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1 Introduction and Motivation

Permanent magnets (PM) are key components on the emerging and growing technologies related
to renewable energies and electromobility, besides the vast use in data storage, sensors, robotics and
automatization and many other consumer technologies [1]. All these applications require optimization
of the magnetic performance, in terms of materials selection and processing, allied with a redesign and
miniaturization of devices while keeping the products competitive to the market. In this sense, magnetic
materials development is tied with the evolution of modern technologies and the possible solutions for
future ones. This shows that permanent magnets have many implications in society, going much far beyond
then sticking holidays pictures or due bills on the refrigerator-even though these “less noble” use are still
important on daily basis.
The current market of PMs is dominated by two major material systems: hexaferrites (Ba- and Sr-based)

and Nd-Fe-B [2]. The hexaferrites has the highest market share in terms of weight, around 80%, owing to
the low cost of the raw materials, high corrosion resistance and relatively simple production methods, being
used in a variety of applications that requires low magnetic performance (small energy-product (BH)max
values below 50 kJ/m3)[1–3]. On the other hand, the rare earth Nd-Fe-B based compounds dominates the
market in terms of costs and in performance, showing the highest BHmax values, at room temperature,
from the known materials ((BH)max ≈ 430 kJ/m3-N52 grade) [1, 3]. Even though this scenario has been
prevailing during the past decade, one notices the big performance gap between these materials, which
yields to the situation that for some applications Nd-Fe-B is used under its full potential [2].
Since it is foreseen that applications, such as automation and e-mobility, will grow substantially in

the next years, the demand for PM will follow the same trend, especially for the rare earth (RE) based
magnets [4]. This necessity brings challenges that goes further than the technical requirements, including
geopolitical economy, supply chain stability and environmental/criticality aspects [5–7]. The fragility of
this situation was observed in 2011 in the so called “rare earth crisis”, when the RE elements price have
increased by a factor of 10 within months, as a result from the monopolistic market of which around 95%
of the RE are mined and exported by China [8]. Despite the fact that the prices have decreased in the
subsequent years, the possibility of new price fluctuation and instability, on top of the resources limitations
of the RE elements, has emerged the necessity to overcome this issue, since many industrial branches rely
on these materials [8]. Among the strategies directed to face these circumstances are the ones related
to diversification of supply chain (open new mines in different countries), recycling of scrap magnets for
further re-use and the research/development of alternative materials [6, 9].
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The search for alternatives has manifold to several types of possibilities, including the optimization
of the Nd-Fe-B magnets by partial substitution of Nd by Ce and La (more abundant and cheaper RE)
and processing techniques to excel the current magnetic performance while avoiding/reducing the use of
heavy RE (Tb and Dy) [10]. In addition, the pursuit and development of alternative compounds with less
(RE-lean) and even without RE elements (RE-free) to substitute Nd-Fe-B permanent magnets, at least in
some applications, has been a great importance [9, 10]. This necessity is not only to avoid the previously
mentioned issues but also to obtain materials that are able to fill the magnetic performance gap existing
between ferrites and Nd-Fe-B [2, 9].
Among the promising systems to fulfill these requirements, two of them received major attention, namely

the RE-lean ThMn12-type materials (will be referred as 1:12 for the rest of the dissertation) and the RE-free
Mn-Al. These two material systems are dated and reported even before the 90‘s and had the attraction
renewed based on their intrinsic potential and the growing demand for permanent magnets [11, 12].
For the 1:12 compounds, studies on Nd- and Sm-based systems have shown the possibility to achieve
comparable intrinsic similar magnetic properties to Nd-Fe-B with less RE, while for Mn-Al the interest relies
on the possibility outperform ferrites without using expensive raw materials.
Even though they are suitable candidates presenting intrinsic properties to fill the gap, is crucial to find

ways to convert this potential to extrinsic properties [9]. Different approaches were reported, but still the
obtained values are below the expected ones, especially coercivity, and the reason for this discrepancy is
still not fully understood [13, 14]. In this dissertation, aspects related to phase stability, microstructural
features (defects, secondary phases, grain size and others) and processing routes have been taken into
consideration to give a better explanation for the reasons of observed extrinsic properties. With this aim,
this dissertation will be focusing on the previous mentioned aspects for the two different material systems
that are candidates to be “gap magnets”.
In the case of the ThMn12-type material systems, results on REFe11Ti (RE: Nd, Ce, Sm) will be discussed,

including the influence of the rare earth elements on the phase stability and the differences in magnetic
properties. Despite the different RE element, similar microstructural features were observed and proved to be
related to demagnetization mechanism, as observed by in situ optical Kerr analysis. Various characterization
methods and simulations were used to understand this behavior, which proved to be a reason on why a
large discrepancy between intrinsic and extrinsic magnetic properties is observed in REFe11Ti compounds.
As for the RE-free Mn-Al material system, one specific composition has been chosen and used as basis for

different processing routes, including thermo and mechanical processes. A parallel between processing,
microstructure and extrinsic magnetic properties could be draw. Understanding this correlation has made
possible to elucidate important aspects that can be used to create strategies to improve the magnetic
properties of Mn-Al alloys even further.
In this cumulative dissertation, the main principles of magnetism focusing on permanent magnets will

be briefly covered in Chapter 2, including aspects of alloy design, magnetic properties and figures of merit.
A specific description and more details on the ThMn12 and Mn-Al material systems will be presented in the
last part of the chapter. After this literature overview, a synopsis of 4 selected peer reviewed and published

2 1 Introduction and Motivation



articles on the research carried out in both material systems is going to be shown in Chapter 3. From these
4 articles, 3 of them are related to REFe11Ti (RE: Nd, Ce, Sm - one for each rare earth element) while the
fourth is focused on Mn-Al. It worth mentioning that the author of this dissertation has been either first
author or co-author of the selected publications. This will be followed by the summary and conclusions
in Chapter 4. At the end, the cumulative chapter (Chapter 5) presents the personal contribution of all
authors to the selected articles, followed by the replication of the full-text in its published format, including
supplementary materials when applicable.
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2 Fundamentals

This chapter focuses on the overview of current permanent magnet materials, including the main figures of
merit and magnetic properties, a concise explanation of the underlying physics of these functional materials
and how the relation with microstructural features might limit the magnetic performance. Moreover, the
context will be expanded, beyond the technical requirements, to understand the necessity to develop new
candidates to the current existing magnets. In this context, an overview of two selected promising materials
systems (REFe11Ti and Mn-Al) investigated in this dissertation will be given to elucidate their potential as
permanent magnets candidates.

2.1 Permanent magnets

2.1.1 Figures of merit and types of permanent magnets

Permanent magnets can be seen as energy-stored devices, which are used to generate/provide a constant
magnetic field in a particular volume in the surrounding space without the necessity of additional external
stimuli or power input [8, 15]. These permanent magnets can, if properly handled and manufactured,
retain its magnetism indefinitely. They can be demagnetized by either applying an opposing external
magnetic field, in respect to its original magnetization direction, with a certain strength (intrinsic coercivity
- Hcj), or when heated above a critical temperature which the ferromagnetic order is no longer preserved
(Curie temperature - TC). For this reason, it is important to understand the figures of merit and properties
of permanent magnets in respect to an applied external magnetic field and temperature that limits the
applicability and can be further used as selection criteria.
A schematic hysteresis loop of a typical anisotropic permanent magnet when measured along the easy

magnetization direction is shown in Figure 2.1a . Since the majority of figures of merit of permanent
magnets is taken in the second quadrant of the hysteresis loop, a magnified view with the principal
properties are highlighted in Figure 2.1b The horizontal axis is the external applied magnetic field strength
(µ0Happl) while the vertical axis is the response of the material (J - polarization) or a combination between
the applied field and material response (B-induction), as given by the equation [15]:

B = µ0Happl + J (2.1)
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Figure 2.1: a)Hypothetical hysteresis loop of an ideal anisotropic permanent magnet measured along the
easy magnetization direction; b) enlarged second quadrant of the hysteresis loop.

where µ0 is permeability of vacuum.
Following the magnetization process as shown in Figure 2.1b, at first the material is demagnetized (net

polarization is zero) and when the applied field is increased the magnetic polarization also increases until
a certain threshold value (Js-saturation polarization) that represents the maximum polarization possible
for this material. Upon the removal of the magnetic field, it is obtained the remanent polarization (Jr)
or remanent induction (Br), that is the magnetic flux retained by the magnet without any external field
influence. Reversing the direction of the magnetic field (negative/reversal magnetic field) and increasing
its strength, it is possible to observe a abrupt decrease in polarization until reaches zero at the coercive
field (Hcj), which brings the material to the demagnetized state. This property can be seen as the magnet
resistance to demagnetization by external field, which is one of the main differences between hard magnetic
materials and soft magnets (Hc ≈ 0-narrow hysteresis loop). Is worth mentioning that further increase in
the negative field will lead to the magnetization in the reverse direction - see Figure 2.1a. More details
about the hysteresis loops, comparing the theoretical, anisotropic and isotropic behavior will be presented
in a later stage.
Following the induction (B) curve in the second quadrant, blue curve in Figure 2.1b, the decrease is

linear until it reaches B = 0 at Hcb, that is the magnetic field necessary to nullify the magnetic flux given
by the permanent magnet. Another very important figure of merit that can be derived from the B −Happl

loop is the maximum energy-product ((BH)max), which is the maximum energy stored in a magnet. This
important property is graphically defined as the area of the rectangle that can be drawn in the the B−Happl

loop as shown in Figures 2.1a and 2.1b. As both intrinsic and extrinsic magnetic properties are temperature
dependent, it is essential to take into consideration the working temperature, for a given application, for
the material selection.
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Considering all the extrinsic magnetic properties of permanent magnets, a direct comparison between
different material types is generally done by using the figure of merit (BH)max, since it is related to both
coercivity and remanence. Figure 2.2 shows the historical evolution of different permanent magnets in
correspondence to their maximum energy-product values.
To give an easier understanding and visualization for the meaning of (BH)max values a schematic

representation of different permanent magnet designs are shown in the figure as cylinders. The color
coding of the cylinders corresponds to the different material systems and each cylinder has the same
magnetic strength. As it can be seen from the size comparison the permanent magnets with higher energy
products lead to smaller volume for the same magnetic flux density. This direct comparison indicates the
importance of reaching high (BH)max for achieving miniaturization of devices. Considering the recent
advances in different everyday life applications, e.g. headphones, hard-disc drives and others, the direct
effect of Nd-Fe-B to the miniaturization can be seen.

Figure 2.2: Evolution of the energy-product value ((BH)max) for different compounds. Figure was adapted
from [8, 16].

Three conclusions can be draw from this figure: first is related to the abrupt jump in the energy-product
values in compounds containing rare earth elements, starting from Sm-Co; the second is the increments of
the (BH)max values for the same compounds throughout the years; the third is related to the gap between
the energy-product values between Alnico and ferrites (below 100 and 50 kJ/m3, respectively) compare to
the RE-based (above 200 kJ/m3) permanent magnets [8, 17]. From the first, it is possible to derive the
importance of the RE elements in the development of permanent magnets, being associated with their
characteristic electronic structure that affects the intrinsic properties [18–20]. The second point is related to
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the optimization of manufacturing of such magnets, including alloy and microstructural design allied with
different processing routes to obtain higher extrinsic properties, (BH)max, Hcj and Jr. The third shows the
importance searching for new hard magnetic compounds to fill the existing energy gap and/or, eventually,
that could even excel the current values shown by Nd-Fe-B. Based on this three points, it is already possible
to derive the necessity of finding materials with proper intrinsic magnetic properties and the importance to
adopt and control processing routes to convert this intrinsic potential to extrinsic [1, 10, 21].

2.1.2 Ferromagnetism and the role of 3d elements

As could be observed in the historical evolution of (BH)max, in terms of material system, the alloy
chemistry plays an important role on the magnetic properties. In this section, the focus will be given to the
intrinsic properties that are defined by the chemical composition and structure of the hard magnetic phase.
Further alloying elements which are used for processing and extrinsic properties tailoring will be briefly
discussed on a later stage.
To start the considerations about the reason of the magnetic properties in permanent magnets, we focus

in one similarity for all the systems, the presence of 3d transition metals (TM) elements in the composition,
more specific Fe, Co and/or Ni. These elements are known to be ferromagnetic at room temperature,
meaning that atomic moments interact with the neighboring ones to promote parallel alignment, giving rise
to a collective interaction as explained by quantum mechanics in the Heisenberg model [21]. This nearest
neighbor interaction, also called exchange interaction (Jex), leads to a potential energy (Eex) related to
the atomic moments (defined by the spin vector S - Si and Sj are adjacent spins), and the angle between
them ϕ, through the expression:

Eex = −JexS⃗iS⃗j = −JexSiSjcosϕ (2.2)

The parallel alignment occurs for Jex > 0, leading to ferromagnetic ordering, and antiparallel coupling
for Jex < 0, inducing antiferromagnetic behavior. The different exchange behavior arises from the interplay
between the Pauli exclusion principle (fermionic nature of electrons) and the Coulumb interaction between
electrons. Based on this, an empirical description of the exchange interaction related to interatomic spacing
was deduced, the Bethe-Slater curve. For 3d transition metal solids, one must consider the overlap of the
d-orbitals of the neighboring atoms, for this reason, the ratio between the interatomic spacing (as) and
the 3d ionic radius is used. The Bether-Slater curve is shown in Figure 2.3a. As can be seen, there are
only four elements which present ferromagnetism at room temperature and, interestingly, iron can have
both behaviors depending on the structure, i.e., interatomic spacing. As a side note, one can notice the
possibility of changing the ordering of Mn in compounds if a proper atomic distance is achieved - this will
be discussed in more detail in this dissertation on a later stage.
The exchange interaction energy in ferromagnets also sets the scale for the ferromagnetic ordering-

disordering temperature. This means that above a certain critical temperature (Curie temperature - TC)
the thermal energy surpass the energy that keep the magnetic moments aligned and they become randomly
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Figure 2.3: a)Bethe-Slater curve for different 3d elements showing ferromagnetic (FM) and antiferromag-
netic (AFM) coupling and b) typical thermomagnetic curve of a ferromagneticmaterial showing
the Curie temperature TC . Figure a) was adapted from [21].

oriented (paramagnetic state). This is as schematically shown in Figure 2.3b.
With the combination of concepts given by the exchange energy and the relation with interatomic

distance and TC , alloying elements and disordering effects can be qualitatively understood and the reason
why the magnetization of alloys based on Co are less sensitive to temperature variations - high Jex leads to
high TC - as observed in Alnico and Sm-Co magnets. It worth mentioning and emphasize that the exchange
interaction is mainly dependent on interatomic distances, not being necessary linked to any regularity of
atomic positioning. For this reason it is possible to observe ferromagnetism in amorphous materials, even
though the atomic distances distribution leads to fluctuations in the exchange interactions [15, 21].
Another, and equally important, characteristic necessary for magnetic materials is related to the mag-

nitude of magnetic dipole moments and, therefore, the saturation magnetization. Considering isolated
atoms, the electron distribution on the different electronic shells and subshells follows the Pauli exclusion
principle, aiming to decrease the free energy of the system. Upon distribution, the unpaired spins in unfilled
shells, usually in the outer shell, are the ones which contribute to the atomic moment [14]. However,
when atoms are brought together, as in the case to form a solid, the quantized energy levels are severely
modified when compared to free atoms. The assemble of atoms will cause a splitting of the energy levels,
leading to a virtually continuous energy distribution that is allowed for the electrons to fulfill. This much
complex scenario is studied through the band theory of solids, in which the analysis of spin-resolved
energy bands (differences between spin up and spin down in terms of energy) and the density of states
describes and resolves the atomic magnetic dipole, that can be further used to calculate the saturation
magnetization (Ms) value of an alloy [15, 21]. A schematic representation of the 4s and 3d band formation
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Figure 2.4: a)Formation of a band structure in a 3d transition metal and the energy splitting in spin up and
spin down; b) Slater-Pauling curve for different 3d based alloys - magnetic moment in Bohr
magnetron (µB). Figure a) was adapted from [14] and Figure b) from [22].

Table 2.1: Magnetic moment per atom (µm), saturation polarization (Js) at 0 K and room temperature (RT)
and Curie temperature (TC) for different elements - Para stands for paramagnetic state. The
values were taken from [8, 14, 21, 23].

Element µm at 0 K (µB) Js at 0 K (T) Js at RT (T) TC (K)
Fe 2.22 2.23 2.16 1043
Co 1.72 1.85 1.81 1388
Ni 0.60 0.65 0.63 627
Gd 7.63 3.90 ≈0 - Para 292
Dy 10.2 2.65 ≈0 - Para 88

and the corresponding density of states is shown in Figure 2.4a. It worth mentioning that depending on
the chemical interaction and bonding type, like ionic or covalent bonding, the magnetism that might be
annihilated, despite the magnetism of the individual atoms [14].
As previously mentioned, the contribution to the magnetic moment comes from unpaired spins of unfilled

outer shells. For the TM 3d elements like Fe, Co and Ni, the contributing magnetic moments comes from
the difference in the unbalanced spins (difference in spin up-spin down) in the 3d band. Based on the
band theory calculations, it was possible to correlate with the experimental derived curve of Slater-Pauling,
showing the magnetization per atom as a function of the number of electrons per atom, as depicted in
Figure 2.4b. Some of these properties for selected elements are summarized in Table 2.1 for comparison.

10 2 Fundamentals



2.1.3 Magnetic hardening and the role of rare earth 4f electrons

Through the analysis of the given theories and experimental validation so far, it is reasonable to assume
the choice of Fe-Co based alloys, since it shows the highest magnetic moment per atom (near the top of
Slater-Pauling curve), strong ferromagnetic behavior (Jex > 0) and high Curie temperature (temperature
stability). This alloy design is commonly applied for soft magnets, where high susceptibility (large change
in magnetization at low applied magnetic fields) and the low switching field values (low coercivity) are
desired, especially to avoid energy losses during high frequencies applications. However, for hard magnetic
materials it is imperative to add the “magnetic hardness” to keep the material magnetized when there is
no external applied field and to resist against the demagnetizing fields, i.e., it is necessary the development
of coercivity (Figure 2.1). As the coercivity is an extrinsic property it can be tuned in different ways, but
the upper theoretical limit for hard magnetic materials is defined by the intrinsic property called magnetic
anisotropy. As the name suggests, the magnetic properties depend on the crystallographic directions. There
are different kinds or ways to induce anisotropy, according to [15]:

1. Magnetocrystalline anisotropy
2. Shape anisotropy
3. Stress anisotropy
4. Anisotropy induced by

a) Magnetic annealing
b) Plastic deformation
c) Irradiation

5. Exchange anisotropy

Among these different types, only magnetocrystalline anisotropy is intrinsic, meaning that all the rest
can be induced during processing (extrinsic). The present discussion will be restricted to the intrinsic origin
of anisotropy, but the details of the anisotropy types and their examples can be found in [14, 15, 23–25].
It worth mentioning that among the commercially available permanent magnets, only Alnico relies on
another type of anisotropy than magnetocrystalline anisotropy (shape anisotropy).
For the specific case of magnetocrystalline anisotropy, the anisotropy correlates the dependence of the

magnetic properties to the different crystallographic axis in relation to the external applied magnetic field.
Independently on the crystal symmetry, there is a certain crystallographic direction which saturates (all
magnetic moments are aligned in the same direction) at small applied magnetic field, this is called easy
magnetization axis. On the other hand, the direction which requires the highest applied field to saturate
is denominated as the hard axis. From this simple observation, which has been shown experimentally
for many different materials with different crystal structures, one can derive that there must be energy
associated to the magnetization direction in respect to the different crystallographic axis. This is called
anisotropy energy (EA) and can be expressed, based on the crystal symmetry, in series of expansion
which takes into consideration the angle between magnetization in relation to the crystal axis and the
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Figure 2.5: The EA distribution for Fe (bcc structure), Ni (fcc structure) and Co (hcp structure) and
the corresponding magnetization measurements along different axis. Figure was adapted
from [14, 26, 27].

anisotropy constants values (Kn- where n is the power of the term K). The Kn values can be seen as
anisotropy-energy density which are constant for a specific material at a defined temperature, which goes to
zero at TC [20]. In the absence of external magnetic field, the energy is dominated by the anisotropy energy
and it is minimized when the magnetization lies along the easy axis. As an example, Figure 2.5 shows the
magnetization measurements in different crystallographic directions and the associated EA distribution
for Fe (bcc structure), Ni (fcc structure) and Co (hcp structure)-note that the high EA is along hard axis,
while low EA is along the easy one. However, if an magnetic field is applied, the magnetostatic energy
(Zeeman energy) also plays a significant role in the system. If this magnetic field is applied in a different
direction than the easy axis, an energy barrier must be surpassed in order to change the magnetization
direction to the applied field direction. The energy barrier is maximum along the hard magnetization axis.
From this analysis, it is possible to infer that for permanent magnets would be beneficial to have only one
easy axis (uniaxial magnetocrystalline anisotropy), which is perpendicular to the hard axis, with a large
energy difference from the other axis to prevent the change the magnetization direction (high K). To
realize such energy difference between the crystallographic axis, one can notice constraints on the choice
of crystal symmetry, since in high symmetry structures the energy difference between the axis are small
to be exploited for possible permanent magnets , as in the case of cubic crystals. For this reason, crystals
with only one different axis (hexagonal and tetragonal) or with three equal axes but one different angle
between them (rhombohedral) are the symmetries of choice to meet this condition [9, 14, 23].
Considering an uniaxial magnetocrystalline anisotropy material, the EA can be expressed in a simplified

12 2 Fundamentals



and lower order as [20]:

EA = K1V sin2θ +K2V sin4θ (2.3)

Where θ is the angle between the magnetization and the crystallographic easy axis and V is the volume
of the material/crystal/magnet. In general, for permanent magnets, the expression is reduced to only the
first term, since K1 is positive and dominates over K2. For comparison, the K1 value at room temperature
for Fe is 0.05 MJ/m3, for Co is 0.5 MJ/m3 and for the rare-earth based hard magnetic intermetallic phases
Nd2Fe14B (tetragonal) and SmCo5 (hexagonal) are 5.0 and 17.0 MJ/m3, respectively [20]. This pronounced
difference in anisotropy-energy density is one of the key factors that has paved the evolution of magnets
and established the high performance rare earth permanent magnets. The high anisotropy observed in
these magnets is mainly related to the lanthanides 4f electrons and its spatial distribution which results in
a combination of strong spin-orbit coupling and interactions with the electrostatic crystal field, as will be
further discussed.
The 4f electrons are very close to the heavy atomic nuclei of the rare earth element and experience the

spin-orbit coupling (S − L coupling). The strength of this coupling is proportional to the atomic number
Z. In short, this interaction can be seen as the coupling between the electron spin and the magnetic field
created by its own orbital motion around the nucleus [28]. This means that the total magnetic moment
of such elements is no longer only related to the spin magnetic moment (S), as in the case of 3d-metal
elements, and an addition of the orbital magnetic moment (L) has to be included in this expression. The
summation of both contributions follow the Hund´s rules to minimize the free energy associated to the
combination of S and L to the total magnetic moment Jm, therefore Jm becomes a good quantum number
to describe these systems. In the case of light RE, the total magnetic moment is the absolute value of the
difference between the orbital and the spin part, while for heavy RE is the sum of these two parts [29].
The values of S, L and Jm for the different RE elements are shown in Figure 2.6. In comparison, the 3d
electrons of Co and Fe occupy the conductive energy band in the outer shell and they will mainly adapt to
the electronic charges in the crystal structure (crystal field). As result, the orbital moment and magnetic
anisotropy expectation values are nearly zero, i.e., “almost fully quenched” crystal field states [20].
Since the 4f electrons are located near the RE nuclei, well-screened from the surrounding environment,

the crystal field (A0
2-describe the electronic charges in the crystal environment) generally only causes small

perturbations to the anisotropy, since the main contribution comes from the S − L coupling. Nevertheless,
the shape of the 4f orbitals in the RE ions (RE+3) also plays a role, since when placed in the crystalline
environment it will tend to accommodate itself to decrease the electrostatic energy, thus defining the
direction of the 4f orbital [31]. The Stevens coefficient (αJ) is used to describe the shape of the 4f electrons
into oblate (αJ < 0), prolate (αJ > 0) or spheric format (αJ = 0), as exemplified in Figure 2.7a. Taking
a αJ > 0 ion and placed it in a negatively charged environment as example, the “tip” of the prolate ion
will avoid pointing towards the negative charges to avoid electrostatic repulsion with the 4f electrons.
In a cubic environment, Figure 2.7b, the prolate can be pointing towards any of the faces of the cube,
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Figure 2.6: The contribution of the spin (S) and orbital (L) magnetic moments to the total magnetic
moment (Jm). Figure was adapted from [30].

leading to isotropic behavior. However, when placed in a tetragonal environment, like in Figure 2.7c, the
“tip” will be preferably pointing along the vertical axis (c direction), which leads to uniaxial anisotropy
(K1 > 0). In the case of another tetragonal environment with opposing A0

2 parameter compared to the
previous example, Figure2.7d, the prolate “tip” will tend to point along the a− b plane, leading to easy
plane anisotropy (K1 < 0) - not applicable to produce permanent magnets.
To summarize and account all these complex factors on the rare-earth anisotropy, which were simplified

previously, the following expression can be used:

K1 = −3

2
αJr

2
4fA

0
2(2J

2
m − Jm) (2.4)

Where r24f is the squared 4f shell radius and has approximate value of (0.05 nm)2. This expression gives
insights on the possible change of RE element in determined compounds, as in the case of Nd2Fe14B-easy
axis by Pr2Fe14B-easy axis and why to avoid Sm2Fe14B-easy plane - see Figure2.7. In addition, changes in
crystal field parameter related to the additional charges, caused by interstitial atoms (like nitrogen), that
can change the anisotropy from easy plane to easy axis in Sm2Fe17. The same does not happen to other
RE+3 elements, as schematically demonstrated in Figure 2.8.
However, the use of rare earth also leads to technical challenges, including the low ordering temperature

and paramagnetic response at around room temperature - despite having higher saturation magnetization
at low temperatures than Fe-Co alloys, e.g., at 4 K holmium showsMs of 3.8 T (TC = 20K) while Fe65Co35
presents 2.5 T (TC > 1350 K). Also, when combined with ferromagnetically ordered 3d transition metal
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Figure 2.7: a) Shape of the 4f electron cloud for the different RE+3 elements and the corresponding Stevens
coefficient; b) Prolate 4f RE ion in a cubic and in two tetragonal environments c) and d) with
opposing A0

2 values. Figure was adapted from [20, 27].

elements, the total magnetic moment (Jm) of heavy RE elements is coupled antiparallel to the moment
of the 3d metals, which leads to a decrease in the overall saturation magnetization when compared to
compounds with light RE instead, which presents parallel coupling with 3d elements [29]. For this reason,
an alloy design has to be carefully carried out to account all the factors and to take the best advantage
given by the 3d transition metals and the lanthanides to produce intermetallic, or intermediate, compounds
for permanent magnets applications.
In a nutshell, the RE elements are responsible for the anisotropy while the ferromagnetic 3d elements

ensure the magnetization and stabilizes the anisotropy constant at finite temperatures. In addition, the 3d
elements also maintain high Curie temperatures, which is related to the d− d exchange interaction, with
an yield correction given by the indirect d− f exchange (3d and RE) that also stabilizes the RE anisotropy
against thermal fluctuations [20].
As an example, Figure 2.9 shows magnetization measurements along easy (parallel to c-axis) and hard

(perpendicular to c-axis) magnetization directions of Nd2Fe14B and SmCo5 single crystals to determine:
anisotropy energy EA, anisotropy constant K1, saturation magnetization/polarization MS or JS and
anisotropy fieldHA. The anisotropy field is the magnetic field necessary to reach saturation when measuring
along the hard magnetization axis, as in the exemplified case, perpendicular to c axis. The values of HA

and JS can be directly obtained from the graph while for the anisotropy energy it is necessary to integrate
the area between both curves - easy and hard magnetization axis, as indicated by the highlighted areas.
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Figure 2.8: Schematic showing the influence of nitrogenation on the negative charges surrounding the
RE+3 and the magnetic behavior of different RE2Fe17 compounds. Figure was adapted
from [27].

The following equation which relates the HA to K1 and JS can be used to obtain the theoretical anisotropy
constant:

HA =
2K1

JS
(2.5)

As mentioned previously, for permanent magnets is beneficial to maximize JS (extrinsic: high Jr and
(BH)max) along withK1 andHA (extrinsic: highHcj), even though it seems contradictory since anisotropy
field and saturation polarization are inversely proportional. With this in mind, the magnetic hardness
parameter κ can be used to correlate the intrinsic properties according to the magnetic behavior into hard
(κ > 1), semihard (0.1 < κ < 1) and soft (κ < 0.1) through the following equation (written in different
forms) [32]:

κ =

√︄
µ0K1

J2
S

=

√︃
2µ0HA

JS
=

√︃
2HA

MS
(2.6)

This parameter indicates the potential for a material to be developed into a permanent magnet indepen-
dently on the shape when κ > 1 and with shape/dimension limitations for semihard alloys (as in the case
for Alnico) [32]. For comparison, different compounds are shown in Figure 2.10 according to K1 and JS
relative to the corresponding κ value denoted by the solid and dashed lines [32].
As a short summary, in this section was discussed the ferromagnetic behavior (positive exchange energy)

that leads to parallel alignment of spins and how in 3d transition metal atoms the magnetic moment
is related to unpaired spins moments upon electronic configuration. The concept was expanded from
isolated atoms to solids (assemble of atoms), in which the formation of band structure and the uneven
electronic distribution to the corresponding splitting in spin up and spin down energy states give rise to
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Figure 2.9: Determination of anisotropy energy EA, anisotropy field HA and polarization saturation JS for
Nd2Fe14B and SmCo5 single crystals. Figure was adapted from [13].

the magnetization of alloys. However, high magnetic anisotropy is also necessary to develop permanent
magnets, since is the intrinsic key for the development of “magnetic hardness” (coercivity). The high
performance permanent magnets are based on magnetocrystalline anisotropy, which can be achieved
through the combination of the 3d elements with rare earths, since the former shows a strong spin-orbit
coupling as the main reason for the high anisotropy observed in these compounds. Constraints on the
crystal structure were also discussed in terms of anisotropy energy and the necessity to have material
systems with uniaxial magnetocrystalline anisotropy for permanent magnets to prevent an easy change in
the magnetization direction. All the intrinsic magnetic properties (JS , HA, K1 and TC) are important to
determine the potential of a compound to be a permanent magnet, as demonstrated by the parameter κ.
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Figure 2.10: Anisotropy constant (K1) in function of saturation polarization (JS) for different compounds.
The lines indicate different hardness parameter values (κ). Hard magnetic materials in the
bright green area can be used for magnet production without shape constraints. Semihard
materials located in the pale green area can also be used to produce magnets, but with
severely shape-limited energy product. Figure was adapted from [32].

