parameters derived from 

the refinement of diffractograms. 

Table 2-4 Crystallite size and cell parameters (PXRD), mean size and standard deviation 

(TEM) of SrM samples produced by LTSSR and synthesized using the following parameters: 

Fe3+/ Sr2+ = 10; Na+/ Sr2+ = 45; pH = 7.5 and calcination 775°C, 3h. 

Sample 
Cry.size 

(nm) 
a (Å) c (Å) 

Mean Size 

(nm) 

Std.Dev. 

(nm) 

SrM_LTSSR _I 88(3) 5.8845(4) 23.056(2) 77 22 

SrM_LTSSR _II 94(1) 5.8856(2) 23.059 (1) 78 27 

SrM_LTSSR _III 92(1) 5.8860(2) 23.061(1) 79 30 

  

Also the magnetic properties were almost similar as shown by the hysteresis 

loops recorded at 300K shown in Figure 2-7 (the main parameters of the loop  

are summarized in Table 2-5). One sample displayed slightly higher saturation 

magnetization while a decrease of the coercive force with Sr-content was 

observed.  
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Figure 2-7 Hysteresis loops at 300K of SrM samples synthesized using the same parameters: 

Fe3+/ Sr2+ = 10; Na+/ Sr2+ = 45; pH = 7.5 and calcination 775°C, 3h. 

 

The small presence of additional phases, especially the Sr-Fe mixed oxide, can 

explain the observed differences in the magnetic behavior. Hematite can affect 

magnetization, due to its antiferromagnetic nature 14. Conversely, coercivity is 

the property most sensitive to variation in the microstructure, and it is strictly 

related to the magnetocrystalline anisotropy of the system 15,16. The presence 

of a secondary Sr-rich phase can be responsible for the decrease in coercivity. 

This hypothesis was confirmed by ICP analysis which highlighted a small 

increase in strontium content.  
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Table 2-5 Magnetic values obtained from hysteresis at 300K for SrM samples synthesized using 

the same parameters: Fe3+/ Sr2+ = 10; Na+/ Sr2+ = 45; pH = 7.5 and calcination 775°C, 3h. 

Sample Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms μ0Hc 

(T) 

SrM_LTSSR_I 69 34 0.49 0.59 

SrM_LTSSR _II 65 33 0.50 0.56 

SrM_LTSSR _III 65 33 0.50 0.53 

 

2.4 An alternative optimized route: Modified 

Solid State Reaction (MSSR) 

To optimize the synthesis process, a slight modification in the procedure was 

explored, based on conducting the washing step after the calcination step. This 

decision was mainly driven by two factors. The first was to prevent the 

premature loss of strontium hydroxide as observed during washing, thereby 

ensuring the appropriate precursor ratio in the mixed amorphous paste before 

calcination. The second was to leverage the NaCl formed after mixing the 

chlorides with sodium hydroxide to act as a matrix, analogous to the “molten 

salt” method, which limits particle growth and aggregation 17–20. As the melting 

point of NaCl is 801°C 21, the matrix is assumed to be in a solid state when the 

amorphous mixture of hydroxides is dried, and even throughout the calcination 

step. Furthermore, such modification improved the feasibility of the reaction: 

the thick paste obtained in the mortar, indeed, can be directly transferred to dry, 

avoiding the long time usually required to drain the water through the filter 

paper and Büchner funnel. Moreover, the washing process is performed on a 

calcined powder which is more manageable than the wet precursor slurry and 

facilitates the more straightforward execution of additional assays (e.g. pH 

measurement, chloride assay with AgNO3/HNO3).  
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Considering the formation of strontium ferrite occurs according to the 

following the equation (2-1): 

12𝐹𝑒𝐶𝑙3 + 𝑆𝑟𝐶𝑙2 → 12𝐹𝑒(𝑂𝐻)3 + 𝑆𝑟(𝑂𝐻)2 + 38𝑁𝑎𝐶𝑙
∆
→ 

𝑆𝑟𝐹𝑒12𝑂19 + 16𝐻2𝑂 ↑ +38𝑁𝑎𝐶𝑙 

(2-1) 

 

Four samples were prepared by: 

• maintaining the stoichiometric molar ratio between iron and strontium 

of the hexaferrite, Fe3+/Sr2+ = 12, with sodium hydroxide also in 

stoichiometric proportion (Na+/Sr2+ = 38); 

• decreasing the molar ratio Fe3+/Sr2+ = 10, while maintaining 

stoichiometric sodium hydroxide (Na+/Sr2+ = 32); 

• Fe3+/Sr2+ = 12 but with an excess of sodium hydroxide (Na+/Sr2+ = 45);  

• Fe3+/Sr2+ = 10 and Na+/Sr2+ = 45. 

The reagents were mixed in the mortar, dried, and directly subject to thermal 

treatment at 775 °C for 3 hours. The calcination was conducted at 775°C for 3 

hours. After the calcination, the resultant powder was washed multiple times 

with DM water to remove NaCl and eventual excess of not reacted reagents 

and then dried at 80°C. The efficacy of NaCl washing was monitored by the 

means of chloride assay (AgNO3/HNO3), and, assuming the complete reaction 

of the initial oxo-hydroxides, a neutral pH was targeted, without the concern 

of any precursor drainage. For clarity, the samples were named 

SrM_MSSR_Rx/y, where x represents the Fe3+/Sr2+ ratio and y the Na+/Sr2+ 

ratio. 
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2.4.1 MSSR - Stoichiometric sodium hydroxide 

The ICP analysis of the two samples prepared using a stoichiometric amount 

of NaOH revealed an elemental composition close to the expected one 

(Sr1.10Fe11.90O19 for SrM_MSSR_R12/38 and SrFe12O19 for 

SrM_MSSR_10/32). Moreover, the PXRD diffractograms (Figure 2-8) 

revealed a single-phase product in both samples, regardless of the variation in 

molar ratio between iron and strontium. All the observed sharp peaks, indeed, 

can be attributed to the hexagonal phase SrFe12O19, with a complete absence 

of any detectable secondary phases.  

 

 

Figure 2-8 PXRD diffractograms of SrM samples produced by MSSR with stoichiometric 

NaOH.  
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Table 2-6 Crystallite size and cell parameters (PXRD), mean size and standard deviation 

(TEM) of SrM samples produced by MSSR with stoichiometric NaOH.  

Sample 
Cry.size 

(nm) 
a (Å) c (Å) 

Mean Size 

(nm) 

Std.Dev. 

(nm) 

SrM_MSSR_ 

R12/38 
122(3) 5.8854(2) 23.055(1) 112 48 

SrM_MSSR_ 

R10/32 
99(1) 5.8883(2) 23.067(1) 72 31 

 

The structural parameters estimated from the refinement of the PXRD 

diffractograms (Table 2-6) showed SrM_MSSR_R12/38 has bigger crystallite 

size and smaller lattice parameters. TEM images (Figure 2-8) indicated this 

sample has average particle size over 100 nm, while the molar ratio Fe3+/Sr2+ 

= 10 brought to a mean size below that limit. In both cases, the mean particle 

size and standard deviation from TEM nicely agree with the crystallite size 

from XRD. This fact suggested that a significant portion of the particles can be 

predominantly single-crystals. Moreover, the TEM images suggested well 

crystallized platelets, with a much smaller number of interparticle aggregates 

with respect to LTSSR synthesis. 
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Figure 2-9 TEM images and corresponding size distribution histogram of SrM samples 
produced by MSSR with stoichiometric NaOH: (a) Fe3+/Sr2+ = 10 and Na+/Sr2+ = 32; (b) 
Fe3+/Sr2+ = 12 and Na+/Sr2+ = 38. The histograms, fitted to a lognormal function, were 
estimated from: (a) over 100 particles; (b) over 200 particles. 

The hysteresis loops at 300 K (Figure 2-10) were collected by VSM, and the 

resultant magnetic properties are resumed in Table 2-7.  
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Table 2-7 Saturation magnetization, remanence and coercivity obtained from the hysteresis 

loops at 300K of SrM samples produced by MSSR with stoichiometric NaOH.  

Sample Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms 
μ0Hc 

(T) 

SrM_MSSR_R12/38 70 35 0.5 0.61 

SrM_MSSR_R10/32 66 33 0.5 0.60 

 

Even in this case, some noticeable differences were detected: the first was the 

increment of the coercivity of both SrM samples, with respect to the samples 

previously discussed 1. Then, the saturation magnetization and remanence of 

SrM_MSSR_R12/32 was the highest among all the tests performed, despite of 

the size above 100 nm.  

 

Figure 2-10 Hysteresis loops at 300K of SrM samples produced by MSSR with stoichiometric 

NaOH.  
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2.4.2 MSSR – Excess of sodium hydroxide 

 

Figure 2-11 PXRD diffractograms of SrM samples produced by MSSR in excess of NaOH. The 

samples were named SrM_Rx/y, indicating as x the Fe3+/Sr2+ ratio and y as the Na+/Sr2+ ratio. 

The PXRD diffractograms collected for SrM_MSSR_R12/45 and 

SrM_MSSR_R10/45 (Figure 2-11) showed patterns completely different from 

previous results. In the case of Fe3+/Sr2+ = 12, the peaks corresponding to the 

SrFe12O19 phase were broad and with a low intensity, indicating the low 

crystallinity of the prepared materials. Moreover, the pattern is dominated by 

the sharp and more intense peaks attributable to the SrFeO3 phase.  For 

SrM_MSSR_R10/45 only the latter phase can be discerned. It can be argued 

that NaOH during the calcination process can affect the stability of the 

precursors (i.e. MO·Fe2O3, where M stands for the divalent cation), inducing 
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their decomposition, and consequently hindering the sintering process. 

Otherwise, NaOH can favor the formation of stable and soluble alkali 

hydroxometalates, which behave differently depending on the concentration 

and temperature conditions 2,22.  

2.5 Conclusions 

In this chapter, an in-depth investigation into the use of LTSSR method for the 

synthesis of SrM nanoparticles was conducted. The primary objective was to 

develop a cost-effective, scalable, and reproducible route for producing phase-

pure SrM with desirable magnetic properties, appropriate particle size and 

which can be oriented by applying an external magnetic field. A temperature 

of 775 °C was identified as suitable for producing nanoparticles with a mean 

size below 100 nm, avoiding the significant grain growth observed at higher 

temperatures (837 °C and 900 °C) while still ensuring full conversion to the 

SrM phase. Interestingly, this temperature is far below those used in the 

conventional ceramic processes. The washing stage, and the corresponding pH 

of the washing solution, strongly impacts the characteristics of the final 

product. Washing to a neutral pH resulted in poor magnetic performance, while 

washing to a more basic pH led to the formation of impurity phases. A slightly 

basic pH of 7.5 was determined to be a good endpoint to obtain valuable 

magnetic properties (Mₛ = 69 Am²kg⁻¹, m0Hc = 0.59 T). Even the precursor 

molar ratio is a decisive factor: deviations from molar ratios Fe³⁺/Sr²⁺ = 10 and 

Na⁺/Sr²⁺ = 45 resulted in the formation of secondary phases (hematite in Fe-

rich conditions, Sr-rich oxides in Sr-rich conditions). Despite optimizing these 

parameters, the LTSSR method suffered from poor reproducibility. Samples 

produced under identical conditions showed consistent structural properties 

but significant variations in the magnetic properties, particularly coercivity. 

This was attributed to the barely controllable leaching of water-soluble 
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strontium hydroxide during the washing step, which altered the final precursor 

stoichiometry. However, the major limitations of this technique consisted in 

the synthesis of individual nanoparticles with high crystallinity, single-phased, 

and size below 100 nm.   

The main conclusion derived from these trials is that the pre-calcination 

washing step is the major weakness of the LTSSR method. To address this, a 

Modified Solid-State Reaction (MSSR) was proposed, where the washing step 

to remove NaCl by-product is performed after the calcination. This procedural 

change proved to be highly effective on retaining all precursors during the heat 

treatment, thus ensuring a correct stoichiometry. This approach successfully 

yielded a single-phase SrM product, completely free of additional phases that 

were consistently detected in the LTSSR samples. The samples produced via 

MSSR method exhibited enhanced magnetic properties, including a 

remarkable coercivity (up to 0.61 T) and the highest saturation magnetization 

(up to 70 Am²kg⁻¹) achieved in this series of trials. The NaCl by-product acts 

as a solid-state matrix during calcination. This matrix can help to limit particle 

agglomeration and their growth, contributing to the formation of well-

crystallized nanoparticles. Even in these conditions, a calcination temperature 

of 775 °C for 3 hours remains the best condition for achieving nanoscale 

particles. Based on this investigation, the MSSR method, using stoichiometric 

quantities of reagents, is concluded to be an advantageous synthesis route. A 

stoichiometric molar ratio of Fe³⁺/Sr²⁺ = 12 and Na⁺/Sr²⁺ = 38 led to a product 

with excellent magnetic properties, while a slightly Sr-rich molar ratio of 

Fe³⁺/Sr²⁺ = 10 yielded smaller nanoparticles. Conversely, an excess of NaOH 

is detrimental, leading to the formation of other phases and amorphous 

material. Further investigations will focus on the reproducibility issue to ensure 

consistent results with the ones reported here.  
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Chapter 3 | Synthesis of SrM 

nanoparticles by Modified Sol-Gel 

Synthesis (MSG) 

In the previous chapter, the Low-Temperature solid state reaction method was 

investigated and optimized to synthesize SrM nanoparticles with an average 

size of ca. 100 nm. Nevertheless, a major limitation of this approach is the 

tendency of the nanoparticles to aggregate after the calcination step, which 

could hinder their application in the fabrication of an oriented bonded magnet. 

Thus, in this thesis, another synthetic route was explored, that can be still 

suitable for industrial purposes, the sol-gel method. This technique is known 

to be effective for producing SrM nano-crystallites in the magnetic single-

domain size range 1,2, with a narrow size distribution and very good magnetic 

properties, at relatively low calcination temperatures 3–5. The key features and 

advantages of the sol-gel method include its energy efficiency, speed, low cost, 

and reproducibility, deriving from a relatively simple process with few 

synthesis steps6,7. However, a significant drawback, common to many other 

hexaferrite synthesis routes, is the high degree of particle agglomeration of 

resultant particles or, even sintering due to the elevated temperature needed for 

the calcination 4,8,9. This can result in intergrown crystallites, rendering them 

unsuitable for alignment using pressure or applying a magnetic field. To 

address this, Sapoletova et al. 10 proposed a modified route that yielded plate-

like, free-standing SrM crystallites with magnetic properties comparable to 

those prepared from conventional sol-gel methods. The method relies on the 

use of a NaCl matrix to prevent particle aggregation, an idea derived from 
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molten-salt reactions 11–14 or glass crystallization techniques, which instead 

employ B2O3 matrix 15–17.  

In conventional sol-gel synthesis, the method typically involves the use of 

metal alkoxide solutions, which undergo hydrolysis and condensation-

polymerization reactions to form a gel at room temperature. Subsequent heat 

treatment is necessary to remove volatile by-products to achieve the final 

crystalline state 18. The modified sol-gel (MSG) synthesis, instead, generates a 

NaCl matrix in situ19. This derives directly from the reaction of metal chlorides 

with sodium carbonate in the precursor solution (sol) at 90 °C. Then, the free 

metal ions are coordinated through a citric acid solution which is subsequently 

dehydrated, forming a thick gel.  

The MSG process here adopted involves two different heating treatments to 

yield the final product. The first one is at 450°C for one hour, which is a pre-

calcination to burn off all the organic parts constituting the precursor gel 4,19–

21. The second one at 790°C (below the melting point of NaCl, 801 °C 28) for 

another hour, instead, is the real calcination to crystallize the phase of interest, 

in this case SrM. The resulting product is washed once with HNO3 4 M and 

then several times with demineralized water, before finally being dried in an 

oven at 80°C. 

Although some experimental works have been already reported in the literature 

about the MSG method, the way some synthesis parameters can influence the 

features of the resultant hexaferrite nanoparticles is still unclear. This, in this 

work we attempted to fill this gap by exploring the effect of the duration of the 

first pre-calcination step and of the temperature of the calcination step, the 

metal to salts molar ratio, and the amount of NaCl added to that already formed 

during the reaction. The synthesized nanoparticles were characterized by 

PXRD and TEM to detect additional phases and variations in size, ICP to 



74 

 

determine the effective stoichiometry, and VSM magnetometry to estimate the 

main magnetic properties.  

 

3.1 The MSG synthesis for reduced 

agglomerates formation  

Our initial synthesis trials were conducted considering the overall features of 

the SrM nanoparticles synthesized in previous work by Sapoletova et al. 10 and 

lately by Eikeland et al. 19 through this reaction. In these studies, they reported 

the synthesis of nanoparticles with a small number of agglomerates. This 

property was especially promising for future applications involving particle 

alignment to form anisotropic assemblies with improved remanence 22. 

However, they obtained SrM particles with an average size larger than the one 

of our interest (below 100 nm). Thus, we tried to optimize this synthetic 

procedure with the aim of obtaining smaller SrM nanoparticles, with a very 

low degree of aggregation and good magnetic properties. Based on their  

considerations and other results in the literature, the following synthesis 

parameters were selected: a starting molar ratio Fe3+/Sr2+ = 9 was chosen to 

mitigate the risk of hematite contamination found in a stoichiometric molar 

ratio of 12 19,23,24; the shortest time and lowest temperature for the calcination 

of the samples was sorted by a first step at 450°C for 1 h (pre-calcination) and 

a second one at 790°C for 1 h.  

To detect the correct crystallographic phase and exclude the presence of other 

additional phases, a PXRD analysis was performed on the sample obtained 

after the thermal treatment and the appropriate washing procedure (HNO3 4 M 

and DM water). The resultant diffractogram are shown in Figure 3-1. The 
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diffraction patterns of the synthesized sample confirmed the presence of a 

single-phase corresponding to hexagonal SrFe12O19, and no other evident 

secondary phases were detected. Particularly, an enhancement in intensity of 

the diffraction plane (110) along the c-axis of the platelet was noticeable. To 

assess the consistency of the formed crystallographic phase, multiple 

experimental runs were performed to overcome the reproducibility issue 

encountered in the solid-state synthesis. From Pawley refinement of the 

diffractograms, the crystallite size and cell parameters were extracted, and the 

obtained values are reported in Table 3-1. The effective elemental composition 

revealed by ICP, within the experimental error of the measurement, resulted in 

a stoichiometry corresponding to Sr1.07Fe11.93O19. Therefore, eventually 

additional phases such as SrCO3, derived from the excess of Sr2+, were 

removed by HNO3 washing 19.  
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Figure 3-1 PXRD diffractograms of SrM samples produced by MSG synthesis with molar ratio 

Fe3+/Sr2+ = 9, pre-calcination at 450 °C for 1 h and calcination at 790 °C for 1 h. The (110) 

diffraction planes are highlighted by the black arrow.  