2.2 Magnetic Domain Structure

Going one step further on important concepts surrounding permanent magnets, the discussion will
move towards ferromagnetism in a larger scale to further correlate with the overall hysteresis behavior
shown by permanent magnets. Considering a ferromagnet and the magnetic energies discussed so far, the
magnetic moments would be preferably parallel, to avoid increase the exchange energy (Eex), and the
magnetization vector being along the easy magnetization axis to reduce the magnetocrystalline anisotropy
energy (EA). If only these two energies were acting in the ferromagnetic material, would be beneficial that
the magnetization would be maximized along the easy axis. However, when magnetized or in a saturated
configuration, a ferromagnet have a high magnetostatic energy (also known as stray field energy), that can
be expressed by:

Emstatic = −1

2
µ0

∫︂
sample

HdMdV =
1

2
µ0

∫︂
space

H2
strdV (2.7)
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Figure 2.11: a) Magnetic domains in the highest Determination of anisotropy ; b) structure of a 180◦ domain
wall. Figure a) was adapted from [13] and b) from [15].

where Hd is the demagnetizing field of the sample, Hstr is the stray field in the space surrounding the
sample and dV is the infinitesimal volume of the sample or the encircling space andM is the magnetization.
To minimize the magnetostatic energy, it is advantageous to decrease the stray field by dividing the material
into smaller magnetic volumes, so called magnetic domains. These domains are macroscopic volumes where
the atomic moments are aligned, because of the ferromagnetic exchange interaction, and each domain has
a saturation magnetization magnitude which lies along the easy axis, in the case of uniaxial anisotropy,
or one of the easy axes, for non-uniaxial materials. For a uniaxial anisotropy material, subdividing these
volumes into antiparallel magnetized domains of equal volume, the stray field around the sample would be
minimized and, consequently, the Emstatic energy. This subdivision can be repeated to reduce the stray field
energy even further, but at each time a domain is divided an interfacial region is created, known as domain
wall. The existence of domain wall is associated with an additional energy term, for this reason the ultimate
number and size of magnetic domains which will yield to lower total energy is a balance between volume,
magnetostatic and interfacial domain wall energies. Within the domain wall, the magnetic moments
are gradually changing the orientation until it reaches the configuration of the adjacent domain, in the
exemplified case it is antiparallel, i.e., 180◦ Bloch type domain wall. The rotation of the magnetic moment
across the domain wall can either be parallel (Bloch wall - common in bulk materials) or perpendicular to
the domain wall (Néel wall - common in thin films). The schematic depicted in Figure 2.11a shows the
subdivision of magnetic domains that leads to a decrease in the stray field, meaning that the magnetic flux
is concentrated mainly at the surface instead of the surrounding volume of the sample. In Figure 2.11b is
shown a 180◦ domain wall and how the magnetic moments gradually change the direction between the
two domains.
Recalling the exchange energy equation, assuming identical spins (S), and expanding this expression to
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calculate the exchange energy of a continuum instead of individual atoms, one can reach to the following
expression:

Eex = −2Acos(
dϕ

dx
) (2.8)

The term A = (nJS
2

a ) is the exchange stiffness, or exchange constant, that is related to the number of
atoms per unit cell n and the lattice parameter a. The dϕ

dx correspond to the moment angular variation in
respect to the x direction, according to Figure 2.11b. Applying this equation for ferromagnetic materials, the
exchange energy would be maximized if adjacent spin are antiparallel (ϕ = 180◦), making it advantageous
to reorient the spins across a large distance (small (dϕdx )), which would lead a large domain wall thickness
(δW ). However, in terms of anisotropy energy the opposite behavior is expected, since across the domain
wall the magnetic moments would be along different axis which are not the easy magnetization one,
implying on higher EA. To minimize the EA the spins should be along the easy axis, either parallel or
antiparallel, resulting in a decrease the δW . Considering the competition of these two energies in a uniaxial
anisotropy material, the domain wall width is a compromise between both, leading an expression that is
dependent on A and K1:

δW = π

√︃
A

K1
(2.9)

In addition, the energy density associated with the 180◦ Bloch domain wall can be expressed as:

γ = 4
√︁
AK1 (2.10)

Based on these competing energies and the spin rotation across the domain wall, it is important to
introduce the concept of the ferromagnetic exchange length Lex, which is the critical length scale where
the exchange energy balances the anisotropy energy [13]. It can also be seen as the distance over which
the perturbation caused by a switching of a single spin decays, meaning that above the Lex the moments
are magnetically decoupled [21, 33]. The exchange length is defined by the equation [13]:

Lex =

√︄
A

µ0M2
s

=

√︄
µ0A

J2
s

(2.11)

Since there is an energy associated with the domain wall, it is possible to hinder its creation by decreasing
the size of the ferromagnet, or the grain size composing the ferromagnet, below a certain critical size (dc).
In this way, the energy penalty involved on the domain wall creation is higher than the gain related to the
decrease in magnetostatic energy. For the simple case of isolated spherical particle with uniaxial magnetic
anisotropy, the critical diameter size can be calculated using the expression [34]:

dc = 18
δW

µ0M2
s

(2.12)

20 2 Fundamentals



For particles/grains with diameter larger than dc, the presence of domains is favorable (multidomain
state) while for smaller size the single domain state is energetically advantageous.
The existence of magnetic domains, along with the interactions given by exchange length, gives crucial

insights and understanding on the magnetization and demagnetization processes of magnets, being an
important link to correlate the overall hysteresis loop behavior and microstructure. The direct observation
of domain wall nucleation and movement by in situ techniques, such as Kerr and magnetic force microscopy,
give valuable insights that can be used to create strategies to improve extrinsic properties, as will be
discussed in the next section.

2.3 Microstructural effects on magnetic properties and Brown’s paradox

Based on the concepts discussed previously, it is possible to have a glimpse on the complex hierarchy and
the different length scales involving magnetic materials, starting from the magnetism in atomic level and
interactions/coupling, moving to intrinsic properties of permanent magnets and the formation of magnetic
domain structures. The discussion so far was kept focused on ferromagnetic materials and, more specifically,
on permanent magnets, showing requirements in terms of chemical composition and crystal structure to
obtain intrinsic magnetic properties of potential hard magnetic compounds. The intrinsic properties can be
seen as the ultimate theoretical limit for the extrinsic magnetic properties. However, to convert even part of
this potential into magnets it is a challenge task, which must be adapted and optimized for each material
system. Nevertheless, some general and common features can be derived and be used as a starting point in
this optimization process.
To deepen the discussion, and explicitly show the existing gap between intrinsic and extrinsic properties,

it worth to recall the hysteresis loop of an anisotropic magnet in comparison to the intrinsic loop (based
on the intrinsic properties) and in an isotropic material (randomly oriented grains). These three loops
are shown in Figure 2.12. The loops were based on the known properties/behavior of Nd-Fe-B magnets
reported by Sawatzki [35], however no explicitly value is given since the general trend can be extrapolated
for other material systems.
Starting the comparison from the saturation polarization/magnetization of the intrinsic-based curve (J ′

s)
and both anisotropic and isotropic magnets (Js), it is generally observed that for magnets the polarization
values are overall lower (Js<J ′

s), even though this is an intrinsic property. This occurs because the
microstructure of a magnetic is not only composed of the hard magnetic phase, from which is the expected
J ′
s value. The additional phases are usually “non-magnetic” or with lower saturation than the main hard
magnetic phase, in both cases the magnetization value would be reduced, since the measurements are the
average value of the whole sample/magnet. An exception case is the spring-exchange magnets, where
the chemical composition and microstructure are designed to have a soft magnetic phase with high Js

dispersed in a hard magnetic matrix in a compromised way to obtain higher magnetization without losing
the magnetic hardness. Although the additional phases can be seen as detrimental at first glance, it is

2.3 Microstructural effects on magnetic properties and Brown’s paradox 21



Figure 2.12: Hysteresis loops of hard magnetic materials illustrating the the upper limit (intrinsic) and
the corresponding anisotropic and isotropic “real feasible magnets”. Figure was adapted
from [35].

not always the case since they can be used for processing and microstructure optimization, leading to
an enhancement of other properties, like coercivity. As an example, in sintered Nd-Fe-B magnets, the
microstructure is composed of the hard magnet phase Nd2Fe14B and Nd-rich grain boundary phase, which
usually also contains Cu, Al, Ga in commercial alloys. The grain boundary phase has low melting point,
which is beneficial for densification through liquid phase sintering, in addition, when well dispersed along
the grain boundaries, this phase helps to improve coercivity despite reducing the overall magnetization. If
the Nd-rich grain boundary is unevenly distributed, or in the worst case absent, the coercivity is drastically
reduced - this will be discussed when comparingHA andHcj . The optimization of a permanent magnetic is
not only related to the hard magnetic phase, but other factors play an important role in terms of processing,
microstructure and extrinsic properties, which will be even more evident on the other figures of merit.
Following the decrease of field strength in the first quadrant of the hysteresis loop, we reach to the

remanent polarization Jr, remanence in short. As the upper limit, the J ′
r would be equal to J ′

s, meaning
that even in absence of applied magnetic field all magnetic domains are aligned and saturated in only one
direction along the easy axis, this would provide the highest magnetic flux/stray field possible. Compara-
tively, in anisotropic magnets a slight difference is observed leading to Jr lower than Js. To understand
this difference is necessary to correlate the remanence with microstructure and grain arrangement. A high
remanence is obtained through grain alignment/texture along the crystallographic easy magnetization
axis, which would create a situation energetically favorable that the magnetization would lie along a single
axis of the magnet as well, even when the applied field is removed. But during the manufacturing process,
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the degree of alignment deviates from the ideal and not all the grains are perfectly aligned. This fraction of
misoriented grains is the main reason that the Jr is slightly below Js. Anisotropic magnets, when optimized,
can have remanence of around 90-97% of the Js value [36]. On the other hand, if the sample is isotropic
(absence of texture), each crystal (each individual grain in this case) would have the easy magnetization
direction randomly distributed across the magnet. This will average the contribution of the grains, creating
a situation that the magnetic properties of the magnet will be isotropic along all axis and the obtained
remanence will be around half of the remanence of a anisotropic magnet [37].
For the high performance rare-earth based magnets, where the second quadrant of the B-H loop is linear

and Jr = Hcb, the maximum energy-product can be estimated through the expression:

(BH)max =
J2
r

4µ0
(2.13)

This shows that an anisotropic magnet, with high degree of texture, is required to maximize the Jr-Br
along one of the axes and, consequently, (BH)max. With this configuration, themagnet shows higher magnet
flux along the textured direction, when compared to isotropic magnet, and almost no flux perpendicular to
it.
The texture is induced during the manufacturing process and it is dependent on the process route

of the magnet. For industrial sintered Nd-Fe-B for example, this happens after jet milling, when each
micrometer-sized particle, consisted of monocrystalline Nd2Fe14B, can be rotated and aligned in a magnetic
field along the c axis-the easy magnetization axis. This magnetic alignment can be combined with the
uniaxial pressing or before cold isostatic pressing step, leading to a preservation of the texture after
densification through sintering [24, 38]. A different processing route, also used for Nd-Fe-B, is related
to hot deformation-die upsetting of nanocrystalline (melt spun ribbon-rapidly quenched) precursor. The
mechanical deformation allied with anisotropic growth and the solution-precipitation mechanism are the
reason for the texture development, along the pressing direction, in nanocrystalline Nd-Fe-B [35, 39, 40].
As an alternative route, it is possible to use gas-solid state reaction to promote grain refinement and
texturing by decomposing and recombining the hard magnetic Nd2Fe14B phase in hydrogen atmosphere.
This process, HDDR (hydrogenation disproportionation - dessorption recombination), involves different
metallurgical aspects and kinetics to achieve the desirable fine and textured microstructure which goes
beyond the scope of this thesis, but more information can be found in [38, 40, 41]. Despite giving examples
for Nd-Fe-B, these processes are/can be used for other rare earth based magnets, especially the powder
metallurgy-sintering route, which is widely applied in industry for large scale production. As for RE-free
magnets, sintering is also the standard process for anisotropic hard ferrites, while for Alnico a combination
of heat treatment under applied magnetic field induces shape anisotropy of FeCo precipitates in the Al-Ni
matrix through spinodal decomposition reaction. Hot deformation, by hot extrusion, have been used in the
past to produce anisotropic Mn-Al based magnets [42].
To summarize, the difference in Jr and J ′

r can be attributed to additional phases in the microstructure
and misorientation of grains. However, different grades of the same material system can be tuned to
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Figure 2.13: a) Hysteresis loops based on Stoner-Wohlfart model for different applied field angles and
the schematic of a ellipsoid particle that fulfill the criteria of the model. Figure was adapted
from [14]. b) Coherent rotation of magnetization and the energy landscape path during the
rotation process. Figure was adapted from [43, 44].

decrease this difference at expenses of other properties, like coercivity. This common trade-off is used
for the different Nd-Fe-B grades, the upper limit for J ′

r (J ′
s) is 1.61 T and magnets can be produced with

remanence as high as 1.49 T (N55 - commercial grade), but with lower coercivity than other grades that
shows lower remanence and, consequently, lower (BH)max.
Moving along the hysteresis loop and entering in the second quadrant, where the applied magnetic field

is reversed and opposite to the initial magnetization direction of the magnet, we have the property of
coercivity Hcj . As explained previously, coercivity is the necessary applied magnetic field to demagnetize
the magnet, J = 0. By comparison in Figure 2.12, and the previous discussion regarding the saturation and
remanence, it is clear that coercivity is the extrinsic property that differs the most compared to the intrinsic
counterpart HA. To understand this large deviation, it is important to understand why the upper limit for
Hcj is HA. This derives from the Stoner-Wohlfarth model of magnetization reversal process, which only
takes into consideration the mechanism of uniform rotation of the magnetic moments. In this model, it is
considered for an uniform magnetized ellipsoid particle, with uniaxial anisotropy, where the magnetization
is forming an angle α with the easy axis and an external magnetic field is applied on an angle θ with respect
to the easy axis, as shown in the schematic in Figure 2.13a.
It is considered two energies in this system, the anisotropy energy (EA - only the first term is used for

simplification) and the energy related to the applied field (Zeeman energy -EZeeman), that is associated with
the tendency to align the magnetic moments along the field direction. Combining these two contributions
to the total energy Etot, will give the expression:
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Etot = EA + EZeeman = K1sin
2θ +Happlµ0MScos(α− θ) (2.14)

Minimizing the total energy in respect to θ, and varying the applied field in a specific α angle, gives
the hysteresis loops presented in Figure 2.13. As can be seen, for α = 0◦ the hysteresis has square shape
with coercivity equals to the anisotropy field, which is the highest value possible. When α = 90◦, meaning
that the field is applied along the hard magnetization direction, the hysteresis is reduced to a straight line
with Hc = 0 that reaches saturation at HA, similar to observed for single crystals of Nd2Fe14B and SmCo5
previously shown in Figure 2.9. The Stoner-Wohlfarth model takes into consideration a homogeneous
isolated particle (no interaction between particles) without defects, in which only coherent rotation of the
magnetic moments is allowed as magnetization reversal mechanism. However, these boundary conditions
are far from real magnets and because of these differences, the coercivity values are substantially lower
than HA, reaching, in the best case scenario, around 20-30% of this value (Figure 2.12 for commercially
available magnets - this observed discrepancy is often called Brown’s paradox in literature. It worth
mentioning that these values were achieved after intensive research and microstructural engineering,
taking into consideration alloy design and processing optimization. Nevertheless, there are values reported
in the literature that are actually above this threshold and close to HA, as in the case of stress-free single
domain Ba-ferrites particles (coercivity around 90% of HA) and anisotropic FePt thin film (around 75%
of HA) [45–47]. These exceptions can be seen as goal values, which shows that it is possible to exceed
the current obtained coercivity, however there is not yet a method to reproduce similar results in bulk
magnets [10].
The reason for the disparity between Hcj and HA can be attributed to other magnetization reversal

mechanism than the coherent rotation used for the Stoner-Wohlfahrt model [43]. For the coherent rotation,
all the moments that are align have to rotate collectively to follow the field direction. In the case that
the magnetic field applied along the easy magnetization axis (α = 0◦ - square shaped loop), going from
positive to negative applied field, the domains would need to rotate 180◦ to follow the field direction. This
means that the domains would go from the easy axis (lowest anisotropy energy), passing through different
θ angles, including the hard axis (highest anisotropy energy - θ = 90◦), until it reaches again the easy axis
with reverse orientation. An schematic of the coherent rotation is displayed in Figure 2.13b. The reversal
through this mechanism would cause a large energy penalty related to the anisotropy, since the moments
would be in other directions than the easy axis (lowest energy) during the rotation.
As alternative to coherent rotation, there is the nucleation and growth of reverse magnetic domains.

Through this mechanism, a region of the material that shows discontinuities/defects with different local
magnetic properties (e.g. K1), or magnetic moment arrangement, would act as a nucleation center for
these reversal magnetic domains. Upon increasing the reversed applied magnetic field, the domain wall
propagates throughout the grain, growing the magnetic reversed region, until reaches the demagnetized
state (coercivity) and, eventually, saturate the sample in the opposite direction. The total energy required
to nucleate the Bloch wall is proportional to the whole surface of the domain wall, thus, since the nucleation
occurs in a small volume, the energy required is considerably lower than the energy involved in the coherent
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rotation mechanism.
The nucleation of a reversed domain generally takes place at defected regions upon externally applied

magnetic field in a different direction than the initial magnetization or even, in extreme cases, the nucleation
can be spontaneously. Taking these magnetic inhomogeneities regions of low anisotropy into consideration,
Kronmüller has developed a generalized relation for the nucleation field (HN ) based on the micromagnetic
equations as follows [48, 49]:

HN = αK(∆K, r0)αψ
2K1

MS
−NeffMS (2.15)

where αK andNeff are microstructural parameters that describe the inhomogeinity of local anisotropy, by
either nucleate or pin domain wall, and the effect of demagnetizing fields (dipolar interaction), respectively.
The αK parameter is a function of the strength (∆K) and the width (2r0) of the magnetic inhomogeinity,
while Neff takes into consideration grain size and shape in addition to non-magnetic phases that can
generate local demagnetization stray fields. The other parameter on the first term, αψ, is linked to the
angular dependence of the coercivity convoluted with the angular distribution of different grains composing
the microstructure of the magnet [43, 49]. This equation shows the relevance of microstructural features
on scaling down the intrinsic potential coercivity HA to the obtained extrinsic counterpart for different
permanent magnets.
There are two fundamental types of magnets regarding the magnetization and demagnetization in

respect of reversal domain growth and domain wall propagation: nucleation and pinning type magnets.
On the nucleation type, the domain wall motion within the grain is relatively easy and, in general, should
be pinned at the grain boundary to avoid the propagation through different grains, otherwise a single
nucleated wall would cause complete reversal of an entire magnet. Making a parallel to what has been
discussed previously on Nd-Fe-B, the non-magnetic Nd-rich phase is the main responsible to pin the domain
wall at the boundaries and to exchange-decoupled adjacent grains, preventing the unrestrained propagation
through grains [50–53]. For the pinning type magnets, the coercivity is controlled based on the pinning of
the domain wall movement within the grains. This mechanism is realized though inhomogeneities present
within the grains that hinder the wall motion preventing further demagnetization. Wall displacement can
only occur when the applied field is strong enough to overcome the pinning field strength, also called
de-pinning field. This mechanism is observed in Sm2Co17-type magnets, in which the domain walls are
strongly pinned at the cell boundaries of the 1-5 phase located within the 2-17 matrix grains [54, 55]. The
same behavior is observed in Sm(Co1−xCux)5 and Ce(Co1−xCux)5, where the Cu-rich precipitates are also
hindering the domain wall propagation through pinning in a non-magnetic inclusion [19, 56].
Taking into consideration the equation derived by Kronmüller 2.15 and the given examples, it is possible

to notice the importance of defects on the coercivity and the mechanism behind. Even though the word
“defect” has a negative connotation, it does not necessarily imply that is something to be avoided. Each
type of defect can impact differently the coercivity depending on the material system. As an example
which can be taken to demonstrate the positive effect is related to interstitial atoms. Strictly speaking,
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interstitial atoms are consider “interstitial defects” and when applied in Sm2Fe17 to form nitrides, it changes
the behavior from soft magnetic (easy plane anisotropy) to hard magnetic with high uniaxial anisotropy.
Another example is the strategy applied to improve coercivity by reducing grain size. It is reported that
smaller grains would statistically decrease the probability to have critical defects at the surface of the
grains and areas with high stray field (Neff), also would prevent inhomogeneities with enough size to
decrease significantly the nucleation field for reversal domains [14, 40, 57]. Moreover, the grain size
reduction can also induce different magnetization/demagnetization behavior and, consequently, change
the coercivity, as demonstrated by hot deformed Nd-Fe-B magnets reported by K. Hioki and correlate with
the threshold between multidomain (above critical domain size-dc) and single domain state grains (below
dc) [14, 39, 58]. But, accompanied with grain size refinement is the increase of area of grain boundaries,
which is by definition is a planar defect that can contain other defects and chemical segregation [59, 60].
These are some examples how different defects can play either a positive or negative role in the magnetic
properties of permanent magnets.
It is important to emphasize that defects are inherently present in real materials and real magnets. For

this reason it is necessary to identify the types of defects existing in a particular material system and
evaluate their impact on the coercivity. This would indicate if and which defect is the “weak link” in the
microstructure that will be responsible for nucleation of reversal domains (smaller HN ) [61, 62]. With this
knowledge, microstructural engineering, alloy design and process optimization can be used to overcome
the weak link/links. Successfully adopting these strategies would lead to the augment of αK and αψ while
minimizing the effect of Neff , resulting in a higher HN that can be translated to a higher Hcj .
Identifying and correlating the microstructural features to the overall hysteresis is the main point to

understand the extrinsic magnetic properties and to obtain information on how to improve permanent
magnets. Nevertheless, it is a challenging task, since defects can exist in different length scales and
have different impact on the magnetic properties for each specific material systems. Even for well-known
materials, like Nd-Fe-B, there are still open questions regarding coercivity and the effects of microstructural
features, since this compound can be processed through different techniques resulting in a different
microstructure and still retain high magnetic performance [53, 63]. For developing new compounds as
permanent magnets, this must be taken into consideration to gain knowledge about the material and its
peculiarities regarding the coercivity-microstructure relation, allowing tailoring the magnetic properties to
reach as close as possible to the upper limit given by the intrinsic properties.

2.4 The rare earth crisis - one decade later

The discussion so far was focused on the technical aspects of permanent magnets, including the choice of
elements, intrinsic properties, main figures of merit and the microstructural effect on the extrinsic properties.
These characteristics are indeed very important to understand and to further optimize permanent magnets,
especially considering the key role of these materials on the technologies related to the transition from fossil
fuels towards renewable energies, including electromobility and wind turbine generators, and application
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on miniaturization of electronic components allied industrial automation [4, 6]. Consequently, there is
a rise in the economic importance and a higher demand for these functional materials, leading to the
scenario that other factors, besides the magnetic performance, also become relevant [64].
Based on the discussion so far, it is clear the role of rare earth elements and its importance for high

performance magnet production. Nevertheless, these elements are categorized as “critical materials” by
different global resource organizations [4, 7]. This means that the rare earth elements will face risks
regarding supply because of geopolitical or sustainable development issues in respect to the growing
demand [5, 6]. In this context, the majority of the global RE mining is done in China and this is seen as a
supply-risk for governments and industries along with possible high price fluctuation.
This sequence of events already happen in 2010-2011, in a episode called “RE crisis”, in which the prices

abruptly increased by an order of magnitude within few months, as shown in Figure 2.14, because of
the limited exports of these elements imposed by the Chinese government [8]. The clear dominance of
China in the global RE production is also represented in Figure 2.14. The price fluctuation had substantial
impact on the Nd-Fe-B magnet market, since the costs have also increased because of the Nd and Dy prices.
Dysprosium is a vital alloying element for high temperature applications, since it replaces Nd on the main
hard magnetic phase leading to an increase in anisotropy field and, consequently, coercivity.

Figure 2.14: Global production of rare-earth oxides by country and the price development of Nd, Dy, Tb, and
Pr (metal prices FOB China) around the time of rare earth crisis. Figure was taken from [8].

In face of such crisis, numerous strategies were stimulated to reduce the dependence from China. Among
these, the diversification of supply chain was initiated to include recycling of scrap magnets and the
(re-)opening of mines in different countries with high RE abundance, like Australia and USA [6, 8, 65, 66].
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However, these solutions are still under development since it creates new challenges to be addressed. As
in the case of recycling, the lack of collection logistics and the limited amount of information about the
quantity of RE elements available for this procedure are the main issues that need development [65]. The
opening of new mines and reopening of closed ones, along with process of reduction and separation, are
also ongoing, but issues with environmental laws, proper waste management and the social impacts of
these activities must be taken into consideration [8, 67].
Another additional pillar on the RE crisis strategy was revisiting Nd-Fe-B magnets in terms of chemical

composition and process optimization. Different studies were focused to reduce and even avoid the use of
heavy rare earths (HRE) in Nd-Fe-B magnets for high temperature applications, including grain boundary
diffusion and similar processes, were the amount required of HRE was significantly reduced without
detriment to the magnetic properties [68–72]. In the same direction, the substitution of Nd by the light
rare earths La and Ce is still also extensively studied, since these two elements are in higher abundance
and lower cost when compared to the former [73–77]. It worth mentioning that some of these developed
strategies for Nd-Fe-B are already implemented as commercial products, as in the case of different grades
of powders manufactured by the company Magnequench Co. - largest producer of Nd-Fe-B-based magnetic
powder.
Apart from the previous actions, another important branch developed as a result from this situation was

the search for new compounds and the re-evaluation of ideas from the 1980s and 1990s regarding hard
magnetic phases, preferably containing less amount (RE-lean) or even without rare earth (RE-free) [9, 78].
By looking closer again to these old ideas, it is possible to reassess and might even improve their potential
as permanent magnets [79]. Furthermore, the knowledge acquired during the research of other material
systems, regarding coercivity mechanism and processing routes, can be implemented as strategies to develop
an alloy with microstructure that can deliver useful extrinsic properties [9]. However, to be attractive for
applications, these prominent permanent magnets have to be produced at low cost in industrial scale using
less or none critical elements, avoid using toxic raw materials and to be based on raw elements with a
stable supply with multiple sources worldwide, avoiding prohibitive price fluctuations [8].
Looking back to the comparison of energy-product presented in Figure 2.2, and having the requirements

mentioned previously, is beneficial to have new materials that can either replace the existing magnets or
that can fill the existing performance gap, especially between the Nd-Fe-B and ferrites. It is important to
emphasize that the magnetic performance of new permanent magnets candidates do not have necessarily
to be superior to Nd-Fe-B - but of course would be a major breakthrough if this was the case. Concerning
the development of new materials, it is important to remember all the necessary ingredients to create
a potential system, with proper intrinsic magnetic properties, and the realization to extrinsic ones by
optimizing microstructure [9]. These are major challenges, quoting Prof. J. M. D. Coey - well known
researcher and author of many books and articles in magnetism [9]: “It all takes time, persistence, and
determination; in permanent magnetism, there are no home runs.” Considering this context, the candidates
based on the RE-lean RETM12 and the RE-free Mn-Al compounds are often highlighted choices because
of their potential to become relevant in the field of permanent magnets. Both material systems are the
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main focus of this dissertation, more specific information and a overview will be presented in the following
sections.

2.5 The ThMn12 material system - Potential rare earth lean magnets

The compounds based on the ThMn12-type structure (hereafter 1:12) in which rare earth elements are
combined with 3d transition metal (TM) have been reported in the 1960s and 1970s for the composition
RETM4Al8 [80–82]. Despite knowing the system, only in the late 1980s it was found that these compounds
are also formed with higher TM concentration, leading to the possibility to use ferromagnetic elements to
increase the magnetization and, potentially, to be used as permanent magnets [83–85]. It worth noting
the ratio between the RE and TM, Fe and Co mainly, for the different hard magnetic phases: SmCo5 (1:5),
Nd2Fe14B (2:14), Sm2Fe17N3 and Sm2Co17 (2:17) [86]. As mentioned previously, the magnetization and
Curie temperature are mainly determined by the 3d metal, since this ratio is lower for the ThMn12-type it
is to expect high polarization saturation and high TC for such systems. This was confirmed by Hirayama
et al. when reported about the intrinsic properties of NdFe12Nx (x-unknown concentration) thin films,
that have shown Js ≈1.66 T, TC ≈823 K and anisotropy field µ0HA ≈8.0 T [87, 88]. As a follow up work,
Hirayama et al. reported on the values for Sm(Fe0.8Co0.2)12 thin films, showing Js ≈1.78 T, TC ≈860 K and
µ0HA ≈12.0 T [89]. The results for Nd-based systems are very close to the ones of Nd-Fe-B with higher TC
(Nd2Fe14B - TC ≈587 K), while for the Sm-based with Co substitution all the intrinsic properties are higher
than the benchmark ternary Nd-Fe-B.
Despite these interesting and promising intrinsic properties demonstrated in thin films reported recently,

the 1:12 compounds are not stable in its binary REFe12 in the form of bulk samples. To obtain the tetragonal
1:12 phase in bulk samples it is necessary to introduce an additional element to form a ternary compound
with general formula REFe12−xMx with x ≥ 1, where M can be Ti, V, Mo, Cr, Si, W, Al and Mn [81, 90].
The addition of non-magnetic elements leads to a reduction of the saturation polarization, which scales
down the values reported by Hirayama et al. - see Slater-Pauling curve Figure 2.4b. This was one of the
reasons that the 1:12 system was studied in the beginning of 1990s but faded into oblivion in the following
years. The lost of interest at that time was also caused by the Nd-Fe-B ascendancy, in terms of magnetic
performance, while only modest coercivity values were reported for 1:12. However, the RE crisis and the
necessity to reduce the use of critical elements has again put this material system in the spotlight, also
intensified by the encouraging recent results reported by Hirayama et al..
The ThMn12 structure is tetragonal (I4/mmm space group) and it derived from the common frame

founded in the RECo5 compounds (CaCu5 type structure) as in the case of 2:17 types (Th2Ni17 and Th2Zn17),
as schematically presented in Figure 2.15 [11, 90–92]. In addition, there is another related structure that
can be seen as a stack of 1:12 and 2:17 types, forming the RE3(Fe,M)29 [91]. The Fe atoms in the 1:12
structure can be replaced by the M elements in the three possible Wyckoff positions 8f , 8j and/or 8i which
are related to different Fe-Fe distances, 0.251, 0.259 and 0.271 nm, respectively [90]. When compared to
the atomic radius of Fe, 0.126 nm, the distance of the Fe-Fe dumbbell (0.252 nm) is smaller than found in
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the 8i, which according to Kobayashi et al. is one the reasons why the binary REFe12 is not stable and the
necessity to add non-magnetic elements [90, 93]. Also because of the differences in Fe-Fe distance, each M
atom have preferential site substitution. For Ti, V and Mo the preferential site is the 8i while Cr can be
placed in any of the Fe sites - more information about the occupancy can be found in [81, 90, 92]. Among
the different M atoms, Ti has received major attention because it can stabilize the 1:12 phase with the least
amount of substitution, REFe11Ti (7.7 at.%), meaning higher concentration of Fe and, consequently, higher
magnetization [81, 94]. Further studies on alloy design have shown that partially replacing Nd with Zr, at
2a site, leads to the possibility to decrease the concentration of Ti by 50% while still retaining the 1:12
phase in bulk form [95]. Since Zr is smaller than Nd, it shrinks the surrounding structure and partially
solves the mismatch between the 3 different Fe sites, reducing the Ti content to stabilize the phase [96].
Similar effect was also observed for Sm-Fe-Ti based system [97, 98].

Figure 2.15: Crystal structures of RECo5 (a,b) and its relation with the two 2:17 types and with the ThMn12
tetragonal structure. The occupancy is also shown in addition to the interstitial nitrogen in
the 2b site of the ThMn12 structure. Figure was taken from [90].

Knowing this limitation to stabilize the phase in bulk form, it is necessary to understand and evaluate the
intrinsic potential of REFe12−xMx compounds to be develop as permanent magnets. Because of the several
possible combinations between RE and M elements, neglecting the cases where Co is partially replacing Fe,
we can draw general trends, as reported in [92]:

1. the average magnetic moment of Fe is in between 1.35-1.93 µB;
2. lower content of stabilizing elements is preferable to obtain higher polarization saturation;
3. the Curie temperatures varies in the range 400-650 K, except when Mo is the stabilizing element,
which brings the TC to values between 260-500 K;
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The magnetic anisotropy is rather complex for this material system, for this reason is treated more
specifically according to the RE element. When comparing the crystal field parameter (A0

2-crystalline
environment) between REFe12−xMx and RE2Fe14B we observe opposite values, negative A0

2 for former and
positive for the latter. This means that the RE sublattice contributes to the uniaxial anisotropy only for RE
elements with positive Stevens coefficient (αJ > 0), i.e., the shape of the 4f electrons must be prolate - see
equation 2.4. This would imply choosing between Sm, Er or Tm, however these last two are heavy RE
elements, meaning that they couple antiparallel to the Fe sublattice, decreasing the expected magnetization
for these compounds [81]. With these constraints, only Sm seems eligible to form 1:12 compounds for
permanent magnets application [81, 99]. As for the other RE, with αJ < 0, the compounds, like the
Nd-based 1:12, that exhibits uniaxial anisotropy coming exclusively from the Fe sublattice. This rather
weak anisotropy limits the anisotropy field to values below 2 T, resulting in compounds with hardness
parameter lower than 1, being inappropriate candidates for permanent magnets [81, 92]. Nevertheless, it
is possible to apply the same strategy used in Sm2Fe17 and completely reverse the sign of the RE sublattice
anisotropy by changing the A0

2 from negative to positive in the 1:12 compounds [81, 92, 100]. This is done
by introducing interstitial nitrogen to the 1:12 lattice (2b site as shown in Figure 2.15), which not only
change the A0

2 of the RE, but also increase the TC up to 200 K of the corresponding 1:12 phase [81]. In
theory, considering the single ion anisotropy approach (RE+3 - Figure 2.8), this effect of nitrogen uptake
opens the possibility to use also Ce, Pr and/or Nd in REFe12−xMxNy as permanent magnet candidates. For
comparison, the anisotropy field of NdFe11Ti is reported between 0.6-1 T that increases upon nitrogenation
to values of around 8-10 T [87, 101–104]. Other nitrogenated Nd-based 1:12 compounds stabilized with
Mo (µ0HA ≈13.0 T) and V (µ0HA ≈10.0 T) also exhibit similar behavior [8, 104].
Focusing in two systems to describe intrinsic properties, we have at room temperature:
SmFe11Ti: Js ≈1.17 T; µ0HA ≈10.5 T; TC ≈570 K; theoretical (BH)max ≈270 kJ/m3; hardness value

of 2.1 [105–108];
NdFe11TiNx: Js ≈1.4 T; µ0HA between 8.0-10.0 T; TC ≈720 K; theoretical (BH)max ≈390 kJ/m3;

hardness value of ≈2.0 [87, 104, 107, 109, 110] - the values for the intrinsic properties are scattered in
different studies, an average average value is given.
For both Nd- and Sm-based material systems, the intrinsic properties show potential to be applied as

potential magnets. It worth mentioning that the anisotropy field of SmFe11Ti and the TC of NdFe11TiNx are
higher than those of Nd2Fe14B (µ0HA of 7.5 T and TC around 587 K). However, the saturation polarization
is lower, giving also lower theoretical energy-product but still further alloy design can be explored to
decrease the content of non-magnetic stabilizing element, as shown by Zr substitution, along and small
additions of Co to improve saturation polarization [11, 90, 96, 109].

2.5.1 Extrinsic properties of Nd-based 1:12-type systems

Even though the intrinsic properties of these compounds show promising possibilities, converting this
potential to extrinsic properties requires proper processing and microstructure optimization, as discussed
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previously in section 2.3. Starting with Nd-based systems, there is the constraint that these compounds have
to be nitrogenated, which limits the processing window to temperatures that are below the decomposition of
the nitride phase. For NdFe11TiNx, according to the results reported by Hirayama et al., the decomposition
temperature is around 550◦C, leading to the formation of α-Fe [87, 88]. As for (Nd0.75Pr0.25)Fe10.5Mo1.5Nx,
recent in-situ neutron studies by Aubert et al. have indicated that the decomposition occurs around
650◦C [111]. Despite the higher decomposition temperature of Mo-stabilized nitrides, the temperature
range is still rather low for conventional powder metallurgy processing routes, that normally involves
densification by sintering at temperatures close to 2/3 of the melting temperature (typically around 900-
1100◦C). Because of this limitation, the extrinsic properties values are usually reported for powder or in
polymer and metal bonded samples.
Table 2.2 shows a literature survey on coercivity values for nitrogenated Nd- and Pr-based 1:12 obtained by

different techniques. For each study, different alloy compositions, processing techniques and nitrogenation
condition were used, which will eventually impact the microstructure and possibly the nitrogen content, but
a general trend can be discussed. Higher coercivity values are related to processing routes that leads to small
grain size, like melt spinning, mechanical alloying, HDDR and mechanochemical synthesis. Even though
not all works reported on the grain size, from the general knowledge about the mentioned techniques, it is
reasonable to assume that they lead to submicrometer sized grains. As a consequence, it is statistically less
probable that the grains will have defects that can nucleate reversal domains, as discussed previously. The
amount of RE content also seems to influence, especially considering the work on HDDR of different alloys
reported by Tang et al., the rapid quenched reported by Aubert et al. and the mechanochemical synthesis of
Sanchez et al. [112–114]. According to Tang et al., the hyperstoichiometric composition reduces/eliminate
the formation of α-Fe. The highest reported coercivity value was from Yang et al. for fast quenched Mo
stabilized alloy, giving µ0Hcj of 1.08 T [115]. In summary, it is necessary to combine a highly pure 1:12
phase precursor with elements that do not undergo decomposition reactions, submicrometric sized grains
(close to the critical diameter, typically below 500 nm [8, 116]) and fully nitrogenated (maximum HA).
Complimentary to the research focusing on developing extrinsic properties of Nd-based 1:12, other

investigations on structural and microstructural characteristics have been performed. On the work of
Chin et al., it was reported the presence of antiphase boundaries (APB) in NdFe11Ti non-nitride probed
by transmission electron microscopy (TEM), but no correlation was drawn between APB and magnetic
properties or domain wall motion [122]. Nunes et al. investigated the magnet domain structure in non-
nitrided mixed phase NdFe11Ti/Nd2(Fe,Ti)17, by means of Lorentz microscopy, and observed planar defects
related to the fine intergrowth of Th2Zn17-type within ThMn12-type structures [123, 124]. A relation
between the two crystal structures was discussed and no pinning effect was observed at the planar defects.
Despite the results reported, the coercivity is still below the potential of these material systems, even

when considered the limitation of 30% of HA stablished by the Brown’s paradox. This opens possibilities
that other microstructure features might be responsible for the observed discrepancy, however, no systematic
evaluation was reported yet.
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Table 2.2: Coercivity (Hcj) at room temperature (RT) of Nd-based nitrogenated 1:12 compounds produced
by different techniques - two examples of Pr-based are also given for comparison.

Parent alloy Production Method µ0Hcj (T) @ RT Reference
Nd(Fe, Ti)12 Thin film-rf sputtering 0.53 Navarathna et al. [104]
Nd(Fe, Mo)12 Thin film-rf sputtering 0.72 Navarathna et al. [104]
NdFe11Ti Mechanical alloying 0.23 Tang et al. [112]

NdFe10.6V1.2Ti0.2 Mechanical alloying 0.60 Tang et al. [112]
NdFe10.5V1.5 Mechanical alloying 0.88 Tang et al. [112]
NdFe11Ti HDDR 0.05 Tatsuki et al. [117]
Nd1.3Fe10V2 HDDR 0.22 Tatsuki et al. [117]
Nd1.3Fe10Mo2 HDDR 0.35 Tatsuki et al. [117]
Nd1.3Fe10TiV HDDR 0.30 Tatsuki et al. [117]
Nd1.3Fe10TiMo HDDR 0.18 Tatsuki et al. [117]
Nd1.3Fe10VMo HDDR 0.58 Tatsuki et al. [117]
Nd1.2Fe10.6Mo1.4 Melt spinning 0.60 Aubert et al. [113]
NdFe10.5Mo1.5 Melt spinning 1.04 Yang et al. [115]
NdFe10.75Mo1.25 Induction melted and ball milled 0.64 Hu et al. [118]
NdFe10Mo2 Arc melted and milled 0.10 Anagnostou et al. [119]
Nd1.1Fe10CoTi Mechanochemical 0.52 Sanchez et al. [114]
NdFe8Co3Ti Induction melted and jet milled 0.51 Inoue and Suzuki [120]
PrFe10.5Mo1.5 Melt spinning 0.45 Tang et al. [115]
PrFe10VMo HDDR 0.38 Tang et al. [121]

2.5.2 Extrinsic properties in Sm-based 1:12

The compounds based on Sm posses high uniaxial magnetic anisotropy without the necessity of interstitial
modification, meaning that makes it a promising material for the production of anisotropic bulk and fully
dense permanent magnets by conventional processing routes [106]. Nevertheless, other technical and
practical aspects involving Sm evaporation during melting and high temperature annealing and the
development of liquid phase for sintering needs to be addressed for this objective [125]. Similarly to
Nd-based system, large part of the reported extrinsic properties of Sm-based 1:12 is related to melt spinning
(rapid quenched - fine microstructure) and by a variety of other methods that results in powder form
samples. Only recently more research has been done to produce Sm-based 1:12 bulk magnets by sintering
and hot pressing/hot deformation [11, 90].
In Figure 2.16, the coercivity values of Sm(Fe,X)12 and the benchmark Nd-Fe-B as a function of the grain

size for different processing routes are shown [106]. As can be seen, bulk Nd-Fe-B with coercivity up to
1.9 T have been reported and even higher values for melt spun ribbons and thin films, reaching 2.9 T
- roughly the upper limit of the Brown’s paradox for the ternary Nd-Fe-B. While for Sm-based 1:12 the
highest reported value is for mechanochemical sintesized (Sm0.815Zr0.185)(Fe0.81Co0.19)11.19Ti0.81 particles
reaching 1.26 T reported by Gabay et al. (dashed blue line), followed by Sm(Fe0.8Co0.2)12B0.5 thin film
with µ0Hcj of 1.2 T from the work of Sepehri-Amin et al. [97, 126].
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Sm0.815Zr0.185(Fe0.81Co0.19)11.19Ti0.81

Figure 2.16: Comparison of reported coercivity values as a function of grain size between Nd-Fe-B and
Sm(Fe,X)12 systems. Different colors correspond to different production methods and shaded
areas are guides to the eye. The highest reported coercivity of Sm-based 1:12 is shown by
the blue dashed line [97]. The highest reported coercivity for a ternary Sm(Fe,Ti)12 sample
is shown by the grey dotted line [127]. Figure was adapted/updated from Ener et al. [106] to
include the results from hot pressed/deformed/SPS processes [127–130].

As for bulk samples, consolidation of SmFe11Ti and SmFe10V1.5Ti0.5 nanocrystalline powders were
reported by Saito et al. using spark plasma sintering method, resulting in isotropic magnets with coercivity
values of 0.52 T and 0.92 T, respectively [127, 128]. Alternatively to SPS, hot compaction and die
upsetting of nanocrystalline Sm12Fe74V12Cu2 powders was reported by Schönhöbel et al. resulting in a
isotropic magnet with coercivity of 0.96 T [129]. Two interesting aspects in this study apart from the
magnetic properties: i) the detailed microstructure characterization has shown that the Cu hindered
the grain growth and created a Sm17.5Fe71.5V8Cu3 grain boundary phase, which has contributed to the
coercivity enhancement; ii) despite being subjected to hot deformation, the magnet has not shown texture
development and remained isotropic. The second point demonstrated that conventional hot deformation
process is not suitable to produce anisotropic magnets as in the case of Nd-Fe-B, as also discussed in detail
by Simon et al. [90, 131, 132].
Alternatively to nanocrystalline precursor, Zhang et al. reported on the jet-milled micrometer sized
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powder, consolidated by conventional liquid sintering process, to obtain anisotropic bulk sintered magnets
of composition Sm8Fe73.5Ti8V8Ga0.5Al2 [130]. The resulting properties of the anisotropic magnets combined
high remanence Jr=0.62 T with coercivity of 1.0 T resulting in a (BH)max of 74 kJ/m3. From the magnetic
domain analysis, combined with high resolution TEM, the authors attribute the relative high coercivity
to the domain wall pinning at the grain boundary phase. The amorphous grain boundary phase is rich
in Sm, Al and Ga with thickness around 3 nm, in the order of the exchange length (Lex), and it is the
reason for the magnetic decoupling of adjacent grains [90, 130]. It worth mentioning that the polarization
saturation is rather low, compared to ternary systems, since the Fe content of the alloy is diluted by the
many non-magnetic elements.
Despite the recent advances in producing bulk and anisotropic samples, the results revealed the necessity

to understand the phase diagram of the Sm-based alloys, including the competing phases, and the effect of
additional elements. As mentioned, the chemical composition of bulk samples are moving towards more
complex multi-elements systems, incorporating the knowledge of common “additives” used for Nd-Fe-B
magnets, like: Ga, Al, Cu and hypertoichiometric RE compositions [51–53, 90, 130, 133, 134]. The
stabilizing element also seems to play a role, since the phase diagrams with V and Ti differs, leading
to changes in the equilibrium phases with the 1:12 [135, 136]. The lack of non-magnetic phase in the
Sm-Fe-Ti based system might be one of the reasons for the lower coercivity reported (µ0Hcj of 0.52 T -
grey dotted line in Figure 2.16), as observed by the magnetic coupled grains in the work of Palanisamy et
al. [137]. Moreover, the mechanochemical synthesis process reported by Gabay and Hadjipanayis show
that the absence of structural defects on the particle surface, allied with the small crystalline size and
separation, it is the responsible for the highest coercivity value reported so far [97]. These results shows
that not only the exchange coupling of grains but also structural and microstructural defects of the 1:12
phase have to be addressed to excel the current reported coercivity values.

2.5.3 Properties in Ce-based 1:12

Cerium is a very appealing RE element, since it has high abundance and is relatively cheap, which is
a good combination for permanent magnets. Nevertheless, the RE anisotropy is normally related to the
single ion RE+3 contribution, as previously discussed, but Ce generally exhibits a mixed-valence state due
to the co-existence of 3+ and 4+ states. This leads to the scenario that if in +4 state, there will be no
contribution from the Ce-4f electron to magnetism in Ce-based compounds. However the valence state
depends on the steric volume, i.e. on the local environment, meaning that one can vary the unit cell
volume by interstitial/substitutional elements (chemical pressure) or even by applying external mechanical
pressure [138, 139]. The valence manipulation of Ce has been reported for (Nd,Ce,La)-Fe-B where an
increase of magnetization was observed when the valence was shifted towards +3 [140].
Few attempts to produce Ce-based 1:12 hard magnetic compounds have been reported, mainly focusing

on intrinsic properties, studies on the effect of Co and Zr doping and interstitial modification with hydrogen
and nitrogen [11, 141–145]. Different works show that the anisotropy field of CeFe11Ti is in the range of
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1.8-2.5 T, which is to be expected since the main contribution comes from the Fe atoms [11, 146]. But
contrary to what happens in Nd-based systems, interstitial modification with nitrogen slightly decreases
HA to values around 1.5-2.0 T, while increases the TC by 240 K [146, 147]. The same trend is also seen
for hydrogen modification, meaning that the Ce atoms do not contribute significantly to the anisotropy
field and only the exchange interaction between Fe-Fe atoms is increased, resulting in a higher Curie
temperature [143, 148]. As for extrinsic properties, Zhou et al. has reported coercivity of 0.13 T for melt
spun CeFe11Ti with TiC precipitates [149]. The coercivity was attributed to the small grain size caused
by a combination of fast solidification and the evenly distributed precipitates. Other approach to use Ce
in 1:12 compounds is to partially substitute other RE elements, aiming to decrease the costs of possible
magnets. This concept was investigated for (Ce,Nd)-Fe-Mo nitrides, in which was shown a decrease in
coercivity with increasing Ce content because of the lower anisotropy field [150]. Simon et al. reported on
a bulk magnet produced by hot compaction and hot deformation of Ce0.5Sm 0.5Fe10TiVGa0.5 nanocrystalline
powder, resulting in isotropic magnet with µ0Hcj of 0.53 T [132].
Even though the intrinsic properties of Ce-based 1:12 reported so far are lower than for other RE, there are

still possibilities and studies being carried to change the rare earth sublattice contribution to the magnetism,
among other related issues regarding phase stability and further alloying elements [138, 139, 146].
Experimental efforts are still scarce to understand these relations and also to correlate microstructure and
extrinsic properties

2.6 The Mn-Al material system - Potential rare earth-free gap magnet

Mn is an interesting element to be used for new magnets development, first of all because it is an
abundant element: Mn is the 12th most abundant element in the Earth’s crust [9]. Furthermore, Mn forms
ferromagnetic alloys having a relative high Curie temperature, which is beneficial for most of applications
of permanent magnets. The atomic moment of Mn can be higher than that of Fe or Co, arising from its
electronic configuration [Ar] 4s2 3d5, the 3d is half-filled with spins oriented parallel to each other, following
the Hund’s rules to maximize the spin moment. However, Mn tends to order antiferromagnetic because
of short interatomic distance, whereas it orders ferromagnetically for distances above 2.9 Å [32] - see
Bethe-Slater curve Figure 2.3a. Thus, alloying Mn with other elements, like Al, Bi and Ga, is necessary to
form a ferromagnetic compound and to obtain uniaxial magnetocrystalline anisotropy [151, 152]. Among
the different options, the binary Mn-Ga is not often considered since the price of Ga is prohibitive to
develop this compound for permanent magnets applications [2, 9, 32]. Mn-Bi may be a good candidate
with an affordable price per kilogram, but Bi is a rare element which is a by-product of lead, and the
production of such magnets would then increase the demand and price of this element [2, 4, 32]. On
the opposite, Al is very abundant, low-cost and has a stable supply including a well developed recycling
industry [4, 9]. In addition, the saturation magnetization of the Mn-Bi and Mn-Ga are lower than in Mn-Al
compound [2, 32]. Thus, Mn-Al is the main choice among the Mn-based compounds as a rare earth free
candidate as permanent magnet [10, 153–155].
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Figure 2.17: a) Mn-Al phase diagram highliting the metastable τ -phase; b) different representation of the
tetragonal τ -phase (L10 structure) and c) magnetic moments in the ferromagnetic phase.
Figure a) was taken from [12]; b) and c) were adapted from [156].

The only ferromagnetic phase in the Mn-Al material system is the τ -phase, which is metastable and with
composition range between 51-58 at.% Mn, as presented in the phase diagram Figure 2.17a [12, 157].
It possesses a tetragonal L10 chemically ordered structure (see Figure 2.17b), which can be represented
in two ways: tP2 and tP4. For tP2 representation, 2 sites exist: 1a (0,0,0) and 1d (12 , 1

2 , 1
2). All 1a

sites are occupied by Mn atoms and 1d sites are occupied by Al atoms as well as the excess Mn, since
the composition is hyperstoichiometric in Mn. The atomic radius of Al is greater than that of Mn with
1.43 Å versus 1.37 Å, respectively, leading to an larger c unit cell parameter. From the literature data, the
moments carried by the Mn atoms of the 1a sites are directed along the c axis and that these moments
are ferromagnetically coupled (see Figure 2.17c) [158, 159]. However, the second Mn sublattice couples
antiferromagnetically with the original Mn-sites due to the small interatomic distance (2.659 Å), leading
to a lowering of the total saturation. This has been observed by neutron powder diffraction, where the
magnetic moment of the Mn-site was refined to be 2.43(5) µB, while the magnetic moment of the Mn
fraction on the Al-site was -2.37(6) µB. Adequately choosing the composition is necessary to optimize the
magnetic properties [151, 157, 160].
Melting techniques are often the preferred synthesis route for the production of τ -MnAl, but this

usually leads to an undesirable non-ferromagnetic phase mixtures (τ + β-Mn + γ2) [158, 160–164].
The τ -MnAl is typically obtained by controlled cooling from the ϵ-phase region on the phase diagram
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or by quenching the ϵ-phase phase followed by short annealing at temperatures in the range of 673-
823 K [12, 165]. Two mechanisms have been proposed to explain the ϵ to τ transformation, one is based on
diffusional “massive” transformation whereas the other one is a plate-like modification formed by a shear
reaction, said “displacive” [12, 164–168]. Both have been observed simultaneously and the mechanisms
is known to depend on various aspect of the process like composition, microstructure and annealing
procedure [12, 164, 169].
Since the τ -phase is metastable, the processing window of these alloys have to be carefully taking into

consideration to avoid decomposition to the stable non-magnetic β-Mn and γ2 phases [162, 164]. One way
to improve the stability of the τ -phase is to add an interstitial doping element, i.e. carbon (see Fig.2 b). The
addition of C has been proved to suppress the decomposition of the τ -phase while increases the saturation
magnetization [3, 12, 170]. However, the TC is reduced by the this interstitial modification, depending
on the C concentration, it can decrease from ≈640 K to ≈540 K [3, 12]. This decrease is associated with
reduction of the exchange interaction because carbon decreases the unit cell parameter a, which leads to a
shorter Mn-Mn distance in the a− b crystallographic planes [159].
The composition influences the intrinsic magnetic properties of the Mn-Al(C) compounds. Typical

values obtained for Mn54Al44C2 are MS=118 Am2/kg (Js ≈0.75 T), TC=540 K and HA=4.2 T and
K1 ≈1.5 MJ/m3, values taken from [12]. Theoretical (BH)max values of between 95 and 133 kJ/m3 (12 -
16.8 MGOe) were reported in the literature for τ -MnAlC [3, 12]. Recalling the typical (BH)max values
presented in Figure 2.2, it is possible to notice that the predicted energy-product for this RE-free permanent
candidate lies in the gap range between ferrites and Nd-Fe-B, making this material system a prominent
“gap magnet” [2].
From the experimental point of view, several approaches and techniques have been used to get the best

from this alloys in terms of alloying elements, phase purity and extrinsic magnetic properties [12]. The
remanence and coercive field of Mn-Al compounds obtained by different techniques are summarized in the
Figure 2.18.
As can be seen, the extrinsic properties are highly dependent on the processing route, since each technique

induces different effects on the microstructure. For this system, the coercivity is usually associated with
domain wall nucleation and pinning, both are dependent on the defect type and defect density [12]. It
was reported different types of defects for τ -MnAl-phase ocurring in different length scales, including:
stacking faults, antiphase boundaries, dislocations and twins (micro and nanoscale) [171–178]. Different
studies have shown how complex is the relation between these microstructural defects and coercivity, since
the defects can play different roles in the demagnetization behavior. In addition, the coexistence of these
various defects makes difficult to experimentally assess and study them individually.
A recent study from Jia et al. partially clarified some of these issues by comparing samples with and

without twins, which was shown that the coercivity decreases by half when twins are present, from 0.25 T
to 0.12 T [172]. It was demonstrated that twin boundaries act as nucleation center for reversal magnetic
domains and the domain walls are only weakly pinned at these defects, which would give a net negative
impact on the coercivity. Similar trend was also reported previously by experiment and micromagnetic
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Figure 2.18: Remanence and coercivity for Mn-Al compounds produced by different techniques. Figure
was taken from [156].

studies from Bittner et al. and theoretical calculations from Gusenbauer et al. [176, 179]. On the other
hand, studies from Palanisamy et al. have demonstrated, through electron holography observation, that the
domain wall is strongly pinned at twin boundaries [174]. This was combined with theoretical calculations
that has shown a decrease in the domain wall energy along the twin boundary and hence the pinning
effect. Also contributing to this pinning behavior it is the chemical segregation along the twin boundary, an
enrichment of around 8 at.% Mn was observed which also affected the local magnetic properties [174, 180].
The contrast between these reported results show the controversy on this topic and, it worth mentioning
that the alloy composition on these studies is also different, the one reported by Jia et al. is Mn-Al-C while
the one from Palanisamy et al. is only binary Mn-Al. This difference can also be relevant, since the observed
chemical segregation and even the formation of the twins during the formation of τ -phase might be affected
by the alloy composition [166].
Regarding the effect of dislocations, in the same study comparing twinned versus twin free samples, Jia

et al. showed the pinning effect of dislocations to the domain wall motion and the increase of the de-pinning
field with increasing the dislocation density [172]. It is discussed that the size of dislocation is in the same
range as the domain wall width (δW ≈ 12.5 nm), which makes dislocation suitable candidates as pinning
centers. According to the authors, there is a change in the magnetization/demagnetization mechanism
from nucleation to pinning controlled behavior as consequence of high density of dislocations. Despite
having induced polytwins within the fine microstructure resulting from the high pressure torsion process
(HPT-severe plastic deformation), the high dislocation density has increased the coercivity up to 0.53 T.
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However, the lattice distortion caused by the plastic deformation causes a decrease in magetization because
of the shorter Mn-Mn interatomic distances and, consequently, higher antiferromagnetic interaction. The
same trend of results was reported by other authors also using HPT [165, 181, 182] and other methods
which induces high dislocation density, like ball milling [183–186], cold rolling [175, 187], equal channel
angular extrusion [188], swaging [189], die upsetting [185] and hot extrusion [42, 190]. This trend
of plastic deformation/dislocation density on increasing coercivity can be also visualize in Figure 2.18,
showing coercivity values above 0.2 T, that is normally the threshold for as-cast and annealed states with
fine microstruture - lower coercivity for coarse grains [165, 172, 176, 191].
The antiphase boundaries (APB) are reported to act as nucleation center for reversal domains and

also pinning centers because of the antiferromagnetic coupling at the interface of the APB (short Mn-Mn
distance) [173, 189]. However, according to the micromagnetic simulations reported by Arapan et al.,
the nucleation field is strongly reduced when the number of APB is increased, showing that this defect is
deleterious for coercivity [173]. As for the stacking faults, it was observed through Lorentz microscopy
that the domain walls tend to be pinned at this defect, as reported by Zijlstra and Haanstra and reinforced
by the works of McCurrie et al. and Jakubovics and Jolly [177, 192, 193].
The balance between the types and density of defects appears to be the key factor for coercivity and

the mechanism behind it (nucleation and pinning) in τ -MnAl(C). Many of these defects are originated
during the nucleation and growth of τ -phase and can be further modified depending on the chemical
composition and processing route, as described previously and qualitatively reported by Zhao et al. [171].
Even though coercivity values close to 0.6 T were reported for highly deformed samples, this value is
far below the ones observed for thin films, that can reach above 1.0 T [194] - see Figure 2.18. Taking
into consideration the anisotropy field values for these alloys, between 4.0 T to 5.0 T depending on the
composition, and considering the Brown’s paradox that shows coercivity values up to 30% of HA, it is
reasonable to expect Hcj values in the range of the ones reported for thin films also for bulk samples. This
difference shows that this system can still be further developed, even though has a rather complex relation
between microstructure and coercivity, different studies are unveiling the path towards optimization. The
knowledge that is being gathered can be linked to the nucleation field (HA) equation 2.15, more specific to
the αK parameter. Showing how beneficial is to find defects to increase the domain wall pinning strength
and increase the nucleation field for reversal domains, thus increasing αK .
The other important figure of merit represented in Figure 2.18 is the remanence. As described previously,

the Jr (µ0Mr) is dependent on the texture along the easy magnetization axis, the c axis in the τ -phase
tetragonal structure. The existence of twins is detrimental for achieving highly textured samples, since
the misorientation angle of the twin variants would lead to the situation that the easy magnetization
axis of each of the variants would be pointing along different directions, therefore resembling isotropic
behavior [195]. For this reason, it is difficult to obtain monocrystalline particles that can be further aligned
in magnetic field, prior consolidation, to obtain anisotropic samples. On the study reported by Zhang et al.,
twin-free τ -phase particles were obtained by a complex process starting from a ϵ-phase single crystal and
pressure assisted annealing to induce a single variant during the τ -phase formation [195].
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Nevertheless, a more feasible and industrially standard process that can be used to obtain anisotropic
samples is through hot extrusion, as can be observed by the high remanence values reported in Figure 2.18.
This process was used in the late 1970s by the Japanese company Matsushita Electric Industrial Company
and later by the company Sanyo Special Steels to commercially-produce anisotropic magnets [42, 190]. It
worth mentioning that Sanyo was using gas atomized powder as feedstock material while Matsushita was
extruding bulk ingots, and both added small amount of Ni to the ternary Mn-Al-C composition to facilitate
the deformation and the extrusion process [190]. This combination has yield to a remanence value of
0.61 T (for reference Js ≈0.75 T) for the hot extruded magnets, which combined with µ0Hcj ≈0.3 T
has given a (BH)max of 55 kJ/m3 [42]. This (BH)max value was higher than ferrites ((BH)max below
38 kJ/m3) and remained as the “state of the art” for the Mn-Al material system. Despite showing interesting
and useful properties, the commercial production was discontinued two decades ago. Only recently similar
results were reported by Feng et al., in which (BH)max of 46 kJ/m3 was achieved [190]. It was also shown,
by different characterization methods, the microstructural features resulting from hot extrusion, including
the grain refinement caused by dynamic recrystallization in a large fraction of the sample that led to the
decrease of twin density when compared to non-recrystallized grains, leading to coercivity values around
0.3 T. Other processing routes, like die upsetting and swaging, also show some degree of texture, however
below the values reported for hot extrusion, as can be observed in Figure 2.18.
As discussed previously, the Mn-Al(C) has a great potential as gap magnet with (BH)max between

ferrites and Nd-Fe-B. Other aspects regarding price, abundance of the raw materials and possibility for large
scale production also highlight this prominent system as a important and interesting system to be studied.
However, the complex microstructural arrangement of the ferromagnetic metastable phase, and the different
types of defects, appears to be the main issue to be addressed for developing samples/magnets with high
τ -phase fraction (high magnetization) with reasonable coercivity, remanence and, consequently, (BH)max.
Characterization and quantification of defects and micromagnetic simulations are helping to elucidate the
role of defects on the overall hysteresis behavior, either improving or deteriorating the magnetic properties.
There are still challenges to be overcome, features to be comprehend and room for optimization to develop
Mn-Al(C) permanent magnets.
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3 Synopsis of Publications

3.1 Preamble of the synopsis

The discussion so far has emphasize the complex relation between magnetism and metallurgical variables
to optimize and obtain permanent magnets, starting from the magnetism of a single atom and exchange
interactions in a solid up to the magnetic hysteresis of a bulk magnet. Across this path, different length
scale variables can extensively influence the extrinsic magnetic properties. A parallel between typical
microstructural features of an engineering material and a corresponding simplified version of the magnetic
counterpart is summarized in Figure 3.1. The interplay between microstructural features, especially defects,
and coercivity has been the object of many studies and the importance has been demonstrated on the
micromagnetic equation proposed by Kronmüller, Equation 2.15. Since each material system can present
distinguished features and behavior in face of such defects, the specificity for each compound needs to be
taken into consideration.

Figure 3.1: Microstructure length scales in correlation with intrinsic and extrinsic magnetic properties.
Figure was modified from [196] and from [197].