Table 3-1 Crystallite size and cell parameters (PXRD), mean size and standard deviation 

(TEM) of SrM samples produced by MSG synthesis with molar ratio Fe3+/Sr2+ = 9, pre-

calcination at 450°C, 1 h, and calcination at 790°C, 1 h. 

Sample 
Cry.size 

(nm) 

a  

(Å) 

c  

(Å) 

Mean Size 

(nm) 

Std.Dev. 

(nm) 

SrM_MSG_I 58(1) 5.8847(5) 23.055(2) 91 44 

SrM_MSG _II 64(1) 5.8841(4) 23.049(2) 91 40 

SrM_MSG _III 60(1) 5.8831(3) 23.039(2) 93 45 

 

The results were consistent in all the series of tests, giving almost identical 

values for what concerns the crystallite size and cell parameters. Additionally, 

the mean sizes and the relative standard deviation, determined by the analysis 
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of TEM images (Figure 3-2), are in good agreement with each other. The 

nanoparticles presented a well-defined and distinguishable shape, 

corresponding to the characteristic platelet morphology of SrM. However, the 

discrepancy between the actual size from TEM and crystallite size from PXRD 

suggested the formation of polycrystalline samples. In the TEM images, the 

platelets appeared to be close to each other, but several nanoparticles showed 

a perpendicular orientation to the flat surface of the TEM grid. This 

arrangement could suggest the formation of individual nanoparticles free to 

rotate, with agglomerates rather due to magnetic and dipolar interactions than 

actually sintered together. To validate this hypothesis, a TEM grid was 

prepared while placed on the side of a permanent magnet, in a way that the 

magnetic field was applied horizontally to the grid. The resultant images, 

showed in Figure 3-3, showed a sort of alignment as a chain-assembly, more 

than overlapped irregular agglomerates. This further suggested that, at least 

partially, the platelets were susceptible to magnetic orientation.  
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Figure 3-2 Representative images and size distribution of SrM samples produced by MSG 
synthesis with molar ratio Fe3+/Sr2+ = 9, pre-calcination at 450°C, 1h, and calcination at 
790°C, 1h. The histogram of size distribution was estimated from over 200 particles and fitted 
to a lognormal function. 

 

Figure 3-3 TEM images of the oriented nanoparticles by deposition on TEM grid placed on 
the side of a permanent magnet.  
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The corresponding hysteresis loops, collected at 300 K, are shown in Figure 

3-4. The synthesized particles exhibited similar values of the main magnetic 

properties, summarized in Table 3-2, especially the remanence (average 29 ± 

1 Am2kg-1) and the saturation magnetization (average 67 ± 1 Am2kg-1), the only 

difference being a slightly larger value of the coercivity of SrM_MSG _III. 

 

 

Figure 3-4 Hysteresis loops at 300K of SrM samples produced by MSG synthesis with molar 

ratio Fe3+/Sr2+ = 9, pre-calcination at 450°C for 1 h and calcination at  790°C for 1 h. 
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Table 3-2 Magnetic parameters estimated from the hysteresis loops at 300 K of SrM samples 

produced by MSG synthesis with molar ratio Fe3+/Sr2+ = 9, pre-calcination at 450°C for 1h, 

and calcination at 790°C for 1h. 

Sample Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms µ0Hc (T) 

SrM_MSG_I 69 30 0.44 0.57 

SrM_MSG _II 67 29 0.43 0.56 

SrM_MSG _III 65 29 0.45 0.60 

 

3.2 Investigation into pre-calcination and 

calcination heating steps 

To evaluate how the temperature steps in the calcination procedure influence 

the final nanoparticles’ size, a series of samples was prepared by varying the 

holding time (t1) at T1 (pre-calcination temperature) and the temperature in T2 

(final calcination temperature) at fixed holding time t2 (1 hour). In all the series 

the molar ratio between iron and strontium was kept equal to 9. The samples 

were named SrM_MSG_Ax/By, where “x” indicates t1 at T1 = 450°C, and “y” 

the T2 temperature at fixed t2 = 1 h. The samples were then analyzed by XRD 

and TEM.  

3.2.1 MSG – Pre-calcination stage 

Initially, slight variations in t1 at T1 = 450°C were explored: instead of one-

hour as reported in the literature, the time intervals investigated were 50, 40 

and 30 minutes. The selected temperature was kept fixed at 450 °C as a good 

compromise between efficiently burning the organic residues and avoiding the 

formation of some additional phases, like hematite (α-Fe2O3) and strontium 

monoferrite (SrFe2O4) 
20,25. In Figure 3-5 the PXRD diffractograms of the 
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synthesized samples are shown. All the most intense peaks were attributed to 

the main phase of M-type SrFe12O19, with no evident presence of additional 

phases.  

In Table 3-3 are reported the crystal size and lattice parameters of the resultant 

nanoparticles. Across the series, negligible variation was observed in the 

crystallographic features, including both the crystallite size and cell 

parameters. In the same table it is reported also the particles’ mean size 

observed by TEM analysis, which confirms the polycrystalline nature of the 

synthesized nanoparticles. In TEM images, reported in Figure 3-6, the 

nanoparticles at different t1 had the same appearance and size, similarly to 

those normally pre-calcined for one hour. This suggested that a different 

duration in the pre-calcination provided the right precursors even in shorter 

time, then fully converted into the main phase of SrM at T2 = 790 °C 4,20. 
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Figure 3-5 PXRD diffractograms of SrM samples produced MSG synthesis with different t1 at 

T1 =450 °C.  

 

Table 3-3 Crystallite size and cell parameters (PXRD), mean size and standard deviation 

(TEM) of SrM samples produced by MSG synthesis with different t1 at T1 = 450 °C.  

Sample 
Cry.size 

(nm) 
a (Å) c (Å) 

Mean 

Size 

(nm) 

Std.Dev. 

(nm) 

SrM_MSG_A50/B790 42(1) 5.8852(3) 23.046(2) 83 34 

SrM_MSG_A40/B790 43(1) 5.8857(3) 23.052(2) 86 35 

SrM_MSG_A30/B790 46(2) 5.8844(5) 23.049(3) 88 37 
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Figure 3-6 TEM images of SrM samples produced by MSG synthesis at T1 = 450° and different 
t1: (a) 50 min; (b) 40 min; (c) 30 min. The size distributions were estimated from over 300 
nanoparticles and fitted to a lognormal function. 
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3.2.2 MSG – Calcination stage 

To investigate the effect of the calcination temperature T2, where the M-type 

SrFe12O19 phase is developed, two distinct temperature points were evaluated. 

The lower limit was set at 760 °C, which is above the temperature of 700 °C 

when SrM starts to crystallize from the amorphous phase 2,26 after the thermal 

decomposition of the citrate precursor at 600 °C 27, becoming prominent at 750 

°C 20. Conversely, 820 °C was selected as the upper limit in which the NaCl 

matrix is in liquid state (melting point of 801 °C) 28. These temperatures are 

crucial for controlling both the crystallization degree and, particularly, the 

particle size 29. The holding time t1 and t2 was fixed to 1 hour for both T1 and 

T2, as this duration proved to be enough for achieving a well-crystallized 

product without promoting excessive crystal growth. This approach aimed to 

directly correlate particle size differences with the final temperature T2. 

The PXRD diffractograms (Figure 3-7) confirmed the successful 

crystallization of the pure M-type SrFe12O19 phase without detectable 

secondary products, even at temperatures lower than 790 °C 10,22. The 

difference between these samples was mainly found in the crystallite size 

estimated from the refinement of the diffractograms and the actual size of the 

nanoparticles derived from TEM analysis (Table 3-4), where a noticeable 

increase in both values was observed with increasing calcination temperature. 
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Figure 3-7 PXRD diffractograms of SrM samples produced by MSG synthesis with different 

T2.  
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Table 3-4 Crystallite size and cell parameters (PXRD), mean size and standard deviation 

(TEM) of SrM samples produced by MSG synthesis with different T2.  

Sample 
Cry.size 

(nm) 
a (Å) c (Å) 

Mean Size  

(nm) 

Std.Dev. 

(nm) 

SrM_MSG_A60/B760 43(1) 5.8909(8) 23.074(3) 72 42 

SrM_MSG_A60/B820 54(1) 5.8844(2) 23.044(2) 130 58 

 

 

The elevated temperature was the primary factor in promoting a coherent 

enhancement in particle size 30,31. In TEM images, the nanoparticles obtained 

at lower T2 appeared to be slightly less defined along the edges of the platelets, 

differently to the shaper and more definite platelets of the sample at T2 = 820 

°C. This can be due to a smaller crystallinity degree due to the proximity of T2 

to 750°C, the temperature in which SrM phase becomes predominant. On the 

other hand, the aggregation of particles appeared independent of T2, remaining 

similar as those observed in the normally calcined samples. Therefore, the 

liquid state of NaCl had minor influence in reducing aggregation, while higher 

T2 enhanced the particle size.   
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Figure 3-8 TEM images and size distribution of SrM samples MSG synthesis with different 

temperature in the calcination step: (a) 760 °C (b) 820 °C. On the right, the histograms of size 

distribution, fitted to a lognormal function, were estimated from (a) over 100 particles, (b) 

over 200 particles. 

3.3 Evaluation of the increased NaCl matrix 

content on reducing the size 

Since the MSG method proved to be reproducible, providing nanoparticles 

with desirable magnetic properties and no secondary phases, further studies 

focused on the role of the NaCl matrix, the key element of this procedure. In 
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particular, we aimed at assessing whether increasing the NaCl matrix content 

could further reduce nanoparticles’ size or their agglomeration 10.   

Thus, in addition to the NaCl, formed by the reaction of metal-chlorides and 

sodium carbonate, an increased amount of 100% by weight with respect to that 

formed during the synthesis, was added to the precursor gel in two different 

ways: by inclusion inside the sol, before the drying stage (sample 

SrM_MSG_100NaCl_SOL), or by addition to the dried gel while it is grinded 

in the mortar before calcination (sample SrM_MSG_100NaCl_GEL).  

The PXRD diffractograms patterns of the as obtained samples displayed 

(Figure 3-9) no evidence of additional phases. The lattice parameters a and c 

seemed to be slightly enhanced when compared the sample with no NaCl 

addition, SrM_MSG_I (Table 3-5), while a decreased crystal size was 

estimated only for the sample SrM_MSG_100NaCl_GEL. The average 

particle size from TEM images (Figure 3-10) also differed. Both samples 

remained predominantly polycrystalline, leading to the conclusion that excess 

of NaCl, in the two approaches, did not contribute to further nanoparticles’ size 

reduction. Neither a change nor reduction in the formed agglomerates were 

noticed adding extra NaCl, suggesting that an increased matrix content had a 

minor influence even in this regard. 
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Figure 3-9 PXRD diffractograms of SrM samples produced by MSG synthesis with Fe3+/Sr2+ 

= 9 and 100% extra NaCl added to the precursor in the dried gel (red line) and in the solution 

(blue line).  

 

Table 3-5 Crystallite size and cell parameters (PXRD), mean size and standard deviation 

(TEM) of SrM samples produced by MSG synthesis with Fe3+/Sr2+ = 9 and 100% extra NaCl 

added to the precursor in the dried gel or in the sol. For comparison data of SrM_MSG_I 

having no extra NaCl are also reported.   

Sample 
Cry.size 

(nm) 
a (Å) c (Å) 

Mean  

Size 

(nm) 

Std.Dev. 

(nm) 

SrM_MSG_I 58(1) 5.8847(5) 23.055(2) 91 44 

SrM_MSG_100NaCl_SOL 58(1) 5.8878(5) 23.063(2) 97 35 

SrM_MSG_100NaCl_GEL 42 (1) 5.8905(7) 23.073(3) 118 55 
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Figure 3-10 TEM images and size distribution of SrM samples produced 100% extra NaCl 

added to the precursor (a) in the dried gel and (b) in the solution. On the right, the histograms 

of size distribution, fitted to a lognormal function, were estimated from: (a) over 100 particles; 

(b) over 200 particles. 

3.4 The influence of Fe/Sr molar ratios on the 

particle size 

The initial trials were inspired by the work of Eikeland et al. 19, that synthesized 

SrM nanoparticles using this method to compare MSG with standard sol-gel 

synthesis, focusing on how crystallite morphology and aggregation affect 

alignment during compaction. Their results highlighted notable differences in 
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compaction behavior, likely due to an increased particles aspect ratio. Among 

the attested Fe3+/Sr2+ molar ratios (8-12), the ratio 9 was preferred for its lower 

risk of hematite formation (higher molar ratios resulted contaminated) and 

slightly smaller lattice parameters reported. While Eikeland et al. observed 

minimal changes in cell parameters across the ratio range and hypothesized an 

eventual oxygen-deficiency in the calcination stage for the appearance of α-

Fe2O3 phase, other works reported the Fe/Sr ratio significantly impacts on 

particle size and composition, such in similar sol-gel processes 25,32,33, 

coprecipitation 34,35, hydrothermal 36 or milling 37, resulting slightly 

controversial. To assess possible variations in phase, size, and magnetic 

properties due to hematite contamination, as in the case of LTSSR synthesis, a 

Fe3+/Sr2+ molar ratio of 12 was also tested. The calcination parameters (T1 = 

450 °C; T2 = 790 °C; t1 and t2 = 1 hour) and the afterward washing (HNO3 4M 

and DM water) were maintained constant.    

The PXRD diffractograms of the samples with different Fe3+/Sr2+ molar ratios 

(in Figure 3-11) showed identical patterns, with all the main peaks 

corresponding to the M-type compound SrFe12O19, and no evident formation 

of secondary phases. Even increasing the Fe3+/Sr2+ molar ratio, no presence of 

hematite or other additional phases was detected. Also no differences in the 

main crystallographic parameters emerged from the refinement of the 

experimental patterns. Furthermore, the particle size distribution from TEM 

images were very similar in the two cases, in contrast to the MSSR synthesis, 

where a higher Fe3+/Sr2+ molar ratio resulted in larger particle sizes. 
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Figure 3-11 PXRD diffractograms of SrM samples produced by MSG synthesis with different 

Fe3+/Sr2+ molar ratio.  

Table 3-6 Crystallite size and cell parameters (PXRD), mean size and standard deviation 

(TEM) of SrM samples produced by MSG synthesis with different Fe3+/Sr2+ molar ratio.  

Sample 
Cry.size  

(nm) 

a  

(Å) 

c  

(Å) 

Mean Size 

(nm) 

Std.Dev. 

(nm) 

SrM_MSG_R12 58(1) 5.8878(5) 23.066(2) 94 50 

SrM_MSG_R9 58(1) 5.8847(5) 23.055(2) 91 44 

 

The elemental composition of the sample obtained by ICP analysis resulted in 

a stoichiometry of Sr1.06Fe11.94O19 for molar ratio Fe3+/Sr2+ = 12 and 

Sr1.07Fe11.94O19 for molar ratio Fe3+/Sr2+ = 9. These comparable results, within 

the experimental error, confirmed the correct formation of SrM. 
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Figure 3-12 TEM images and size distribution of SrM samples produced by MSG synthesis 

with different Fe3+/Sr2+ molar ratio: (a) SrM_MSG_R9 (b) SrM_MSG_R12. The histograms 

were estimated from over 200 nanoparticles and fitted to a lognormal function 

Only minor variations were observed in the main magnetic properties obtained 

from the hysteresis loops collected at 300 K (Figure 3-13), particularly in the 

MS and MR values (Table 3-7). However, coercivity slightly increased with a 

higher Fe3+/Sr2+ molar ratio. A similar effect was observed in Ref. 19 where it 

was ascribed to an increased shape anisotropy along the easy magnetization 

axis of the material. However, since this does not seem to be our case, we can 

argue that the increase in coercivity arises from the different arrangement of 

the nanoparticles in the powder, as indeed suggested by TEM images. The 
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latter, indeed, could generate a different internal field responsible for the 

increase of coercive force.  

 

Figure 3-13 Hysteresis loops at 300K of SrM samples produced by MSG synthesis with 

different Fe3+/Sr2+ molar ratio. The samples were named SrM_MSG_Rx, indicating as x the 

Fe3+/Sr2+ ratio. 

Table 3-7 Magnetic properties derived from hysteresis loops at 300K of SrM samples produced 

by MSG synthesis with different Fe3+/Sr2+ molar ratio.  

Sample Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms µ0Hc (T) 

SrM_MSG_R12 65 29 0.45 0.61 

SrM_MSG_R9 68 30 0.44 0.57 
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3.5 Conclusions 

The MSG synthesis was selected and evaluated to find the optimal conditions 

leading to individual nanograins suitable to be oriented, overcoming the main 

limitation of sintered aggregates obtained by solid-state synthesis. Although 

TEM images did not allow us to conclusively assess this aspect, the observed 

particles orientation suggested less strongly intergrown and agglomerated 

nanoparticles with respect to solid-state method. Moreover, the application of 

magnetic field showed a higher degree of individual particles capable of being 

partially aligned in chain-like arrangement. The SrM nanoparticles synthesized 

through this procedure consistently showed the obtainment of phase-pure 

strontium hexaferrite with no detectable amount of secondary phases, and ICP-

AES analysis demonstrated that a correct stoichiometry of the compound was 

obtained for all the prepared samples. Single-phase SrM was successfully 

crystallized even at temperatures lower than the typical 800°C. The 

discrepancy between actual particle size from TEM and crystallite size from 

PXRD suggested the development of polycrystalline nanoparticles, with 

consistently high values of coercivity and magnetization. Nonetheless, some 

challenges could arise in preparing big batches to scale-up the reaction, 

differently from the solid-state route. While the reagents’ solution was prepared 

in a relatively simple way, mixing them in water and in short time intervals, 

large volumes of liquid could be difficult in handling to ensure a homogenous 

dried gel, and time consuming without proper equipment. Additionally, the 

fume evolution from burning the carbonaceous residues of the precursor gel 

must be contained during the heating stages, and the yield of the final product 

is fairly lower compared to solid-state reactions. Variations in the pre-

calcination holding time (from 30 to 60 minutes) at 450°C did not significantly 

impact the main crystallographic features or the mean particle size of the 
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resultant nanoparticles. The selected temperature of 450 °C effectively burned 

off organic residues and set the right precursors, without forming additional 

phases like hematite in the final calcination step. Conversely, the calcination 

temperature in the second heating step significantly influenced the particle 

size, as increasing the calcination temperature to 820 °C resulted in a 

noticeable increase in both crystallite size and mean particle size. The retained 

characteristic platelet shape indicated that the elevated temperature was the 

major factor promoting the particle size enlargement, while the liquid state of 

NaCl matrix seemed to have no influence. Increasing the NaCl matrix content, 

either added to the sol or to the dried gel, did not lead to a further reduction in 

nanoparticle size or in the formation of aggregates. Changing the Fe3+/Sr2+ 

molar ratio (from 9 to 12) showed minimal effect on the crystallographic phase, 

particle size, or main magnetic characteristics, and ICP analysis confirmed 

correct SrM formation for both ratios.  