43



Figure 3.2 shows the comparison between different intrinsic and the extrinsic properties reported for
the two material systems studied in this dissertation, Mn-Al and REFe11Ti compounds, in respect to the
well established hard ferrites and Nd-Fe-B. From Figure 3.2a, one notices that Mn-Al and both REFe11Ti
compounds can be manufactured to have (BH)max in the range between hard ferrites (H-Ferrites) and
Nd-Fe-B, i.e., potential gap magnets. Despite having the theoretical energy-product above the gap magnet
region, the 1:12 compounds have constraints related to chemical composition/alloy design and processing
routes. As mentioned previously, the nitrogen modification in Nd-based systems is necessary to obtain
high magnetic anisotropy, however the temperature stability of the nitrogenated compound limits the
processing window range to values below 823 K. However, within this temperature range it is unlikely
to produce fully dense magnets, since the sintering temperature is expected to be around 1273 K, i.e.,
between 1/2 to 2/3 of the melting temperature. Alternatively, is possible to manufacture Nd-based 1:12
bonded magnets, which would significantly dilute the volume of hard magnetic phase, implying that the
maximum energy-product is expected to fall in the lower threshold of the gap magnet window. In the case
of Sm-based compounds, it is possible to produce fully dense materials, as already reported by Zhang et al.
for Sm8Fe73.5Ti8V8Ga0.5Al2 [130]. Nevertheless, the lack of perfect crystallographic texture and possible
adjustments in composition by non-magnetic elements, to promote liquid phase sintering and to enhance
coercivity, would inevitably reduce the total polarization of the alloy and (BH)max, as demonstrated by
Gabay and Hadjipanayis(cross symbol in Figure 3.2a) [97]. Based on this realistic scenario, Mn-Al and
Nd-based 1:12 can possibly be produced with energy-product in the lower range of the gap magnet region,
close to 100 kJ/m3, while Sm-based 1:12 have the potential to be between middle and the upper value
of this range. If this assumption proves to be true, it would be possible to replace bonded and isotropic
Nd-Fe-B magnets by these RE-lean and RE-free compounds.
Apart from the feasible (BH)max based solely on the crystallographic texture (maximum Jr), it is

imperative to develop coercivity in these materials to ensure the condition ofHcj≥Jr, that is an requirement
in many applications [8]. Comparing the ratio between anisotropy field and coercivity values, Figure 3.2b,
one can estimate how close the value is in respect to the Brown’s paradox and how far the coercivity is
from the ideal case given by the Stoner-Wohlfarth model. For optimized and commercially available ferrites
and Nd-Fe-B, the ratio is around 0.2HA, in especial cases and processing methods, the values can exceed
the usual paradox threshold, reaching HA≈Hcj in utmost condition [8, 10, 14, 53]. In contrast, REFe11Ti
compounds shows ratio below 0.07 for the majority of processing techniques reported so far. Complimentary,
when using processing methods that results in lower defect concentration, as mechanochemical synthesis
in this case, the highest value reported reaches 0.12 [97]. To further emphasize the role of processing-
microstructure, the ratio of Mn-Al is presented in two values for bulk samples, one being related to hot
extruded magnets 0.07 (highest energy-product) and the other is for severely deformed sample, reaching
0.13 (result from Publication D) [42, 165, 190].
The observed disparity between HA and Hcj highlights the necessity of studies to correlate intrinsic

properties, microstructure and extrinsic properties to gain insight about each and specific material system.
Having this knowledge is the first step to create strategies and adapt processing routes that can, through
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Figure 3.2: (a) Comparison of (BH)max values based on the theoretical (star symbols), commercially
available (circle-anisotropic and rectangle-isotropic and/or bondedmagnets) and one reference
projected value for Sm-based 1:12 (cross symbol) compounds/magnets. The anisotropy
field (HA), saturation polarization (JS) and magnetic hardness parameter (κ) are also given.
The shaded blue area is a guide to the eye for the so called gap magnet energy-product
region. (b) Ratio between coercivity (Hcj) and HA of thin films samples, typical values for
commercial magnets and the highest reported for Mn-Al and 1:12 material system - see
text for further information. The shaded yellow area is a guide to the eye with the usual
threshold given by the Brown’s paradox. One exception value is also given for the hard-ferrite
(H-Ferrite) that far exceeds the paradox threshold. The values were taken from multiple
sources [8, 10, 14, 32, 53, 106, 107, 165].

microstructural engineering, better translate the intrinsic potential to extrinsic magnetic properties. In
this light, the present research was carried out to identify the possible reasons for the such discrepancy,
focusing on the correlation of phase stability, microstructure and magnetic properties. In the following, a
brief summary and the main results of the four selected publications covered in this dissertation will be
presented. The first three publications are related to the RE-lean ThMn12-type material system and the
fourth is about the RE-free Mn-Al material system. The full-text of the four publications will be provided at
the end of the dissertation.
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3.2 Publication A: Rapid solidification of Nd1+xFe11Ti compounds: Phase for-
mation and magnetic properties

Authors: Fernando Maccari, Lukas Schäfer, Iliya A. Radulov, Léopold V. B. Diop, Semih Ener, Enrico
Bruder, Konstantin P. Skokov and Oliver Gutfleisch
Journal: Acta Materialia, 180 (2019), p.15-23 - DOI: 10.1016/j.actamat.2019.08.057

Aiming to understand the formation and to obtain high purity NdFe11Ti samples, the effects of Nd content
and annealing procedure (temperature and time) of rapidly solidified Nd1+xFe11Ti (x=0.05, 0.10, 0.15 and
0.20) alloys were investigated. The choice for rapid solidification using suction casting is the advantage
to obtain bulk samples with fine microstructure, as shown in Figure 3.3a. The refined microstructure
can be beneficial either to obtain high temperature phases already in the as-casted state or to reduce
the annealing time to obtain the equilibrium phases, as demonstrated by our previous study in other
material system [198]. Several samples of these four compositions were produced and annealed under
different temperatures, varying from 700 up to 1200◦C. The temperature interval was selected based on
the values listed in literature and on the limited information regarding the corresponding ternary phase
diagram. [93, 110, 147, 199].

Figure 3.3: Graphical abstract showing a) comparison in the as-cast state of samples subjected to suction
casting and induction melted; b) influence of annealing temperature on the thermomagnetic
response; c) Kerr micrograph of Nd1.15Fe11Ti sample annealed at 1175 ◦C highlighting the twin
boundaries in one grain and d) Isothermal magnetization measurement of textured powder
and the corresponding calculated anisotropy field HA.

The phases were identified using a combined approach of scanning electron microscopy (SEM), coupled
with energy-dispersive x-ray spectroscopy (EDX), and thermomagnetic analysis (temperature dependent
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magnetization). The standard method of phase identification using x-ray diffraction (XRD) was also
employed, however because of the similarities between the structures and corresponding diffraction patterns
of NdFe11Ti (1:12-tetragonal), Nd2(Fe,Ti)17 (2:17-rhombohedral) and Nd3(Fe,Ti)29 (3:29-monoclinic), the
accuracy to identify the present phases in the samples becomes challenging. This is even more critical
if these phases coexists, as stressed and explained in the manuscript. Using the EDX and SEM-BSE
(backscatered electron contrast) it was possible to detect the presence α-Fe and Fe2Ti Laves phase in
comparison to the previously mentioned ternary phases. For the 1:12, 2:17 and 3:29, it was identified
that the Nd and Ti content of each phase lies in a different range, according to the average values shown
exemplified in Table 3.1. The compositional range is in agreement with those reported by Margarian et
al. [199]. Complimentary thermomagnetic measurements were performed to ensure and validate the
results obtained from SEM-BSE-EDX analysis, since the different TC values can be used as a fingerprint of
the corresponding ternary phases, as represented in Figure 3.3b.

Table 3.1: Chemical composition obtained by EDS analysis for the ternary phases in Nd1.15Fe11Ti. Ten
points were measured for each phase and for calculation of standard deviation.

Phase Composition (at.%)
Nd Fe Ti

Nd(Fe,Ti)12 8.1± 0.1 balance 7.7± 0.1
Nd2(Fe,Ti)17 10.9± 0.1 balance 3.7± 0.1
Nd3(Fe,Ti)29 9.8± 0.1 balance 5.0± 0.2

Through the combined characterization methods, the phase formation and phase stability condition
were determined. In short, only for the samples Nd1.15Fe11Ti and Nd1.20Fe11Ti it was possible to obtain
pure 1:12 phase after annealing within the temperature range 1150-1200◦C for 2 hours and quenched
in water. Interestingly, annealing at lower temperatures can lead to mixed-phase state samples either
with 2:17 (from 700-900◦C) or 3:29 (from 950-1100◦C). The results demonstrate the necessity to have
hyperstoichiometric Nd composition to avoid secondary phases, especially the soft magnetic α-Fe. The 1:12
phase is a high temperature phase which is stable as single phase state in a small temperature window.
Based on the obtained results, the composition Nd1.15Fe11Ti was selected to be the focus of the study,
including a complete description of the phases according to the annealing temperature and, for further
characterization, the sample annealed at 1175◦C, single 1:12 phase.
The room temperature intrinsic properties of saturation magnetization MS and anisotropy field HA

were estimated, based on isothermal magnetization measurements of textured powder along parallel and
perpendicular direction in relation to the texture axis, as displayed in Figure 3.3c. The results revealedMS

of 137 Am2kg−1 (JS ≈ 1.30 T) and HA of 1.08 T. As expected, the anisotropy field is rather low because it
is limited to the Fe sublattice contribution, since the Stevens coefficient of Nd is negative (αJ < 0). This
means that for for the case of NdFe11Ti compound, the Nd does not contribute to magnetic anisotropy.
As a side note, the anisotropy field can be further improved by changing the crystal field sign, upon
nitrogenation, leading to a change in the Nd sublattice that would contribute to magnetic anisotropy - this
topic was not covered in the present publication.
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Moreover, the magnetic domain structure of the NdFe11Ti compound was investigated by means of Kerr
microscopy, revealing typical domains of uniaxial magnetocrystalline anisotropy materials, as exemplified
in the Figure 3.3d. Besides the domain structure, it was possible to notice the presence of twin boundaries,
showing a misorientation of 57◦±1◦ (measured by electron backscatter diffraction - EBSD). This type of
planar defect has been previously reported by Skokov et al. for Gd-Fe-Ti 1:12 system, but no correlation
with magnetic behavior was drawn [200].
To investigate the contribution of this defect on the magnetization/demagnetization behavior, Kerr

analysis using in plane magnetic field was performed. A region with a grain with in-plane magnetization
(low demagnetization factor) was analyzed, where the magnetization makes a significant angle with the
surface (high demagnetization factor). The sequence of Kerr micrographs (Figure 3.4a to 3.4d shows, in
detail, a grain that is divided in two parts by a twin boundary. For this reason, part of the grain presents
dark contrast and the other part shows bright contrast in saturated state when a magnetic field of 380 mT
is applied (Figure 3.4a). Decreasing the applied field to 150 mT (Figure 3.4b), it is possible to observe the
nucleation of reversal domains starts at the twin boundary (highlighted by the arrow) growing towards the
grain boundary with further decreasing of the applied field. As shown in the sequence of micrographs, the
nucleation and growth of reversal domains take place without the presence of pinning centers. Another
interesting result from the Kerr analysis is when the magnetic field is decrease to 50 mT (Figure 3.3c), the
reversal domains from the twinned grain directly affect the adjacent grain, shown by the dashed arrow,
indicating a magnetic coupling between neighboring grains.
For the first time, correlation established between the microstructure and the magnetic domain analysis

revealed that twins are acting as nucleation centers for reversal magnetic domains in NdFe11Ti system.
These findings can be one of the reasons why only low coercivity values were achieved so far (maximum
reported was 0.23 T), even in the nitrogenated compound, which has a high HA of 8 T. In addition
to the twins, magnetic domain analysis revealed magnetic coupling between the grains, which is also
has to be reduced or eliminated for coercivity development. In this way would be possible to eliminate
microstructural features that decreases the nucleation field, leading to higher coercivity values and enabling
the potential use of magnets based on NdFe11Ti.
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Figure 3.4: Kerr analysis from 380 mT (a) applied magnetic field (grains with twin boundary saturated)
down to 0 mT (d-demagnetized state). The arrow showing the nucleation at the twin boundary
with applied field of 150 mT (b) and the coupling between adjacent grains at 50 mT (c-dashed
arrow).

3.3 Publication B: Correlating changes of the unit cell parameters and mi-
crostructure with magnetic
properties in the CeFe11Ti compound

Authors: Fernando Maccari, Semih Ener, David Koch, Imants Dirba, Konstantin P. Skokov, Enrico Bruder,
Lukas Schäfer and Oliver Gutfleisch
Journal: Journal of Alloys and Compounds, 867 (2021) 158805 - DOI: 10.1016/j.jallcom.2021.158805

The study of the Ce-Fe-Ti system followed similar methodology than the one of Nd-Fe-Ti (Publication A),
including the synthesis, annealing procedure and most of the characterization methods. However, only the
compositions with higher rare earth were evaluated (Ce1.15Fe11Ti and Ce1.20Fe11Ti), since it has shown
better results in terms of phase purity in the previous work on Nd-Fe-Ti system - Publication A.
Based on the annealing procedure and characterization, the highest amount of 1:12 phase was obtained

at the temperature interval 850-950◦C for both compositions. For the optimized condition, a mixture

3.3 Publication B: Correlating changes of the unit cell parameters and microstructure with magnetic
properties in the CeFe11Ti compound
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between CeFe11Ti and CeFe2 Laves phase was obtained, with phase fraction of around 93wt% and 7wt%,
respectively. Higher annealing temperatures led to the decomposition of the desired 1:12 phase and
formation of α-Fe, while at lower annealing temperatures Fe2Ti was observed. The phase fractions and
microstructure are for all annealing conditions are given in the main manuscript and in the supplementary
material - all are provided in the last chapter of this dissertation.
A closer look on the structural changes of the CeFe11Ti compound, in the optimum annealed sample,

revealed an Invar-type anomaly, as observed by the unit cell parameter variation close to the TC , around
485 K. The reason can be attributed to the large magnetostrictive deformation of the magnetically ordered
lattice, originating from the magnetic anisotropy and magnetic exchange interactions of the rare-earth
elements and 3d transition metals. The values of lattice variation in function of temperature obtained in
this study had a good agreement with the theoretical models of magnetostriction.
Further characterization of the optimized sample using Kerr microscopy showed typical domain structure

of uniaxial magnetocrystalline materials and the presence of twin boundaries (similar to NdFe11Ti), as
confirmed by EBSD as exemplified in Figure 3.5. The misorientation angle was found to be 58◦±2◦,
indicating that the consistency of this specific angle is a strong indication that a lower energy of the twin
boundaries is achieved in this configuration for Nd- and Ce-based 1:12 systems [59]. It worth noting that
comparatively to NdFe11Ti samples from Publication A, the smaller grain size of the Ce-based samples lead
to the reduction in twin boundary density. This might be a strategy to develop a microstructure composed
of fine grains to diminish the amount of twin boundaries.

Figure 3.5: Microstructural analysis of the Ce1.20Fe11Ti sample annealed at 850◦C samples with a) inverse
pole figure (IPF) and b) the image quality (IQ) contrast image. Observed twins are highlighted
with arrows. c) Point-to-origin misorientation angle measurement through the twin boundary,
58◦±2◦, where the measurement line is indicated in IQ and IPF images with black line.
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Magnetic characterization, focusing on the anistropy field determination, was performed and yield to a
value of 2.57 T for CeFe11Ti at room temperature, similar to results reported elsewhere [11, 143, 147]. To
probe the effect of unit cell compression and expansion on themagnetic properties, isothermal magnetization
was carried out under hydrostatic pressure and after hydrogenation for different temperatures. A slight
reduction is observed for the measured anisotropy field under 0.45 GPa hydrostatic pressure in the
temperature interval of 10–300 K, which is consistent with the small increase detected for the hydrogenated
compound. The anisotropy field values are given in Figure 3.6. As a comparison, literature values on the
nitrogenated compound also show a reduction in the HA [146].

Figure 3.6: The anisotropy field values for CeFe11Ti compound under 0 GPa and 0.45 GPa external hydro-
static pressure together with hydrogenated CeFe11Ti sample.

Different than observed for Nd-based 1:12, a change in the crystal field parameter does not seems
to affect the Ce sublattice anisotropy. As confirmed by other works, it is most probable that Ce is not
contributing significantly to the overall magnetic anisotropy of the 1:12 phase because of its mix valence
state [143, 201]. Since the valence state depends on the steric volume, it was expected to be modified by
changing the unit cell volume by chemical pressure (interstitial hydrogen-unit cell expansion) and/or by
applying hydrostatic mechanical pressure (unit cell compression). However, the methods used in this study
did not promote significant change on the valence state. Nevertheless, the study has shown the limitations
of CeFe11Ti compound in terms of intrinsic magnetic properties, determination of the 1:12 phase stability
region and the correlation with microstructure, including the presence of twin boundaries. Additional
investigations are still necessary to improve the intrinsic potential of Ce-based 1:12, especially the low
anisotropy field, and also to overcome the microstructural features, that might limit the extrinsic properties.
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Both conditions are necessary to make CeFe11Ti appealing as permanent magnet candidate.
Other works which were developed in cooperation with other researchers and research institutes, that

are directly related to the one presented here, can be found in the publications from Halil et al. [139]
and Galler et al. [146], touching aspects regarding phase stability and the Ce magnetism by experimental
and DFT methods (density functional theory) - both are co-authored by F. Maccari. In addition, the effect
of a fourth element in Ce-Fe-Ti alloys on the 1:12 phase stability was also studied experimentally and
theoretically within the framework of the dissertation of Halil Íbrahim Sözen, presented the Ruhr University
of Bochum, that can be found in [138].
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3.4 Publication C: Twins – A weak link in the magnetic hardening of ThMn12-
type permanent magnets

Authors: Semih Ener, Konstantin P. Skokov, Dhanalakshmi Palanisamy, Thibaut Devillers, Johann
Fischbacher, Gabriel Gomez Eslava, Fernando Maccari, Lukas Schäfer, Léopold V. B. Diop, Iliya A. Radulov,
Baptist Gault, Gino Hrkac, Nora M. Dempsey, Thomas Schrefl, Dierk Raabe and Oliver Gutfleisch
Journal: Acta Materialia, 214 (2021) 116968 - DOI: 10.1016/j.actamat.2021.116968

The present publication follow the main microstructural feature observed for the Nd- and Ce-based 1:12,
being specifically focused on the effect of twin boundaries as a nucleation center for reversal magnetic
domains. Differently from the other two previously mentioned material systems, this work in based on
SmFe11Ti that shows a high anisotropy fieldHA ≈10.5 T, as the Sm has positive Stevens coefficient (αJ > 0)
and contribute to the magnetic anisotropy. As consequence of the high HA, would be reasonable to expect
coercivity values as high as 3.5 T, according to the upper limit of Brown’s paradox. However, the values are
often below 0.6 T for the ternary Sm-Fe-Ti, as shown previously in Figure 2.16 and Figure 3.2.
To understand this notorious discrepancy, investigations were performed in different samples, ranging

from thin films, single crystals and polycrystalline samples. In all these length scales, twin boundaries
were observed. Comparatively, Nd-Fe-B single crystal and polycrystalline samples were also prepared and
characterized, however no twin boundaries were observed for the Nd-Fe-B samples. The investigation of
the twin boundary has shown again the same misorientation angle of 57◦, as similar to what has been
obtained for NdFe11Ti and CeFe11Ti, indicating that the twins are intrinsic to the ThMn12-type material
systems.
High resolution characterization, using STEM (scanning TEM) and atom probe tomography (APT), of the

twin boundary was done in order to observe the atomic arrangement and the coherency between the twin
variants. The HR-STEM characterization using HAADF (high-angle annular dark field), which provides
signal intensity proportional to atomic number (heavy atoms are brighter), is shown in Figure 3.7a-c. The
atomic resolution images revealed that the twin boundary is in zig-zag configuration, as marked with
black dashed lines in Figure 3.7b. Figures 3.7c and 3.7d show the (011) twinning plane and a schematic
representation, respectively.
Additionally, APT analysis of the same area shown in Figure 3.7 was performed, as can be observed

in Figure 3.8. The bright-field electron micrograph of the whole specimen is shown in Figure 3.8a and
in 3.8b the corresponding APT reconstruction with the distribution of Fe, Ti, Sm atoms and a Sm 9
at.% iso-composition surface, highlighting the location of the twin boundary. Figure 3.8c shows the Sm
compositional map evidencing the local enrichment of Sm (2 at.%) and Fe (0.7 at.%) and a depletion of
Ti (2.7 at.%) at the twin boundary. This local chemical variation leads to the approximate stoichiometry
of Sm9.8Fe85Ti5.2. The observed stoichiometry falls exactly in the range of the 3:29 phase observed for
Nd-based system (Publication A) as previously reported in Table 3.1.
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Figure 3.7: (a) Low magnification HAADF image of SmFe11Ti at the twin boundary region; (b) High-
resolution HAADF image of the interface region of the twin along the [100] zone axis; (c)
High magnification of the twin boundary region and (d) schematic representation of the (011)
twinning planes with Sm atoms in green and Fe/Ti in red.

The chemical segregation leading to the Sm3(Fe,Ti)29 phase in the twin boundary region is an important
information to understand why this defect is a nucleation center for reversal domains, since it has different
intrinsic properties than the SmFe11Ti matrix. The anisotropy constant K1 of the 3:29 phase has the value
approximately 1/3 of the corresponding 1:12 phase, as reported by Wirth et al. [106]. The difference in
anisotropy constant and the existence of twin boundaries were taken into consideration for micromagnetic
simulation analysis. Using this method it was possible to compare the coercivity values between the
benchmark Nd-Fe-B and the Sm-Fe-Ti systems by applying the different boundary conditions to the model,
mimicking the experimentally observed microstructural features. Different conditions were evaluated, but
the main outcome is that the formation of twins reduces the estimated coercivity values to 38% of the
expected coercivity without twins. The result obtained by micromagnetic simulations are in agreement to
the experimental observation. The results can be further extended to other 1:12 systems with different

54 3 Synopsis of Publications



Figure 3.8: (a) Bright-field image of one of the investigated APT specimens. (b) Atom probe tomography
reconstruction of the elemental distribution of Sm, Fe and Ti. (c) 2D compositional map of Sm
and (d) chemical composition distribution at the twin boundary region.

RE and the stabilizing element, since twin boundaries were also observed for: NdFe10.5Mo1.5, NdFe10V2,
(Nd0.75Pr0.25)Fe10.5Mo1.5, (Nd0.5Y0.5)Fe10Ti, as highlighted in Figure 3.9 - these complimentary results are
not part of any publication.
The existence of twin boundaries has been typically observed in alloys with low stacking fault energy

and is commonly related to deformation caused by internal or external stresses [202]. To understand the
reason behind the formation, ab initio molecular dynamics calculations were conducted. Results indicated
that the twin formation energies are low and the competition between the formation energies of a twin
boundary and a grain boundary are strongly dependent on the grain size and geometry. The calculations
predict that the twin formation is more energetically favorable for grains with size above 1 µm, which
would explain the higher coercivity values obtained in nanocrystalline Sm-based 1:12.
Given the major impact of twin boundaries, it is clear that one needs to find a way to eliminate the

formation of this defect. As the molecular dynamics calculations have shown, limiting the grain size to
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Figure 3.9: Kerr analysis of different 1:12 compounds with different RE and stabilizing elements:
NdFe10.5Mo1.5, NdFe10V2, (Nd0.75Pr0.25)Fe10.5Mo1.5, (Nd0.5Y0.5)Fe10Ti. Grains containing twin
boundaries are marked with white dashed lines.

value in the submicrometer range might be one alternative, as also indirectly shown from the coercivity
values found in the literature and from the qualitative observations presented in Publication B. However,
this might also bring challenges to make anisotropic magnets, since obtaining monocrystalline particles
and avoid excessive grain growth would be required.
Complimentary to this publication, additional work on SmFe11Ti was reported by Palanisamy et al.

(co-authored by F. Maccari), focusing on the grain boundary phases and correlation with coercivity in rapid
solidified samples [137]. Aspects of chemical segregation and magnetic coupling between adjacent grains,
also observed for NdFe11Ti (Publication A), are discussed and addressed.
The combination of all these works show the importance to understand the defects, especially twins,

on the 1:12 phase, regardless the RE or the stabilizing element. Moreover, other aspects regarding phase
stability, grain boundary phases and magnetic coupling of grains also have to be considered to optimize
the microstructure for enhancing coercivity.
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3.5 Publication D: Microstructure and magnetic properties of Mn-Al-C perma-
nent magnets produced by
various techniques

Authors: Vladimir V. Popov. Jr., Fernando Maccari, Iliya A. Radulov, Aleksey Kovalevsky, Alexander
Katz-Demyanetz and Menahem Bamberger - Both V.V.P. and F.M. equally contributed to this work.
Journal: Manufacturing Review, 8, 10 (2021) - DOI: 10.1051/mfreview/2021008

This work focused on the effect of different processing routes on the microstructure and extrinsic
magnetic properties of RE-free Mn52Al44C2 compound. Aiming to understand these effects, processing
routes involving heat treatment and plastic deformation were performed while keeping the chemical
composition fixed, as summarized in the schematic shown in Figure 3.10.

Figure 3.10: Overview of the methods used to prepare Mn52Al44C2 samples and the relation with degree
of deformation and melting/heat treatment.

After induction melting the pure elements and casting into graphite crucible, the cooling rate was fast
enough to avoid the equilibrium phases, β-Mn and γ2, but not too fast to obtain the high temperature
ϵ phase, resulting in an isotropic microstructure consisted of only the desired ferromagnetic metastable
τ -phase. The coarse τ -phase microstructure exhibits a high number of twin boundaries, as revealed by
the Kerr microscopy analysis exemplified in Figure 3.11a. The combination of pure ferromagnetic phase
and the coarse microstructure with twin boundaries led to the high magnetization value at 3 T applied
field (M3T ), around 100 Am2/kg, and the low coercivity value, below 0.03 T, as shown in Figure 3.11b. It
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worth mentioning that the magnetization value scales with the fraction of the ferromagnetic phase and is
affected by internal stresses that can be induced during processing. The internal stresses cause a lattice
strain and changes in the interatomic spacing, which might lead to an approximation of Mn atoms and,
consequently, antiferromagnetic coupling. As for coercivity, as explained in the Section 2.6, it is mainly
determined by defect type and density in combination with grain size. This justifies the value obtained in
the as cast state and similar to the ones reported by Bittner et al., since it has a coarse microstructure with
defects that nucleate reversal domains, like twin boundaries. [176]

Figure 3.11: a)Kerr micrograph and b) magnetization measurement of the induction melted-cast
Mn52Al44C2 sample. The microstructure shows pure τ -phase, highlighting twin boundaries
and the magnetic domain structure.

A microstructural refinement of the τ -phase was attempted by using two other melting methods with
higher cooling rate: suction casting and electron beam melting (EBM). However, the microstructure
was composed of different phases, being necessary a post annealing treatment to increase the τ -phase
fraction, consisted of homogeneization at high temperatures, 1100◦C, followed by annealing at moderate
temperature, 500-550◦C. By using these methods, an slight enhancement on the coercivity value has been
obtained, reaching values of 0.06 T and 0.04 T for EBM and suction casted samples, respectively. Despite
having double the coercivity when compared to the as casted state, the obtained values are far below
the anisotropy field (HA ≈4.5 T) and the expected one when considering the upper limit of the Brown’s
paradox, that would be around 1 T. However, as discussed previously and exemplified in Figure 2.18, aside
from microstructural refinement, processing routes that induce plastic deformation tend to enhance the
coercivity. Based on this, a combination of ball milling followed by hot pressing was evaluated using the bulk
sample produced through induction melting as precursor. As expected, the coercivity has improved from a
value below 0.03 T to 0.12 T after ball milling and up to 0.21 T after hot pressing. The microstructure
has shown a significant grain refinement after hot compaction when compared to the as cast precursor.
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Moreover, the combination of deformation (milling and hot compaction) and the exposure to moderate
temperatures during the pressing step (450◦C for 20 minutes), led to the decomposition of the metastable
ferromagnetic phase. The decrease in the τ -phase fraction and appearance of the non-magnetic γ2-phase,
along with the possible strain in the ferromagnetic phase, contributed to the decrease ofM3T value from
100 Am2/kg, in the precursor, to 50 Am2/kg after hot pressing. These results show that following this
processing route, enhancement of coercivity is occurring in detriment of phase purity and, consequently,
magnetization.
With the aim to increase the deformation and possibly prevent the phase decomposition, a severe plastic

deformation method using high pressure torsion (HPT) was used. For this, powder size below 80 µm was
used in between two anvils under applied pressure of 4 GPa to create a disc shaped sample for further
HPT experiment. Subsequently, the sample was subjected to 50 revolutions using 1 RPM to induce the
plastic deformation. The process was performed at room temperature and the tools were kept below 50◦C
during the entire process. The strain/deformation generated within the sample is proportional to the
radius, meaning that the edges of the disc is deformed than the center, leading to a possible inhomogeneous
microstructure, as reported in the literature [203]. In the case of heterogeneous microstructure, a gradient
of magnetic properties throughout the edge of disc sample is expected. For this reason, three regions of the
sample were evaluated: center (R0), half radius (R0.5) and on the edge(R1); corresponding to the regions
where it is expected to be subjected to lower, medium and higher deformation, respectively.

Figure 3.12: Isothermal magnetization curves of Mn52Al44C2 obtained by HPT at different regions of the
sample, as indicated by the schematic.

The hysteresis loops presented in Figure 3.12 confirm the gradient of magnetic properties, showing an
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increase of coercivity while a decrease in magnetization towards the edge of the sample. The change in the
values are pronounced, in which the coercivity varies from 0.25 T at the center up to 0.58 T at the edge,
while theM3T value decreases from 90 Am2/kg down to 10 Am2/kg at the center and edge, respectively.
To understand the reason for such differences, microstructural characterization was performed using SEM,
in which was revealed the changes in grain and particle morphology and the appearance of secondary
phase in the very edge of the sample, caused by the decomposition of the metastable τ -phase. To gain
more information at smaller length scale, TEM was also used to draw a comparison between the sample
in the as-cast state, powder precursor and after HPT. It was observed a grain refinement allied with the
substantial increase of dislocations, as expected from upon plastic deformation. The combination of these
two characteristics led to the substantial increase in coercivity, in agreement with results reported in the
literature and is among the highest reported so far for bulk samples [172, 176, 181]. On the other hand,
the strain and the partial decomposition of the ferromagnetic phase are, more likely, the cause of the low
magnetization after HPT. By optimizing the deformation during HPT or introducing an additional post
annealing step to partially release internal stresses, a compromise between coercivity and magnetization
might be established. However, as a main limitation of the HPT technique, the absence of induced texture
still remains a challenge for increasing remanence and, consequently, the energy-product (BH)max.
In this work, the comparison of different processing techniques has shown that the phase purity of

the samples is important, but not the only factor that determines the magnetic properties of Mn-Al-C
compound. Beside the amount of metastable τ -phase, the density and the type of microstructural defects
can significantly affect the extrinsic magnet properties of this material system. In summary, it was observed
that processing techniques that induce plastic deformation are recommended to increase coercivity, but
can degrade magnetization, while techniques involving melting/casting and annealing result in higher
magnetization but lower coercivity. Nevertheless, the absence of texture in the obtained samples (isotropic
samples) is also an important point that has to be overcome to maximize the remanence and the overall
magnetic performance of Mn-Al based magnets.
The results and discussion carried out in the framework of this publication have contributed to the

understanding of the complex relationship between processing, microstructure and magnetic properties of
Mn-Al-C. By keeping the composition fixed, a direct comparison could be draw between the processing
techniques in relation with phase stability and decomposition of the ferromagnetic metastable τ -phase,
that also plays a role in the extrinsic magnetic properties.
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4 Conclusions and Outlook

In the last decades, magnetic materials became an important part of the everyday life. Most of us
are using soft and hard magnetic materials on daily basis without recognizing their existence. Among
the magnetic materials, hard magnetic ones are having a great importance as they significantly impact
commercial goods leading to a miniaturization of devices like headphones, portable equipment and others.
In addition, with the recent developments in the hard magnetic materials and permanent magnets, new
technologies took part of our lives as electro-mobility, power generation, etc. The combination of this
scenario highlights the observed increase in the high-performance magnets demand that will grow in the
following years. However, even though these key components are considered the main solution of such
developments, they are also in the center of concerns and uncertainty. The rare earth elements used to
obtain the high magnetic properties are very sensitive to market and price fluctuations, as shown by RE
crisis in 2011. Additionally, the use of RE elements face risks regarding supply because of geopolitical or
sustainable development issues. In this context, finding suitable compounds that show promising magnetic
properties, while overcoming these issues, is of a great importance. Motivated by this necessity, the research
done in the context of this dissertation has focused on two different material systems that are considered
exponent candidates for new permanent magnet materials: the ThMn12-type and MnAl-based material
systems.
Both material systems show interesting intrinsic magnetic properties which is prerequisite for a hard

magnetic material. However the conversion of this potential to extrinsic properties is not straightforward.
The challenges and the reasons for such discrepancy were in detail discussed in this dissertation. Systematic
studies on REFe11Ti (RE: Nd, Ce and Sm) and in Mn52Al46C2 were carried out, taking into consideration of
phase formation and stability together with magnetic properties in correlation with processing parameters
and microstructure.
On the REFe11Ti material system, (Publication A) the effects of rare earth content and different annealing

regimes on Nd1+xFe11Ti were studied to understand the stable 1:12 phase space and its competition with
the possible secondary phases. It was found that hyperstoichiometric compositions, Nd content above 1.15,
are necessary to avoid the formation of α-Fe, which would be detrimental for eventual permanent magnets
because of the soft magnetic behavior of this phase. Moreover, low temperature annealing, between 700-
900◦C, leads to the stabilization of the ternary Nd2(Fe,Ti)17, while annealing in the temperature interval of
950-1100◦C stabilizes the Nd3(Fe,Ti)29 phase. The desired tetragonal NdFe11Ti phase is stable only at high
temperatures, between 1150 and 1200◦C. The differentiation of these three ternary phases has shown to be
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rather complex, since they share a common RECu5 crystal structure frame, making the phase determination
from the x-ray powder diffraction patterns is not straight forward. Complementary measurements are
necessary for the exact identification of the existing phases in bulk samples. The study indicates that the
best way of determining the present phases is through measurements of Curie temperature, since it is an
intrinsic property and the different phases show distinct ferro to paramagnetic transition temperatures.
The microstructural analysis studies of the 1:12 phase indicated the formation of twin boundaries with a
reproducible misorientation angle of 57◦±1◦. To correlate this microstructural feature with the magnetic
properties, Kerr analysis was carried out and, through the domain nucleation and motion, it was found that
twin boundaries act as a nucleation center for reversal domains. This important finding could be one of the
reasons to explain the low coercivity values of NdFe11Ti reported so far. It is true that the anisotropy field
of the ternary compound is rather low, estimated to be around 1 T, and almost no coercivity is expected
(Brown’s Paradox). However, even in the corresponding nitrogenated compound,HA reported to be around
8 T, the coercivity is far below than the expected one (between 20-30% of HA). It is hypothesized that
the twin boundaries would not be eliminated during the nitrogenation process, since these boundaries
generally show low mobility, and because the temperature for the interstitial modification is relatively low,
around 400◦C. Taking into consideration that the twin boundaries would still be present in the NdFe11TiNx
compound, it will still cause a detrimental effect in the coercivity value despite the high anisotropy field,
explaining the values achieved so far (below 0.6 T).
As a continuation on the path to explore promising RE-lean compounds, CeFe11Ti was studied in

Publication B. Similar methodology successfully applied to Nd-Fe-Ti system (Publication A) was used.
Annealing studies have shown that the highest fraction of Ce-1:12 was obtained after annealing at 850 and
950◦C, depending on the Ce content used. At the optimized condition, a lower phase fraction of CeFe2
Laves phase is observed (lower than 8% wt.). At higher temperatures, the formation of α-Fe was detected,
while at lower temperatures the appearance of Fe2Ti Laves phase was seen. The high purity CeFe11Ti phase
sample was selected for further investigations and, similarly to what was obtained for NdFe11Ti, twin
boundaries with misorientation angle of 58◦±2◦ were noticed. The existence of twin boundaries in these
two materials elucidate that this might be one important issue to develop coercivity in the ThMn12-based
materials, regardless the RE used. Even though Ce is an appealing RE element because of its high abundancy
and lower price, when compared to Nd and Sm for example, the absence/small contribution of the 4f
electron leads to a low anisotropy field, estimated to be around 2.5 T. Studies on interstitial modification
by hydrogen and external isostatic pressure were carried out with the aim to change the Ce contribution to
the magnetic properties. However, the results have shown no significant change in the intrinsic properties,
in both saturation magnetization and anisotropy field. Considering the intrinsic limitation of CeFe11Ti and
the Brown’s paradox, it is unlikely that the ternary compound turns out to be an appealing material for
future developments of permanent magnets. Nevertheless, studies to modify the magnetism of Ce using
different stabilizing elements and/or methods would be beneficial, particularly in the direction to increase
the intrinsic properties, especially HA. Alternatively, Ce can also be used to partially substitute other RE
elements in 1:12 compounds, as already demonstrated by Simon et al. in Sm-Ce-Fe-V-Ti [132].
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The appearance and notable importance of twin boundaries on the development of ThMn12-basedmagnets
has been the main point of Publication C. To understand why this defect might be a microstructural weak
link to obtain high coercivity values in the 1:12 material system, SmFe11Ti was chosen as a prototypical
compound, since it has HA around 10 T. A direct comparison was draw between the benchmark Nd2Fe14B
(HA of approximately 8 T) and SmFe11Ti microcrystalline samples, in which was confirmed the formation of
twins in the 1:12 sample while absent in the Nd-Fe-B one. High resolution microscopy investigations using
a combination of STEM and APT revealed a zig-zag shaped twin boundary with chemical segregation across
its thickness of 3 nm. It was observed a enrichment of Sm and depletion of Ti, leading to a stoichiometry
that matches the Sm3(Fe,Ti)29 phase. The 3:29 phase possess different intrinsic magnetic properties
than the 1:12, showing lower anisotropy constant (K1). This information was used in micromagnetic
simulations, adopting different models to match the experimental observations, to evaluate the impact
on the coercivity. As expected, and observed experimentally, the simulations shows that twin boundary
with 3:29 phase composition is deleterious to coercivity, acting as a nucleation center for reversal magnetic
domains. Complimentary, molecular dynamics calculations were used to understand the possible reason for
the formation of this defect. It was found that the internal stresses during solidification and phase formation,
favors the formation of twin boundaries in the 1:12 grains larger than 1 µm. These findings indicate
that strategies, like grain refinement, should be adopted to avoid the appearance of twin boundaries in
1:12-type compounds. Considering the similarities in the REFe11Ti twin structures, it is possible that the
implications found in these works can be further expanded to other 1:12 compounds, regardless of the rare
earth or the stabilizing element. This knowledge can serve as basis to further design strategies to overcome
possible issues to improve the coercivity in the ThMn12-type material systems. Other challenges involving
the development of texture to obtain anisotropic magnets still remains, especially if the development
of 1:12 magnets will be towards nanocrystalline materials. The difficulties to induce crystallographic
texture during hot deformation in nanocrystalline 1:12 alloys were highlighted by Simon and Schönhöbel
et al [90, 131, 132].
Moving from a RE-lean to a RE-free compound, the Publication D covered Mn-Al-C compound subjected

to different processing routes to evaluate the microstructure differences and how this affects the extrinsic
magnetic properties. As it was observed, techniques that involved melting and optimized annealing
led to a microstructure of pure ferromagnetic τ -phase, showing a relative high magnetization but low
coercivity, nearly zero. On the other hand, techniques that induce plastic deformation have shown to
increase coercivity, reaching a value approximately 0.6 T for severe plastic deformed sample – among the
highest values reported so far in bulk samples. Microstructural analysis revealed that the low coercivity
samples are corresponding to the coarse grains combined with a high number of twins and low number of
dislocations. In contrast, the samples with high coercivity show an increase of dislocations and a refined
microstructure. These findings are supported by the literature, proving that twins are nucleation center for
reversal domains, as observed for 1:12 compounds, while dislocations pin the domain wall motion. This
shows that not all defects are deleterious to magnetic properties and studies about each defect and its
effects on the functional properties are important. Despite the relatively high coercivity values achieved in
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this work (maximum 0.58 T), there is still room for improvement, as shown by the values reported in thin
film samples (around 1.2 T). This discrepancy means that further microstructural engineering is required
to optimize processing routes to induce defects that promote coercivity while avoiding the deleterious
ones. In addition, alloy design can also be explored to improve the stability of the τ -phase and to create a
non-magnetic grain boundary phase that could possibly magnetic decouple adjacent grains, as successfully
adopted for Nd-Fe-B magnets.
In summary, two types of prospective materials for permanent magnetic applications were investigated

in this dissertation. A correlation between microstructure and extrinsic magnetic properties was made to
understand the discrepancy in relation to the intrinsic properties. It was emphasized that microstructure
and defects play a major role on the coercivity, but for each material system this relation needs to be
investigated, since specific defects can be found and possibly have different impact on the magnetic
properties. Additionally, it has also been shown that the use of multi scale characterization techniques,
allied with different types of simulations, are powerful methods to give a better understanding of the overall
aspects of phase formation, phase stability and to build the knowledge on the relation structure-processing-
microstructure-magnetic properties. Through this evaluation and identification of microstructural weak
links, insights about the coercivity mechanism can be gain to further create strategies to develop permanent
magnet candidates, including Mn-Al and 1:12 material systems. The unfolding of such study is important to
improve and create alternative magnets that can possibly reduce the dependency on critical raw materials,
enabling possibilities for a more sustainable development of different technologies and applications.
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Rapid solidification of Nd1þXFe11Ti compounds: Phase formation and
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a b s t r a c t

The effects of compositional variations and different annealing regimes in Nd(Fe,Ti)12 alloys were studied
in terms of phase formation and magnetic properties analysis. NdxFe11Ti (x¼ 1.05, 1.10, 1.15, 1.20) alloys
were produced by rapid solidification through suction casting technique. The effect of Nd content and
post annealing were investigated in the temperature range of 700e1200 �C. Single 1:12 phase samples
were obtained at temperatures between 1150 and 1200 �C for compositions with Nd concentration of
1.15 and 1.20. Intrinsic magnetic properties and magnetization reversal were studied for 1:12 single
phase samples, revealing uniaxial anisotropy with anisotropy field (HA) of 1.08T and saturation
magnetization of 137 Am2kg�1 at room temperature. In addition, the demagnetization mechanism in
bulk polycrystalline samples was analyzed by means of Kerr microscopy under applied magnetic fields.
Magnetization reversal process starts at the twin boundary, which acts as a nucleation center for the
reversal domain, and coupling between adjacent grains is also observed. These may be part of the
reasons for the observed low coercivity in the NdFe11Ti systems. The findings of the present study leads
to a better understanding of the relation between magnetic properties and microstructure, and can open
new strategies to obtain coercivity in this 1:12 phase system and, possibly, in the corresponding nitride.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The development of magnetic materials and their processing are
essential and indispensable for improving the efficiency of devices
in electric power generation, air conditioning, conversion, trans-
portation, and other energy-use sectors of economy [1]. Many of
these applications requires high performance magnets, like
(Nd,Dy)-Fe-B and Sm-Co alloys, which are based on strategic and
critical elements [2,3].

The criticality issue of Co and rare-earth (RE) elements, such as
Nd and Dy, in combination with the increasing demand for high
performance permanent magnets on the world market, triggered
intensive worldwide research activities [4]. The main goal is to find
new hard magnetic materials possessing comparable performance
to Nd2Fe14B but employing significantly reduced Nd and Dy. The
reduction of the RE content relative to the Fe content with respect

to the benchmark Nd2Fe14B permanent magnet would be impor-
tant steps forward in terms of cost reduction and supply reliability
[4e6]. Most recently, intermetallic compounds based on the
tetragonal ThMn12 prototype crystal structure have attracted
renewed interest in the field of permanent magnets because of the
favorable composition ratio RE:Fe¼ 1:12, their relatively high Curie
temperature, saturation magnetization and magnetocrystalline
anisotropy [5,7].

Recent work of Y. Hirayama et al. [8], shows the possibility to
achieve better intrinsic magnetic properties in NdFe12Nx systems
(in ThMn12-type structure) in thin films. Unfortunately, it is not
possible to obtain the binary system in bulk form, raising the ne-
cessity to substitute part of the iron atoms by other transition metal
(e.g. Ti, V, Cr, Mo, W and Si) for this purpose.

Different alloys on the REFe12-xMx system have been studied,
regarding different rare-earths (RE) and the nonmagnetic element
(M) used to stabilize the phase, which can be found elsewhere
[9e15]. Among the Fe-based 1:12 systems already reported, the
ones focusing on Nd and Ti are very promising based on the* Corresponding author.
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intrinsic magnetic properties of the corresponding nitrides, which
can reach Curie temperature (TC) values above 700 K and anisot-
ropy field (HA) up to 8T at room temperature [16e18]. Despite the
very attractive intrinsic properties, no reasonable coercivity was
obtained for these compounds, even though different approaches
having been employed for the precursor synthesis, like melt spin-
ning, mechanical alloying, conventional melting (induction and arc
melting) among different annealing and nitrogenation conditions
[16e23]. Since the NdFe11Ti phase is described to be stable in a
broad temperature range (from 800 to 1200 �C), understanding the
formation of the 1:12 structure and the existence of competing
phases is imperative to obtain high purity precursor for accurate
magnetic properties determination and further strategies for
improvement, including nitrogenation [12,24,25]. Besides the
phase purity, the relation betweenmicrostructure and the extrinsic
magnetic properties are an important factor for the development of
this compound as a permanent magnet candidate [7].

In the present work, we focus on the phase stability of the
NdxFe11Ti precursor, synthesized by rapid solidification, through a
systematic investigation on the ratio of the RE content and
annealing temperature. The formation of the desired 1:12 phase in
relation to the competing Nd2(Fe,Ti)17 and Nd3(Fe,Ti)29 phases
(hereafter 2:17 and 3:29, respectively) is evaluated and discussed.
Microstructural, structural and magnetic properties are investi-
gated. Magnetization reversal mechanism of NdFe11Ti system is
discussed by using Kerr microscopy and the possible reasons for the
observed low coercivity are proposed. We believe that the phase
formation mechanisms and microstructure peculiarities, disclosed
in this work, are of interest not only for this particular Nd-Fe-Ti
system, but the knowledge gained here may be useful for under-
standing and generalizing the hysteresis phenomena in other
related systems, such as Sm-Fe-Ti, Pr-Fe-Ti and Ce-Fe-Ti.

2. Experimental procedure

NdxFe11Ti (x¼ 1.05, 1.10, 1.15 and 1.20) alloys were prepared by
melting high-purity starting elements in an induction furnace un-
der a purified argon gas atmosphere. The resulting ingots were
suction-casted (arc melting/suction casting setup MAM-1 Edmund
Bühler GmbH) from melt into bulk rectangular ingots of thickness
0.5mm, to ensure fast solidification/cooling. The samples were
wrapped in Mo foil, sealed in quartz ampules under argon atmo-
sphere and annealed at 12 different temperatures. Within the
temperature range, from 700 to 950 �C (see Table 2), 12 h annealing
was employed and for the temperature range, 1000e1200 �C, 2 h of
dwelling was done. Since the sample annealed at 1200 �C was
partially molten and reacted with the foil, one additional annealing
was made at 1175 �C. All samples were quenched in water after
annealing to prevent any possible decomposition and to retain the
phases which are present at the annealing temperature.

To investigate the phase formation and microstructure, the
samples were analyzed using scanning electron microscope (SEM -
Tescan VEGA 3 and FEG-SEM JEOL JSM-7600F) with backscattered
electrons (BSE) detector. In addition, energy-dispersive X-ray

spectroscopy (EDS) measurements were performed to quantify
chemical composition of the present phases, for this purpose,
different regions of the samplewere used. This was done in order to
exclude any composition gradient and/or microstructure changes
because of possible differences in the cooling rate within the suc-
tion casted plate.

Electron backscatter diffraction (EBSD) was used in a FEG-SEM
(Tescan Mira3) to analyze selected samples and determine the
misorientation angle in twinned grains.

The crystallographic structures were characterized by X-ray
powder diffraction (XRD). The measurements were carried out on a
Stoe Stadi P diffractometer with Mo Ka1 radiation, in transmission
mode and an angular 2q range from 5� to 40�. Phase matching and
unit-cell refinements were performed using FullProf/WinPLOTR
suite software [26,27].

Thermomagnetic measurements were carried out on bulk suc-
tion casted samples, using Lake Shore 7410 Vibrating Sample
Magnetometer (VSM). The magnetization was measured upon
heating the samples from 350 to 700 K, with heating rate of 5
Kmin�1 under constant applied magnetic field of 1T.

Isothermal magnetization measurements were performed on
aligned powder samples using PPMS-VSM (QuantumDesign PPMS-
14), at room temperature, under applied magnetic field up to 3T.
The powder consists of particles, assumed to be monocrystalline,
with size less than 80 mm. The particles were mixed with paraffin-
wax and encapsulated in metallic pan. Afterwards, the pan was
heated above the melting point of the wax and an external mag-
netic field of 1.3T was applied for texturing.

The magnetic domain structures were observed by magneto-
optical Kerr effect (MOKE) microscopy (Zeiss Axio Imager.D2m
evico magnetics GmbH). To analyze the domain wall motion, the
electromagnet option of MOKE microscope was used to apply
magnetic fields up to 380mT. The image contrast was enhanced by
subtracting the non-magnetic background image from the
collected average image using KerrLab software.

3. Results and discussion

3.1. Effect of synthesis route on the phase formation

The microstructure and the present phases were evaluated
through SEM-EDS analysis. For the main observed ternary phases,
1:12, 2:17 and 3:29, the identification was done by taken into ac-
count the ratio between the concentration of Nd and Ti, according
to the mean values shown in Table 1. These values are in agreement
with those reported in the literature byMargarian et al. for all three
phases [28].

Table 1
Chemical composition obtained by EDS analysis for the three major phases in
Nd1.15Fe11Ti. Ten points were measured for each phase and for calculation of stan-
dard deviation.

Phase Composition (at.%)

Nd Fe Ti

Nd(Fe,Ti)12 8.1± 0.1 balance 7.7± 0.1
Nd2(Fe,Ti)17 10.9± 0.1 balance 3.7± 0.1
Nd3(Fe,Ti)29 9.8± 0.1 balance 5.0± 0.2

Table 2
Present phases in different annealing conditions for the Nd1.15Fe11Ti
composition.

Condition Phases Identified

Suction casted 1:12, a-Fe, Nd-rich
700 �C-12 h 1:12, 2:17, a-Fe, Nd-rich
750 �C �12 h 1:12, 2:17, a-Fe, Nd-rich
800 �C �12 h 1:12, Nd-richa, a-Fea

850 �C �12 h 1:12, 2:17, a-Fe, Nd-richa

900 �C �12 h 1:12, 2:17, a-Fe
950 �C-12 h 1:12, 3:29, a-Fe
1000 �C-2h 1:12, 3:29, a-Fe
1050 �C-2 h 1:12, 3:29, a-Fe
1100 �C-2 h 1:12, 3:29, Nd-richa

1150 �C-2 h 1:12, Nd-rich
1175 �C-2 h 1:12, Nd-rich
1200 �C-2 hb 1:12, Nd-rich

a Residual.
b Partially molten.
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As shown in Fig. 1a, the initial microstructure of the induction
melted Nd1.15Fe11Ti sample consists of a coarse distribution of a-
Fe(Ti) solid solution (dark areas), 1:12 (dark grey), a mixture of 2:17
and 3:29 (light grey) and Nd-rich phase spots (bright contrast).
Comparatively, the microstructure of suction casted plate (Fig. 1b)
consists of a-Fe(Ti) precipitates, Nd-rich phase in the grain
boundaries and a majority fraction of fine grains of the desired 1:12
phase. 3:29 and 2:17 phases were not observed, within the reso-
lution limits of the instrument. The cooling rate in the suction
casting process is dependent of the chemical composition, shape
and dimension of the mold. According to the work of Chen et al.
[29] and Koziel et al. [30], it is possible to infer that the cooling rates
in the present study are in the range of 103 Ks�1.

It is worth mentioning that the rapid cooling within the suction
casted plate lead to homogenous microstructure, which is suitable
for shortening annealing times, because favors the formation of the
thermodynamic stable phases as compared to coarser microstruc-
tures. Similar features have already been shown for other alloys and
for different processing techniques, such as strip casting and melt
spinning [31e33]. This effect is commonly related to a combination
of: lower path of atomic diffusion and higher number of hetero-
geneous sites for isothermal nucleation [34,35]. Consequently,
suction casting was selected as a method to produce bulk samples
for further studies related to annealing and chemical composition
optimization.

3.2. Effect of composition and annealing temperature on the phase
formation

3.2.1. Microstructure and chemical analysis
After suction casting and annealing, the NdxFe11Ti samples with

x¼ 1.05 and x¼ 1.10 were investigated. A mixture of different

phases was observed in all samples in the evaluated temperature
range and no single 1:12 phase statewas obtained in these samples.

By increasing the rare-earth content to 1.15, the desired 1:12
single-phase samples were obtained after annealing at tempera-
tures above 1150 �C. In addition, at this temperature, Nd-rich phase
is seen at the triple grain boundary junctions (Fig. 2c). At lower
temperatures, e.g. 1100 �C, it is observed partial decomposition of
1:12 and appearance of 3:29 phase (Fig. 2b), which is consistent to
the results reported by Margarian et al. [28]. After annealing at
lower temperatures, down to 950 �C, the 3:29 and 1:12 phases are
still present with a-Fe(Ti) precipitates.

As represented in Fig. 2a for the sample annealed at 800 �C, we
observe partial decomposition of 1:12 and the formation of 2:17
around a-Fe(Ti) precipitates in the temperatures range between
700 and 900 �C. It is worth to notice that the 3:29 phase is absent in
this temperature range. A summary of the observed phases for

Fig. 1. Initial microstructure of Nd1.15Fe11Ti induction melted (a) and middle part of the
suction casted plate (b) using BSE contrast.

Fig. 2. SEM-BSE contrast micrography of Nd1.15Fe11Ti annealed at 800 (a), 1100 (b) and
1175 �C (c).
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Nd1.15Fe11Ti samples is given in Table 2.
For the samples with highest Nd content, x¼ 1.20, no significant

changewas seen in themicrostructure compared to x¼ 1.15, except
for the higher amount of Nd-rich phase. For this reason, and taken
into consideration the RE-lean concept of this class of materials,
samples with lower content of rare-earth (x¼ 1.15) were selected
for further characterization.

Based on these results, we propose that the 1:12 in single-phase
state in the Nd-Fe-Ti hyper-stoichiometric system is stable only in a
very narrow window, between 1150 and 1200 �C. As was expected,
the microstructure in this temperature range is similar, except for
the increase of the mean grain size with increasing the annealing
temperature.

3.2.2. Structural analysis
In an attempt to confirm the present phases and to quantify the

phase fraction and unit cell parameters, room temperature XRD
was performed in the Nd1.15Fe11Ti samples. The patterns are dis-
played in Fig. 3 for three different annealing conditions: 800, 1100
and 1175 �C (Fig. 3a) with the correspondent simulated patterns for
1:12, 2:17 and 3:29 phases (Fig. 3b).

The pattern of annealed sample at 1175 �C was indexed with the
ThMn12 tetragonal structure. Rietveld refinement was performed
with good agreement (c2 ¼ 1.3), as shown by the difference of
observed and calculated pattern (Fig. 3a). The unit cell parameters
are a¼b¼8.591Å and c¼4.796Å, which is in good agreement with
previous reports [17].

Regarding the samples annealed at 1100 and 800 �C, similar
patterns to 1:12 are seen, even though SEM-EDS analysis shows
clearly different phases present with the tetragonal phase, as
described previously in section 3.2.1. The 2:17 (rhombohedral) and
3:29 (monoclinic) phases have also similar simulated patterns to
the tetragonal 1:12 structure (Fig. 3b), since they are based on a
common frame founded in the RECo5 compounds (CaCu5 struc-
ture), as already reported by Cadogan [36e39].

For this specific materials system, XRD analysis can be only used
as a first approximation in the interpretation of the present phases,
including the determination of single-phase state. Thus, the peak
overlapping between these three structures inhibits the precise
quantification of the phase fraction of mixed phase state, as the
Rietveld refinement leads to high errors by means of the phase
ratios.

3.2.3. Thermomagnetic measurements
In the literature, the determination of the phases in this material

system in often done by only using the XRD analysis. As we pre-
sented in our studies, this method alone may mislead interpreta-
tion as a result of similarities between the crystal structures of the
observed 1:12, 2:17 and 3:29 phases (Fig. 3). One alternative way to
tackle this problem is to use SEM-EDS analysis to distinguish the
phases from their chemical compositions. This gives stronger sep-
aration between the 1:12 and 2:17/3:29 phases but the distinction
of 3:29 and 2:17 can be overlooked (see Table 1). Due to this reason,
one needs a complimentary technique to distinguish these three
phases from each other. The use of thermomagnetic measurements
for phase determination in similar material systems have shown to
be a reliable method for this purpose [40e44].

To confirm the results obtained by SEM-EDS, thermomagnetic
analysis was employed to evaluate qualitatively and systematically
the present phases in the Nd1.15Fe11Ti samples.

In order to ensure the difference between the Curie temperature
of the competing phases (2:17 and 3:29), a new sample was pro-
duced with composition Nd1.35Fe11Ti0.6 and annealed at 1100 �C for
2 h. This composition and annealing regime led to a microstructure
which both competing phases coexist without any traces of 1:12
phase. The microstructure can be seen in Fig. 4c, where SEM-EDS
analysis shown both phases with chemical composition within
the range presented in Table 1.

The thermomagnetic measurement (M(T)) result and the de-
rivative curve (dM(T)/dT) are shown in Fig. 4a and b, respectively. It
is know that if the M(T) dependencies are measured in an external
field surpassing the demagnetization field of the sample, then the
position of dM(T)/dTminima is slightly higher than the actual value
of TC of the compound. At the same time, if all M(T) dependencies
are measured in the same field (e.g.1T) and all samples have similar
shape, the specific temperatures at which dM(T)/dT minima occur
allow us to unequivocally detect and identify the transition tem-
perature of different phases. The dashed areas in Fig. 4 correspond
to TC values reported in the literature for the different phases. The
use of dM(T)/dT curve to evaluate the local/global minima and
correlate with the TC values was found to be a direct approach to
identify this intrinsic property, since the relatively high applied
field during the measurement (1T) can lead to overlap in the M(T)
curves in a mix phase state sample, as presented in Fig. 4a and b.

As can be seen in Fig. 4a and b, the TC values found in the
literature for both phases are in good agreement with the ones
found in this work, where for 2:17 is in between 390 and 401 K
[45,46] and for 3:29 lies in the range of 413e440 K [47,48]. No
changes in the magnetization value was observed in the tempera-
ture range were the TC of 1:12 phase is expected, confirming the
absence of this phase in this sample.

After confirming the differences in the TC values of 2:17 and

Fig. 3. XRD patterns of the three selected samples (a) and the calculated patterns of
1:12, 2:17 and 3:29 phases (b). It is also shown the results of Rietveld refinement
(difference between the observed and calculated pattern-Rietveld difference) of the
sample annealed at 1175 �C (see text).
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3:29, the thermomagnetic analysis was employed in the
Nd1.15Fe11Ti samples annealed under different regimes. For better
visualization of the observed trend, the results are shown in two
figures to evaluate the differences between two different annealing
ranges, below and above 900 �C (Figs. 5a and 6a respectively). In
addition, the derivative curves from these samples are also shown
in Figs. 5b and 6b. The sample in the as suction casted state is
included for comparison.

In the initial condition (suction casted state), the main drop in
themagnetization, and the global minimum in the derivative curve,
occurs around 550 K, which is a similar value reported by Hu et al.
[45] for the TC of 1:12 phase in this compound. The magnetization
value is non zero above 550 K, which is due to the presence of a-

Fe(Ti) which was already identified in the SEM-EDS analysis
(Fig. 1b).

Annealing Nd1.15Fe11Ti suction casted plates between 700 and
900 �C leads to partial decomposition of the initial 1:12 and
nucleation of a phase with lower TC. From the Curie temperature
range reported in the literature (390e401 K), it can be conclude
that these samples consist of a mixture of Nd2(Fe,Ti)17 and
Nd(Fe,Ti)12 phases [46,47]. This is as also shown by the local
minima in the derivative curve (see Fig. 4b) around 390 K (2:17
phase) and at 550 K (1:12 phase), confirming the results obtained
previously by EDS-SEM. It is worth mentioning that the drop in
magnetization becomes more pronounced with increasing
annealing temperature, indicating higher fraction of 2:17 phase is
forming while 1:12 is decomposing in these conditions.

Similar results have been obtained upon increasing the
annealing temperature up to 950 �C (Fig. 6), indicating a similar
behavior regarding 1:12 phase decomposition. However, the shift
in the thermomagnetic curve is not pronounced as shown by the
samples annealed at lower temperatures, as can be observed in
Fig. 6b between samples annealed at 900 and 950 �C. At higher
temperatures, up to 1100 �C, the shift of the thermomagnetic curves
goes to higher temperatures which, combined to the shift in the
local minima (from 390 to 425 K), indicates a partial decomposition
of the 1:12 to 3:29 phase. The TC value of the 3:29 phase found in
this work (TC¼ 425 K) is consistent with the values reported in the
literature, that is between TC¼ 413 [48] and TC¼ 440 K [49].

For the sample annealed at 1175 �C, as can be seen from the
heating curve, the decrease in magnetization shows only a single

Fig. 4. Thermomagnetic measurements of Nd1.35Fe11Ti0.6 sample (a) and the derivative
curve (b). The dashed areas are the minimum and maximum TC value found in the
literature for 2:17, 3:29 and 1:12 phases. The applied field of 1T and heating rate of 5
Kmin�1 was used and the magnetization values were normalized in respect to 350 K.
The SEM-BSE image (c) shows 2:17, 3:29 and Nd-rich phases in the microstructure.

Fig. 5. Thermomagnetic measurements of Nd1.15Fe11Ti samples in annealed between
700 and 900 �C (a) and the derivative curves (b). The dashed areas are the minimum
and maximum TC value found in the literature for 2:17, 3:29 and 1:12 phases. The
applied field of 1T and heating rate of 5 Kmin�1 was used and the magnetization values
were normalized in respect to 350 K.
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inflection (global minima) around 560 K, related to the Curie tem-
perature of the NdFe11Ti compound. This result is similar to the one
reported by Suzuki et al. [17], in which similar measurement con-
ditions were used.

As the Curie temperature is well separated between these
phases, one can easily distinguish each other by using the dM(T)/dT
plots, as shown in Figs. 4b, 5b and 6b. Using this method, it was
possible to identify the present phases in the evaluated tempera-
ture range. In summary, annealing between 700 �C and 900 �C leads
to decomposition of 1:12 and nucleation of 2:17; annealing in the
range of 950 �C and 1100 �C, 3:29 nucleate at expenses of 1:12;
single 1:12 phase samples were obtained after annealing at tem-
peratures above 1150 �C.

3.3. Magnetic properties

3.3.1. Isothermal magnetization measurements
Magnetization isotherms were performed using textured pow-

der of the 1:12 single-phase sample (Nd1.15Fe11Ti annealed at
1175 �C) in the easy and hard directions, as displayed in Fig. 7. The
saturation magnetization (Msat) amounts of 137 Am2kg�1 was ob-
tained. An estimation of the anisotropy field (HA) was taken from
the point at which the magnetization curve in the parallel and
perpendicular direction merges. This method yields an anisotropy
field of around 1.5T. The anisotropy field was also determined by
plotting the magnetization in the perpendicular direction as a
function of (m0Happl)

�2, as described by Durst et al. [50]. From the
kink point (Fig. 7-inset graph), an anisotropy field of 1.08T has been
obtained, which is similar to the value reported by Buschow [5].

3.3.2. Magnetic domain observations
The analysis of the Nd1.15Fe11Ti sample (1:12 phase) by means of

magneto-optical Kerr microscopy in Fig. 8 reveals the typical uni-
axial anisotropy domain type in this compound. It is also seen the
existence of twin boundaries (indicated by arrows), as has been
previously shown by Skokov et al. [51] in Gd-Fe-Ti alloy with 1:12
structure. The specific orientation (mirror image) which exists in
the twin pair leads to opposite polar magnetization, explaining the
inverse contrast between these grains [52]. In addition, on Fig. 8,
three grains are numbered with different domain change along the
twin boundary. The grains labeled 1 and 2 have a transition from
stripe to branch like domains. The third grain shows a more com-
plex arrangement with three twins, creating a triple point, where a
transition between two stripe domain regions and branch like
domain take place.