Altogether, these results demonstrated MSG is a more suited technique for the 

preparation of orientable, nanometric single crystal of hexagonal ferrite. 

Therefore, in the following we adopted this method to explore to further 

improve the properties of the nanoparticles through metal substitution.  
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Chapter 4 | Enhancing magnetic 

properties of SrM with chemical 

modification: Doping 

So far we have discussed how tuning the magnetic properties of M-type 

SrFe12O19, such as MR and HC, through nanoscale microstructural engineering. 

Another effective strategy to reach the goal is to modify the magnetic structure 

of the ferrite via chemical doping 1–5 . This latter strategy involves substituting 

SrM’s metal ions with other elements, which can significantly tune, and 

potentially enhance, its magnetic properties. Indeed, M-type hexagonal 

ferrites, like SrM, possess a structural flexibility that allows for a large variety 

of cation substitutions for both Fe3+ and Sr2+. Cation substitution aims at 

modifying the magnetization of the material and enhance the 

magnetocrystalline anisotropy by inducing local changes in crystallographic 

and chemical structures. However, predicting doping’s effect on these 

properties is still complex, as evidenced in the literature 3.  

As discussed in Chapter 1, the magnetic structure of M-ferrite arises from the 

occupancy of five distinct crystallographic sites by Fe3+ ions and their coupling 

through oxygen-mediated superexchange interactions 1. The net magnetic 

moment and magneto-crystalline anisotropy depend on the spin and orbital 

moments of the cations, influenced by their site symmetry, valence state and 

spin configuration (high spin, low spin, intermediate spin) 3. The magnetic 

moment of SrM is determined from the coupling of 16 Fe3+ spins aligned in 

the majority direction (2a, 2b, and 12k sites) and 8 in the minority direction 
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(4f1 and 4f2 sites). 6–8, 9,10. Thus, doping strategies can either enhance the total 

magnetization or improve the anisotropy depending on the site occupied by the 

dopant 3,11. Although both Sr2+ and Fe3+ ions can be replaced, this study focused 

on the substitution of Fe3+ sites only with the aim to elucidate if dopants show 

site selectivity and how this could affect magnetic behavior.  However, this 

replacement also affects super-exchange interaction and anisotropy, and their 

effects are not always predictable or monotonic with concentration 3.  

In this thesis work, different dopants, namely Al3+ and Mn3+, were investigated 

to obtain SrM nanoparticles with improved magnetic properties exploitable to 

develop a more functional material for PMs avoiding the use of REE. 

 

4.1 Synthesis of doped SrM nanoparticles 

through the modified sol-gel method 

Among the synthesis approaches used in this research, the modified sol-gel 

synthesis (MSG) appeared to be the most promising 12,13. The MSG reaction 

resulted, indeed, in almost all the trials, in a single product with reproducible 

morphological and magnetic properties. To better evaluate the effect of the iron 

substitution in the structure of SrM, a single-ion doping was preferred over 

more unpredictable combinations, and different doping concentrations were 

investigated for each ion in object: the dopant ion (M) was replaced according 

to the stoichiometric proportions in the general formula MxSrFe12-xO19. The 

resultant powders were then characterized through PXRD to evaluate the 

presence of any additional phases besides SrM and eventual modification of 

the crystal lattice, TEM to detect the changes in the particle size or 

morphology, PPMS_VSM magnetometry to measure the magnetic properties, 
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and ICP-AES to assess the stoichiometry of the synthesized compound. 

Beyond doping strategies, the synthesis procedure was designed to be 

functional and cost-effective for manufacturing and scalability. Therefore, we 

adopted the MSG synthesis, avoiding elevated temperatures to prevent 

excessive crystallites growth and intergrowing agglomeration.  

 

4.1.1 Effect of Aluminium doping on the 

morphological and magnetic properties of SrM 

According to the literature, aluminum is one of the most studied cations for 

modifying the magnetic properties of M-type hexaferrites14–20. The Al-doped 

hexaferrites, in most of the cases, exhibited large coercivities with respect to 

the pristine material, and that can be useful in various applications, among 

which PMs, indeed. Depending on the site where substitution occurs, it can 

result in an increase of the magnetic anisotropy. Depending on the amount of 

Fe3+ replaced by Al3+, the resultant coercivities can increase up to over 1 T 21 

22,23.  An interesting feature of the resulting strong resistance to demagnetizing 

fields lies in the potential for integration with REE-based magnets in 

engineering applications. In some cases, increasing the magnetic anisotropy 

field, led to a decrease in magnetization and Curie temperature. This behavior 

is attributed to the site occupancy of Al3+ cations among the five 

crystallographic sites of Fe3+ in the SrM lattice. Theoretical calculations 

performed by Dixit et al. 1124 supported by experimental results 25–27, suggested 

a preferential occupancy for Al3+ into the 12k or 2a octahedral site, both 

associated with spin-up alignment. Consequently, since Al3+ is diamagnetic its 

introduction into these positions may lower the net magnetization and slightly 

weaken the super-exchange interactions, reducing the Curie temperature. 
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Nevertheless, by carefully controlling the doping concentration and site 

occupancy, it is possible to tailor the balance between coercivity, 

magnetization, and thermal stability—paving the way for customized 

strontium hexaferrites with improved performance and specific functional 

advantages. 

Here, the MSG procedure was used to synthesis aluminum-doped SrM 

nanoparticles. To investigate the effect of Al3+ doping on the morphological 

and magnetic properties of SrM, three Al-doped SrM samples with different 

Al3+ concentrations were synthesized. The obtained precursors underwent two 

calcination steps: at 450 °C for 1 h followed by 790 °C for 1 h. The synthesized 

samples were named Al(x)-SrM_MSG, following the estimated molar ratio (x) 

in the formula corresponding to composition AlxSr1Fe12-xO19. The results were 

compared with the undoped SrM, named SrM_MSG_R12 (synthesis details in 

Chapter 3).  

The stoichiometry of the obtained compound was checked by ICP-AES, 

confirming the presence of Al3+ in the particles. However, Al3+ concentration 

was systematically lower than the amount set in the synthesis: the effective 

molar ratio in the formula AlxSrFe12-xO19 was 0.25 for the nominal ratio 0.5, 

0.51 for the nominal ratio 1, and 0.38 for the nominal ratio 2. Instead, when 

the ICP-AES was performed on the powdered gel precursor, before the 

calcination step, the proper amount of Al3+ was detected (Al = 1.18 for Al(1)-

SrM). This discrepancy suggests that the diffusion rate of the ion into the lattice 

is limited under these operating conditions. Probably the low temperature 

calcination hindered the full conversion of precursors in Al-SrM 28. The 

unreacted precursors, or other phases, such as spinel-like Sr(Al, Fe)2O4 and 

Al2O3, could have been removed during the subsequent washing stage with 

HNO3 4M and DM water in the MSG procedure 29. 
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Table 4-1 Al, Sr, Fe content evaluated by elemental analysis (ICP-AES) reported as 

stoichiometric amount in the formula unit AlxSr1Fe(12-x)O19. 

Sample 
Element content 

Al Sr Fe 

SrM_MSG_R12 0 1.06 11.94 

Al(0.5)-SrM_MSG 0.25 1.02 11.73 

Al(1)-SrM_MSG 0.51 1.03 11.47 

Al(2)-SrM_MSG 0.38 1.02 11.60 

 

 

Figure 4-1 PXRD diffractograms of SrM samples produced by MSG synthesis with different 

Al content. The samples were named Al(x)-SrM_MSG, indicating as x the Al molar ratio in the 

formula Al(x)Sr1Fe(12-x)O19. The sample SrM_MSG_R12 refers to the undoped SrM with molar 

ratio Fe3+/Sr2+ = 12 made with the same procedure. 

In Figure 4-1 are shown the diffraction patterns of the synthesized Al-SrM 

samples, in which the profiles correspond to the M-type SrFe12O19 structure 

with no presence of secondary phases. The Pawley refinement of the cell 
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parameters (Table 4-2), underlined the decrease in the crystallite size and in a 

and c values as the Al3+ content is increased. This result is coherent with the 

smaller ionic radius of Al3+ (0.535 Å) than Fe3+ (0.645 Å).   

Table 4-2 Crystallite size and cell parameters (PXRD), and mean size and standard deviation 

(evaluated from over 200 particles in TEM images using ImageJ software) of SrM samples 

produced by MSG synthesis with different Al content. The sample SrM_MSG_R12 refers to the 

undoped SrM with molar ratio Fe3+/Sr2+ = 12 made with the same procedure. 

Sample 
Cry.size 

(nm) 

a  

(Å) 

c  

(Å) 

Mean Size 

(nm) 

Std Dev. 

(nm) 

SrM_MSG_R12 58(1) 5.8878(5) 23.066(2) 94 50 

Al(0.25)-SrM_MSG 48(1) 5.8852(5) 23.055(2) 80 30 

Al(0.38)-SrM_MSG 50(1) 5.8816(4) 23.038(2) 57 29 

Al(0.51)-SrM_MSG 46(1) 5.8813(5) 23.040(2) 66 27 

 

Similarly, TEM images (Figure 4-2) revealed a progressive decrease in the 

average particle size as the Al3+ content increases reaching a value of 57 nm 

for Al(0.38)-SrM, almost 40 nm less than the pristine SrM_MSG_R12. 

However, the nanoparticles in the Al-doped samples remain mostly 

polycrystalline, as suggested by the comparison of crystallite size and the 

actual size derived from TEM.  
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Figure 4-2 TEM images of SrM samples produced by modified sol-gel (MSG) synthesis with 
different Al content: (a) Al(0.25)-SrM, (b) Al(0.51)-SrM, (c) Al(0.38)-SrM. On the right, the 
corresponding histograms of particle size distribution, estimated from over 200 nanoparticles 
and fitted with a lognormal function (black line). 

 

Magnetic properties of the proposed samples were studied recording  

hysteresis loops at 300 K (Figure 4-3), and the estimated values of remanence 

and coercivity were summarized in Table 4-3. Increasing the Al content in the 
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samples led clearly to an enhancement of the coercivity, reaching a really high 

value of 0.7 T for sample Al(0.51)-SrM. In combination with HC enhancement, 

a decrease in MS value came along with the increased doping, in accordance 

with the insertion of a non-magnetic ion in the spin-up sites and weakened 

super-exchange interactions 24. The magnetic behavior of the three samples 

reflected the increasing amount of Al3+ concentration in the SrM, as detected 

by ICP and further supported by the decreased crystallite size estimated from 

XRD. Therefore, the inclusion of Al, even if partial, allowed for the 

advantageous obtainment of hexaferrite nanoparticles with noticeably 

improved coercivity value.  

 

Figure 4-3 Hysteresis loops at 300K of SrM samples produced by MSG synthesis with different 

Al content. In the inset, the enlargement at low field of the corresponding demagnetization 

curves is highlighted. 
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Table 4-3 Magnetic properties estimated from hysteresis loops at 300K of SrM samples 

produced by MSG synthesis with different Al content.  

 

4.1.2 Effect of Manganese doping on the 

morphology and magnetic properties of SrM 

Manganese is a transition metal that can present different valencies, and its 

cations possess ionic radii comparable to that of Fe3+ (0.645 Å), particularly 

Mn3+ (0.645 Å). This similarity facilitates the substitution of Fe3+ ions at one 

or more of the five distinct crystallographic sites (12k, 4f1, 4f2, 2a, 2b) within 

the M-type hexagonal structure, without causing excessive lattice distortion. 

Differently from Al3+, Mn3+ ions carry their own magnetic moments, so their 

incorporation into the hexaferrite lattice, depending on the preferential site 

occupancy and oxidation state, can either enhance or reduce the net 

magnetization30–32. Some studies suggest Mn tends to occupy specific sites, 

while others indicate a more distributed substitution, often dependent on the 

Mn concentration and the synthesis conditions. In the case of Mn3+, early work 

of Obradors et al 33 showed that the magnetic anisotropy field at low 

temperatures increases for high doping levels (x=9). Other studies reported Mn 

occupying first the spin up 12k and 2a sites and later the 4f2 sites 30,34. Tenorio 

et al 30 outlined that the Mn3+ ions occupy preferentially the 2a sites up to x=2. 

If the Mn content further increases, it occupies first the 12k position and then 

4f1 and 4f2 sites. The occupancy in spin-up sites of Mn3+ ion, which has a 

Sample Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms μ0Hc (T) 

SrM_MSG_R12 66 29 0.44 0.61 

Al(0.25)-SrM_MSG 64 28 0.44 0.64 

Al(0.38)-SrM_MSG 62 28 0.45 0.68 

Al(0.51)-SrM_MSG 60 28 0.47 0.70 
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smaller magnetic moment (3.5 μB) than Fe3+ (5 μB), explains the decrease in 

overall magnetization. On the other hand, the same study reports that HC 

reaches 0.97 T for x = 5, but with a strong impact on MS (35 Am2kg−1) and the 

formation of large, aggregated particles with a size distribution of 250-600 nm, 

that is in a much larger size range than that we aim to address in this work.  

Therefore, similarly to what was done with Al, the Mn-doped SrM 

nanoparticles were produced through MSG synthesis, with dopant molar ratios 

equal to 0.5, 1, and 1.5. The reagents were weighed in accordance, then the 

powders were calcined at 450 °C for 1 h followed by 790 °C for 1 h. The 

synthesized samples were named Mn(x)-SrM_MSG, following the estimated 

molar ratio (x) in the formula corresponding to composition MnxSr1Fe12-xO19. 

To evaluate the effective stoichiometry, the samples were analyzed through 

ICP-AES. The obtained powders were subsequently characterized by PXRD 

and TEM to evaluate the crystallographic features and morphology, and VSM 

analysis was performed to investigate magnetic characteristics. The results 

were then compared with the undoped SrM having stoichiometric molar ratio 

(Fe3+/Sr2+= 12), prepared using the same process, named SrM_MSG_R12.  

The ICP results showed that the effective manganese content matched its 

nominal value in the Mn(0.5)-SrM_MSG sample. Conversely, when the Mn 

concentration in the synthesis was raised, a lower Mn content was found in the 

final product (0.71 for the nominal value of 1, and 1.07 for the nominal value 

of 1.5). As hypothesized for the Al-doped series, probably the incorporation of 

Mn is not complete under these conditions, and the subsequent washing stage 

with HNO3 and DM water could remove the unreacted reagents and by-

products. In fact, even in this case the ICP analysis resulted in a correct Mn 

concentration (Mn =1) in the precursor gel.    
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Table 4-4 Mn, Sr, Fe content evaluated by ICP-AES reported as stoichiometric amount per 

formula unit MnxSr1Fe(12-x)O19. 

Sample 
Element content 

Mn Sr Fe 

SrM_MSG_R12 0 1.06 11.94 

Mn(0.5)-SrM_MSG 0.51 1.08 11.41 

Mn(1)-SrM_MSG 0.73 1.10 11.18 

Mn(1.5)-SrM_MSG 1.07 1.08 10.85 

 

 

Figure 4-4 PXRD diffractograms of SrM samples produced by MSG synthesis with different 

Mn content. The sample SrM_MSG_R12 refers to the undoped SrM with molar ratio Fe3+/Sr2+ 

= 12, made with the same procedure. 
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Table 4-5 Crystallite size and cell parameters (PXRD), mean size and standard deviation 

(evaluated from over 300 particles in TEM images using ImageJ software) of SrM samples 

produced by MSG synthesis with different Mn content.  

Sample Cry.size (nm) a (Å) c (Å) 
Mean 

Size (nm) 

Std. Dev. 

(nm) 

SrM_MSG_R12 58(1) 5.8878(5) 23.066(2) 94 50 

Mn(0.51)-SrM_MSG 41(1) 5.8876(6) 23.062(2) 46 16 

Mn(0.73)-SrM_MSG 41(1) 5.8852(6) 23.051(2) 35 17 

Mn(1.07)-SrM_MSG 35(1) 5.8829(7) 23.040(3) 33 14 

 

Only the M-type SrFe12O19 crystallographic phase can be observed in the 

PXRD patterns, suggesting the correct obtainment of a pure and single-phase 

product. No appreciable shift of the peaks was noticed after the dopant 

insertion, and this fact is coherent with the overlapping dimensions of Fe3+ and 

Mn3+ ionic radius. Consistently only a very small variation of the lattice 

parameters (a and c) is observed.  A more remarkable variation was in the 

crystallite size, towards lower values with increasing Mn content. Additionally, 

the analysis of TEM images (Figure 4-5) displays the doped samples comprise 

smaller grains with respect to undoped sample. From that, it can be argued that 

the Mn insertion sensibly influences the mean physical particle size, reaching 

the half or even less with respect to the undoped SrM, and with much smaller 

standard deviation. Furthermore, the good agreement between the average 

dimensions obtained from TEM and the crystal grain size from XRD 

measurements of the Mn-doped particles indicates predominantly single-

crystal nanoparticles, compared to all the other synthesized samples. 
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Figure 4-5 TEM images of SrM samples produced by MSG synthesis with different Mn content: 
(a) Mn(0.51)-SrM, (b) Mn(0.73)-SrM, (c) Mn (1.07)-SrM.On the right, the corresponding 
histograms of particle size distribution, estimated from over 300 particles and fitted with a 
lognormal function (black line).  
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Another noticeable difference was observed in the magnetic behavior of the 

synthesized Mn-doped SrM. The saturation magnetization value decreased 

progressively with the increasing Mn content, coherently with the preferential 

insertion of Mn in the 12k and 2a spin-up positions 30,35. Conversely, the 

coercivity increased, reaching a maximum value of 0,65 T for x = 0.73, with 

an increase of 6.5% with respect to the pristine Sr-ferrite. Then, it decreased 

for higher doping values.  The relative difference between these latter values 

is small and could derive from a partial physical alignment of the nanoparticles 

in the preparation of the sample for VSM measurement, which could also 

explain the small kink in the hysteresis curve when the magnetic field is 

removed.  The literature is not univocal in addressing the effect the insertion 

of Mn in the lattice of hexagonal ferrites on the magnetic properties, from 

induced microstrains 30 to an increased magnetic dipole coupling 31. Most of 

the samples reported so far are prepared derive from mechanosynthesis 

33,34,36,37, thermal decomposition 38, or single crystal growth 38. They mostly 

report, for substitutions over x = 1, a decreased value of the anisotropy constant 

caused by the lattice distortion, with weakened super-exchange interactions 

and disrupted spin collinearity. In our case, at lower Mn concentrations, we 

found that Mn-doping led to predominantly single-crystal hexaferrite 

nanoparticles with particularly small size (around 40 nm) and enhanced 

coercivity with respect to the undoped nanoparticles, although with only a 

small decrease of the remnant magnetization. Thus, in view of the scope of our 

work, the addition of Mn appeared definitely beneficial.      
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Figure 4-6 Hysteresis loops at 300K of SrM samples produced by MSG synthesis with different 

Mn content. In the inset, the enlargement at low field of the corresponding demagnetization 

curves is highlighted. 