To evaluate the relation of the existing twin boundaries, EBSD
was used to analyze the grain orientation, as show in the in the
inverse pole figure (Fig. 9b). The misorientation between grains
with twins (marked with arrows in Fig. 9b) was found to be a
constant value of 57�±1�. The consistency of this angle is a strong
indication that a lower energy of the twin boundaries is achieved in
this configuration for this system [34].

Fig. 6. Thermomagnetic measurements of Nd1.15Fe11Ti samples in annealed between
900 and 1175 �C (a) and the derivative curves (b). The dashed areas are the minimum
and maximum TC value found in the literature for 2:17, 3:29 and 1:12 phases. The
applied field of 1T and heating rate of 5 Kmin�1 was used and the magnetization values
were normalized in respect to 350 K.

Fig. 7. Isothermal magnetization curve from 1:12 single-phase sample oriented
powder in the parallel and perpendicular directions. The inset shows a plot of
magnetization in the perpendicular direction as a function of (m0Happl)�2 to determine
the anisotropy field (HA¼ 1.08T).

Fig. 8. Kerr micrograph of Nd1.15Fe11Ti sample annealed at 1175 �C. Three grains are
emphasized with different types of domain change along the twin boundary. The ar-
rows shows the observed twin boundaries.
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The existence of twin boundaries has been typically observed in
alloys with low stacking fault energy and is commonly related to
deformation causedby internal or external stresses [53]. In the caseof
1:12phase formation, sincenoexternal stresseswereapplied,onecan
assume that thermal stresses during annealing can play a role in the
twin formation.Anotherpossibility for internal stresses canberelated
to the interfacial strain,whichmayexist between the adjacentphases
during nucleation and growth. This arises because of mismatch be-
tween unit cell parameters of different phaseswith similar structure,
the case of 1:12, 2:17 and 3:29, which can lead to incoherent or semi-
coherent interface and strain associated to it [34].

Similar behavior was also reported by Courtois et al., [54] in the
Y3(Fe,V)29 compound. In their work, the single-crystal of 3:29 was
grown from a 2:17 crystal, in which twins were observed with a
misorientation of 60�. These similarities between the twinning
angles, found in 3:29 and the one reported here for 1:12, can be a
result of the correlation of these structures.

Further detailed investigation needs to be done to understand
the formation of the twin boundaries, since they can play a major
role in the demagnetization mechanism as will be shown in the
following section.

3.3.3. Nucleation of reversal domains in twinned grains
In order to investigate the weak links within the microstructure,

where the reversal domains nucleate, Kerr analysis using in plane
magnetic field were performed in an isotropic suction casted
sample annealed at 1175 �C (single 1:12 phase). Fig. 10 shows the
selected grain with in-plain magnetization (low demagnetization
factor), surrounded by other grains, where the magnetization
makes a significant angle with the surface (high demagnetization
factor). When the sample is saturated in an external magnetic field
of 380mT, and then the field is decreased, first branched magnetic
domains appear in the grains with out-of-plain magnetization, and
in lower fields, the stripe magnetic domains nucleate and grow in
the selected grain. The sequence of Kerr micrographs (Fig. 10aed)
shows, in detail, a grain that is divided in two equal parts by a twin
boundary. For this reason, half of the grain presents dark contrast
and the other half bright contrast in saturated state when a mag-
netic field of 380mT is applied (Fig. 10a). By decreasing the applied
magnetic field to 150mT (Fig. 10b), it was possible to observe the
nucleation of reversal domains starting from the twin boundary
(highlighted by the arrow) growing towards the grain boundary
with further decreasing of the applied field.

As shown in the sequence of micrographs, it is possible to notice
clearly the nucleation and growth of reversal domains without the
presence of pinning centers.

Additionally, when the magnetic field is decrease to 50mT
(Fig. 10c), the reversal domains from the twinned grain directly
affect the adjacent grain, shown by the dashed arrow, indicating a
strong coupling between neighboring grains.

The impact of twin boundaries was reported for Fe-Pd [55] and
Mn-Al [56] ferromagnets and, in summary, was identified to be
deleterious for the coercivity and it can be directly related to the

Fig. 9. EBSD analysis from isotropic Nd1.15Fe11Ti annealed at 1175 �C for 2 h. BSE
contrast (a) and inverse polar figure (b) with arrows showing some of the existing twin
boundaries.

Fig. 10. MOKE analysis from 380mT (a) applied magnetic field (grains with twin boundary saturated) down to 0mT (d-demagnetized state). The arrow showing the nucleation at
the twin boundary with applied field of 150mT (b) and the coupling between adjacent grains at 50mT (c-dashed arrow).
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density of this defect within the microstructure. It was also eval-
uated, by micromagnetic simulations, the possible effect as a
pinning center in the Mn-Al alloys, but it was found that the effect
as nucleation center for reversal domains is more pronounced in
this system [56]. These characteristics are very similar to the ones
found and observed in this work. For this reason, this type of defect
seems to be prejudicial for the magnetic properties.

Another important feature that can be also determinant for low
magnetic properties in the 1:12 compound is the fact that the
grains appears to be magnetically coupled, as mentioned previ-
ously. It is a very determinant factor to obtain high coercivity values
in Nd-Fe-B sintered magnets, in which an Nd-rich layer is covering
the grain boundaries, decoupling the grains and decreasing the
interaction between them [57e59]. Even though, in the 1:12
microstructure of Nd1.15Fe11Ti, the Nd-rich layer is present, it is
mainly agglomerated in the triple junctions and in less amount
compared to the commercially Nd-Fe-B sintered magnets. For this
reason, this has to be taken into account to prevent the magnetic
coupling between grains in bulk magnets and, therefore, improve
the magnetic properties.

The obtained magnetic properties on textured NdFe11Ti samples
show that enhancement of the magnetic properties are necessary
to use these systems in applications. The literature shows the
possibility of improving the anisotropy of the NdFe11Ti system from
1T to 8T by nitrogenation [21] along with an improvement of the
Curie temperature [17]. Even though the intrinsic properties are
enhanced, the reported extrinsic properties of NdFe11TiNx are far
below from the expected values. One reason for this low extrinsic
properties might be the existence of twins in the starting material,
as previously shown. As the nitrogenation processes are carried out
under relative low treatment temperature (between 400 �C and
500 �C), it is not expected to have any modification of the twins as
at these temperatures low atomic diffusion and low mobility is
expected. This might lead to the observed limitations in the
extrinsic properties as twins might be acting as a nucleation center
for reversal domains even in the NdFe11TiNx compound, preventing
the high coercivity values expected based on the anisotropy field of
this material system.

4. Summary

Polycrystalline NdxFe11Ti (x¼ 1.05, 1.10, 1.15, 1.20) alloys were
produced by using a rapid solidification method (suction casting).
Different annealing treatments were applied to the resulting sam-
ples and structural, microstructural and magnetic characterizations
of these samples were done. The results indicate that the fast so-
lidification, which is obtained by the suction casting, is necessary to
achieve the single phase materials, after short annealing, with the
desired ThMn12-type structure. Samples annealed at temperatures
in between 700 and 900 �C show coexistence of ThMn12-type and
Th2Zn17-type structure. The annealing temperatures between 950
and 1100 �C leads to the mixture of ThMn12-type and Nd3(Fe,Ti)29-
type structures. Single phase ThMn12-type samples can be obtained
for the annealing temperatures in the range of 1150e1200 �C.

Off-stoichiometric Nd-rich composition was found to be
necessary to obtain phase-pure materials. Nd1.15Fe11Ti and
Nd1.20Fe11Ti compositions lead to the formation of ThMn12-type
after getting annealed in the temperature range of 1150e1200 �C.
For Nd-lean compositions (x< 1.15 compositions) secondary pha-
ses are observed.

By using complementary methods, we managed to distinguish
different competing Nd(Fe, Ti)12, Nd2(Fe,Ti)17 and Nd3(Fe,Ti)29
phases. Considering the methods used in this study, determination
of chemical composition, via EDS analysis, and thermomagnetic
analysis gives the most accurate determination of the phase purity.

The magnetic measurements done on the textured poly-
crystalline single phase NdFe11Ti sample show a spontaneous
magnetization of 137 Am2kg�1 and anisotropy field of 1.08Tat room
temperature. In addition, the link between microstructure and
extrinsic magnetic properties was studied. The microstructural
analysis (EBSD) and Kerr measurement results indicate the for-
mation of “twin like” structures which have a specific misorienta-
tion of 57�±1�. The analysis of magnetic domains under external
magnetic field, revealed that the twins are nucleation center for
reversal domains, as already observed for other compounds like
Mn-Al and Fe-Pd. This could be one of the reasons for the low
coercivity achieved so far, even in the nitrogenated compound,
which has a high HA of 8T. In addition to the twins, magnetic
domain analysis revealed coupling between the grains, which is
also has to be reduced or eliminated for coercivity development. To
obtain reasonable coercivity from Nd-based ThMn12-type systems
one need to find a way to eliminate the formation of twins and
engineer a proper grain boundary phase to magnetically isolate the
individual grains from each other.
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a b s t r a c t   

The criticality of rare-earth elements and its impact on the permanent magnet market have initiated a 
search for alternative material systems, either to fill the magnetic performance gap between ferrites and 
Nd-Fe-B magnets or to even replace the existing benchmark systems. Ce-based systems are attractive due to 
the abundance of cerium, however the formation of secondary phases leads to challenges for Ce-based 
compounds. We investigated the formation and magnetic properties of ThMn12-type Ce1+xFe11Ti samples 
for x = 0.15 and 0.20 compositions. Microstructural investigations reveal the formation of twin boundaries 
in the ThMn12 grains with a misorientation angle of 58∘ ±  2∘. By varying the chemical composition and 
lowering the annealing temperatures, a grain refinement and reduction in twin boundary density was 
achieved. In addition, the magnetostrictive characteristic of CeFe11Ti-phase was investigated. Around the 
Curie temperature, an M2 behaviour is noted, in contrast to an M3 behaviour at lower temperatures. To 
probe the effect of unit cell compression and expansion on the magnetic properties, magnetic character-
izations were carried out under hydrostatic pressure and after hydrogenation. A slight reduction is observed 
for the measured anisotropy field under 0.45 GPa hydrostatic pressure in the temperature interval of 
10–300 K, which is consistent with the small increase detected for the hydrogenated compound. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

Hard magnetic materials have received increasing attention 
during the last years due to the new developments in renewable 
energies and electric motors [1,2]. The current permanent magnet 
market is mainly shared between the high energy product Nd2Fe14B- 
type magnets and low energy product hard ferrites. Due to the lack 
of proper gap magnets between these two systems, in some appli-
cations (e.g. sensor applications) the Nd2Fe14B-type magnets are in 
use which are performing way under their limits. To minimize the 
use of critical elements it is essential to find alternative gap magnet 
materials which can perform in the mid-energy product region. 

The REFe12−xMx alloys (RE-rare-earth and M-stabilizing 3d metal 
element), which form the ThMn12-type (I4∕mmm) structure, are 
promising hard magnetic material candidates due to their low rare- 

earth content and potentially high intrinsic magnetic properties  
[3–9]. Among the other rare-earth elements, cerium is an interesting 
candidate for the hard magnetic ThMn12-type materials due to its 
relatively high abundance. However, the ThMn12-type binary RE-Fe 
systems are not stable in bulk form, and additional stabilization 
elements must be introduced for increased stability in bulk state  
[10–15]. Among these stabilization elements, Ti stands out as it has 
the smallest atomic concentration for stabilizing the ThMn12-type 
structure, leading to a higher Fe content and, consequently, higher 
magnetization [3]. In literature, different modifications for the im-
provement of the hard magnetic properties of the CeFe11Ti com-
pound have been proposed, including: partial substitution of iron by 
cobalt [16–21], different stabilization elements [22,23] and inter-
stitial incorporation of hydrogen and nitrogen [17,24–28]. 

Akayama et al. reported a reduced magneto-crystalline anisotropy 
for the nitrogenated CeFe11Ti samples [4]. A small increase of the 
magneto-crystalline anisotropy has been reported by Isnard et al. on 
CeFe11TiH compound [27]. Even though the magneto-crystalline ani-
sotropy behaves differently for interstitial H and N, both interstitial 

https://doi.org/10.1016/j.jallcom.2021.158805 
0925-8388/© 2021 Elsevier B.V. All rights reserved.   
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atoms lead to an increase of the Curie temperature related to the unit 
cell expansion and the increase of Fe-Fe exchange interaction [24,27]. 

Apart from these investigations, there are no comprehensive 
studies on the phase formation in correlation with magnetic prop-
erties of ThMn12-type CeFe11Ti system. 

In the present work, we report on the microstructural, structural 
and magnetic properties of ThMn12-type Ce1+xFe11Ti alloys. Detailed 
microstructural observations are compared with the magnetic do-
main structure, in which the formation of twin boundaries in 1:12 
grains are observed. Additionally, lattice thermal expansion is in-
vestigated and correlated to the magnetic properties of Ce1.20Fe11Ti 
sample. The effect of compressive strain, by applying hydrostatic 
pressure, and also expansive strain, by interstitial hydrogen, on the 
anisotropy field of CeFe11Ti compound is reported. 

2. Experimental details 

The off-stoichiometric Ce1+xFe11Ti (x = 0.15 and 0.20) alloys were 
prepared by melting high-purity starting elements (purity above 99.8%) 
in an induction furnace under a purified argon atmosphere. The off- 
stoichiometric compositions were used to suppress the formation of 
the undesired α-Fe phase. The resulting bulk ingots were suction- 
casted by using a commercial arc melting & suction casting setup 
(MAM-1 Edmund Bühler GmbH). To ensure rapid solidification a rec-
tangular cavity with 0.5 mm edge length was used. The suction casted 
plates were wrapped in Mo foil and sealed in quartz ampoules under 
argon atmosphere for annealing. Annealing was carried out for 12 h at 
10 different temperatures: ranging from 700 up to 1150 ∘C in 50 ∘C 
steps. To prevent possible decomposition reactions and to retain the 
phases which are present at the annealing temperature, all samples 
were water-quenched to room temperature. 

Part of the suction-casted plates were ground into powders <63 μm 
to carry out the hydrogenation. All handling steps were done in an Ar 
filled glovebox to avoid surface oxidation. A custom-built pressure re-
actor equipped with a vertical tube furnace for temperature control was 
used. The hydrogenation experiments on the CeFe11Ti powders were 
carried out under 20 bar H2 pressure at 150 ∘C for 20 h. 

Room temperature microstructural analysis and phase determina-
tion of the investigated samples were carried out using scanning 
electron microscope (SEM - Tescan VEGA 3) equipped with back-
scattered electrons (BSE) and energy dispersive x-ray (EDX) detectors. 
Chemical compositions of the observed phases were determined by 
averaging 5 different measurements from different parts of the sample 
to ensure the minimization of statistical errors. 

Electron backscatter diffraction (EBSD) was performed in a FEG- 
SEM (Tescan Mira3) to analyze selected samples and determine the 
grain orientations and calculate the misorientation angle for 
twinned grains. For the determination of misorientation angle, dif-
ferent twinned grains were measured and the obtained results were 
averaged to minimize errors. 

For the observation of magnetic domain structures, magneto- 
optical Kerr effect (MOKE) microscopy measurements were carried 
out by using a Zeiss Axio Imager.D2m light microscope equipped 
with polarization options (from evico magnetics GmbH). The image 
contrast was enhanced by subtracting the non-magnetic averaged 
background image from the collected average image using KerrLab 
software. 

The structural properties were investigated by refining the x-ray 
powder diffraction (XRD) patterns. XRD measurements were carried 
out on powders ground below 60 μm by using a custom build dif-
fractometer with a Mythen2 R 1 K detector (Dectris Ltd.) using Mo Kα 
radiation in transmission geometry. For controlling the temperature, a 
closed cycle He-cryostat (SHI Cryogenics Group) was used. The mea-
surements were taken in the temperature range between 140 K and 
700 K with a cooling/heating rate of 2 K/min and a 10 min dwell time 
for temperature stabilization before collecting the data. To correct the 

geometrical errors, the sample was mixed with NIST 640d standard 
silicon powder and glued on a graphite foil with high temperature 
varnish. Crystal structure determination and unit cell parameter re-
finements were done using the FullProf software [29]. 

Thermomagnetic measurements were carried out using a vi-
brating sample magnetometer (LakeShore 7410). The measurements 
were done in the temperature range between 350 K ≤ T ≤ 700 K with 
a heating rate of 5 K/min under an applied field of 1 T. Isothermal 
magnetic measurements were performed using a physical properties 
measurement system (Quantum Design PPMS14) in the temperature 
range between 10 and 300 K. Prior to the isothermal measurements 
the samples were ground to powder below 20 μm and mixed with 
paraffin wax and encapsulated in an aluminium pan. Afterwards, the 
pan was heated above the melting point of the wax and an external 
magnetic field of 1.3 T was applied for texturing the CeFe11Ti powder. 
The magnetization measurements were performed in the parallel 
and perpendicular direction of the alignment direction for aniso-
tropy field determination. Additionally, the effect of isostatic pres-
sure was investigated by using a high pressure sample cell setup, in 
which a 0.45 GPa pressure was applied to the sample during the 
measurement. 

3. Results and discussion 

The microstructure and phase analysis of the Ce1.15Fe11Ti (see 
Supplementary materials Fig. S1 and S2) and Ce1.20Fe11Ti samples 
were evaluated from the combination of BSE-SEM images and EDX 
analysis. The BSE contrast images of the Ce1.20Fe11Ti samples are 
shown in Fig. 1 in the suction-cast state and after annealing at dif-
ferent temperatures for 12 h. All the images consist of a white and 2 
different grey contrasts. The white contrast is related to the CeFe2- 
Laves phase, while the dark grey corresponds to a mixture of α-Fe(Ti) 
and Fe2Ti-Laves phase and the light-grey which corresponds to the 
CeFe11Ti. The chemical compositions of these phases are determined 
from the EDX measurements and listed with their corresponding 
error range in Table 1. More detailed information about micro-
structure and micrographies are presented in Supplementary ma-
terials. 

In addition to the chemical compositional analysis, room tem-
perature XRD measurements of these samples were carried out (see 
Supplementary materials Fig. S3 and S4) and the obtained results 
agree with the findings of the BSE-SEM. The corresponding Rietveld 
refinements confirm the formation of four phases; i) Fe2Ti-Laves 
phase with the space group of P63/mmc (#194), ii) CeFe2-Laves phase 
with the space group of Fd-3m (#227), iii) ThMn12-type CeFe11Ti 
with the space group of I4/mmm (#139) and α-Fe with the space 
group of Im-3m (#229). 

The microstructure in the suction-cast state Ce1.20Fe11Ti consists 
of very fine and homogeneously distributed Laves- (Fe2Ti and CeFe2), 
and CeFe11Ti phases - a corresponding image with higher magnifi-
cation is given in Supplementary materials (Fig. S2). This homo-
geneous microstructure has been proved to be suitable to reduce the 
annealing time in comparison to coarser microstructure [12]. As can 
be seen from Fig. 1, the optimum annealing temperature for the 
highest ThMn12-type phase fraction is achieved at 850 ∘C, with a 
small fraction of CeFe2 (less than 8 wt%), and complete absence of 
the soft magnetic α-Fe phase. A further increase of the annealing 
temperature leads to the formation of undesired Fe2Ti and α-Fe 
phases combined with CeFe11Ti grain coarsening. Based on these 
results, we selected the Ce1.20Fe11Ti sample which was suction-cast 
and annealed at 850 ∘C for 12 h for further analysis. Similar annealing 
studies were carried out for Ce1.15Fe11Ti samples and the results 
show that the highest phase ratio of ThMn12 is obtained for the 
sample annealed at 950 ∘C. The ThMn12 grains are coarser in com-
parison to the Ce1.20Fe11Ti sample annealed at 850 ∘C (all data not 
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shown here), as expected from the higher annealing temperature, as 
exemplified on Fig. 2a and 2b. 

The magneto-optical Kerr effect (MOKE) microscopy images of 
the Ce1+xFe11Ti samples are shown in Fig. 2c and 2d in comparison 
with the corresponding room temperature BSE images (Fig. 2a and  
2b). The microstructure of the Ce1.15Fe11Ti sample annealed at 950 ∘C 
show grains with an average size between 20 and 30 μm. The cor-
responding magneto-optical Kerr effect (MOKE) image shows star- 
and maze-like domain structures which are correlated to the uni-
axial anisotropy of ThMn12-type Ce(Fe,Ti)12 system. 

Fig. 1. BSE contrast SEM images of the Ce1.20Fe11Ti samples in (a) the suction-cast state and after annealing at (b) 700 ∘C, (c) 850 ∘C, (d) 900 ∘C, (e) 1000 ∘C and (f) 1100 ∘C for 
12 h. Corresponding compositions of the phases labeled with letters can be found in Table 1. 

Table 1 
Chemical composition analysis of the occurring corresponding phases. Corresponding 
labels are also indicated in Fig. 1 and Fig. S2 in Supplementary materials.     

Label Composition Phase  

A Ce32.90 ± 0.27Fe66.59 ± 0.28Ti0.50 ± 0.03 CeFe2-Laves 
B Ce8.23 ± 0.16Fe84.53 ± 0.12Ti7.24 ± 0.11 Ce(Fe,Ti)12 

C Ce1.65 ± 0.28Fe72.60 ± 0.56Ti25.75 ± 0.84 Fe2Ti-Laves 
D Ce0.83 ± 0.13Fe93.26 ± 0.25Ti5.91 ± 0.13 α-Fe(Ti) 

*Comparison of the phases are shown in detail in Supplementary materials.  

Fig. 2. Room temperature BSE contrast images of (a) Ce1.15Fe11Ti (annealed at 950 ∘C) and (b) Ce1.20Fe11Ti (annealed at 850 ∘C) samples and (c,d) corresponding MOKE images.  
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Some of the CeFe11Ti grains of the Ce1.15Fe11Ti sample show the 
appearance of twin boundaries, which were already reported for 
Gd- and Nd-based 1:12 that can act as a nucleation center for re-
versal domains, decreasing the coercivity of such compounds  
[12,30]. MOKE microscopy is a very useful tool as different twin 
variants show different domain patterns which are originated from 
the alternating crystal orientations. Even though the BSE contrast 
image show no significant contrast changes in the grains, the MOKE 
image exhibit some changes of the domain pattern within the grain 
which indicates the formation of twins. Similar SEM and Kerr images 
obtained for the Ce1.20Fe11Ti sample, annealed at 850 ∘C, indicate that 
the grains of the ThMn12-type phase have average size around 7 μm 
(calculated from the EBSD analysis). The domain structure of the 
Ce1.20Fe11Ti sample also shows features of high magneto-crystalline 
anisotropy coming from the ThMn12-type phase but twins were not 
observable from the MOKE images. 

To evaluate the microstructure further and confirm the formation 
of twins also for the Ce1.20Fe11Ti sample, EBSD was used and the 
results of the analysis are shown in Fig. 3. For a better visualization, 
the twins are marked with arrows both in the image quality (IQ) and 
inverse pole figure (IPF) maps. The misorientation angle between the 
two variants of the twin was found to be 58∘ ±  2∘ (see Fig. 3c). Similar 
angle were reported also for different ThMn12-type structures with 
different rare-earth elements [12]. The twin formation has been 
reported for material systems with low stacking fault energy and is 
commonly related to internal or external stresses. As there was no 
external stress applied to the Ce1.20Fe11Ti, one can rule out the 
external stress but it is possible that internal stresses which were 
existing during the rapid solidification and annealing may play a role 
for the formation of twins. Additionally, the starting off-stoichio-
metric composition may play a role for the formation of twins as the 
compositional space of ThMn12-type is quite limited and excessive 
cerium during the solidification may create an internal stress. 

In addition to the microstructural analysis, temperature-depen-
dent XRD was carried out. Fig. 4 shows the temperature dependence 
of the unit cell parameters a and c and the unit cell volume V for the 
ThMn12-type phase of the Ce1.20Fe11Ti sample. The symbols corre-
spond to the unit cell parameters obtained from the Rietveld re-
finement of each corresponding temperature. Solid black lines 
indicate the linear fit of 3 different temperature intervals where 
linear-like behaviours are observed and the dashed line corresponds 
to the Curie temperature (TC)-as will be presented later. Above the 
Curie temperature, the observed linear thermal expansion only show 
the phonon contribution. One can extrapolate this high temperature 
(above TC) linear fit to lower temperatures to extract the effect of 
magnetism to the linear thermal expansion. In the paramagnetic 
region of the Ce1.20Fe11Ti, the thermal expansion is almost isotropic 
showing a similar linear thermal expansion coefficient for both 
a− and c−axis (see Fig. 5). Well below the Curie temperature, where 
the Ce1.20Fe11Ti is ferromagnetic with uniaxial anisotropy, the linear 
thermal expansion coefficients αa and αc clearly differ from each 
other, which indicates an anisotropic effect of magnetism to the 
thermal expansion. Additionally, around the Curie temperature both 
unit cell parameters and the unit cell volume show an anomaly 
which is an Invar-type anomaly. This kind of Invar-type anomaly is 
due to the large magnetostrictive deformation of the magnetically 
ordered lattice originating from the magnetic anisotropy and mag-
netic exchange interactions of the rare-earth elements and 3d 
transition metals. For the rare-earth transition-metal alloys, the 
magnetostriction depends slightly on the rare-earth element and is 
mainly caused by the Fe-Fe exchange interaction. Similar Invar-like 
anomalies have been reported for different rare-earth transition- 
metal systems like RE(Fe,Nb)12 [31], RE2Fe17 [32] and Y2(Fe1−xCox)14B  
[33]. Both a unit cell parameter and the volume presented in the  
Fig. 4 show a small dip around 240 K region, which corresponds to 
the Curie temperature of the CeFe2-Laves phase. As previously 

mentioned, this sample show 8 wt% of secondary CeFe2-Laves phase 
and, as presented in Fig. S6 in Supplementary materials, an Invar 
type anomaly is also observed for this phase. Considering the co-
existence of the matrix ThMn12-type phase along with the secondary 
Laves phase, this observed small dip around 240 K can be related to 
the magnetostriction of the CeFe2-Laves phase [34,35]. 

The linear thermal expansion coefficients of the ThMn12-type 
structure are calculated for the both a− and c−axis and also for the 
unit cell volume V and the results are shown in Fig. 5. For the de-
termination of linear thermal expansion coefficients of unit cell 
parameters (αa and αc) the following equations are used; 

= =
a

a
T c

c
T

1
and

1
a

K
c

K140 140 (1) 

Fig. 3. Room temperature microstructural analysis of the Ce1.20Fe11Ti annealed at 
850 ∘C samples with (a) the image quality (IQ) contrast image, (b) corresponding 
inverse pole figure (IPF) images. Observed twins are highlighted with arrows. 
(c) Point-to-origin misorientation angle measurement through the twin boundary 
where the measurement line is indicated in IQ and IPF images with black line. 
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where, a140K and c140K corresponds to the unit cell parameters of 
a and c at lowest measured temperature of 140 K and T is tem-
perature. Similarly, the linear thermal volume expansion parameter 
(αV) was obtained by using the calculated volume value of each 
temperature. Both the αa and αV show quite different averaged 
thermal expansion coefficient values above and below the TC. In 
contrast, for the whole measured temperature range, the αc show no 
significant change. Both αa and αV show negative values of thermal 
expansion at the TC which indicates the effect of uniaxial magneto- 
crystalline anisotropy and contraction in the a − b basal plane. 

In order to determine the magnetic properties of the Ce1.20Fe11Ti 
sample, thermomagnetic and isothermal magnetization measure-
ments were carried out and the results are shown in Fig. 6. For the 
estimation of the TC the first derivative of the thermomagnetic 
measurement is used and the data is shown in Fig. 6 inset. As the 
thermomagnetic measurements were carried out under 1 T external 
magnetic field the measured TC is expected to be higher than the 
actual value. The Curie temperature estimated from the first deri-
vative of the M(T) measurement is 487 K. Additionally, the para-
magnetic Curie temperature is calculated from the Curie-Weiss law. 

The temperature dependence of the paramagnetic susceptibility 
follows the Curie-Weiss law χ = C∕(T − Θ) with paramagnetic Curie 
temperature Θ = 482 K which is slightly lower than the TC obtained 
from the δM∕δT. At high temperatures (above 600 K) a slight increase 
in the magnetization is observed due to formation of α-Fe during the 
measurement. 

For direct correlation of the thermal expansion, the deviation of 
the c unit cell parameter (Δc) from the Debye model is plotted 
together with the temperature dependence of the magnetization 
square and magnetization cube and shown in Fig. 7. For calculating 
the Δc, the high temperature linear thermal expansion of the unit 
cell parameter c is extrapolated from the high temperature region 
(see Fig. 4) and the difference between the data and the extrapolated 
region gives the Δc value. Direct comparison of the Δc to the mag-
netization follows an M2 behaviour around the Curie temperature 
and an M3 behaviour for low temperatures. The inset in Fig. 7 shows 
a direct comparison of different power laws of magnetization versus 
the Δc. The M2 behaviour around the Curie temperature and M3 

behaviour at lower temperatures were observed which are shown in 
blue and red colors in Fig. 7, respectively. These observed M2 and M3 

behaviours agree well with established theoretical models of 
magnetostriction [36–38]. For a similar material system with 
ThMn12-type structure Salazar et al. reported an M3 behaviour for 
the whole temperature region and relate this M3 behaviour to single- 
ion contribution to the magnetostriction [39]. 

Isothermal magnetization measurements of the Ce1.20Fe11Ti were 
performed on textured powder at room temperature. Magnetic 
measurements were done along two different directions, parallel 
and perpendicular to the texture direction for the estimation of the 
anisotropy field. In Fig. 6b, a direct observation of the anisotropy 
field is not straightforward from these textured powder measure-
ments. For a more precise determination of the anisotropy field, the 
method established by Durst and Kronmüller is used which is widely 

Fig. 4. Temperature dependence of the unit cell parameters (a, c) and unit cell volume 
(V) of ThMn12-type phase of Ce1.20Fe11Ti sample. The error bars are also shown in the 
figures. For the unit cell parameter c and the volume V the estimated errors are 
smaller than the symbol size. 

Fig. 5. Linear thermal expansion coefficients of the unit cell parameters (a, c) and the 
unit cell volume (V) of ThMn12-type phase of Ce1.20Fe11Ti sample. 
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used for hard magnetic polycrystalline systems [40]. In this method, 
the anisotropy field is estimated from the M(T−2) curves using the 
minimum which is obtained from the first derivative of the M(T−2) 
plot. The value estimated by the Durst and Kronmüller method gives 
the value of Ha = 2.57 T. For the confirmation of this method we also 
estimate the anisotropy field value by using the Sucksmith- 

Thompson method [41] which agrees with the Durst and Kronmüller 
method. Additionally, due to the formation of twins in the 
micro-structure of the ThMn12-type phase, it is not possible to 
achieve a good texture. As a result of it, the perpendicular direction 
measurements deviate from ideal hard direction measurements 
(red curve in Fig. 6b). 

The literature shows a significant reduction of the anisotropy 
fields with nitrogenation of CeFe11Ti [4,42]. In contrary, as shown in  
Fig. 8, the hydrogenation slightly increases the anisotropy of the 
CeFe11Ti system which is in good agreement with the literature [27]. 
As these hydrogen and nitrogen atoms occupy the interstitial posi-
tions in the unit cell, they cause a lattice expansion that leads to an 
increase of Curie temperature. After nitrogenation, the Curie tem-
perature of CeFe11Ti increases from 487 to 765 K, approximately. 
Similar increase is observed for the hydrogenated CeFe11TiHx sample 
where the Curie temperature of approx. 540 K is observed. The 
anomalous behaviour of the anisotropy field of the CeFe11TiNx is 
attributed to the Kondo screening [42] which is not the case for 
CeFe11TiHx. The room temperature XRD patterns of the CeFe11Ti and 
CeFe11TiHx samples are given in Fig. S5 in the supplementary 
materials. Prior to hydrogenation, the Rietveld analysis results 
in the unit cell parameters of a = 8.5333  ±  0.0005 Å and 
c = 4.7881  ±  0.0003 Å for the ThMn12-type phase. After hydrogena-
tion, the unit cell parameters obtained from the Rietveld analysis 
for CeFe11TiHx phase changed to a = 8.5704  ±  0.0006 Å and 
c = 4.8069  ±  0.0003 Å. As expected from the interstitial hydrogen 
modification, an expansion of the unit cell parameters is observed. 
The tetragonality (c/a) does not change significantly after 
hydrogenation. For a better comparison, the structural parameters 
and the measured anisotropy field values are compared in Table 2. 
The anisotropy field values can not be directly correlated to the 
tetragonality of the unit cell. Observed lattice expansion is lower for 
hydrogen in comparison to nitrogen but leads to a higher anisotropy 
field. These results indicate that the lattice expansion and tetra-
gonality do not have a monotonous relation with the anisotropy field 
values. Literature reports the effect of Kondo screening of the Ce-4f 
electrons in the nitrogenated samples. Further theoretical calcula-
tions are necessary to understand the effect of hydrogen on the 
Kondo screening behaviour. 

The effect of external hydrostatic pressure on the anisotropy field 
values of Ce1.20Fe11Ti sample is given in Fig. 8. A hydrostatic pressure 
of 0.45 GPa leads to a small reduction of the anisotropy field. The 
anisotropy field at room temperature (300 K) is reduced by 5.5% 

Fig. 6. (a) Thermomagnetic measurement of Ce1.20Fe11Ti sample under 1 T external 
magnetic field and the inset shows the first order temperature derivative of the 
magnetisation data for the determination of Curie temperature. (b) Room tempera-
ture isothermal magnetization measurements of textured Ce1.20Fe11Ti along and 
perpendicular to the alignment direction. A comparison with the sample Ce1.15Fe11Ti 
is given in Supplementary materials-Fig. S7. (For interpretation of the references to 
colour in this figure, the reader is referred to the web version of this article.) 

Fig. 7. Direct comparison of the change of deviation of the c unit cell parameter from 
Debye model and the temperature dependences of M2 and M3. The inset shows the 
linear regions of the Δc and magnetization powers. (For interpretation of the refer-
ences to colour in this figure, the reader is referred to the web version of this article.) 

Fig. 8. The anisotropy fields calculated from the Durst and Kronmüller method both 
for CeFe11Ti sample under 0 GPa and 0.45 GPa external hydrostatic pressure together 
with hydrogenated CeFe11Ti sample. 

F. Maccari, S. Ener, D. Koch et al. Journal of Alloys and Compounds 867 (2021) 158805 

6 



whereas the reduction at 10 K is only 1.6%. These results indicate that 
both chemical expansion of the unit cell by nitrogenation and 
compression of the unit cell by external hydrostatic pressure reduces 
the anisotropy field values whereas the hydrogenation is working in 
the opposing direction. Additionally, the expansion of the unit cell 
leads to an increase of the Curie temperature and the compression of 
the lattice should reduce the TC, which can be one of the reasons for 
the observed results. 

4. Summary and conclusions 

Polycrystalline Ce1.20Fe11Ti and Ce1.15Fe11Ti samples were pro-
duced by using a rapid solidification method (suction casting). 
Different annealing treatments were applied to the suction-cast 
samples and microstructural, structural and magnetic characteriza-
tions were carried out. Results of different annealing temperatures 
indicate that the optimum annealing temperature for Ce1.20Fe11Ti 
sample is 850 ∘C for 12 h. Detailed MOKE microscopy and EBSD 
analysis indicate the formation of twin boundaries, which have been 
also reported for other ThMn12-type structures with different rare- 
earth elements. The misorientation angle between the twin variants 
is measured to be 58∘ ±  2∘ from the EBSD measurements. The for-
mation of twins in the microstructure makes these materials not 
suitable for proper texturing but with a proper control of the 
microstructure the formation of the twins can be suppressed. 

The temperature dependence of the unit cell parameters and unit 
cell volume shows an anomaly at the Curie temperature which is 
related to the Invar-type behaviour. This Invar-type anomaly is due 
to the large magnetostrictive deformation of the lattice originating 
from the exchange interaction and magneto-crystalline anisotropy of 
the ThMn12-type structure. Around the Curie temperature an M2 

behaviour of the magnetostriction is observed whereas an M3 

behaviour is observed for low temperatures both behaviours 
agreeing well with the theoretical models of the magnetostriction. 

Isothermal magnetization measurements of CeFe11Ti compound 
under hydrostatic pressure have shown a slight decrease in the 
anisotropy field values in the investigated temperature range. The 
reduction of the spontaneous magnetization is attributed to 
the expected reduction of the Curie temperature under 0.45 GPa 
hydrostatic pressure. The anisotropy field values estimated for the 
CeFe11TiH sample show a slight increase in agreement with the lit-
erature which show a different behaviour than the CeFe11TiN 
sample. 
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1. Supplementary materials

As a comparison to the microstructure shown in the manuscript for the

Ce1.20Fe11Ti, Fig. S1 shows the microstruture of Ce1.15Fe11Ti samples in differ-

ent conditions, including as suction casted state and after annealing at different

temperatures. It worth mentioning that during the annealing at 1150◦C the

sample was molten and lost its shape, which can be also denoted by the coarse

microstructure and large grains of α-Fe(Ti). The different phases shown in Fig.

S1 were also evaluated by SEM-EDS. The chemical composition of the different

phases lies in the range shown for Ce1.20Fe11Ti in Table 1 from the manuscript.
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Fig. S1. BSE contrast SEM images of for Ce1.15Fe11Ti samples in (a) the

suction-cast state and after annealing at (b) 750◦C, (c) 800◦C, (d) 950◦C, (e)

1100◦C and (f) 1150◦C for 12 hours.

High-resolution scanning electron microscopy images of Ce1.20Fe11Ti sam-

ples in the as-cast and after annealing at 850◦C are shown in Fig. S2. High

resolution images confirm the formation of CeFe2- (labelled with ”A”), Fe2Ti-

Laves (labelled with ”C”) and Ce(Fe,Ti)12 (labelled wiht ”B”) phases in the

as-cast state. Additionally, a small amount of Ce2(Fe,Ti)17-type phase is ob-

served (shown with dashed lines). After annealing at 850◦C main phase of

Ce(Fe,Ti)12 (labelled wiht ”B”) with a small amount of CeFe2- (labelled with

”A”) are observed.

2



Fig. S2. BSE contrast SEM images of for Ce1.20Fe11Ti samples in (a,c) the

suction-cast state and (b,d) after annealing at 850◦C for low (a,b) and high

(c,d) magnifications.

Fig. S3 show the phase ratios (in weight percent) after annealing at different

temperatures for Ce1.20Fe11Ti sample series. Additionally, Fig. S4 shows the

unit cell parameters for the observed phases after annealing, in which is possible

to notice that there are no significant changes in these parameters.
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Fig. S3. Crystallographic phase ratios of the annealed Ce1.20Fe11Ti samples

obtained from the Rietveld refinement of the room temperature XRD patterns.
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The room temperature XRD patterns of the CeFe11Ti and CeFe11TiHx sam-

ples are shown in Fig. S5. Both of the measured patterns show the ThMn12-type

structure as the main phase. In the case of CeFe11Ti a small amount (less than 8

wt.%) of secondary phase of CeFe2-Laves phase is observed. Corresponding high

intensity Laves peaks are indicated with ∗ symbol in the diffraction patterns.

The inset highlights the peak position shift related to the unit cell expansion

after hydrogenation.
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Fig. S5. Room temperature XRD patterns of CeFe11Ti and CeFe11TiHx sam-

ples. The inset shows the high intensity Bragg reflections region of the diffraction

pattern.

The temperature dependence of the unit cell parameters of the CeFe2-Laves

phase is shown in Fig. S6. The secondary CeFe2-Laves phase crystallizes cubic

C15 crystal structure. The dashed lines show the reported Curie temperatures

of the CeFe2-Laves phase [1–4].
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secondary phase. The dashed lines are indicating the reported Curie tempera-

tures in the literature.

The room temperature hysteresis measurements of Ce1+xFe11Ti samples

were carried out on the textured samples and the results are shown in Fig.

S7. As it can be seen from the hysteresis measurements of the textured samples

(where the particle size is below 20 µm) the samples show low remanent magne-

tization and coercivity values. These observed low values can be attributed to

the decremental effects of twin boundaries on the extrinsic magnetic properties.

A detailed microstructure engineering is necessary to get the maximum energy

product out of these material system by controlling the formation of twins and

proper grain boundary phases.
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a b s t r a c t 

Nd 2 Fe 14 B-type materials exhibit the highest energy product around room temperature and hence domi- 

nate the high-performance permanent magnet market. Intensive research effort s aim at alternative ma- 

terial systems containing less critical elements with similar or better magnetic properties. Nd- and Sm- 

based compounds with a ThMn 12 -type structure exhibit intrinsic properties comparable or even superior 

to Nd 2 Fe 14 B. However, it has not been possible to achieve technically relevant coercivity and remanent 

magnetization in ThMn 12 -based bulk sintered magnets. Using SmFe 11 Ti as a prototypical representative, 

we demonstrate that one important reason for the poor performance is the formation of twins inside 

micro-crystalline grains. The nature of the twins in SmFe 11 Ti was investigated in twinned “single crys- 

tals” and both bulk and thin film poly-crystalline samples, using advanced electron microscopy and atom 

probe tomography as well as simulations and compared with benchmark Nd 2 Fe 14 B. Both micro-twins 

and nano-twins show a twin orientation of 57 ±2 ° and an enrichment in Sm, which could affect domain 

wall motion in this material. Micromagnetic simulations indicate that twins act as nucleation centers, 

representing the magnetically weakest link in the microstructure. The relation between twin formation 

energies and geometrical features are briefly discussed using molecular dynamic simulations. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

1. Introduction 

Nd 2 Fe 14 B-type magnets are key components in electro-mobility, 

wind turbines, robotics and automatization with expected strong 

increases in demand in all sectors. The rare-earth (RE) supply cri- 

sis of ten years ago led to a drastic increase in prices and revealed 

the dependency on critical RE elements [1] for the production of 

high performance permanent magnets. Significant efforts are on- 

going to find alternative material systems which present magnetic 

properties similar or superior to those the Nd 2 Fe 14 B benchmark, 

but which contain less critical elements [2] . 

∗ Corresponding author. 

E-mail address: semih.ener@tu-darmstadt.de (S. Ener). 

RE-lean Nd- and Sm-based alloys with ThMn 12 -type structures 

(tetragonal I4/mmm #139) have been known for more than 30 

years. More recently, in 2015, Hirayama et al. reported the intrinsic 

magnetic properties of NdFe 12 N x thin films (saturation magnetiza- 

tion μ0 M s ~ 1.66 T, anisotropy field μ0 H a ~ 8 T and Curie temper- 

ature T c ~ 550 °C) to be superior to those of Nd 2 Fe 14 B [ 3 , 4 ]. How- 

ever, the ThMn 12 -type structure was preserved only in thin-films 

with thicknesses up to 360 nm. A major drawback of the NdFe 12 N x 

system is the necessity of interstitial modification by nitrogen to 

obtain high saturation magnetization, anisotropy field and T c . De- 

composition of the nitride starting from around 570 °C prevents 

conventional densification via sintering or hot pressing. Nonethe- 

less, investigations of materials with the Nd(Fe,X) 12 -composition 

show the possibility to stabilize ThMn 12 structure in the bulk state 

by addition of doping elements, such as Cr, V, Ti, Mo, W or Si [ 5 , 6 ], 

https://doi.org/10.1016/j.actamat.2021.116968 

1359-6454/© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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that substitute Fe atoms. Among these elements, Ti is very effec- 

tive and stabilizes the structure with minimal doping (approx. 7.7 

at.%) [7] . 

The sign of the Stevens factor αJ of Sm 

3 + is opposite to that of 

Nd 

3 + , and as a consequence Sm(Fe,Ti) 12 exhibits a high anisotropy 

field ( μ0 H A ~ 10 T at room temperature [8] ) without any intersti- 

tial modification, which makes it a promising material for the pro- 

duction of anisotropic bulk and fully dense permanent magnets. 

In 2017, Hirayama et al. reported that the intrinsic magnetic prop- 

erties of cobalt doped Sm(Fe 1 −x Co x ) 12 thin films are superior to 

those of Nd 2 Fe 14 B [9] . Other studies showed that the addition of 

Zr reduces the Ti concentration required to stabilize the ThMn 12 - 

type structure in Sm-based bulk samples [ 10 , 11 ]. Zr substitution 

also leads to an increase in the saturation magnetization, but the 

anisotropy field decreases. 

Even though the intrinsic magnetic properties of both Nd and 

Sm based ThMn 12 -type thin films are reported to be superior to 

those of Nd 2 Fe 14 B, the production of bulk ThMn 12 -type structures 

remains challenging [12–20] . The hardness parameter, defined as: 

κ = 

√ 

K 1 

μ0 M 

2 
s 

(1) 

quantitatively determines the probability of resisting self- 

demagnetization when hard magnetic materials are fabricated 

in any possible shape. An empirical rule of thumb to select mate- 

rials as potential candidates for application as permanent magnet 

[21] is that κ must be significantly greater than one. For Nd 2 Fe 14 B 

the κ value is 1 . 5, while it rises to a value of 2.1 for SmFe 11 Ti [22] . 

The excellent intrinsic magnetic properties measured on single 

crystalline samples ( K 1 , M s ) and the high value of the hardness 

parameter κ cannot guarantee the direct use of the material for 

permanent magnet production. Indeed, each class of hard mag- 

netic material requires its own special micro- and nanostructure, 

which needs to be controlled by utilizing peculiarities of the 

phase diagram and solid-state phase transformations. More impor- 

tantly, in the context of this work, defects resulting from phase 

formation under specific processing regimes can serve as centers 

where reverse magnetic domains nucleate and propagate even in 

weak magnetic fields, thereby drastically reducing the coercivity 

of the sample. Due to the above mentioned promising intrinsic 

properties, the SmFe 11 Ti material is selected as a prototypical 

representative for ThMn 12 -type materials. 

Fig. 1 compares coercivity values from literature of bench- 

mark Nd 2 Fe 14 B-based materials [23–46] and Sm(Fe,X) 12 -based ma- 

terials [ 20 , 47–61 ], as a function of grain size. For the Nd 2 Fe 14 B 

system coercivity values up to 2.95 T have been reported for 

thin films, while coercivity around 1.95 T have been achieved 

for sintered bulk samples. Even though the Sm-based ThMn 12 - 

systems show similar anisotropy field, the reported coercivity 

values do not surpass 1.1 T in melt-spun ribbons. The high- 

est coercivity reported for the ThMn 12 -type bulk system is 1.07 

T for Sm 8 Fe 75.5 Ga 0.5 Ti 8 V 8 . Recently, coercivities of 1.2 T and 

1.26 T has been reported for Sm(Fe 0.8 Co 0.2 ) 12 B 0.5 thin films 

and Sm 0.815 Zr 0.185 (Fe 0.81 Co 0.19 ) 11.19 Ti 0.81 mechanochemically syn- 

thesized oriented particles, respectively, as indicated by the dashed 

line in Fig. 1 . For Sm-Fe-Ti ternary compositions the reported coer- 

civity values do not surpass 0.51 T, as indicated by a dotted line in 

Fig. 1 . 

A possible explanation for the low coercivity of SmFe 11 Ti-based 

magnets may be the absence of a non-magnetic grain bound- 

ary phase which magnetically decouples adjacent grains, as found 

in classical Nd 2 Fe 14 B-type sintered magnets [63] . Another reason 

might be the presence of macroscopic twin boundaries and micro- 

scopic slip-bands, which were previously reported in ThMn 12 -type 

structures [ 50 , 64 , 65 ]. Although the twins have been observed in 

Fig. 1. Comparison of reported coercivity values as a function of grain size. Open 

symbols and full symbols correspond to Nd 2 Fe 14 B and Sm(Fe,X) 12 systems, respec- 

tively. Different colors correspond to different sample production methods and 

shaded areas are guides to the eye. The highest reported coercivity of a ThMn 12 - 

type structure is shown by the dashed line [62] . The highest reported coercivity for 

a ternary Sm(FeTi) 12 sample is shown by the dotted line [55] . 

different ThMn 12 -type material systems before, up to now, their in- 

fluence on the physical properties were not investigated in detail. 

It is important to state that there are no reports on twins in high 

performance magnets based on Nd 2 Fe 14 B-, SmCo 5 -, Sm 2 Co 17 - and 

Sm 2 Fe 17 N x -type rare earth transition metal phases. In contrast and 

equally important, a mixture of stacking faults, anti-phase bound- 

aries and abundant twins have been shown to occur in rare earth 

free L1 0 -type hard magnetic phases. For the Fe-Pd, Fe-Pt and Co-Pt 

systems twins conjugate along {110}-planes, while for MnAl sys- 

tems twins conjugate along {111}-planes. These twins can form 

during a diffusional transformation or recrystallization [66–74] . In 

2001, Attané et al., reported that micro-twins observed in FePt 

films act as pinning centers that increase coercivity [75] . Micro- 

scopic twins and stacking faults observed in Co-based high-density 

magnetic recording media materials such as CoCr and CoCrPt were 

also credited with increasing coercivity [ 76 , 77 ]. On the other hand, 

twins in Mn-Al have been reported to be deleterious for coerciv- 

ity, by decreasing locally the energy necessary to nucleate reversed 

magnetic domains [78] . The bivalent role that twins appear to play 

in different hard magnetic material systems highlights the impor- 

tance of a deeper understanding of the link between microstruc- 

ture and magnetic properties in such technologically important 

materials. 

To date, no detailed investigation has been reported on the na- 

ture of twins in SmFe 11 Ti-based compounds and their effect on 

the hard-magnetic properties. In this study, we address this issue 

by comprehensively investigating twins at different length-scales 

in (1) twinned bulk crystals, (2) poly-crystalline bulk samples and 

(3) poly-crystalline thin films. At various stages we also refer to 

the benchmark Nd 2 Fe 14 B to elucidate commonalities and dispari- 

ties. We reveal changes in atomic ordering across twin-like struc- 

tures and a change in composition at the twin boundaries with 

respect to the adjacent lattice, using advanced electron microscopy 

and atom probe tomography. Micromagnetic modeling support our 

experimental results and elucidate how twins influence local and 

global magnetization reversal and ultimately macroscopic hystere- 

sis properties in the SmFe 11 Ti system. We also consider how twin 

formation is associated with the accumulation of internal stresses 

during solidification and grain growth during thermal treatments, 

as a consequence the energy of the twin formation is becoming 
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more favoured in comparison to the formation of specific grain 

boundaries. Molecular dynamics shows that there is a fine balance 

between twin formation and certain grain boundary phases. In this 

work, we study in detail on all length scales how twins act as a 

weak link in the magnetic hardening of ThMn 12 -type permanent 

magnets. 

2. Experimental and simulation details 

Poly-crystalline and single-crystalline sample preparation and 

characterization: Polycrystalline Sm 1 . 25 Fe 11 Ti ingots were prepared 

by melting high-purity ( > 99.99%) starting elements in an induction 

furnace under a purified argon atmosphere. Using an arc-melting 

setup, the ingot was suction-cast into a rectangular slab of 0.5 mm 

thickness, to ensure fast solidification/cooling (approx. 10 3 K. s − 1 ). 

The suction-cast slabs were wrapped in Mo foil, sealed in quartz 

ampules under Ar atmosphere and annealed at 1175 °C for 30 min 

to stabilize the Sm(Fe,Ti) 12 phase and then quenched in room tem- 

perature water. It is worth mentioning that an off-stoichiometric 

(higher Sm concentration) composition was used to compensate 

for evaporation losses during the melting and annealing proce- 

dures. 

Structural characterization and phase determination of the an- 

nealed samples were done using room temperature x-ray pow- 

der diffraction (XRD). The measurements were carried out on a 

Stoe Stadi P diffractometer with Mo K α1 radiation, in transmis- 

sion mode and an angular 2 θ range from 5 ° to 50 ° Phase match- 

ing and structural refinements were performed using FullProf soft- 

ware [79] . Microstructural analysis was carried out using a Tescan 

VEGA3 scanning electron microscope (SEM) with secondary elec- 

tron (SE) and backscattered electron (BSE) detectors. The chemical 

composition of the observed phases was determined by energy- 

dispersive X-ray spectroscopy (EDS) measurements. 

Magneto-optical Kerr effect (MOKE) measurements were per- 

formed on a Zeiss Axio Imager.D2m microscope with polarized 

light function equipped with an electromagnet (evico magnetics 

GmbH). The MOKE measurements were done using polar contrast 

mode to ensure highest contrast between the magnetic domains 

pointing in opposite directions. To enhance the magnetic contrast 

of the images, the non-magnetic background image was subtracted 

from the measurement images by using the KerrLab software. 

SmFe 11 Ti single crystals were produced by re-melting 

Sm 1 . 25 Fe 11 Ti polycrystalline samples and then slowly cooling 

them at a rate of 1 °C/h. Re -melting was carried out in a ZrO 2 

crucible in a sealed quartz tube under a protective Ar atmosphere. 

The obtained particles, of typical size 50 0–10 0 0 μm, were mechan- 

ically separated from each other and they are referred as twinned 

crystals. Selected crystals were oriented using back-scattering 

Laue x-ray diffraction and mounted for magnetic characterization 

along three different directions: [100] , [110] and [001]. Magnetic 

measurements were performed at room temperature using a 

PPMS-VSM (Quantum Design PPMS-14) under external applied 

magnetic fields of up to 14 T. For investigation of magnetic domain 

structures by the MOKE technique, two twinned single crystals 

were used. The observation surface of one crystal was polished 

perpendicular to the [100] direction (in-plane magnetization) and 

that of the other perpendicular to the [001] direction (out-of-plane 

magnetization). 

Thin film sample preparation and characterization: Sm-based 

1:12-type films of thickness 1.5 μm were deposited by triode sput- 

tering onto thermally oxidized Si wafers at 700 °C. 50 nm Ta 

buffer layers were used to prevent chemical reaction between the 

wafer and the magnetic layer and 10 nm Ta capping layers were 

added to prevent oxidation. We present results from two sam- 

ples with composition Sm 0 . 7 Fe 11 . 3 Ti 0 . 9 and Sm 0 . 7 Zr 0 . 2 Fe 11 . 4 Ti 0 . 7 , 

as estimated by EDS, referred to as the Sm(Fe,Ti) 12 film and the 

(Sm,Zr)(Fe,Ti) 12 film, respectively. Atomic structure and diffraction 

analysis of the films were carried out using transmission elec- 

tron diffraction (TEM) microscopy. TEM samples were prepared 

in cross-sectional configuration by mechanical polishing (down to 

25 μm) followed by ion milling with a Gatan PIPS II (Precision Ion 

Polishing System). Ion milling of the TEM samples was performed 

at 3 kV for several hours until an electron transparent hole ap- 

pears, followed by 5 min of cleaning at 0.5 kV. 

High resolution microscopy on polycrystalline samples: To lo- 

cate grains with twin boundaries, electron backscatter diffrac- 

tion (EBSD) analysis was performed on the polycrystalline sam- 

ples using a Jeol JSM-6500F SEM operated at 15 kV. EBSD 

acquisition was performed using the TSL OIM EBSD system 

equipped with a Digiview IV EBSD detector with a step size of 

0.1 μm. Correlative electron microscopy and atom probe tomog- 

raphy (APT) investigations were carried out using a JEOL 2200FS 

aberration-corrected electron microscope (Thermo-Fischer TITAN) 

in scanning-transmission (STEM) mode and a local-electrode-atom- 

probe (LEAP 50 0 0 XR, Cameca) instrument equipped with reflec- 

tion lens, respectively. For APT, needle-shaped specimens were 

prepared from the twin boundary regions using a dual beam 

SEM/focused-ion-beam (FIB) instrument (FEI Helios Nanolab 600i) 

with an in-situ-lift-out procedure detailed in references [ 66 , 80 , 81 ]. 

The prepared lamella, containing the twin boundary region, was 

positioned and Pt-welded using the in-situ gas-injection system 

on the electro-polished posts of a halved TEM Mo-grid. The Mo- 

grid with the attached specimen was held in a special correla- 

tive holder designed in-house, as described in reference [82] . The 

welded regions on the Mo-posts were sharpened by Ga ions ac- 

celerated at 30 kV with currents ranging from 80 pA to 0.78 nA. 

The sharpened specimens were checked by TEM to get the ex- 

act location of the twin boundary and further Ga-ion milling was 

performed such that the boundary is within 150 ~ 200 nm from 

the apex of the specimen. Before APT analysis, the specimens were 

cleaned by 5 kV with 8 pA current to remove regions of the speci- 

men severely damaged by the implantation of high-energy Ga-ions. 

Near-atomic-scale compositional analysis was performed using 

a LEAP 50 0 0 XR instrument operated in laser pulsing mode with 

a pulse repetition of 200 kHz and a pulse energy of 40 pJ. The 

specimen was kept at a base temperature of 60 K with a target 

detection rate of 5 ions detected per 10 0 0 pulses. The APT recon- 

struction and analysis were performed using IVAS 3.8.2 software. 

Micromagnetic simulations: Magnetization reversal in a single 

twinned grain was computed by micromagnetic simulations. The 

shape of the grain was generated with the Neper software [83] . 

The twin boundary was defined with the computer aided design 

software Salome [84] . The geometric model is meshed with tetra- 

hedral finite elements using MeshGems [85] . In order to treat 

the magnetostatic open boundary problem [86] , the finite element 

mesh for the magnetostatic scalar potential is extended outside 

the magnetic grains. The mesh size at the grain surfaces and twin 

boundaries was 1.5 nm. We computed the demagnetization curve 

by minimization of the Gibbs free energy for a decreasing external 

field. To solve for the next local minimum, we used a precondi- 

tioned conjugate gradient method [87] . Plots of the demagnetiza- 

tion curves were created using matplotlib [88] . 

Molecular dynamics simulations: The molecular dynamics calcu- 

lations were carried out by using modified Morse potentials on 

supercell structures with the crystallographic interface orientation 

and composition taken from experiments. The different surface en- 

ergies of the 1:12 phase were calculated. The twin formation was 

incorporated as an additional interface energy contribution. After 

the total energy with and without twin formation has been de- 

rived, we saw that once the grain reaches a certain size, twin for- 

mation is deemed preferential. This result underpins the findings 

in the experiments. 
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Fig. 2. Comparison of room temperature magnetic measurements of Nd 2 Fe 14 B 

(blue) and SmFe 11 Ti (red) twinned “single-crystals” along easy and hard magneti- 

zation directions. The dashed red line indicates the magnetization behavior of a 

twin-free single crystal along the [100] direction [95] . 

3. Results and discussion 

3.1. Single crystals and intrinsic magnetic properties 

Magnetic anisotropy is the key requisite for achieving a large 

coercivity, and in the ideal case of uniform rotation of the magnetic 

moments in single domain particles, the coercivity H c is given by 

H c = H a = 2 K 1 /μ0 M s ( H a is anisotropy field, K 1 is anisotropy con- 

stant, μ0 is the permeability of free space, M s is the spontaneous 

magnetization). In reality, prediction of H c from K 1 and M s , using 

the Stoner Wohlfarth model [89] , leads to a large overestimation. 

This is known as Brown’s paradox [ 2 , 90 , 91 ], and it is attributed to 

local magnetic softening caused by crystallographic defects, strain, 

secondary phases, magnetic and chemical inhomogeneities which 

reduce H c to about αH a ( α is the ”Kronmüller factor”, which is 

related to nano-structural imperfections). As-cast materials often 

exhibit α = 0 . 01, and via sophisticated processing methods, e.g. 

melt spinning, jet milling, or die upsetting, α can reach to 0 . 25 of 

the theoretical limit in laboratory-made Nd-Fe-B and Sm-Co-based 

magnets. 

We start by reporting in Fig. 2 the room temperature mag- 

netization curves of a SmFe 11 Ti twinned crystal, with the mag- 

netic field applied along the [100] and [001] directions. The typ- 

ical behavior of easy-axis magnetocrystalline anisotropy is ob- 

served; the data measured along the 4-fold symmetry axis [001] 

clearly identifies this as the easy magnetization direction, lead- 

ing to a μ0 M s = 1 . 17 T (calculated by converting the mass mag- 

netization to volume magnetization considering the x-ray density 

of the SmFe 11 Ti). At room temperature, curves recorded along the 

[100] and [110] directions are practically identical (the [110] curve 

is not shown), reflecting a weak magnetic anisotropy within the 

basal plane of this system at room temperature (see supplemen- 

tary materials for details of the crystal structure). The anisotropy 

field, μ0 H a , estimated from the slope change in the magnetic hard 

[100] -axis curve (identified by an arrow in Fig. 2 ), amounts to 10.5 

T at 300 K. The value of K 1 is estimated to be 627 J/kg (approx. 

4.8 MJ/m 

3 , considering the theoretical x-ray density). The hard- 

axis magnetization curve does not reach the same maximum value 

as the easy-axis curve above μ0 H a , due to anisotropy of the mag- 

netic moment. This observed difference of the easy and hard axes 

magnetization values above the anisotropy field indicates a possi- 

ble anisotropy of the magnetization, as has been reported for dif- 

ferent rare-earth transition-meal systems [92–94] . Additionally, the 

low field region of the hard axis measurements shows non-linear 

Fig. 3. Comparison of room temperature Kerr microscopy images of (a,b) Nd 2 Fe 14 B 

and (c,d) SmFe 11 Ti twinned single-crystals along easy and hard directions. 

behavior which is due to the formation of twins in the “single- 

crystals”. The dashed red line corresponds to the hard axis mea- 

surement of a twin-free SmFe 11 Ti single crystal, as reported in [95] . 

For comparison, Fig. 2 shows the magnetization curves of a 

Nd 2 Fe 14 B single crystal, measured along [0 01] and [10 0] , corre- 

sponding to the easy and hard magnetization directions, respec- 

tively. One can see that the spontaneous magnetization of the 

Nd 2 Fe 14 B single crystal is significantly higher than that of the 

SmFe 11 Ti single crystal. On the other hand, the anisotropy field of 

SmFe 11 Ti is larger than that of Nd 2 Fe 14 B. 

Next it is instructive to compare the magnetic domain struc- 

tures imaged by Kerr microscopy of 0.5–1 mm-sized single crystals 

of Nd 2 Fe 14 B ( Fig. 3 a,b) and SmFe 11 Ti ( Fig. 3 c,d). One can see that 

for the Nd 2 Fe 14 B single crystal, the branched domain pattern on 

the basal plane ( Fig. 3 a, the c axis and magnetization are perpen- 

dicular to the crystal surface) and stripe-like domains on the pris- 

matic plane ( Fig. 3 b, the c axis and magnetization lie in the plane 

of the image) are rather periodic and without significant distor- 

tions. In contrast, the domain structures of the SmFe 11 Ti twinned 

crystal ( Fig. 3 c) are locally distorted (highlighted by the arrow), 

and this is more pronounced when the magnetization lies in the 

plane of the image ( Fig. 3 d). Such step-like features observed on 

stripe magnetic domains are a signature of the presence of a crys- 

tallographic twinning structure, and this phenomenon was well- 

studied in other materials, such as magnetic shape memory mate- 

rials [ 96 , 97 ], and materials showing giant magnetostriction [ 98 , 99 ]. 

In contrast to the Nd 2 Fe 14 B single crystal, the microstructure 

of the SmFe 11 Ti crystal comprises a significant number of crys- 

tallographic twins, which leads to the appearance of micrometer- 

sized blocks of changing orientation. As a result, the magnetiza- 

tion curve measured in the hard direction of the SmFe 11 Ti crystal 

( Fig. 2 ) is not linear but exhibits a kink at low fields – i.e. a “soft- 

magnetic like” curvature, which is not observable in the Nd 2 Fe 14 B 

single crystal. 