 

Table 4-6 Magnetic properties derived from hysteresis loops at 300K of SrM samples produced 

by MSG synthesis with different Mn content.  

Sample Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms μ0Hc (T) 

SrM_MSG_R12 66 29 0.44 0.61 

Mn(0.51)-SrM_MSG 60 28 0.46 0.62 

Mn(0.73)-SrM_MSG 58 28 0.47 0.65 

Mn(1.07)-SrM_MSG 55 26 0.47 0.62 
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Figure 4-7 Comparison between the measured (BH)max values (white columns) for Al- and 
Mn-doped SrM samples and the corresponding theoretical estimates (BH)MAX (grey columns) 
for fully-dense and oriented samples. Reference ranges for commercial isotropic ferrites (7–
10 kJ/m³) and anisotropic ferrites (24–36 kJ/m³) are also reported. 

Table 4-7 Magnetic parameters of Al- and Mn-doped SrM samples: remanence (BR), normal 
coercivity (HCb), intrinsic coercivity (HCi), measured maximum energy product ((BH)max), and 
theoretical maximum energy product ((BH)MAX). 

Sample 
BR 

(mT) 

Hcb 

(kA/m) 

Hci 

(kA/m) 

(BH)max 

(kJ/m3) 

(BH)MAX 

(kJ/m3) 

Al(0.25)-SrM_MSG 181 120 509 5.5 33.6 

Al(0.38)-SrM_MSG 179 121 545 5.4 31.5 

Al(0.51)-SrM_MSG 179 122 556 5.5 29.9 

Mn(0.51)-SrM_MSG 175 114 497 4.9 29.0 

Mn(0.73)-SrM_MSG 176 119 517 5.2 27.9 

Mn(1.07)-SrM_MSG 165 114 494 4.8 24.5 
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The performances for each doped SrM sample were also evaluated (Table 4-7). 

The (BH)max was calculated by the hysteresis curves obtained from VSM 

measurements, adopting the X-ray crystallographic densities for the 

synthesized samples and a demagnetizing factor Nx = 0.1 for a thin disk pellet 

39. The resultant (BH)max values were found to be lower than commercial 

isotropic ferrite magnets, as shown in Figure 4-7, which values are in the range 

of 7-10 kJ/m3 (around 1 MGOe)40,41. The increase in intrinsic coercivity did 

not directly translate into a proportional enhancement of (BH)max in isotropic 

samples, since the remanence and the squareness of the demagnetization curve 

remain limiting factors. Additionally, the ideal theoretical value, (BH)MAX, was 

estimated through the equation 1/4μ0MS
2 for a fully dense and perfectly 

oriented sample42. This highlights the intrinsic potential of the materials, 

falling in the range of commercial anisotropic ferrites43,44. Both in Al- and Mn-

doped series, the theoretical (BH)MAX decreased with increasing dopant 

content, coherently with the reduced magnetization caused by the substitution 

of Fe3+ cations. Nevertheless, the high intrinsic coercivity represents an 

important prerequisite for magnetic stability, ensuring resistance against 

external perturbations.  

4.2 Conclusion 

The synthesis of doped SrM nanoparticles with enhanced magnetic and 

morphological features by chemical modification was successfully achieved. 

Particularly, the MSG method allowed for the successful replacement of Fe3+ 

ions with Al and Mn cations, although some discrepancy between the nominal 

and the effective content of the dopant were found. This was particularly 

noticeable in the Al-doped series, as the effective content incorporated into the 

hexagonal lattice was consistently lower than the targeted amounts, and to a 

minor extent even in the case of manganese. This suggests some limitations in 
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the diffusion rate of the cations under these specific synthesis conditions. 

Further investigations could regard a slight increase in the calcination 

temperature and duration to effectively determine if the dopant content can be 

enhanced, or if it is a limitation of the procedure itself. However, the 

synthesized doped particles presented remarkable differences in morphological 

and magnetic properties, in comparison with the undoped material obtained 

from the same procedure. The inclusion of Al resulted in a small decrease in 

the lattice parameters and mean particle size, coherently with the smaller ionic 

radius of Al, while the samples maintained a polycrystalline nature. 

Conversely, a different behavior was encountered as concerns the mean 

particle size of Mn-doped nanoparticles. In this case, the lattice parameters 

remained almost unchanged, in agreement with the similarity in ionic radii of 

Mn3+ and Fe3+. The crystallite size was decreased by the Mn incorporation, 

while at the same time the grain size remarkably decreased compared to Al 

doping, leading to considerably smaller nanoparticles (half or even less than 

undoped SrM). Moreover, the Mn-doped particles showed a good agreement 

between TEM and PXRD, indicating predominantly single-crystal 

nanoparticles, a notable improvement over the polycrystalline nature of 

undoped and Al-doped samples. Regarding the magnetic properties, the 

insertion of both cations affected the saturation magnetization. On the other 

hand, Al significantly enhanced the coercivity, reaching a remarkable value up 

to 0.7 T for Al(0.51)-SrM. The calculated (BH)max of the synthesized doped 

samples, although below than the commercial isotropic standard due to limited 

remanence and squareness in the isotropic powder, retained a significant 

theoretical potential comparable to anisotropic ferrites. The improved 

resistance to demagnetization, provided by the high intrinsic coercivities, could 

be practical for stable PM applications. 
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In summary, this test demonstrated that the chemical modification by doping 

can effectively enhance the structural, morphological and magnetic properties 

of the synthesized SrM nanoparticles, highlighting the potential for tailoring 

properties through precise dopant selection and control. The Al doping was 

particularly efficient to increase the coercivity of the material, while the Mn 

was determinant in yielding nanoparticles with notably reduced size. Future 

studies will regard the promising opportunity to combine these effects (co-

doping strategy), while exploring the substitution with different metal cations 

to further enhance the SrM features.  
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Chapter 5 | Innovative compaction and 

densification of SrM powders for PM 

applications 

5.1 The aim of obtaining nanostructured PMs 

Once obtained hexagonal ferrite nanograins with promising properties, the 

next step is to transform them in an oriented (anisotropic) and dense permanent 

magnet, while preserving the magnetic characteristics exhibited by the single 

nanoparticles.  This is definitely not an easy task, as in conventional sintering 

processes elevated temperatures (up to 1350 °C) are employed to reduce 

porosity, attaining increased densities by coalescence of the nanoparticles 1–3. 

The high temperatures required for densification and sintering are energy-

intensive and make precise control over grain size and microstructure 

challenging, potentially leading to detrimental grain growth which can reduce 

coercivity 4. Furthermore, during compaction the exchange intergranular 

interactions between magnetically aligned nanograins become prevalent, 

affecting the coercivity, and resembling a bulk-like magnetic structure 5. 

To achieve this overarching goal, two different approaches for the compaction 

were envisaged. One was utilizing a high-pressure mechanical press with two 

different setups allowing to apply isotropic (multi-anvil) and uniaxial (piston 

cylinder) pressure at low temperature (below 300 °C). On the other hand, Spark 

Plasma Sintering, a novel densification technique which combines uniaxial 

pressure and short sintering times to minimize grain growth. 
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5.2 Multi-anvil and Piston cylinder press 

Compaction tests were conducted at the Institute of Materials for Electronics 

and Magnetism of the National Research Council (IMEM-CNR6) which 

provided us the access to a 1000-ton oleodynamic press (Tecnoprecisa S.r.l.), 

equipped with: 

• A Multi-anvil (M.A.) Walker-type press (Rockland Corps.) with P 

range from 2 GPa to 25 GPa and T range from room temperature to 

2200 °C; the sample is placed in a hole within a pressure medium 

shaped into an octahedron and fabricated from ceramic material. The 

faces of the octahedron seat against the truncated corners of eight 

tungsten carbide (WC) cubic anvils. The cubes in turn are nested within 

cylindrical seats fabricated from steel and sectioned into segments that 

fit into a massively supported guide-block 7. 

• End-loaded piston cylinder (P.C.) set of 1 inch (Enerpac and Danfoss) 

with P range from 0.05 GPa to 3.5 GPa and T range from room 

temperature to 1500 °C. The heart of the apparatus is the pressure 

vessel, which contains a tungsten carbide (WC) core supported by 

concentric rings of hardened steel. The force is provided by the main 

hydraulic ram acting against the sample assembly and stack top plate, 

which is confined by an end load applied by the upper hydraulic ram 7. 
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The powder assembly consisted of a NaCl cylindrical sleeve enclosing a 

cylindrical graphite furnace. The furnace provides energy by Joule effect 

to the centrally positioned sample, which was encapsulated within a cold-

welded gold capsule (thickness 25 μm) and insulated by an MgO sleeve. 

 

 

  

Figure 5-1 Illustrative images of the high-pressure setup at IMEM: (a) 1000-
tons oleodynamic press with multi-anvil module; (b) schematic representation
of end-loaded piston cylinder press; (c) schematic representation of the multi-
anvil Walker type press. 
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Experiments were aimed at pursuing two main objectives. The first one was to 

investigate whether the synthesized nanometric SrM particles could be 

oriented (even partially) using the high uniaxial pressure provided by a piston 

cylinder system, which can promote mechanical crystallographic alignment of 

the platelet-like particles, whose plane lies perpendicular to the easy axis (c-

axis) of magnetization 4. The second was to explore whether the multi-anvil 

system could be employed to achieve high densification through application of 

quasi-isotropic thermodynamic conditions. In this case the goal was to 

maximize the density of the compacted SrM pellet by applying high pressure 

and low temperatures (below 300 °C), preserving the nanoparticles’ size. Both 

procedures, enhancing densification and promoting grain alignment, should 

improve the SrM magnetic properties, especially the remanence 8. High 

packing density also increases the total magnetic moment per volume, and 

enhances the mechanical strength by minimizing the porosity. An increased 

particle orientation allows for a significant improvement in remanence, 

enhancing it from half of the MS, typical of randomly oriented particles 9, to 

values approaching MS when the field is applied in the direction of the easy 

axis, typical behavior of anisotropic magnets. Moreover, preserving the 

nanostructure of the grains is crucial to maintain high coercivity, which is 

dependent on the grain size. In fact, this is a typical drawback during sintering 

processes as the high temperatures, generally adopted to increase the density, 

cause an excessive grain growth  10.  

Four powders were selected for this series of tests: SrM_LTSSR_R10/45 

(Fe3+/Sr2+ = 10, Na+/Sr2+ = 45) calcined at 775 °C obtained from the solid-state 

reaction (for details see Chapter 2), as it presented the best compromise 

between particle size and good magnetic properties among the samples 

prepared by this synthesis procedure; SrM_MSG_R9 (Fe3+/Sr2+ = 9) which 



131 

 

presented free-standing crystallites and valuable magnetic properties; the 

doped samples Al(0.5)-SrM_MSG and Mn(0.73)-SrM_MSG, obtained from 

MSG approach, which exhibited a remarkable increased coercivity and 

optimum size distribution, respectively. 

Two samples were prepared from the powder SrM_LTSSR_R10/45, one with 

P.C. at 0.5 GPa and T= 250 °C, and the other with M.A. at 4GPa and 80 °C.  

The next two samples were produced with the undoped SrM_MSG_R9, one 

with M.A. at 4 GPa and 80 °C, and the other with P.C. at 1 GPa and 250 °C. 

For the last two samples, Al(0.5)_SrM_MSG and Mn(0.7)_SrM_MSG were 

pressed with P.C. at 3 GPa and 150 °C. These experimental conditions are 

summarized in Table 5-1. The obtained pellets had a cylindrical shape, about 

4 mm in height and 3 mm in diameter (representative photo in Figure 5-2).   

In this section, we reported the magnetic measurements done on the obtained 

compacted pellets, through a VSM magnetometer. The main focus is on 

evaluating the remanence ratio (squareness factor), which is a common 

indication of the alignment of domains from a magnetic point of view 11, and 

on the impact the performed treatment had on coercivity. The samples were 

labelled with angle0° or angle90°, corresponding to the field applied parallel 

or perpendicular, with respect to the axis of the pellet. 
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Figure 5-2 Representative image of the obtained pellet from SrM_LTSSR_R10/45 powders 

after M.A. compaction at 80°C and 4 GPa. 

 

Table 5-1 Summary of experimental parameters in powder densification through M.A. and P.C 

press. 

Sample Technique P (GPa) T (°C) 

SrM_LTSSR_P.C. Piston Cylinder 0.5 250 

SrM_LTSSR_M.A. Multi-Anvil 4 80 

SrM_MSG_P.C. Piston Cylinder 1 250 

SrM_MSG_M.A. Multi-Anvil 4 80 

Al(0.5)-SrM_MSG_P.C. Piston Cylinder 3 150 

Mn(0.7)-SrM_MSG_P.C. Piston Cylinder 3 150 

 

5.2.1 SrM powders from LTSSR synthesis 

The first tests were performed with the powder from LTSSR synthesis. The 

intent was to see if, despite the dense agglomerates noticed in TEM images, a 

degree of alignment could be achieved by the means of high uniaxial pressure. 

Therefore, the P.C. was employed, and the experimental conditions were fixed 
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at 0.5 GPa and 250 °C, where the heating was provided to facilitate the 

mobility of the grains.  

 

Figure 5-3 Hysteresis loops collected at room temperature on the 

SrM_LTSSR_P.C_0.5GPa_250 °C. The sample is positioned with the c-axis parallel (angle 0°) 

or perpendicular (angle 90°) to the applied magnetic field. 

From the hysteresis loops collected at 300 K (Figure 5-3) it can be noticed that 

the shape of the loops is unvaried, suggesting that even in this conditions the 

grains inside the pellet did not aligned and showed an isotropic behavior. What 

the compaction affected the most is the coercivity, which decreased its value 

by around 25% from the pristine powder (values are summarized in Table 5-2). 

This effect can be due to increased magnetic interaction deriving from the close 

proximity of the grains 12. Induced directional stress and strain on the randomly 

oriented nanograins, plastic deformation, or some other defects introduced by 
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the unidirectional compaction process 13 can also contribute to lower the 

coercivity12.  

Table 5-2 Remanence ratio (MR/MS) and coercivity (HC) of SrM_LTSSR_P.C_0.5GPa _250 °C. 

The sample is positioned with the c-axis parallel (angle 0°) or perpendicular (angle 90°) to 

the applied magnetic field in VSM. 

Sample MR/MS m0HC (T) 

SrM_LTSSR pre-compaction 0.50 0.53 

SrM_LTSSR_P.C. _0.5GPa_250°C_angle90° 0.48 0.4 

SrM_LTSSR_P.C. _0.5GPa_250°C_angle0° 0.49 0.4 

 

 

Figure 5-4 SEM images showing the flat face of SrM_LTSSR_P.C_0.5GPa _250 °C. 

Observing the SEM images (Figure 5-4) of the pellet surface it could be 

noticed that the general microstructure of the powder was efficiently 

maintained, preserving the grains in a nanosized range. From this point, we 

tried to maximize the density of the pellet to get a nanostructured PM.   

In a second attempt, the multi-anvil system was employed, applying a high 

pressure of 4 GPa in quasi-isotropic conditions, and a low heating temperature 

of 80°C. The density of the as obtained magnet was determined to be 4.67 

g/cm3, which is 92% of the bulk density (5.101 g/cm3) of SrM 1. This value 
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found was significantly high, especially considering the very low temperature 

adopted 4,11,14,15. The corresponding hysteresis loops are reported in Figure 

5-5.   

 

Figure 5-5 Hysteresis loops collected at room temperature of SrM_LTSSR_M.A_4GPa _80°C. 

The sample is positioned with the axis parallel (angle 0°) or perpendicular (angle 90°) to the 

applied magnetic field in VSM. 

As expected, the MR/MS value remained unchanged from the starting powder, 

while coercivity decreased by approximately 26% with respect to the pre-

compaction powder (Table 5-3). The lowered coercivity value was ascribed to 

stronger exchange interaction effect between the nanograins, associated with 

the increased density.  
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Table 5-3 Remanence ratio (MR/MS) and coercivity (HC) of SrM_LTSSR_M.A._4GPa _80°C. 

The sample is positioned with the c-axis parallel (angle 0°) or perpendicular (angle 90°) to 

the applied magnetic field in VSM. 

Sample MR/MS m0HC (T) 

SrM_LTSSR pre-compaction 0.50 0.53 

SrM_LTSSR_M.A._4GPa _80°C_angle90° 0.48 0.39 

SrM_LTSSR_M.A._4GPa _80°C_angle0° 0.47 0.39 

 

Figure 5-6 SEM images showing the flat face of the SrM_LTSSR_M.A._4GPa _80°C. 
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The SEM images of the M.A.-compacted pellet showed that the nanostructure 

is generally preserved, except in some local areas where some coalescence or 

plastic deformation appears on the surface, which can be attributed to the non-

perfectly isotropic high pressure applied. Moreover, these regions are located 

on the pellet’s external surface, at the interface with the sample holder and in 

contact with the gold encapsulating layer that contains the powder. This is 

confirmed by XRD measurements performed on the surface of the pellet or 

scanning the internal part, once it was cut in half (Figure 5-7).   

 

Figure 5-7 XRD diffraction patterns of SrM_LTSSR_M.A._4 GPa_80°C. One scan was taken 

from the flat face (red line) of the pellet, and another from the internal part (blue line) once 

cut in half. The black line is the pattern of the as-synthesized powder. 

 The scan of the flat face presented some preferred orientation, as shown by 

the higher intensities of the reflections (106), (107), (206), and (214), a 

behavior which is not present in the diffraction pattern of the internal part of 
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the pattern, where the relative intensities are in accordance with an isotropic 

sample without any preferred orientation. This suggested a certain degree of 

alignment on the pellet surface, while no such orientation was detected in its 

internal part. Therefore, the applied pressure was not totally isotropic in M.A. 

system.  

 

Figure 5-8 XRD diffraction patterns of: SrM_LTSSR_M.A._4GPa_80°C (red line), 

SrM_LTSSR_P.C._0.5GPa_250 °C (blue line), and compared with the as-synthesized powder 

(black line). 

In the diffraction pattern of the pellet compacted through the piston cylinder 

appeared only a minor enhanced intensity of the reflection plane (107), which 

is in line with the lower, unidirectional pressure applied. The enhanced 

alignment on the surface in the M.A pellet obtained from the same powder, 

suggested that probably a higher uniaxial pressure could be beneficial to 

further align the powders synthesized by LTSSR.   
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5.2.2 SrM powders from MSG synthesis 

The subsequent trials were based on the powders deriving from MSG 

synthesis. The initial conditions tested, in order to achieve the same high 

density found in previous trials, were through the multi-anvil system. 

Therefore, a pressure of 4 GPa and a temperature of 80 °C were applied. The 

resulting pellet presented a lower density of 3.91 g/cm3, corresponding to 77% 

of the bulk density.  This value, even if lower than the pellet from LTSSR, is 

remarkably high for this material under the given operative conditions11,16. 

This shift in final density can be attributed to a different porosity in the powders 

produced by the different synthesis routes, despite of the comparable 

nanoparticles size: MSG synthesis yielded mostly individual crystallites with 

a low degree of aggregation. Their high specific surface area can hinder 

efficient packing and increase resistance to densification. Conversely, the 

nanoparticles produced by LTSSR synthesis formed large, consolidated 

aggregates during calcination. These aggregates have reduced surface, grain 

boundary energy and potential energy elastically stored in the lattice, 

consequent to the partial sintering already undergone by the nanoparticles 

3,13,17,18. 
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Figure 5-9 Hysteresis loops collected at 300 K of the SrM_MSG_M.A._4GPa_80°C. The 

sample is positioned with the c-axis parallel (angle 0°) or perpendicular (angle 90°) to the 

applied magnetic field in VSM. 

The hysteresis loops at 300 K, reported in Figure 5-9, showed a small increase 

in the remanence when the sample was measured with the axis along the 

magnetic field (angle 0°), suggesting a small degree of orientation of the 

crystallites’ easy axis along this direction. Regarding the magnetic properties 

(Table 5-4) the coercivity is lowered with respect to the powder by 33%. This 

is in line with the hypothesis of demagnetizing internal effects from proximity 

interactions, consequent to the pressing procedure and the increased density, 

12,13.  
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Table 5-4 Remanence ratio (MR/MS) and coercivity (HC) of the SrM_MSG_M.A._4GPa_80°C. 

The sample is positioned with the c-axis parallel (angle 0°) or perpendicular (angle 90°) to 

the applied magnetic field in VSM. 

Sample MR/MS m0HC (T) 

SrM_MSG pre-compaction 0.45 0.60 

SrM_MSG_M.A. _4GPa_80°C_angle90° 0.44 0.40 

SrM_MSG_M.A._4GPa_80°C_angle0° 0.51 0.41 

 

This was confirmed by the relative intensity of the peaks in the diffraction 

pattern (Figure 5-10) which display an increase in the relative intensities of 

the peaks (107), (206), (1011), (208), and (0014). Particularly, the 

enhancement of the (0014) reflection is indicative of the c-axis orientation of 

the crystallites parallel to the cylinder axis, which produces as an increase in 

(00l) peak intensity 19, belonging to the family of basal planes. In accordance 

with this alignment, the axes of easy magnetization lie perpendicular to the flat 

face of the pellet and thus to the direction of the magnetic field, thereby 

explaining the remanence enhancement. As mentioned in reference 13, even 

commercial isotropic specimens exhibit slight directional orientation, deriving 

from the anisometric particle shape and the rheological phenomena during 

manufacture. 
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Figure 5-10 XRD diffraction patterns of the SrM_MSG_M.A._4GPa_80°C. The scan was 

taken from the flat face of the pellet (red line) and compared with the as-synthesized powder. 

 

The undoped SrM_MSG_R9 showed interesting features of anisotropic 

behavior with the application of high isotropic pressure in the multi-anvil 

system, as shown in the previous section. The powder was thus pressed by 

applying the unidirectional pressure (1 GPa) of the piston cylinder and a 

heating temperature of 250 °C, to promote the necessary microstructural 

mobility for alignment and densification.  
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Figure 5-11 Hysteresis loops collected at r.t. of SrM_MSG_P.C._1GPa_250°C. The sample is 

positioned with the c-axis parallel (angle 0°) or perpendicular (angle 90°) to the applied 

magnetic field in VSM. 

From the observation of the corresponding hysteresis loops (Figure 5-11) it 

can be appreciated that the remanence increase, already partially seen after 

multi-anvil pressing, is larger than the powder and different in the two 

orientations (Table 5-5), indicating a good degree of orientation of the 

crystallites. This is in agreement with the correct alignment of the nanograins 

with the application of uniaxial pressure, as the compression exerted by the 

piston forces the nanoplatelets to stay in the plane of the resulting flat face of 

the pellet, and the c-axis of easy magnetization of the crystallites matches with 

the c-axis of the cylinder. The coercivity, instead, presented the same loss entity 

of the previous tests, decreasing by 33% from the initial value, supporting the 

hypothesis of internal demagnetizing factors and variations related to the 
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compaction process. However, a promising result was obtained with an 

effective remanence enhancement. This further confirms the obtainment of 

nanoparticles capable to be aligned through this synthesis method.   

Table 5-5 Remanence ratio (MR/MS) and coercivity (m0HC) of SrM_MSG_P.C._1GPa_250°C. 

The sample is positioned with the axis parallel (angle 0°) or perpendicular (angle 90°) to the 

applied magnetic field in VSM. 

Sample MR/MS m0HC (T) 

SrM_MSG pre-compaction 0.51 0.60 

SrM_MSG_P.C._1GPa_250°C_angle90° 0.46 0.39 

SrM_MSG_P.C._1GPa_250°C_angle0° 0.57 0.40 

 

In summary, two different outcomes could be noticed. While it was not 

possible to align the powders from LTSSR synthesis with the P.C., a 

remarkable relative density of 91 % was obtained with the M.A setup. On the 

other hand, powders from MSG synthesis were more suitable for the 

application of uniaxial pressure of the P.C., showing promising features for the 

development of anisotropic magnets. 

5.2.3 Doped SrM from MSG synthesis  

Since the doped nanoparticles were significantly smaller (66 ± 27 nm for 

Al(0.5)-SRM_MSG and 39 ± 19 nm for Mn(0.7)-SrM_MSG, versus 88 ± 36 

nm of SrM_MSG_R9) an increase in uniaxial pressure was necessary to 

enhance sample densification. While the pressure was increased to 3 GPa, the 

heating temperature was lowered (150 °C) to minimize grain growth and 

preserve their nanometric dimensions. The hysteresis loops at room 

temperature of both pellets are shown in Figure 5-12 for Al-doped SrM and in 

Figure 5-13 for Mn-doped SrM.  
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Before compaction, the Al-doped SrM exhibited a high coercivity of 0.7 T, 

while after, the coercivity loss was estimated to be around 28%, consistent with 

previous uniaxial and isotropic trials. However, the remanence ratio slightly 

increased (around 7% at angle 0°), indicating a partial crystallite alignment. 

These values are summarized in Table 5-6. 

 

Figure 5-12 Hysteresis loops collected at r.t. of Al(0.5)_SrM_MSG_P.C._3GPa_150°C. The 

sample is positioned with the c-axis parallel (angle 0°) or perpendicular (angle 90°) to the 

applied magnetic field in VSM. 

Table 5-6 Remanence ratio (MR/MS) and coercivity (HC) of 

Al(0.5)_SrM_MSG_P.C._3GPa_150°C. The sample is positioned with the c-axis parallel 

(angle 0°) or perpendicular (angle 90°) to the applied magnetic field in VSM. 

Sample MR/MS m0HC (T) 

Al(0.5)-SrM_MSG pre-compaction 0.54 0.71 

Al(0.5)-SrM_MSG_P.C._3GPa_150°C_angle90° 0.51 0.51 

Al(0.5)-SrM_MSG_P.C._3GPa_150°C_angle0° 0.58 0.52 
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In contrast, the Mn-doped SrM pellet displayed a different behavior. The 

remanence was minimally affected by the compaction process (Table 5-7), 

showing just 4% variation between the two orientations. The limited changes 

in coercivity and remanence (compared to the 12 % MR/MS variation in the Al-

doped sample) suggest that the current operative conditions were insufficient 

to achieve significant alignment and densification, due to the small particle 

size, that hinders an effective compaction.    

 

 

Figure 5-13 Hysteresis loops collected at r.t. of Mn(0.7)_SrM_MSG_P.C._3GPa_150°C. The 

sample is positioned with the c-axis parallel (angle 0°) or perpendicular (angle 90°) to the 

applied magnetic field in VSM. 
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Table 5-7 Remanence ratio (MR/MS) and coercivity (HC) of 

Mn(0.7)_SrM_MSG_P.C._3GPa_150°C. The sample is positioned with the c-axis parallel 

(angle 0°) or perpendicular (angle 90°) to the applied magnetic field in VSM. 

Sample MR/MS m0HC (T) 

Mn(0.7)-SrM_MSG pre-compaction 0.52 0.63 

Mn(0.7)-SrM_MSG_P.C._3GPa_150°C_angle90° 0.51 0.53 

Mn(0.7)-SrM_MSG_P.C._ 3GPa_150°C_angle0° 0.53 0.54 

 

This last hypothesis was further supported by magnetic field alignment test, 

performed by mixing doped SrM powder with suitable melted adhesive 

(Crystalbond 20). VSM analysis (Figure 5-14) revealed distinct alignment 

tendencies: Al-doped powder showed moderate orientation (MR/MS of 0.51 for 

angle 90° and 0.60 for angle 0°), while Mn-doped powder displayed a 

significantly higher degree of alignment (MR/MS value of 0.14 for angle 90° 

and 0.93 for angle 0°). These results highlight a noteworthy potential of the 

Mn-doped SrM powder and suggest that, with optimized compaction 

parameters, they hold great promises for developing highly anisotropic bonded 

magnets. 
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Figure 5-14 Normalized hysteresis loops at room temperature of the doped SrM powders (a) 

Mn(0.7)-SrM_MSG, (b) Al(05)-SrM_MSG. The samples were dispersed in Crystalbond and 

measured without orientation (black line) or aligned in a magnetic field (red and blue line). 

The red line refers to parallel orientation (angle 0°) and the blue line to perpendicular (angle 

90 °) with respect to the applied field in VSM. 

 

5.3 Spark plasma sintering (SPS) 

Recently, Spark Plasma Sintering (SPS) has been proposed as a promising 

technique for the fabrication of dense magnetic materials from fine powders. 

SPS, indeed, offers several advantages over traditional sintering methods 

which can be very appealing for the consolidation of SrM powders 4,21–25. The 

technique operates through the simultaneous application of electrical current 

and uniaxial pressure, which generates unique heating mechanisms. These 

mechanisms are different from those characterizing common thermal 

processing or microwave sintering, enabling exceptionally fast heating rates, 

shorter sintering times, and lower sintering temperatures 4,26. Specifically, in 

SPS, a pulsed direct current passes through the conductive die (generally made 

of graphite) and through the sample, heating it via the Joule effect. This rapid 

heating, primarily at particle surfaces, minimizes coarsening, thereby enabling 

the achievement of high densities. This allows sintering of nano-sized powders 
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without significant grain growth, diverging from conventional sintering 

processes 27,28, as the combined mechanical pressure and rapid Joule heating 

facilitate particle rearrangement and diffusion, thereby merging the 

compaction and sintering stages into a single operation. Furthermore, the high 

heating rates, short sintering times, and lower sintering temperatures compared 

to conventional methods (approximately 200 °C less) render SPS an 

economically advantageous technique 28. The limited grain growth offered by 

this technique is particularly appealing, as it enables densification while 

preserving the nanostructure, thus preventing the coercivity degradation. 

Moreover, the application of uniaxial pressure is expected to be beneficial to 

the magnetic properties, especially regarding remanence, by inducing 

preferential orientation of the platelet-shaped SrM nanograins.  

Given the above advantages, we explored the SPS technique as a viable 

technique for the consolidation of synthesized SrM powders. The tests were 

conducted at the Jožef Stefan Institute (JSI) in Ljubljana, Slovenia, thanks to 

the collaboration with Dr. Petra Jenuš Belec and her team. All the samples were 

sintered under the same conditions, based on the previous work of Jenuš et al 

22 temperature of 900 °C, with a holding time of 5 min, and an applied pressure 

of 92 MPa. Four powders were investigated, the undoped SrM_MSG_R9, the 

doped Al(0.5)-SrM_MSG and Mn(0.7)-SrM_MSG obtained from MSG, and 

SrM_LTSSR_R10/45_775°C obtained from LTSSR. The resulting pellets 

produced by SPS from these powders were labelled with “_SPS”.  

The attained densities of the SPS-compacted pellets were 5.03 g/cm3 for the 

undoped SrM from MSG synthesis, 4.3 g/cm3 for the Al-doped SrM and 4.7 

g/cm3 for the Mn-doped SrM, corresponding to a relative density of 97%, 83% 

and 91%, compared to SrM bulk density 1. Conversely, the pellet from LTSSR 

synthesis was delaminated, therefore it was not possible to estimate its density. 
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Although the morpho-structural characterization of the samples is still in 

progress, here we wish to present and preliminary discuss the magnetic 

properties exhibited by the pellets prepared by SPS. The hysteresis loops were 

collected at room temperature at the JSI facility through VSM magnetometry 

(Figure 5-15) and were compared to those of the same powder pressed in 

pellets with similar geometry and sample weight before SPS treatment 

Figure 5-16). The main magnetic parameters extracted from the loops are 

summarized in Table 5-8. All the measurements were performed with the axis 

of the pellet aligned parallel to the applied magnetic field (angle 0°). The loop 

of the pellet prepared by SPS clearly presented an increased squareness due to 

the enhanced remanence, which indicates a certain degree of alignment was 

attained. The small kinks observed at low field for same samples probably arise 

from a not entirely aligned nanograins due to not enough pressure applied, 
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which makes the magnetization reversal behavior act as two independent 

phases. 

 

 

Figure 5-15 Hysteresis loops at room temperature of SrM pellets obtained from SPS of 

undoped SrM_R9, doped Al(0.5)-SrM and Mn(0.7)-SrM from MSG synthesis and 

SrM_R10/45_775°C from LTSSR synthesis. The samples were measured with the axis of the 

pellet aligned parallel to the applied magnetic field (angle 0°). The inset displays the low field 

region enlargement.  

  

SrM_MSG_R9_SPS presented a large increase in remanence (32%), but a 

significant decrease of the coercivity (-34% down to 0.39 T). The latter is 

consistent with the higher internal demagnetization caused by the nearly full 

densification reached (97%), although a partial growth of the nanograins above 

the single to multidomain critical size cannot be excluded. Both these 
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mechanisms can facilitate incoherent reversal modes characterized by lower 

energy for the demagnetization.  

Figure 5-16 Normalized hysteresis loops collected at room temperature for pellets of SrM with 

same geometry before (red line) and after (black line) SPS treatment: a) SrM_MSG_R9; b) 

Al(0.5)-SrM_MSG; c) Mn(0.7)-SrM_MSG; d) SrM_LTSSR_R10/45_775°C. The samples were 

measured with the axis of the pellet aligned parallel to the applied magnetic field (angle 0°).  
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Table 5-8 Remanence and coercivity of SrM pellets sintered by SPS, derived from different 

syntheses: undoped SrM_R9, doped Al(0.5)-SrM and Mn(0.7)-SrM from MSG synthesis and 

SrM_R10/45_775°C from LTSSR synthesis. The samples were measured with the axis of the 

pellet aligned parallel to the applied magnetic field (angle 0°). The table additionally reports 

the corresponding values of pellets of the starting powders and the relative variation of MR 

and HC following SPS.  

 

The application of SPS on Mn-doped nanoparticles produced a sample with 

similar alignment and decrease of coercivity, consistent with its high density. 

Conversely, the sample obtained from Al-doped nanoparticles, although 

presented a smaller increase of remanence (32%) still preserved a notably high 

coercivity (0.65 T) close to that of the not sintered powder. Additionally, the 

hysteresis curve did not present the same kink of the other samples. This 

behavior indicates that under these conditions the alignment is efficient, while, 

due to the lower density (83%), internal interaction effects are limited.  

Finally, the powders from LTSSR synthesis showed the lowest alignment 

degree (19% increase of MR) and coercivity of 0,40 T. In conclusion, although 

largely preliminary, magnetic properties of the samples prepared by SPS are 

Sample MR  

(Am2kg-1) 

m0Hc  

(T) 

ΔMR ΔHc 

SrM_MSG_R9 Pre-SPS 32 0.59   

SrM_MSG_R9_SPS 42 0.39 +32% -34% 

Al(0.5)-SrM_MSG Pre-SPS 30 0.70   

Al(0.5)-SrM_MSG_SPS 36 0.65 +22% -7% 

Mn(0.7)-SrM_MSG Pre-SPS 29 0.61   

Mn(0.7)-SrM_MSG_SPS 40 0.40 +36% -34% 

SrM_LTSSR_R10/45 Pre-SPS 31 0.55   

SrM_LTSSR_R10/45_SPS 35 0.49 +12% -11% 
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very promising (particularly the high density and remanence of  

SrM_MSG_R9_SPS  and the large coercivity of Al(0.5)-SrM_MSG_SPS) and 

clearly suggests that further efforts must be paid to optimize the parameters of 

the process to prepare compacted magnets with enhanced energy product.   

 

5.4 Conclusions 

In this chapter are presented key advancements in the compaction and 

densification of SrM powders for PM applications, offering an interesting 

alternative to conventional high-temperature and energy-intensive sintering 

methods. Both M.A. and P.C. systems proved efficacy in achieving high 

densification at relatively low temperatures. The M.A. system excelled for its 

ability to reach exceptional densities under quasi-isotropic conditions while 

preserving the nanostructure of the powders. Meanwhile, the piston cylinder 

press demonstrated a clear advantage in promoting crystallographic alignment 

in platelet-shaped SrM particles under uniaxial pressure, a crucial factor for 

enhancing magnetic anisotropy. While a slight reduction in coercivity was 

generally observed after compaction, due to lattice stress, plastic deformation, 

and internal demagnetizing fields, the primary objective of improving 

remanence through grain orientation was successfully accomplished, 

particularly for MSG-synthesized powders pressed uniaxially. Remarkably, a 

relative density of 91% was attained using LTSSR nanometric powder 

compacted with M.A. system at just 80 °C, showcasing the feasibility of ultra-

low-temperature densification.  

The SPS technique also showed promising results, yielding near-full 

densification and significant particle alignment in both undoped and Mn-doped 

MSG powders. Despite minor losses in coercivity in hysteresis loops, SPS 
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confirmed its potential to produce high-performance anisotropic magnets at 

reduced sintering temperatures.  

The contrasting behaviors of LTSSR and MSG powders in terms of 

densification and orientation capability underlined the decisive influence of the 

synthesis route and particle morphology on the final magnetic properties. 

Future work should focus on fine-tuning compaction parameters to preserve 

coercivity while maximizing density and orientation, potentially through 

hybrid synthesis approaches (e.g. MSSR synthesis) or targeted post-

compaction treatments to fully unlock the magnetic potential of these 

nanostructured materials.  
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Chapter 6 |  Nanocomposites based on 

Fe0 nanowires and SrM for innovative 

PMs  

Among the different strategies proposed to increase the energy product of 

standard hexagonal ferrites, combining soft and hard magnetic phases at the 

nanoscale to create novel magnetic materials with enhanced properties has 

emerged as a highly promising research direction1–5. This concept is primarily 

based on the principle of exchange-coupling, first proposed by Kneller and 

Hawig 6. When a soft magnetic phase and a hard magnetic phase are brought 

into intimate contact at the nanoscale, typically below the domain wall width 

of the hard phase 7, magnetic exchange interactions at their interface can lead 

to a synergistic improvement in the magnetic properties. Ideally, an exchange-

coupled nanocomposite (NC) magnet can exhibit a high saturation 

magnetization (contributed by the soft phase) and a high coercivity 

(contributed by the hard phase), potentially surpassing the performance of 

individual components and leading to a significantly enhanced maximum 

energy product (BH)max
8–10. The effectiveness of exchange-coupling is 

critically dependent on several factors, including the intrinsic magnetic 

properties of the constituent phases, their volume fractions, the size and 

morphology of the nanostructures, the degree of interfacial contact, and the 

crystallographic alignment of the grains 2,4,11. Being an interface-related effect, 

even in this case, reaching the nanoscale can be beneficial as the particles’ 

surface area to volume ratio can be maximized, while focusing on the SD size 

range and avoiding the SPM state12. When coupled, the spins of the soft phase 

align with those of the hard phase, and the magnetization direction can thus 



161 

 

rotate coherently. This interaction can significantly influence the shape of the 

hysteresis loop, resulting in a single-phase magnetization behavior even if 

multiple magnetic phases are present. In the absence of exchange-coupling, 

there is the possibility of exploiting the magnetodipolar interactions inside the 

magnetic material to align the spins of both phases 13. Normally, the internal 

dipolar interactions and the demagnetizing fields, especially of the high 

magnetization soft phases, normally lead to a substantial decrease of both 

remanence and coercivity 14. However, in certain conditions, the interphase 

dipolar interactions have been reported to lead to a horizontal and vertical shift 

in the hysteresis loop that entails an increase in remanence and energy product 

15,16. The idea is that mixing hard and soft with appropriate material´s 

parameters, particle sizes, shapes and distribution, a certain fraction of the soft 

spins aligns with the effective H field created by the aligned SrM particles. A 

competition between the self-demagnetizing field of the soft and the effective 

‘external’ field of the hard occurs 17,18. 

In this framework, we attempted to prepare a nanocomposite where the best 

SrM nanoparticles developed in this work and discussed in the previous 

Chapter, are coupled with a high magnetization, anisotropic soft phase, 

constituted by Fe0 nanowires (NWs). The underlying principle is to leverage 

the high MS of Fe0 NWs to improve the remanence of the NC, while the hard 

phase, in this case SrM, provides the high coercivity.  
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6.1 Synthesis of the soft phase: metal Iron 

Nanowires 

Among the diverse nanostructures, one-dimensional nanomaterials, such as 

nanowires (NWs), have garnered significant attention due to their unique 

anisotropic shape and high surface area-to-volume ratios, which grant for 

potential applications in diverse fields 19–21. Magnetic zero-valent iron (Fe0) 

NWs, in particular, stand out owing to their strong intrinsic magnetization and 

cost-effectiveness, in combination with the anisotropy derived from the 

elongated shape of the wire 22,23. The magnetic properties of Fe0 NWs are 

significantly influenced by their dimensions, morphology, crystal structure, 

and surface characteristics, making their controlled synthesis a critical aspect 

of their application 24–29. This section focuses on the synthesis and 

characterization of Fe0 NWs, tailored for the subsequent preparation of 

SrM/Fe0 NCs. The objective is to understand the fundamental relationships 

between the physical and magnetic characteristics of the Fe NWs, and their 

efficacy in promoting intimate interfacial contact, and possibly exchange-

coupling, with nanosized SrM.  

To synthesize Fe0 NWs we explored a wet-chemistry approach, the chemical 

reduction of metal salts with sodium borohydride (NaBH4) in aqueous 

environment 30–32. The key feature of the chemical reduction is the simplicity, 

the low cost, and environmental sustainability, providing a route for scalable 

production 33. Since Fe0 is prone to oxidize, all the procedures for its synthesis 

need to be performed under protected environment of inert gas (N2) and with 

manipulation techniques for handling air-sensitive compounds (H2 

development during the reaction). However, this method, especially regarding 

morphology and size distribution, is still not standardized, even if these factors 
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can significantly influence the ultimate reactivity of the NWs 34,35. The 

characteristics of the final product are influenced by several factors, like the 

solvent, the volume of NaBH4 and the addition rate 30,36 and the aging 

conditions 37,38. To be in line with a green procedure, the chosen solvent was 

water, as it is the most appropriate to be inserted in a sustainable and cost-

effective reaction to be scaled to industrial production. In the typical process, 

the metal salts are dissolved in DM water to give a resultant concentration of 

0.09 M for iron (III) chloride hexahydrate (FeCl3.6H2O) and 0.19 M for 

NaBH4. All the solvents were adequately degassed through N2-purging 

(bubbling) to minimize oxygen availability 39. The reaction was performed 

inside a N2-filled glovebag (FeNWs_I), or alternatively through a N2 Schlenk-

line (FeNWs_II). The as-prepared NaBH4 solution was added to the iron 

chloride solution quickly, then the precipitated Fe0 was washed thoroughly 

with degassed ethanol and collected with the help of a magnet, to be finally 

dried in a N2 flux. The resulting Fe0 NWs were characterized using various 

analytical techniques, including XRD for phase identification, SEM and TEM 

for morphological and structural analysis, and VSM or SQUID magnetometry 

for magnetic property evaluation. 

As it can be seen in the TEM images reported in Figure 6-1, the experimental 

trials resulted in aggregated nanoparticles assembled in a chain-like 

superstructure with lengths up to 5 μm and a mean diameter of 87 ± 22 nm. 

The particles are not perfectly round, and their diameter varies moving along 

the wires, thinning out towards the edges. In the magnification of TEM images, 

the formation of a core-shell structure can be evidenced 40, where a thin oxide 

shell (few nanometers) of markedly less contrast covers the inner core of iron. 

This is a very characteristic feature of the applied synthesis method, even when 

strictly controlled inert conditions are adopted, due to uncomplete degassing 

of the aqueous environment 41,42. The layer is made out of amorphous iron 
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oxide which exact composition is hard to be determined 43,44. The most relevant 

fact in our case is the modification of the magnetic properties of the Fe0 

nanoparticles caused by the shell, which provides a much lower contribution 

to the saturation magnetization compared to metal iron. Since our intent is to 

try to maximize the MS value to be beneficial during the coupling with SrM, 

the shell thickness must be kept as thinner as possible.  This is not an easy task, 

since the high surface-to-volume ratio makes the small particles extremely 

reactive enhancing the intrinsic sensitivity of Fe0 towards oxygen, air and 

water.  

 

Figure 6-1 Representative TEM images of: (a) synthesized samples of Fe0 NWs and 
corresponding diameter distribution histogram; (b) overall and magnified images of the wires.
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In the experimental XRD pattern (Figure 6-2), measured under a thin film of 

Kapton to prevent air exposure, the primary peaks of metal iron can be 

recognized, indicative of the successful synthesis of Fe0 NWs. However, the 

peak broadness suggests a partial amorphous nature of iron. In addition to the 

main peaks, the diffractogram evidenced the small presence of a secondary 

phase, which can be identified by the peak at 2θ = 35°, suggesting the iron 

oxide shell is probably constituted by a spinel ferrite oxide (see the maghemite 

reference in the figure). The low intensity of this secondary phase can be also 

due to the Kapton film background, which reduces the intensity of the signal.  

 

 

Figure 6-2 Representative PXRD diffraction pattern of Fe0 NWs samples. The diffractogram 

of samples was collected under a protective film of Kapton.     
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Figure 6-3 Hysteresis loops at 300K of different samples of the synthesized Fe0 NWs. All the 

samples were produced inside the glovebag, except for sample FeNWs_II which was prepared 

in a Schlenk line. 

In order to verify the reproducibility of the preparation technique, the magnetic 

properties of 4 samples, 3 prepared produced inside the glovebag (FeNWs_I, 

FeNWs_III, and FeNWs_IV) and one in a Schlenk line (FeNWs_II), were 

investigated. From the analysis of the hysteresis loops collected at 300 K 

(Table 6-1), it emerges that the synthesis is highly reproducible as the 

properties are very similar one to each other. The MS reached in the best 

samples was considerably high, reaching values near to 200 Am2kg-1. These 

values are close to the MS of bulk iron, which is around 220 Am2kg-1 45.  In our 

case the slightly lower Ms can be ascribed to the presence of the oxide shell. 
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Despite adequate protection, samples with high magnetization (up to 203 

Am2kg-1 at 5K) showed a 9-13% decrease after just one day, with average value 

dropping to 170-175 Am2kg-1. This behavior underlines the poor stability of 

the synthesized product, suggesting some modifications in the synthesis 

procedure.  

Table 6-1 Magnetic values obtained from hysteresis at 300K of the synthesized Fe0 NWs. 

Samples FeNWs_I, FeNWs_III, FeNWs_IV were made inside a glovebag, sample FeNWs_II in 

a Schlenk line. 

Sample Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms Hc (Oe) 

FeNWs_I 198 50 0.25 305 

FeNWs_II 193 54 0.28 310 

FeNWs_III 196 56 0.29 300 

FeNWs_IV 192 52 0.27 300 

 

6.1.1 The effect of PVP as capping agent 

One of the strategies to improve the NWs’ surface stability to air exposure, 

relied on the surface modification of bare-iron NWs. Polyvinylpyrrolidone 

(PVP), an environmentally friendly, low-cost and water-soluble dispersant, has 

been widely used in nanoparticles synthesis to provide steric and electrostatic 

stabilization 31,46,47. To provide a protective layer towards oxidation, two 

different PVP percentages (12%, 2% w/w over the Fe3+ precursor) were added 

in the solution before the addition of NaBH4. 
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Figure 6-4 Histogram of the diameter distribution of FeNWs synthesized with different PVP 

concentration: (a) 12%; (b) 2% 

 

Figure 6-5 Representative image of the synthesized Fe0 NWs capped with PVP. 

 

In both cases, the inclusion of the PVP affected the size distribution of the 

resultant NWs (Figure 6-4). The surfactant caused a shrinkage in the mean 

particle size, reducing it to 76 ± 20 nm in the case of 2% PVP addition, or it is 

reduced even more in the case of 12% PVP, reaching a mean of 54 ± 22 nm. 
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Through the hysteresis loop collected at 300 K ( Figure 6-6 ), the impact on 

the main magnetic properties can be also appreciated.  

 

Figure 6-6 Hysteresis loops collected at 300 K of Fe0 NWs samples synthesized with different 

PVP concentrations: 12% (red curve); 2% (blue curve). The samples are compared to 

uncoated Fe0 NWs (black curve). 

The effect of PVP coating reflected even in the magnetization of the NWs, 

lowering its value. The magnetization reduction can be ascribed to the presence 

of a non-magnetic layer of polymer (PVP) on the surface of the nanoparticles 

and the diminished diameter, therefore enhancing the surface-to-volume ratio. 

On the surface the number of defects, cation vacancies, etc., are large in 

comparison to the inside core region of the particles, and all these effects 

contribute negatively to the overall magnetization 48–50. The observed values 

of MS (Table 6-2), compared with the highest value obtained from the 

synthesized bare Fe0 NWs (197 Am2kg-1), presented a magnetization loss of 
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23% in case of Fe NWs coated with 12% PVP and 14% in the case of 2% PVP 

addition. Once the data are scaled for the effective amount of metal iron present 

in the NWs MS decreases 172 Am2kg-1, which however is around 12% lower 

than the best value obtained for the bare Fe0 NWs. Moreover, a decrease of HC 

is also observed.  

Table 6-2 Magnetic values obtained from hysteresis at 300K of the synthesized bare and PVP-

coated Fe0 NWs. The data were corrected by removing the magnetic contribution of PVP.  

Sample Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms Hc (Oe) 

FeNWs_bare 198 50 0.25 305 

FeNWs_PVP_12% 152 33 0.21 210 

FeNWs_PVP_2% 169 39 0.23 235 

 

All together these data underline that PVP does not provide an effective 

protection able to prevent oxidation of the NWs. As a future work, other 

surface modifications must be tested, employing organic or inorganic coatings, 

which can be suitable for preserving the optimal magnetic properties of the 

synthesized Fe0 NWs 51-54 

6.1.2 The impact of high temperature treatment 

As an alternative road to stabilize the NWs and in order to increase the 

magnetic contribution of the shell, we explored the possibility to promote the 

crystallization of the amorphous phase by applying a heat treatment 55. 

According to the literature, the crystallization of the α-Fe phase from the 

amorphous structure is observed at temperatures around 450–500 °C 56-57. For 

this reason, some Fe NWs, owning an initial MS of 188 Am2kg-1, were 

subjected to thermal annealing in a tubular furnace under inert atmosphere (N2) 

at 500 °C for 2 hours. In Figure 6-7 is shown the resultant XRD diffractogram, 

where the main diffraction peak of Fe0 after thermal annealing appears 
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narrowed and surrounded by less background noise, indicating a successful 

transition from amorphous to crystalline state. However, TEM images (Figure 

6-8) revealed an enlargement of the grain size, with an increase in the mean 

value, that almost doubled (167 nm for annealed samples), and the loss of the 

wire arrangement, with the formation of really large particles and randomly 

sized aggregates.  

 

Figure 6-7 PXRD diffraction pattern of as-synthesized Fe0 NWs (red line) and after thermal 

annealing at 500 °C, 2h (blue line). 
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Figure 6-8 TEM images and distribution plot of the sample of Fe0 NWs thermally annealed at 
500 °C, 2h. 

On the other hand, no variation was observed in the MS values at 300 K (from 

188 Am2kg-1 to 185 Am2kg-1) while remanence and the coercivity were 

significantly reduced down to 12 Am2kg-1 and 95 Oe, respectively, in 

accordance with the change in morphology. Interestingly, the MS value 

remained almost stable even after 8 days of air exposure (182 ± 3 Am2kg-1). 

This stability is a promising indicator of the material's resistance to oxidation. 

Further studies will investigate heat treatments at lower temperatures to 

prevent material deformation, aimed at preserving the wire structure and 

maintaining consistent morphology. 
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Figure 6-9 Hysteresis loops collected at 300 K of as-synthesized Fe0 NWs (black curve) and 

after thermal annealing at 500 °C for 2 h (red curve). The inset displays the enlargement of 

the low field region.  

 

To conclude, the different strategies explored to mitigate the harmful effects of 

oxidation on NWs stability, present some limitations. Future studies will focus 

on refining and improving these approaches to further enhance the air stability 

of the NWs, aiming to achieve an optimized material suitable for coupling with 

SrM and for the development of advanced NCs. 
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6.2 The realization of SrM - Fe0 NWs 

nanocomposites for improved SrM 

In order to prepare hard-soft composites different strategies were explored. The 

employed techniques involved the physical mixing of the hard and soft 

components through sonication in degassed EtOH, grinding the powders in an 

agate mortar, or alternatively to this second step, the annealing of the mixed 

powders at different temperatures. Different ratios of the two phases were 

evaluated, starting from 70% in SrM content by weight to 95%. In the 

following the NCs will be named NC_x/y, where “x” and “y” represent the 

relative percentage of SrM_MB and Fe0 NWs, respectively.  All the procedures 

were performed under protected N2 environment to prevent the oxidation of 

Fe0. Then, the mixed powders were dispersed in docosane wax and aligned in 

a magnetic field of 0.5 T, to favor the orientation of nanograins.  As a first 

attempt we explored the combination of the synthesized Fe0 NWs described 

above with a commercial micrometric powder of SrM, produced by Max 

Baermann Gmbh, (SrM_MB) 58.  

The physical arrangement of the micrometric platelets into the array of the iron 

wires was investigated by TEM and SEM images. The analysis of the acquired 

images for sample NC_70/30_MB_Fe0 revealed  a recurrent pattern with 

oriented SrM platelets aligned with the main axis of iron NWs (representative 

TEM and SEM images are shown in Figure 6-10 and Figure 6-11). Moreover, 

this specific arrangement was consistently observed across the entire range of 

investigated SrM/Fe0 ratios. This observed feature indicates a possible non-

uniform distribution of magnetic dipoles within the NWs, with a preferential 

localization of the SrM at their extremities 59-60.  
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Figure 6-10 Representative TEM image of the NC obtained by combining micrometric 

SrM_MB (70%) with synthesized Fe0 NWs (30%) and aligned in docosane wax. 

 

Figure 6-11 Representative SEM image of the NC obtained by combining micrometric 

SrM_MB (70%) with synthesized Fe0 NWs (30%) and aligned in docosane wax. 

 

 



176 

 

 

Figure 6-12 Hysteresis loop recorded at room temperature of the NC obtained by combining 

SrM_MB with Fe0 NWs. The powder was aligned in docosane (DOC) in a magnetic field of 

0.5 T and measured parallel (angle 0°) and perpendicular (angle 90°) to the magnetic field. 

The black line refers to the not aligned powder. 

 

The magnetic properties of the NCs are summarized in Table 6-3 and shown 

in Figure 6-13 as a function of the metal content. As expected, the addition of 

Fe0 NWs led to an increase of MS and a decrease of the coercivity. NC_70/30 

exhibited the highest MS = 108 Am2kg-1 and lowest HC = 0.10 T, corresponding 

to an increase of 53% in MS and a decrease of 64% in HC with respect to the 

pure SrM powder, while the fall in remanence was instead of 32%. The shape 

of the hysteresis loop, reported in Figure 6-12 denoted a partially decoupled 

system, suggesting that under these experimental conditions no effective 

exchange coupling was obtained. On the other hand, the comparison of the 
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loops measured by applying the field parallel or perpendicular to the alignment 

direction demonstrates a partial degree of alignment.   

 

 

 

Figure 6-13 Evolution of the main magnetic properties of SrM_MB in function of the Fe0 NW 

concentration. The label “powder” refers to the physical mix. The aligned powder in docosane 

was measured parallel (angle 0°) and perpendicular (angle 90°) to the magnetic field in 

SQUID.   

NC_95/5 powders exhibit magnetic parameters close to those of the pure SrM 

sample (HC decreased by 3%, and MR by 7%). Particularly, the remanence of 

NC_90/10 decreased by only 2% for the parallel case. Interestingly, the MR 

values were in accordance with the calculated values from the linear 

combination of MR contributions of the two phases (MR of Fe0 NWs was 48 

Am2kg-1). Although, given the existence of magnetostatic interacting fields 
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between all particles, we cannot exclude this agreement may just be a 

coincidence as the exact magnetic state of each phase is unknown 18, it suggests 

a dipolar interaction is activated in the magnetically oriented state, similarly to 

what discovered by Guzmán-Minguez in another work on hard-soft bonded 

magnet prepared through injection moulding 16.  

 

Table 6-3 Main magnetic properties from the hysteresis loops at 300 K of the NCs obtained by 

combining SrM_MB with synthesized Fe0 NWs, where the label “_powders” refers to the 

physical mix. The aligned powder in docosane was measured parallel (angle 0°) and 

perpendicular (angle 90°) to the magnetic field in SQUID. 

 Ms (Am2kg-1) Mr (Am2kg-1) Mr/Ms m0Hc (T) 

SrM_MB_powder 70 44 0.61 0.28 

NC_95/05_powder 73 33 0.45 0.28 

NC_90/10_powder 81 29 0.36 0.22 

NC_80/20_powder 89 26 0.30 0.15 

NC_70/30_powder 108 30 0.28 0.10 

SrM_MB_angle0° 71 63 0.89 0.37 

NC_95/05_angle0° 73 59 0.80 0.36 

NC_90/10_angle0° 81 62 0.76 0.33 

NC_80/20_angle0° 89 53 0.59 0.28 

NC_70/30_angle0° 108 45 0.42 0.18 

SrM_MB_angle90° 72 17 0.24 0.32 

NC_95/05_angle90° 74 15 0.20 0.22 

NC_90/10_angle90° 80 20 0.25 0.13 

NC_80/20_angle90° 90 14 0.15 0.08 

NC_70/30_angle90° 108 23 0.21 0.09 
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6.3 Conclusions  

In this chapter, the development of SrM/Fe⁰ nanocomposites was investigated 

with the aim of achieving exchange-coupling to enhance SrM’s magnetic 

properties. The synthesis of the soft magnetic phase successfully yielded Fe⁰ 

NWs with high MS values, close to those bulk iron, using a sustainable and 

scalable method, an encouraging result for future applications. While the 

intrinsic instability and tendency to oxidize of Fe0 NWs remains a challenge, 

the outcomes provide a solid foundation for further improvements. Although 

strategies such as PVP coating and thermal annealing did not fully preserve the 

desired magnetic and morphological properties, they offer valuable insight into 

the system's behavior and guide for future optimization. Further strategies 

could regard controlled thermal or chemical oxidation, the employment of 

different coatings, either organic or inorganic, to evaluate suitable paths to 

preserve the inherent characteristics of the NWs.  

Although initials attempts to combine Fe⁰ NWs with commercial micro-SrM 

did not result in a clear exchange coupling, as evidenced by the observed 

decoupled magnetic behavior in the hysteresis, a particularly promising 

outcome was found in the system comprising commercial SrM and Fe⁰ 

nanowires at a 90/10 ratio. The enhanced remanence in this composition 

suggested the presence of beneficial magnetostatic dipolar interactions, 

opening new possibilities for performances enhancement even in the absence 

of full exchange coupling. These results point to interesting prospects: by 

optimizing dipolar interactions, especially in aligned magnet configurations, 

and by fine-tuning the SrM/Fe0 ratio, it may lead to peculiar magnetic behavior.  

The development of more advanced magnet samples, namely a bonded 
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magnet, can be beneficial in this context, combining high pressure application 

and embedding a suitable matrix to adequately protect the Fe0. 
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Chapter 7 | The industrial experience in 

Kolektor: material development for 

bonded magnets 

Part of the activity of this thesis project was conducted in collaboration with 

Kolektor, a prominent industrial partner specialized in hard magnetic materials 

based on ferrites and NdFeB 1. Among the several technologies they are 

involved in, the company focuses primarily on the development and production 

of bonded magnets, mostly employed for the realization of automotive 

components. The activity here described was carried out in Kolektor KFH 

production plant, located in Logatec, Slovenia and in Idrija, Slovenia, where 

the company’s headquarters are located.  

In Kolektor KFH facility, the fabrication of test samples and their preliminary 

evaluation were conducted, a key stage before the large-scale production of 

PM materials, which takes place in the same plant. Given the considerable 

amounts of powder necessary for the realization of test samples in the 

industrial machinery, it was not possible to use the SrM nanoparticles 

synthesized within this thesis work. Indeed, even if at the laboratory scale the 

proposed synthesis for SrM was already optimized to obtain 5 g of product, 

such amount was not large enough for the industrial fabrication of the ca. 20 

test samples required for only one, full-comprehensive evaluation. Therefore, 

my efforts in this facility were mainly dedicated to tuning optimized 

parameters and define the requirements for employing in the next future the 

nanocomposites produced in this work for production on an industrial scale of 

bonded magnets.  
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At the same time, efforts were devoted to explore the production of bonded 

magnet exploiting recycled powders of NdFeB PMs, recovered by hydrogen 

processing (HPMS) 2, and hexaferrite PMs from milling manufacturing waste3. 

7.1 Industrial procedures for testing and 

producing bonded PMs  

Currently, bonded magnets constitute a significant and growing fraction of 

20% of PM market share 4. In bonded magnets, or plastomagnets, the magnetic 

powders are embedded within a non-magnetic polymer or binder matrix 5,6. 

This approach offers significant advantages in designing flexible and complex 

geometries, despite the lower volume of magnetic material compared to fully 

dense sintered magnets due to the presence of the binder 7. Through the 

optimization of the processing parameters, features such as elasticity, physical 

strength, resistance to fracture and impact, dimensional tolerance, or reduced 

density and orientation can be tuned to have the desired performances 8–10. 

Bonding magnetic powders in polymers allows for low weight, resistance to 

corrosion, ease of machining and forming, and capability for high production 

rates 11. These advantages make them useful materials for applications 

requiring miniaturized parts with precise and complex shapes and structure 7,12.  

In Kolektor facility, the procedure employed for the fabrication of bonded 

magnets, relies on two-step, extrusion and injection moulding. The extrusion 

is the stage where the various constituents are combined, while the injection 

moulding gives the compound the final shape. A schematic representation of 

the whole procedure is reported in Figure 7-1. The injection moulding process 

allows to have fast production, good dimensional control and surface finish, 

with little post-production scraps 13,14. The industrial philosophy is to 
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repurpose even the manufacturing side scraps, minimizing waste and ensuring 

a circular economy of the production line.   

Three different raw materials are the fundamental constituents of the final 

plastomagnets. The main part is the magnetic powder, either NdFeB or ferrites, 

which accounts for 80-90% by weight, determining the fundamental magnetic 

properties of the final product. The polymer (binder), which can be 

polyphenylene sulfide (PPS) or polyamide (PA6 or PA12), along with some 

additives, completes the composition. The relative combination of the different 

starting materials relies on the desired magnetic or mechanical properties that 

the material must have 15. In particular, the polymer determines the mechanical 

and physical properties, and thus the applications, of the final magnet 16. For 

example, PPS mixed with some glass fibers ensures the mechanical strength 

but harms the material's flowability. Polyamide guarantees better flowability 

in the moulding process but presents some water permeability issues (PA6). 

The role of additives, mainly lubricants, allows for improved mechanical and 

rheological properties when the powders are subsequently combined 17.  

The extrusion process is performed in a compounder (Brabender OHG 

Duisburg), constituted by two co-rotating screw shafts in an elongated heating 

assembly. This assembly has seven different heating zones, each with a 

selectable temperature, tailored to the melting point of the polymer (around 

300 °C for PPS and 220-230 °C for PA). The appropriate amounts of polymer, 

additives, and magnetic powders are preventively mixed in a biaxial mixer and 

then fed to the compounder, which melts the polymer and combines all the 

components. The resultant product is cooled in air, pelletized, and 

homogeneously collected.  

To ensure the material has proper flowability features, the melting flow index 

(MFI) is measured with an appropriate instrument (Dynisco LMI 5000). The 
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material is then transferred into the machine (Demag Ergotech) for injection 

moulding. In this stage, high temperatures and pressure are applied to form the 

test samples. The temperatures employed are slightly higher than extrusion 

(around 350 °C for PPS and 280 °C for PA), to guarantee the material’s 

flowability, but not excessively to avoid burning the polymer while keeping a 

good viscosity. The charged material is thus melted again and injected into the 

press, with pressure ranging from 2000 to 2700 bar. Once the pressure is 

released, the final test sample is obtained. The test sample has the shape of a 

bar with four cylinders attached. This shape consents to perform, once the 

components are separated, the necessary mechanical stress tests on the tensile 

bar and magnetic characterization on the cylinders. During the pressing stage 

in the injection moulding, a magnetic field is applied in some of the molding 

cavities for the cylinders, to make isotropic and anisotropic samples of PMs.  

 

 

Figure 7-1 Schematic representation of the process flow chart to produce bonded magnets in 
Kolektor.  
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Figure 7-2 Some pictures taken from Kolektor KFH production plant: (a) the compounder 
employed for extrusion;(b) representative image of test samples produced; (c) example of 
injected moulded final device, e.g. rotors for window lifters. 

 

The NdFeB or hexaferrite powders of various grades, normally employed in 

the production of PMs in Kolektor, are usually purchased in the worldwide PM 

market. After the manufacturing process, the test samples are fully 

characterized. The tensile bars are subject to stress tests with two different 

instruments, one applying bending force (KARG Industrietechnik) and one 

stretching force (Zwick-Roell), with an average batch of 10 bars for each 

measure. The mechanical properties measured regarding the tensile strength 

comprise the Young’s modulus (Et), the ultimate tensile strength (σm), and the 

relative deformation (εm) on the sample length. The flexural tests, instead, 

measure the maximum deflection at the peak of applied force (sFmax), and the 

magnitude of the force when the bar breaks (Fy). The density of five cylinders, 

for both isotropic and anisotropic magnets, is measured on an analytical 

balance (buoyancy method). Then, the magnetic properties are evaluated for 

sample magnets with the lowest and highest density through a permeameter 

(Magnet-Physik), which calculates the hysteresis loops and extrapolates the 



194 

 

main magnetic properties. The properties of interest measured are the remanent 

induction (BR), the intrinsic (HCj) and normal (HCb) coercivities, and the 

maximum energy product BH(max). Typical values of commercial NdFeB and 

hexaferrite magnets produced in Kolektor are reported in Table 7-1. 

Table 7-1 Magnetic properties and density of the most valuable bonded PMs based on NdFeB 

and ferrite powders in PPS or PA12, produced in Kolektor. From 1.    

Material BR  

(mT) 

BH(max)  

(kJ/m3) 

HCb 

(kA/m) 

HCj  

(kA/m) 

ρ 

(g/cm3) 

NdFeB in PPS 

Neocomp I 51/65 PS 

576 53.1 363 650 5.14 

NdFeB in PA12 

Neocomp 49/67 PA 

575 54.0 375 695 5.15 

Ferrite in PPS 

Ferrocomp 11/18 PS  

253 12.2 178 265 3.57 

Ferrite in PA12 

Ferrocomp 15/21 PA 

283 15.4 199 254 3.70 

 

As a future prospect, it would be definitely promising to implement the SrM 

nanoparticles, obtained from our synthesis, in this production line. The 

realization of bonded magnets could further expand the possibility of tuning 

the final features of the material by mixing a wide array of polymer and 

additives employed at industrial level. 

7.2 The evaluation of NdFeB and Ferrite PMs 

from recycled content 

Recycling has become an integral part of modern sustainability efforts, with 

increasing global initiatives for a more sustainable future. However, the full 

recycling of REEs remains a significant challenge. Most REEs recycling 



195 

 

feedstock originates from manufacturing losses, while end-of-life (EOL) PMs 

are constrained by low collection rates and challenging economics 18. These 

motivations explain why recycling NdFeB is considered a “key enabling 

technology” to insert REEs in circular economy. On the other hand, the 

development of affordable routes for recycling of EOL PMs, particularly from 

e-waste such as computer hard drives, electric motors, and wind turbines, 

represents another active research area. Recycling, indeed, offers the potential 

to create a secure, secondary stream of REEs, reducing reliance on mining and 

its associated environmental impact 19. However, the recycling of NdFeB 

magnets faces significant technical and economic challenges. These include 

the difficulty of collecting and dismantling complex products, the presence of 

protective coatings, and the need for sophisticated, high-cost processes (e.g., 

hydrometallurgy or pyrometallurgy) to separate and recover the rare earth 

elements in a pure, reusable form 20. Despite these barriers, ongoing research 

is focused on developing more efficient and commercially viable recycling 

routes to insert REEs in circular economy 21.  

7.2.1 Recycling routes for NdFeB magnets  

The different techniques available to recycle NdFeB magnets can be divided 

into reusing, reprocessing, and remelting. The most economically viable route 

is to repurpose EOL magnets without changing the chemical structure. 

However, this approach is limited to not- oxidized, large and accessible PMs 

(wind turbines, large motors and generators in electric vehicles), and the 

already defined shape and properties render them useful only in the same 

application 19,21. Remelting the PMs is a direct route with no waste generation, 

typically employed by manufacturers to put back the magnetic material in the 

production line. In the case of waste electronic goods, which contain a large 

fraction of permanent magnets (PMs), the low collection rate, due to the 
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difficulty of removal or losses during shredding, makes the melting process 

inefficient for recovering the high content of REE-oxides and other materials 

22,23. Hydrometallurgical methods involve using strong mineral acids to 

dissolve the magnet alloys and selectively precipitate REEs in the form of 

sulfates, oxalates or fluorides 24–26. This procedure requires huge amounts of 

chemicals and wastewater, and even some other elements and contaminants are 

inevitably dissolved. Pyrometallurgy, employing high-temperature processes 

to recover REEs and alloys, is energy-intensive and necessitates further 

purification 25,27,28. To address these challenges and eliminate all the processing 

steps of conventional recycling, an environmentally friendly process based on 

hydrogen decrepitation is getting interest. It consists in a differential volume 

expansion by H2 absorption in the NdFeB phase resulting in friable, coarse and 

demagnetized powder 19,29,30.   

The European project INSPIRES (Innovative Solutions for Permanent Magnet 

Recycling and Sustainability) 31, which includes part of the activity conducted 

in this PhD thesis, addresses the critical need for the sustainable management 

of PMs, particularly those found in EOL home appliances. The project focuses 

on the systematic dismantling of home appliances to enable the extraction of 

NdFeB magnets and on their recycling. The recovered materials are then re-

utilized in the subsequent magnet production phase, and the new PMs 

synthesized from recycled content are then implemented in new machines 

(electric motors or home appliances) and tested, ensuring they meet the 

required specifications for various applications 21. To pursue this aim, the 

pathway for obtaining recycled powders suitable for PM application comprises 

several advanced technologies. Among these, Hydrogen-Processing of 

Magnetic Scrap (HPMS), a patented process developed by researchers at the 

University of Birmingham 30, was adopted to remove the protective anti-

corrosion coatings generally employed in the fabrication of sintered NdFeB 
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magnets, and efficiently recover their Nd-rich phases 2,19. Spark plasma 

sintering (SPS), previously explained, was utilized to sinter the recovered and 

jet-milled powders into dense magnets 32,33.  

In parallel with RE-based PMs, the project also focused on the recycling of 

hexaferrites. As explained in the introduction, indeed, some of the inherent 

characteristics of this material are advantageous even for recycling, e.g., the 

corrosion resistance. The recycling process for hexaferrites is relatively 

straightforward, involving milling, annealing, and re-fabrication, and does not 

require the complex separation steps needed for RE PMs.  Few studies are 

currently on this topic, 34 probably due to the convenience of buying new 

components instead of putting effort into recycling cheap material. 

Nevertheless, the industrial implications are quite relevant, and economically 

and environmentally profitable. The opportunity to develop a circular line of 

production and recycling within the same industrial plant, indeed, is a 

promising perspective. This is particularly true when the processing steps are 

limited, and the manufacturing allows obtaining a recycled final product that 

is comparable to the starting material. The bonded magnets investigated by 

Berja et al 3, containing 50 wt.% recycled material and fabricated in Kolektor, 

exhibited mechanical and magnetic properties very close to those of 

commercially available injection moulded magnets, making the process very 

promising.  As a further example, the magnetic properties of two test samples, 

one isotropic and one anisotropic, made entirely by purchased recycled ferrites, 

are shown in Table 7-2. The recycled ferrite content in the compounder was 

86%, with the addition of 14% of PPS. Even in this case, the resultant magnetic 

properties, compared with a commercial grade ferrite from Kolektor, and 

considering the powders came from a recycled source, were noticeably 

promising.       
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Table 7-2 Magnetic properties of isotropic and anisotropic test samples of recycled ferrites 

made by injection moulding, compared with the commercial Ferrocomp I 9/18 PS-3 from 

Kolektor., The recycled ferrite content in the compounder was 86%, with the addition of 14% 

of PPS. 

Material BR  

(mT) 

BH(max)  

(kJ/m3) 

HCb 

(kA/m) 

HCj  

(kA/m) 

Ferrocomp I  

9/18 PS-3, anisotropic 

235 10.7 177.6 264.5 

Ferrite_14%PPS 

Recycled, isotropic 

151 4.1 107.4 352 

Ferrite_14%PPS 

Recycled, anisotropic 

227 9.9 167 385 
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Figure 7-3 Comparison between the recycling process of EOL ferrite magnets (a) and EOL 
NdFeB magnets (b) for the development of new bonded magnets.  

 

7.3 Conclusions 
This chapter detailed the activity carried out at Kolektor, a leading 

manufacturer of bonded magnets, providing insights into the large-scale 

production processes for hard magnetic materials. The initial objective of 

testing lab-synthesized powders was adapted due to the material volume 

requirements of industrial machinery. Consequently, the focus shifted to the 
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engagement with Kolektor's established manufacturing workflow for verifying 

the viability of introducing in the future the nanocomposites investigated in 

this thesis work or incorporating recycled materials, in the context of the 

European project INSPIRES. 

The work involved the key stages of bonded magnet production: the 

compounding of magnetic powders (ferrites or NdFeB) with polymer binders 

(PPS or PA12) via extrusion, and the subsequent high-pressure injection 

moulding to form both test samples and final components.  

A remarkable outcome of this activity was the successful demonstration of a 

circular economy approach for ferrite PMs. Test samples were fabricated using 

recycled ferrite powders sourced from manufacturing waste. The resulting 

anisotropic bonded magnets, composed of 86% recycled ferrite and 14% PPS 

binder, exhibited magnetic properties that were significantly comparable to 

Kolektor's commercial-grade magnets made from virgin materials. In 

conclusion, this industrial study validates that recycled ferrite powders can be 

effectively integrated into the existing production line for bonded magnets, 

without a significant compromise in magnetic performance. This finding is a 

promising step towards establishing a more sustainable and resource-efficient 

manufacturing cycle for PMs. It underscores the potential for recycled 

materials to meet the high-performance demands of industrial applications, 

thereby contributing to the economic and environmental goals of a circular 

economy.   
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Chapter 8 | Conclusions and perspectives 

The experimental work, here presented, was devoted to the synthesis, 

characterization, and processing of SrM nanomaterials for REE-free PM 

applications. The overall research encompassed the optimization of sustainable 

and viable synthesis routes for industrial employment, the chemical 

modification via doping, advanced compaction techniques, and the exploration 

of hard-soft nanocomposite structures. This work culminated in a real industry 

experience, where laboratory-scale research was elevated to large-scale 

manufacturing of PMs. 

First, the research focused on establishing a cost-effective, scalable, and 

reproducible methodology for producing single-phase SrM nanoparticles with 

suitable properties. The investigation began with the LTSSR synthesis, 

identifying the best conditions across the evaluated parameters in a molar ratio 

of Fe3+/Sr2+ of 10, a calcination temperature of 775 °C, and a narrowly basic 

pH in the washing stage. This allowed to obtain SrM nanoparticles under 100 

nm, while minimizing the impurity phases. However, the method presented 

low reproducibility for precise stoichiometry control, particularly affecting the 

coercivity value. To overcome the drainage of water-soluble strontium 

hydroxide, the MSSR method was developed. The procedural modification 

proved to be highly effective, ensuring a correct stoichiometry by retaining all 

precursors during the heat treatment. The MSSR successfully yielded phase-

pure SrM nanoparticles with enhanced magnetic properties, including the 

highest HC and MS achieved in the solid-state series. In this regard, MSSR 

stands out as a convenient and promising synthesis route, therefore future work 

should focus on a rigorous reproducibility assessment and a more detailed 

investigation on further optimizations, such as Fe3+/Sr2+ molar ratios and 
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calcination temperature or duration, to confirm its potentiality in refining SrM 

nanoparticle size and magnetic properties.  

Proceeding with the research on nanosized particles with the least degree of 

agglomeration, the MSG synthesis was explored. The clear advantages of this 

method were the consistent reproducibility of single-phase, polycrystalline 

SrM particles with noteworthy magnetic properties at relatively low 

temperatures of 790 °C. The study confirmed that the calcination temperature 

significantly influenced the particle size, which was instead less affected by 

variations in the Fe3+/Sr2+ molar ratio, the addition of extra NaCl matrix, or the 

pre-calcination time at 450 °C. Nevertheless, this latter stage is recommended 

to limit the development of additional phases. The reliability of the procedure 

renders the MSG synthesis an excellent candidate for further optimization, 

including a finer range of calcination temperatures or intermediate metals’ 

molar ratios, to achieve greater handling over the particle morphology, size 

distribution, and magnetic features. The attested consistency of MSG provided 

a solid foundation for the subsequent investigation on doping studies, where 

precise control over the magnetic properties of SrM was essential.  

Therefore, work progressed to modifying the intrinsic SrM magnetoplumbite 

structure. The inclusion of Al and Mn as dopants successfully altered the 

structural, morphological, and magnetic features of the SrM magnetic array. 

Despite the effective content detected in the samples was inferior to the 

nominal content expected, doping with these cations exerted remarkable 

effects. Al-doping significantly enhanced the coercivity, reaching a value of 

0.7 T, although with an expected decrease in magnetization due to preferential 

insertion in 12k and 2a spin-up positions. The nanoparticles remained largely 

polycrystalline with a minor decrease in particle size. Conversely, Mn doping 

had a strong impact on this regard. Mn was notably effective in reducing the 
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particle size to the range of 40 nm and promoted the formation of 

predominantly single-crystal nanoparticles. Its inclusion in the crystal structure 

under MSG synthesis conditions was more efficient than that of Al, as denoted 

by the ICP analysis. Furthermore, it provided a moderate increase in coercivity, 

while MS decreased for the same preferential crystallographic spin-up sites of 

Al. Future investigations could explore other non-REE dopants and co-doping 

strategies to include the benefits of each inserted element. Moreover, the MSG 

procedure, especially the calcination temperature or duration, could be 

modified to enhance the dopant diffusion into the lattice. The successful 

incorporation of these dopants demonstrates the significant potential for 

tailoring magnetic anisotropy and further material engineering.  

The comparison in Table 8-1 highlights that the isotropic SrM nanoparticles 

synthesized in this work ((BH)max: 5–8 kJ/m³, BR: 0.18–0.21 T) already match 

the performance range of isotropic hexaferrites reported in the literature, 

confirming the robustness of the adopted synthesis routes and the quality of 

phase-pure nanosized compounds. Within this framework, MSSR samples 

stand out with the highest energy product, while Mn/Al doping successfully 

enhances coercivity, demonstrating the tunability of these materials. Although 

commercial anisotropic ferrites (24–36 kJ/m³) still outperform isotropic 

powders, the present results underline the potential of phase-pure SrM 

nanoparticles in further improvements through densification and texturing. 
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Table 8-1 Key magnetic parameters of isotropic SrM powders synthesized in this work, 

grouped by synthesis route, and compared with representative values from literature and 

commercial benchmark magnets: remanent induction (BR), normal coercivity (HCb), intrinsic 

coercivity (HCi) and measured maximum energy product ((BH)max).  

Material / Source 
BR  

(T) 

Hcb 

(kA/m) 

Hci  

(kA/m) 

(BH)max 

(kJ/m3) 

SrM_LTSSR 0.21-

0.22 

138-144 422-470 
7.1-7.9 

SrM_MSSR 0.21-

0.22 

150-140 478-489 7.3-8.5 

SrM_MSG 0.18-

0.19 

121-123 447-485 5.7-5.9 

Doped (Al, Mn) SrM_MSG 0.17-

0.18 

114-122 494-556 4.8-5.5 

Isotropic hexaferrites 

(literature) 

0.18-

0.22 

100-150 450-600 5-10 

Anisotropic hexaferrites 

(sintered) 

0.35-

0.40 

250-350 250-350 24-36 

NdFeB (sintered) 1.20-

1.40 

800-1200 1000-

2000 

200-400 

SmCo (sintered) 0.90-

1.10 

600-1000 1500-

2000 

150-250 

 

To transform the synthesized powders into bulk magnets, improved 

compaction and densification techniques were involved as alternatives to 

traditional high-temperature sintering. The multi-anvil and piston cylinder 

presses were capable of attaining high densities at considerably low 

temperatures, maintaining the nanostructure and the main SrM phase intact. 

The multi-anvil system achieved an impressive relative density of nearly 92% 

at merely 80 °C, employing the powder synthesized by LTSSR. The particular 
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platelet shape of the nanoparticles induced a certain degree of alignment even 

under isotropic pressure, which was further confirmed by application of 

uniaxial pressure using the piston cylinder. In this latter case, the nanoparticles 

produced by MSG synthesis demonstrated a more pronounced tendency to be 

aligned, owing to mostly individual crystallites and less consolidated 

aggregates. For the same reason, the Al-doped and Mn-doped nanoparticles 

produced by the same procedure showed an identical behaviour, even if the 

degree of alignment can be further improved. A significant grain alignment can 

be obtained by SPS (average Mr/Ms of 0.7), reaching almost full densification 

for undoped SrM_MSG. Achieving discrete, non-agglomerated crystallites is 

crucial for enhancing remanence through effective platelet piling. However, 

the operative conditions still need to be optimised to prevent misalignment of 

the magnetisation c-axis and, therefore, the distribution of reversal fields.  

To explore whether the high HC of hard SrM could be combined with the high 

MS of a soft magnetic phase s as Fe0 NWs, an investigation into exchange-

coupled nanocomposites was undertaken. A scalable, aqueous synthesis for Fe0 

NWs was developed, reaching remarkable MS values close to bulk iron. 

However, the extreme reactivity and propensity for oxidation of the Fe0 NWs 

presented a significant challenge to entirely preserve the pristine features. In 

this regard, future research should comprise more robust strategies to maintain 

the most a notable magnetization. Furthermore, attempts to create an effective 

exchange-coupled nanocomposite combining the NWs with synthesized 

nanometric SrM were unsuccessful, resulting in a magnetically decoupled 

system. Nonetheless, a noteworthy result emerged from the study employing 

the commercial micro-particulate SrM. While still decoupled, the composite 

with a SrM/Fe0 ratio of 90/10 showed promising maintenance of remanence in 

the aligned state, suggesting the presence of beneficial magnetostatic dipolar 

interactions. Moreover, a 95/5 ratio had a minimal impact on the magnetic 
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properties of the original SrM. This evidence warrants a deeper investigation, 

specifically by fine-tuning the in between ratios to evaluate if an even more 

prominent interaction could be denoted. Other promising options rely on the 

employment of SrM nanoparticles successively synthesized in a NaCl matrix. 

They presented defined capabilities to be aligned, similar to the micrometric 

SrM and conversely to the consolidated aggregates formed by LTSSR. As 

observed for Mn-doped SrM, a high degree of alignment with the application 

of a magnetic field was noticeable, and the increased surface area related to the 

small particle size can be further advantageous in a mutual interaction with Fe0 

NWs. Additionally, the fabrication of a bonded magnet could integrate the 

understanding of how these interactions manifest in a practical magnet while 

providing a protective matrix for Fe0.  

The final phase of this research consisted of an industrial experience conducted 

at Kolektor in Slovenia, providing invaluable insights into the industrial-scale 

manufacturing of bonded magnets. The acquired notions were multifaceted, 

spanning from gained familiarity with materials, techniques, and machinery 

employed in a magnet production line to the rigorous demands of industrial 

processes and related quality control. Furthermore, a remarkable outcome was 

the successful validation of a circular economy model for ferrite magnets. Test 

samples composed of 100% recycled ferrite powders from manufacturing 

waste demonstrated, indeed, functionalities comparable to brand-new 

commercial-grade magnets. This finding further validates the potential of 

ferrites for sustainable PM manufacturing, highlighting a significant step 

towards creating a more resource-efficient and environmentally responsible 

engineering. 

From an industrial perspective, the synthesis routes explored in this work are 

based on inexpensive and widely available reagents (metal chlorides, sodium 
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hydroxide, citric acid, sodium carbonate) and predominantly water as solvent, 

with nitric acid required only in one stage under controlled conditions 

(handling and neutralization of residues). Both the solid‑state and the modified 

sol‑gel methods are scalable, the latter offering the potential adaptation to 

continuous reactors. Calcination was performed at the lowest effective 

temperature, reducing energy demand, while densification strategies such as 

high‑pressure compaction and SPS demonstrate viable routes to achieve higher 

density at reduced thermal efforts. Moreover, the chance of implementing 

additives as sintering aids or applying a magnetic field can further expand the 

possible outcomes. However, potential bottlenecks include fine tuning of the 

processing parameters to achieve good texture and orientation, and eventual 

cost of SPS for large‑scale production. Nevertheless, the environmental 

footprint of the present routes is favourable compared REE-magnet 

production, and the intrinsic chemical and thermal stability of SrM ensures 

long‑term durability. These considerations highlight that SrM nanoparticles 

provide a reliable basis for their future industrial development as a sustainable, 

REE-free alternative. 

This thesis demonstrates that the advancement of PM technology is not a 

singular pursuit but a multi-scale challenge, requiring innovation from the 

atomic level to the final manufactured component. Through the systematic 

optimization of synthesis, targeted chemical modification, and novel low-

temperature densification, this research has established a comprehensive 

framework for tailoring the properties of SrM. The journey from designing a 

nanoparticle to validating recycled materials on an industrial production line 

underscores the critical relevance of practical solutions that will drive the 

future development of more resilient and sustainable ferrite-based magnetic 

materials. 
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Although the present work has focused on SrM for PM applications, the 

intrinsic properties of hexaferrites suggest potential applications that extend 

beyond PMs, opening perspectives in several emerging fields. Their strong 

magnetocrystalline anisotropy and tunable magnetic properties make them 

promising candidates for spintronic devices, where control of spin-polarized 

currents is essential. In the microwave regime, hexaferrites are widely 

investigated for use in filters, circulators, and electromagnetic absorbers due to 

their ferromagnetic resonance characteristics. While these directions were 

beyond the scope this thesis, they highlight the broader technological relevance 

of hexaferrites and suggest profitable avenues for future research. 
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Appendix 

Starting materials and chemicals 

All the samples were synthesized using commercially available reagents. 

Iron (III) chloride hexahydrate (FeCl3·6H2O, ≥98%); Strontium chloride 

hexahydrate (SrCl2·6H2O, 99%); Manganese (II) chloride tetrahydrate 

(MnCl2·4H2O, ≥ 98%); Aluminium chloride (AlCl3, 99%); Sodium carbonate 

(Na2CO3, ≥ 99.5%); Citric acid (C6H8O7 ≥ 99.5%); Sodium hydroxide (NaOH, 

≥ 98%); Sodium borohydride (NaBH4 ≥ 98%); Ethanol (EtOH, ≥ 99.5%); 

Nitric acid (HNO3, 65%). All the starting materials were purchased from 

Sigma-Aldrich and used without further purification. 

Synthesis of SrM nanoparticles by low 

temperature solid-state reaction (LTSSR) 

LTSSR. In a typical synthesis, FeCl3·6H2O and SrCl2·6H2O (molar ratio 

Fe3+/Sr2+ = 10) were crushed, mixed and added to finely ground NaOH (molar 

ratio Na+/Sr2+ = 45) in a mortar. The immediate and exothermic reaction, 

producing minor fumes, resulted in a brownish amorphous paste. The mixture 

was ground for 20 min and washed thoroughly with demineralized (DM) water 

on a Büchner funnel, until a chloride assay (using AgNO3/HNO3) confirmed 

the absence of Cl− ions and a pH of 7.5 was reached. The wet paste was then 

dried at 80 °C overnight in oven, ground to a fine powder, and calcined at 775 

°C for 3 h (heating rate 10 °C/min).  

MSSR. In the stoichiometric modified version, the molar ratios were Fe3+/Sr2+ 

= 10 and Na+/Sr2+ = 32 or Fe3+/Sr2+ = 12 and Na+/Sr2+ = 38. The reagents were 
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ground for 20 min in a mortar as the LTSSR method. The unwashed amorphous 

paste was dried in oven at 80 °C overnight, powdered, and calcined at 775 °C 

for 3 h (heating rate 10 °C/min). The resultant powder was washed five times 

with DM water ensuring a neutral pH, and finally dried in oven at 80 °C. 

Synthesis of SrM nanoparticles by modified 

sol-gel synthesis (MSG) 

In a typical synthesis, FeCl3·6H2O and SrCl2·6H2O (molar ratio Fe3+/Sr2+ = 9) 

were dissolved in DM water to give a Sr2+ concentration of 0.1 M. The metal 

ion solution was added to a 1 M solution of Na2CO3
 (molar ratio Na+/Cl- = 1) 

under constant stirring at 90 °C on a hot plate. After 5 min, a 5.5 M solution of 

C6H8O7 (molar ratio C6H8O7/Na+ = 1.5) was added and the mixture was left to 

stir 20 min. The resulting sol was dried in oven at 90 °C overnight. The dried 

gel was ground in a mortar and calcined at 450 °C for 1 h and 790 °C for 1 h, 

with a constant heating rate of 10 °C/min. The product was washed once with 

HNO3 and four times with DM water, then dried in oven at 80 °C. 

DOPING. For the doped SrM nanoparticles, the dopant concentration x (either 

from MnCl2·4H2O or AlCl3) was adjusted to achieve a molar ratio (Fe3+ + 

x)/Sr2+ = 12, with a Sr2+ concentration of 0.1 M in the metal ion solution. The 

procedure then followed the MSG protocol. 

Synthesis of Fe0 nanowires via aqueous 

chemical reduction 

A typical reaction was performed under the protected environment provided 

by a N2-filled glovebag. A 0.09 M solution of FeCl3·6H2O in DM water, DM 

water for NaBH4, and EtOH for washing were adequately degassed through N2 
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purging (bubbling) prior to the reaction. Inside the purged glovebag, a freshly 

made 0.19 M solution of NaBH4 was quickly added to the 0.09 M solution of 

FeCl3·6H2O. The precipitated Fe0 was separated with a permanent magnet and 

washed several times with degassed EtOH. The product was then dried in a N2 

flux under protected environment.  

PVP Coating. The weighed amount of PVP (2%, 12%) was dissolved in the 

0.09 M solution of FeCl3·6H2O while degassing, then the procedure followed 

the same protocol inside the glovebag.  

 

 

 

 

 

 



 
 

   
 
 

La borsa di dottorato è stata cofinanziata con risorse del 
Programma Operativo Nazionale Ricerca e Innovazione 2014-2020, risorse FSE REACT-EU 

Azione IV.4 “Dottorati e contratti di ricerca su tematiche dell’innovazione” 
e Azione IV.5 “Dottorati su tematiche Green” 