3.2. Polycrystalline samples 

Fig. 4 shows the magnetic domain structures of Nd-Fe-B and 

Sm-Fe-Ti polycrystalline bulk samples. The domain patterns were 

observed on arbitrarily oriented polished surfaces of isotropic sam- 

ples. In Nd 2 Fe 14 B grains, Fig. 4 a, the domain structure is rather 

uniform and the domain pattern changes only across grain bound- 

aries, i.e. due to the different crystallographic orientation of ad- 

jacent grains. In contrast, the domain structure of the SmFe 11 Ti 
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Fig. 4. Comparison of room temperature Kerr microscopy images of polycrystalline 

(a) Nd 2 Fe 14 B and (b) SmFe 11 Ti bulk samples. Red arrows indicate some of the twins 

observed in the SmFe 11 Ti sample. 

grains, Fig. 4 b, is often divided in two (or more) well distinguish- 

able patterns by a twin boundary, some of which are marked by 

red arrows. 

Fig. 5 a shows an electron back scattered diffraction (EBSD) map 

of the SmFe 11 Ti polycrystalline bulk sample evidencing grains with 

different orientations. The EBSD map was indexed as Sm(Fe,Ti) 12 

(1:12 phase) matrix phase having a tetragonal crystal structure 

(space group I4/mmm ) with lattice parameters a = b = 0.8589 nm 

and c = 0.4807 nm. Some grains contain unique boundaries cor- 

responding to twins, such as the region within the black-dashed 

rectangle in Fig. 5 a. The twin orientation relation between the twin 

variants is approximately 57 °, as shown Fig. 5 b. We also show 

a schematic view of the orientation with respect to the shared 

twin boundary, and found that the twinning boundary plane cor- 

responds to {011}-type planes in the unit cell of the Sm(Fe,Ti) 12 

phase. Fig. 5 c shows a back scattered electron (BSE) micrograph 

for a similar twinned region with a twin boundary inside a grain. 

We confirmed the crystallographic relationship of two variants 

of a twin by using electron diffraction analysis and the results can 

be found in Supplementary Materials. 

We prepared an atom probe tomography (APT) specimen specif- 

ically from the location marked by the dashed red outline in 

Fig. 5 c. Fig. 6 a is a low magnification high-annular-angle-dark-field 

(HAADF) image of the specimen with the twin boundary. HAADF 

provides Z-contrast, i.e. heavier atoms appear brighter. Fig. 6 b is 

Fig. 5. (a) Inverse pole figure image of the investigated polycrystalline SmFe 11 Ti 

bulk sample derived from EBSD SEM data. (b) Measured angle between two neigh- 

boring twin variants and corresponding schematic representation of the unit cells. 

(c) A BSE SEM image of a twinned grain with the location of the APT specimen 

identified by a red triangle. 

Fig. 6. (a) Low magnification HAADF image of SmFe 11 Ti at the twin boundary re- 

gion. (b) High-resolution HAADF image of the interface region of the twin along 

the [100] zone axis. (c) High magnification of the twin boundary region and (d) 

schematic representation of the 011 twinning planes. 

a high-resolution (HR) HAADF image taken along the [100] zone 

axis from the location marked by a black-dashed square in Fig. 6 a. 

Fig. 6 c is a close-up on the unit cell viewed along the [100] zone 

axis, which can be compared with the simulated unit cell shown 

in Fig. 6 d with Sm in red and Fe/Ti in green. As expected, atomic 

columns containing Sm appear bright. We can also clearly see the 

(011) planes, marked at black dashed lines, which exactly resem- 
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Fig. 7. (a) Bright-field image of one of the investigated APT specimens. (b) Atom 

probe tomography reconstruction of the elemental distribution of Sm, Fe and Ti. (c) 

2D compositional map of Sm and (d) chemical composition distribution at the twin 

boundary region. 

ble the zig-zag twin boundary, schematically shown with a black 

dashed line in Fig. 6 b. 

Fig. 7 details the results from the APT analysis of the same 

specimen. Fig. 7 a is the bright-field electron micrograph of the 

specimen and Fig. 7 b shows the corresponding APT reconstruction 

with the distribution of Fe, Ti, Sm atoms and a Sm 9 at.% iso- 

composition surface highlighting the location of the twin bound- 

ary. Fig. 7 c shows a 2D Sm compositional map evidencing a lo- 

cal increase in the Sm content at the twin boundary. The mea- 

sured matrix composition was found to be Sm 7 . 7 Fe 84 . 3 Ti 7 . 9, match- 

ing the 1:12 stoichiometry. The composition profile taken across 

the boundary, Fig. 7 d, shows a Sm enrichment by approx. 2 at.% 

and a depletion of Ti by approx. 2.7 at.% with respect to the ma- 

trix phase. A slight enrichment of Fe, by approx. 0.7 at.%, is also 

observed. The composition at the twin boundary is close to the 

stoichiometry of the 3:29-phase i.e. Sm 3 (Fe,Ti) 29 phase. The elec- 

tron diffraction measurements (see Figure S2) show no additional 

spots corresponding to the 3:29-phase, most probably due to the 

early nucleation stage of the twin boundary phase. 

To complement the above reported studies of twins in bulk Sm- 

Fe-Ti samples, we also studied twins in polycrystalline Sm-Fe-Ti 

and Sm-Fe-Ti-Zr sputtered films (the latter were studied to probe 

the eventual influence of Zr additions in films). Both films con- 

tain a first layer of isotropically oriented equiaxed grains of max- 

imum diameter 200 nm, at the interface with the Ta buffer, and 

elongated grains of width ~200 nm that traverse the rest of the 

film thickness. The elongated grains, with lattice parameters cor- 

responding to the Sm(Fe,Ti) 12 structure, are highly textured, with 

a dominant {101} texture. Multiple planar defects oriented paral- 

lel to the growth direction, which are attributed to twins in the 

Sm(Fe,Ti) 12 structure, were identified in the elongated grains of 

both films. A high-resolution micrograph (see Supplementary Ma- 

terials) shows that along the particular zone axis, the atomic crys- 

tal structure on both sides of the twinning boundaries look identi- 

cal, because they are probably seen under a similar zone axis (e.g. 

[ ̄1 01 ] and [ ̄1 0 ̄1 ] with 59.8 ° angle between planes). High-resolution 

TEM micrographs confirm the formation of twins in polycrystalline 

film samples, as in their bulk counterparts. For further details and 

crystallographic phase analysis of the investigated polycrystalline 

sample please see the Supplementary Materials. 

3.3. Micromagnetic simulations and molecular dynamics calculations 

In an isotropic granular magnet, a grain may be oriented at var- 

ious directions with respect to the applied external field. For a sin- 

gle domain grain with uniaxial anisotropy and no defect, the de- 

magnetization curves may be very close to the Stoner-Wohlfarth 

prediction, depending on the direction of the external field. The 

curve with the minimum switching field will occur when the ap- 

plied field is oriented at 45 ° with respect to the anisotropy axis 

[89] . In this case the switching field will be half of the anisotropy 

field. Before irreversible switching, the magnetization will rotate 

reversibly out of the anisotropy axis. In micromagnetic simulations 

we expect a slight reduction of those switching fields, owing to the 

self-demagnetizing field of the grain. 

We calculated the switching fields of a single twinned SmFe 11 Ti 

grain as a function of the orientation of the applied external field 

and compared the results to those of a single uniaxial Nd 2 Fe 14 B 

grain of the same geometric shape. In the ideal microstructure of 

a permanent magnet, the grains are separated by a paramagnetic 

grain boundary phase. Thus, by comparing the single grain behav- 

ior of SmFe 11 Ti and Nd 2 Fe 14 B, we can derive the upper limits of 

coercivity for both systems. 

The shape of the model is shown as an inset of Fig. 8 a. The 

volume of the grain was equal to that of a cube with 295 nm 

sides. For Nd 2 Fe 14 B calculations we assumed a magnetocrystalline 

easy-axis parallel to the z direction of the global coordinate sys- 

tem. The intrinsic magnetic properties used were: anisotropy con- 

stant K 1 = 4 . 9 MJ/m 

3 , magnetization μ0 M s = 1 . 61 T, and exchange 

constant A = 8 pJ/m (page 401 of [100] ). The anisotropy field of 

this phase is μ0 H a = 7.65 T. To model the effect of a twin in a 

SmFe 11 Ti grain, we introduced a 6 nm thick twin boundary (2.4 

percent of the total volume) parallel to the xz -plane which sepa- 

rates the twin variants of the grain into two equally sized halves. 

The orientation of the two easy-axes of the two variants of the 

twin are shown as white double-headed arrows and are parallel to 

the yz -plane. The easy-axes enclose an angle of 180 - 58 = 122 °, 
which is consistent with results from EBSD measurements and was 

checked with the Twiny software [101] which gives 121.5 ° for (011) 

twin planes of SmFe 11 Ti. In this model we ignored the experimen- 

tally found zig-zag shape of the twin boundary. Test calculations 

revealed that due to the low amplitude (1–2 nm) of the pattern, 

which is smaller than the domain wall width, the zig-zag shape 

had no effect on our micromagnetic simulations. We used the fol- 

lowing intrinsic magnetic properties for SmFe 11 Ti: K 1 = 4 . 8 MJ/m 

3 

and μ0 M s = 1 . 17 T which are both equal to the measured values 

for single crystals shown above. This yields an anisotropy field of 

μ0 H a = 10 . 31 T. For the exchange constant we assumed A = 10 

pJ/m. For the twin boundary phase, as in agreement with the APT 

results, we assume a monoclinic ordered Sm 3 (Fe,Ti) 29 phase. For a 

monoclinic system the magneto-crystalline anisotropy energy den- 

sity K 1 sin ²θ+ K 2 sin ²θ cos2 φ depends not only on the polar angle θ , 

but also on the azimuthal angle φ. For Sm 3 (Fe,Ti) 29 the anisotropy 

constants are K 1 = 1 . 8 MJ/m 

3 , K 2 = 0 . 4 MJ/m 

3 and the magne- 

tization is μ0 M s = 1 . 13 T [102] . For our simulations we ignored 

the contribution of K 2 and assumed that the Sm 3 (Fe,Ti) 29 easy-axis 

is aligned with one of the easy-axes of two variants of the main 

phase [102–105] . 

The orientation of the external field is given in spherical coor- 

dinates ( θ , ϕ) where θ is the polar angle ( z → x ) and ϕ is the az- 

imuthal angle ( x → y ). The angle between the applied field and the 

magnetocrystalline easy-axis is given by αi where i refers to one 

of the two variants of the SmFe 11 Ti phase. α is the average angle 

given by α = ( α1 + α2 ) / 2 . The anisotropy energy density is given 
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Fig. 8. Demagnetization curves as a function of the direction of the external field 

computed for a single twinned SmFe 11 Ti grain where a 6 nm thick Sm 3 (Fe,Ti) 29 twin 

boundary separates the two variants of the main phase. The inset in a) shows the 

model setup. The twin boundary is parallel to the xz-plane. The two easy-axes of 

the two variants are shown as white double-headed arrows and are parallel to the 

yz-plane. The angle between the two easy-axes is 122 ° The direction of the exter- 

nal field is given in the first bracket of the legend entries by spherical coordinates 

( θ , ϕ) where θ is the polar angle (z- > x ) and ϕ is the azimuthal angle (x- > y ). The 

second bracket gives sin 
2 αi where αi is the angle enclosed by the external field 

direction and one of the two easy-axes of the twin variants. si n 2 αi is proportional 

to the magnetocrystalline anisotropy energy density. Color changes from green to 

purple in 10 ° steps of the average α. Solid, dashed and dotted lines group similar 

rotation directions of the external field from z to y, z to x, and x to y, respectively. 

Entries in the legend are sorted by coercive field. a) shows the easy-axis-like de- 

magnetization curves where average α < 61 °, b) shows the hard-axis-like curves 

with average α > = 61 ° The dotted black line on the left-hand side marks 40 per- 

cent of the anisotropy field of SmFe 11 Ti. 

by E a = K 1 sin 

2 αi . The switching field is defined as the first kink 

in the demagnetization curve when the behavior changes from re- 

versible rotation to irreversible nucleation of reversed domains. 

The micromagnetic simulations for a Nd 2 Fe 14 B grain without a 

defect (graphs not shown) give switching field ( μ0 H sw 

) values that 

vary between −5.42 T for θ = 1 ° and −3.23 T for θ = 45 ° This 

corresponds to 71 percent or 42 percent of the anisotropy field of 

Nd 2 Fe 14 B, respectively. The switching field of all other computed 

orientations of the external field were between those values, con- 

sistent with Stoner-Wohlfarth results mentioned above, and also 

considering self-demagnetizing effects. 

In contrast, despite the higher anisotropy field of the SmFe 11 Ti 

phase, much lower switching fields were found for SmFe 11 Ti, due 

to the twin defect. Fig. 8 shows demagnetization curves for various 

orientations of the external field computed for a twinned SmFe 11 Ti 

grain split by a single 6 nm thick Sm 3 (Fe,Ti) 29 twin boundary. Ir- 

reversible switching always starts at fields below 40 percent of the 

anisotropy field of SmFe 11 Ti. Switching fields of between −3.94 T 

and −0.55 T were found for external field directions of (90 °, 90 °) 
and (0 °, 0 °), respectively. This corresponds to 38 percent and 5 per- 

cent of the anisotropy field of SmFe 11 Ti, respectively. Please note 

that the curvature seen in the hard axis loop of Fig. 2 of the single 

crystal measurements could not be reproduced by our model, see 

(90 °, 0 °) in Fig. 8 . Similarly, we did not observe any curvature in 

the hard axis loop for a reference calculation with zero magneto- 

crystalline anisotropy ( K 1 = 0) in the twin boundary phase. The 

contribution of the twin boundary phase to the total magnetization 

is negligible as its volume fraction is only 2.4 percent of the total 

volume. A possible reason for the curvature might be canting be- 

tween the Fe and the Sm sublattices. The switching field strongly 

depends on the field angle. The magnetocrystalline anisotropy en- 

ergy density is proportional to K 1 sin 

2 α. The lowest switching fields 

are found if the average α is greater than 61 °
Due to the small thickness of the Sm 3 (Fe,Ti) 29 phase at the twin 

boundary, it is not clear if the assumption of a uniaxial magne- 

tocrystalline anisotropy is valid. Thus, we also considered the twin 

boundary phase to be a soft defect with K 1 = 0. The switching 

fields were then in the range of −3.56 T to −1.3 T. In this case, the 

spread of the switching field values with field angle was reduced 

from 35 percent to 13 percent of the anisotropy field of SmFe 11 Ti. 

If we reuse the geometric model of the twin and change 

the setup of the Nd 2 Fe 14 B single grain simulations to consider a 

6 nm wide Nd 20 Fe 80 ferromagnetic grain boundary phase ( K 1 = 0, 

μ0 M s = 0.93 T, A = 9.99 pJ/m [106] ) but keep the easy-axes of 

both grains next to the boundary parallel to z , the switching field 

is also reduced to a range of 35 percent to 26 percent of the 

Nd 2 Fe 14 B anisotropy field. As mentioned before, in Nd 2 Fe 14 B per- 

manent magnets, Nd-rich grain boundary phases with low or no 

magnetization are believed to magnetically decouple grains and, 

therefore, increase coercivity in an isotropic granular bulk magnet. 

Even if a similar grain boundary phase was found for SmFe 11 Ti, 

the defect due to twinning within the grains remains, and will act 

as a weak spot for nucleation of reversed domains. The computa- 

tion of the magnetization distribution at the saddle point for ther- 

mal switching identified the twin boundary region as the location 

where the nucleus of reversed magnetization forms. 

Summarizing at this point, even if a similar grain boundary 

phase was found for SmFe 11 Ti, the defect due to twinning within 

the grains remains, and will act as a weak spot for nucleation of 

reversed domains. The computation of the magnetization distribu- 

tion at the saddle point for thermal switching identified the twin 

boundary region as the location where the nucleus of reversed 

magnetization forms for the geometry shown in Fig. 8 . It is well 

known that ferromagnetic exchange coupling between crystallites 

with different orientations of the easy axes reduces the coercive 

field [107] . This holds for misoriented, exchange coupled grains as 

well as for twinned grains with a well-defined orientation relation- 

ship between the easy axes of two variants of the twinned grains. 

From a micromagnetic point of view, in both cases the formation 

of a partial domain wall causes the nucleation of reversed domains. 

Table 1 summarizes the micromagnetic simulations giving the hard 

magnetic phase, the model setup, and the range of the switching 

field due to the orientation of the external field. 

Ab initio informed molecular dynamics calculations indicate 

that the twin formation energies are low and in the coherent 

regime. The competition between the formation energies of a twin 

boundary and a grain boundary are strongly dependent on the 

grain size and geometry. The molecular dynamics calculations pre- 

dict that the twin formation is more energetically favourable for 
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Table 1 

Range of the switching field due to the orientation of the external field for different geometries obtained by micromagnetic 

simulations. The columns refer to the main hard magnetic phase, the micromagnetic model setup and the coercivity range 

relative to the anisotropy field of the hard magnetic phases. The volume of the polyhedral grain was equal to that of a cube 

with an edge length of 295 nm. 

Material Model setup 

Switching field range 

(relative to the H a ) 

SmFe 11 Ti Twinned grain with 6 nm Sm 3 (Fe,Ti) 29 twin boundary 0.05 to 0.38 

Twinned grain with 6 nm twin boundary with K 1 = 0 0.13 to 0.35 

Nd 2 Fe 14 B Single grain without defect 0.42 to 0.71 

Two aligned grains separated by a 6 nm ferromagnetic Nd 20 Fe 80 grain 

boundary phase (same model geometry as used for single grain simulation) 

0.26 to 0.35 

the grains of size above 1 micrometer. Additionally, the molecu- 

lar dynamics calculations indicate that the interface energies play 

a significant role in twin formation. 

4. Summary & conclusions 

We carried out detailed structural characterization of twins 

in “single crystal” and polycrystalline bulk samples of composi- 

tion SmFe 11 Ti as well as ternary Sm(Fe,Ti) 12 and Zr-substituted 

(Sm,Zr)(Fe,Ti) 12 thin films. Twins were observed at micro- and 

nano-length scales, and it was found that the twin orientation in 

all sample types is approximately 57 ±2 °. Thus twins appear to be a 

generic feature of the Sm(Fe,Ti) 12 -system. The twin boundary plane 

corresponds to a {011}-plane family in the unit cell of Sm(Fe,Ti) 12 . 

The significantly higher density of twins in the thin films com- 

pared to the bulk samples may be due to substrate mediated 

stress. High resolution electron microscopy studies on polycrys- 

talline bulk samples show an enrichment of Sm and a depletion of 

Ti at the twin boundary. The composition of the twin boundary is 

determined to be Sm 9.6 Fe 84.9 Ti 5.5 , matching the composition of the 

Sm 3 (Fe,Ti) 29 phase, which has a lower anisotropy field. Modifica- 

tion of the intrinsic magnetic properties of the Sm 3 (Fe,Ti) 29 phase 

may lead to an enhancement of the coercivity of the Sm(Fe,Ti) 12 - 

systems. 

Micromagnetic simulations were carried out with a microstruc- 

ture reproducing that of bulk samples, and the results show that 

the formation of twins reduces the estimated coercivity values to 

38% of the expected switching field. The simulation results account 

for the observation of low coercivity values in twinned SmFe 11 Ti 

systems which confirms the detrimental effect of twins. Addition- 

ally, the fixed angle between neighboring twin variants would hin- 

der obtaining perfect texture which also would reduce the rema- 

nent magnetization significantly. 

Formation of twin boundaries in grains larger than 1 microme- 

ter can be attributed to the accumulation of internal stresses dur- 

ing solidification, where twin formation is favoured over the for- 

mation of specific grain boundaries. The specific size, morphology 

and interface energy dependency and the resulting detailed model 

of the proposed mechanism will be an object of a further study/ 

publication. 

However, tuning hard magnetic alloys with the intent to ren- 

der them less prone to twin formation is challenging. Three ap- 

proaches, having different probabilities of a successful outcome, 

are conceivable in that context. The first one lies in substitutional 

compositional modification of the alloy with the aim to increase 

the twin formation energy which in turn would reduce the ten- 

dency for twin formation. However, most of the known reported 

compositional variants of these materials show twins, irrespective 

of substitutional variations. Also, twin interface energies are gen- 

erally so low compared to those of less coherent grain boundaries 

(i.e. about a factor of 10 smaller) that such effects do not suffi- 

ciently alter this relation to reduce their frequency. 

The second option lies in exposing the material to heat treat- 

ment under stress. This measure bears the risk though that im- 

posing stresses on systems that are already prone to twin forma- 

tion could lead to more rather than less twins. However, deforma- 

tion driven twinning is typically reduced at elevated temperatures, 

where energy dissipation by dislocation activity is often promoted 

over twin formation, so that this option might be worth exploring. 

A third and rather promising pathway is grain size reduction as 

this change of volume-to-surface energy ratio decreases the need 

for stress relief via twin formation. For this reason, high coercivi- 

ties can possibly be achieved in nanocrystalline systems like hot- 

pressed and die-upset ThMn 12 -type bulk permanent magnets but 

are unlikely to be observed in their sintered microcrystalline coun- 

terparts. 
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ThMn12-type crystal structure of SmFe11Ti composition is shown in Figure S1. Sm(Fe,Ti)12 phase 

having a tetragonal crystal structure (space group I4/mmm) with lattice parameters a = b = 0.8589 

nm and c = 0.4807 nm. Rare-earth atoms (shown in pink in Figure S1) occupy the 2a Wyckoff site, 

iron atoms (shown in gold in Figure S1) fully occupy the 8f and 8j sites and the 8i site is shared 

between the iron and titanium (shown in light blue in Figure S1) atoms. The magnetic easy axis is 

along the c-axis of the crystal structure. 



 

2 

 

Figure S1. ThMn12-type crystal structure of SmFe11Ti which was displayed with Vesta [1]. 

 

Figure S2a shows a TEM bright-field micrograph of the APT specimen containing the twin 

boundary oriented along the [111] zone axis. Figure S2b shows the diffraction patterns (DPs) 

obtained from grains on either side of the twin boundary. The indexed simulated pattern (Figure 

S2c) confirms the tetragonal Sm(Fe,Ti)12 matrix phase. In the same orientation of the specimen, 

the DP from the region below the twin boundary, shown in Figure S2d, indicates the same pattern, 

however, with a twinned orientation. This is more clearly evidenced in the DP taken from the twin 

boundary region, shown in Figure S2e, which shows that the two regions are twinned with a 

common twinning plane of (011)-type. This is similar to what we observe in the EBSD data shown 

in Figure 5 of the article. We also show that the dark-field micrographs taken from 110 spots clearly 

distinguishes the two twinned regions by reflections from the corresponding regions. 
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Figure S2. (a) TEM bright field image of the SmFe11Ti sample at the twin boundary. Electron 

diffraction patterns of (b) the top part of the twin boundary, (c) corresponding simulated pattern 

and (d) the bottom part of the twin boundary. (e) The electron diffraction pattern at the interface 

region of the twin boundary. 

 

To complement the studies of twins in bulk Sm-Fe-Ti samples, we also studied twins in Sm-Fe-Ti 

sputtered films. Films with and without addition of Zr were investigated, to evaluate the eventual 

impact of Zr substitution on the films’ microstructure. Both the Sm(Fe,Ti)12 and (Sm,Zr)(Fe,Ti)12 

films contain a first layer of isotropically oriented equiaxed grains of maximum diameter 200 nm, 

at the interface with the Ta buffer, and elongated grains of width ~200 nm that traverse the rest of 

the film thickness. The elongated grains, with lattice parameters corresponding to the Sm(Fe,Ti)12 

structure, are highly textured, with a dominant {101} or {200} texture. It is difficult to distinguish 

between these using 2𝜃 x-ray or TEM diffraction analysis, since there is only a 2% difference 
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between the 101 and 200 inter-planar spacing. However, a comparison of the in-plane and out-of-

plane hysteresis loops (data not shown here) reveals that both films show a pronounced easy axis 

out-of-plane magnetic anisotropy. Knowing that Sm(Fe,Ti)12 is characterized by uniaxial 

anisotropy [2-4], we can rule out the {200} texture, as this would induce in-plane magnetic 

anisotropy. Therefore, we will consider in the following a {101} texture, meaning that the [020] 

direction lies in the plane of the sample. 

 

Multiple planar defects oriented parallel to the growth direction, which are attributed to twins in 

the Sm(Fe,Ti)12 structure, were identified in the elongated grains of both films. In Figure S3a we 

present a bright field electron micrograph of the (Sm,Zr)(Fe,Ti)12 film, observed in a [101] zone 

axis. The twin boundaries are parallel to the (010) planes. A higher resolution micrograph (Figure 

S3b) shows that along this particular zone axis, the atomic crystal structure on both sides of the 

twinning boundaries looks identical, because they are probably seen under a similar zone axis (e.g. 

[1̅01] and [1̅01̅]). This is confirmed in Figure S3c by selected-area electron diffraction (SAED) 

from a region containing multiple twin boundaries, which can be indexed as a single diffraction 

pattern (as if it was the diffraction from a single crystal). Because of the already discussed out-of-

plane magnetic anisotropy, we assume that the (020) planes are preserved on both sides of the 

twinning boundaries, and that the twins can be seen as rotation twins with a π/3 rotation around the 

[010] direction (the actual angle between (101) and (1̅01)  planes is 59.8°). Therefore, the 

diffraction peak noted as (P1) in Figure S3c can be attributed to (101) of a crystal or (101̅) of its 

twin. The faint lines observed on the SAED pattern, which are perpendicular to the growth axis, 

correspond to diffuse diffraction by the regular planar defects. 
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Figure S3. Transmission electron micrographs of the (Sm,Zr)(Fe,Ti)12  film observed in cross-

section. (a) Bright field image acquired along a [101] zone axis, (b) High resolution TEM of a stack 

of twins and (c) corresponding Selected Area Electron Diffraction, (d) sketch of two Sm(Fe,Ti)12 

unit cells, one of which is rotated by 59.8° around the [010] direction with respect to the other one, 

in order to match the [101] of the left crystal with the  [1̅01]  of the right crystal. Observed along 

these zone axes ([1̅01] and [1̅01̅]), respectively), these crystals are indistinguishable. The crystal 

structure was displayed with Vesta [1]. 

 

In Figure S4 we report on electron diffraction of the Sm(Fe,Ti)12 film in the [111] zone axis. This 

electron diffraction pattern cannot be fully indexed from single crystal data and we need at least 

two variants to index the most intense peaks which are overlaid in red and blue on top of the original 

data (Figure S4a,b). The two-colored theoretical diffraction patterns both correspond to the 
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diffraction of SmFe11Ti observed under the [111] zone axis but with a relative rotation of 41.3° 

around the [111] direction. This can actually be seen as a rotation of 60° around the [010] axis, as 

shown in Figure S4d. This result is in agreement with the data presented in Figure S3. Some 

additional faint diffraction peaks are not indexed in Figure S4b. They can all be indexed either as 

double diffraction through two twinned crystals, or by a third variant of the twin in the same grain. 

In films, the TEM data are coherent with high density twins, with (011) twinning plane and 60◦ 

rotation around the [010] direction.  

 

 

Figure S4. Transmission electron diffraction of the Sm(Fe,Ti)12  film in cross section: (a) SAED 

pattern along a [111] zone axis overlaid with two theoretical diffraction patterns (red and blue) of 

SmFe11Ti single crystals rotated by 41.3◦ with respect to each other around the zone axis. (b) Close 

up with indexation of both the blue and red diffraction patterns. (c) Schematic of the twinned crystal 

observed along the [010] and (d) [111] zone axis. The magenta plane corresponds to the (010) 

composition plane. Observed under the particular [111] zone axis, a rotation of the crystal by 60◦ 
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around [010] axis is equivalent to a 41.3◦ rotation around the [111] axis, thus matching the 

experimental SAED data. 
 

The room temperature x-ray powder diffraction pattern of the SmFe11Ti polycrystalline sample is 

shown in Figure S5. The Rietveld refinement agreement factors (R-factors) are given in the figure. 

The refinement results indicate the formation of ThMn12-type (space group: I4/mmm) for the poly-

crystalline SmFe11Ti sample with the phase ratio of 96±1 wt.%. A small amount of secondary 

phase of SmFe2-Laves phase is fitted to the pattern, which corresponds to a weight fraction of 4±1 

wt.%. 

 
Figure S5. Room temperature x-ray powder diffraction pattern and corresponding Rietveld fit of 

polycrystalline SmFe11Ti sample.  
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Abstract.BulkMn52Al46C2 in t-phase was prepared by vacuum inductionmelting and used as precursor for the
production bulk permanent magnets by suction casting and hot-extrusion. Part of the precursor alloy was
mechanically milled into a t-phase powder and used as precursor for production of samples by electron beam
melting, hot-compaction and high pressure torsion processes. The microstructure and magnetic properties of all
samples were investigated and correlated. It was found that the mechanical deformation enhances coercivity, up
to 0.58 T, while the absence of this strain is beneficial for magnetization. Among the observed techniques, hot
extrusion and high pressure torsion have shown promising possibilities to further developMn-Al-C as permanent
magnets. However, it should be taken into account the challenges related to design a proper processing window
for hot extrusion and the limitation of HPT regarding the absence of texture.

Keywords: Manufacturing methods / permanent magnets / rare earth free magnets / Mn-Al-C alloys

1 Introduction

Mn-Al alloys belong to the well-known material systems,
which have been intensively studied since the late 60’s as
perspective candidates for use as permanent magnets (PM)
[1,2], but then faded into oblivion after the discoveryof the
Nd-Fe-B magnets in the 80’s [3]. The abrupt increase of the
rare earth elements price in 2011, along with the growing
demand on permanent magnets, triggered the renewed
interest in this material system in the past years [3,4]. This
combination of circumstances has motivated many scien-
tists to not only search for novel materials, but also to re-
investigate already know materialsystems like MnAl and
work further on the development of new fabrication
techniques, involving novel routes of powder metallurgy
[5–7], hot deformation [8–12] and additive manufacturing
[13–16] which can provide hard magnetic properties for
these non-rare-earth relatively cheap permanent magnets
[4].

The MnAl material system is characterized by the use
of non-critical elements, low cost and reasonable
magnetic properties [2,3,17]. These characteristics are

pointed as crucial to use and develop this material system
as “gap magnets” [18,19]. This terminology is adopted to
show that this material system has the intrinsic magnetic
properties suitable to fill the magnetic performancegap
(in the meaning of energy product � BHmax) between the
cheap but low performance ferrites (BHmax ≈ 40 kJ/m3)
and the expensive, rare-earth based high performance
magnets (N45 grade Nd-Fe-B-BHmax ≈ 450 kJ/m3) [20].
The intrinsic properties of the Mn-Al compound show a
high anisotropy constant (K1 of 1.7 MJ/m3), relatively
high anisotropy field (HA between 4.0 and 5.5 T),
moderate saturation magnetization (MS of 0.75 T) which
yields in the theoretical value of BHmax ≈ 95 kJ/m3

[20,21].
The magnetic properties of Mn-Al are related to the

solely ferromagnetic metastable phase in this material
system, the tetragonal t-phase (L10 type structure). As a
general rule, the processing window has to be design in a
way to produce pure ferromagnetic phase in the Mn-Al
system in order to maximize magnetization. This can be
achieved by two common methods: (i) quenching from the
melt or from high temperatures (around 1100 °C) to
stabilize the parent e-phase (hexagonal structure-HCP)
followed by annealing at moderate temperatures (around
500 °C); (ii) high temperature annealing followed by
controlled cooling,whichresults in t-phase nucleation and
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growth during this last step. As mentioned, the ferromag-
netic phase is metastable, which means that long annealing
times or high temperatures can lead to decomposition of
the t-phase and nucleation of the non-magnetic stable g2
and b-phases [20,22,23]. The formation of the ordered L10
t-phase, from the parent chemically disordered HCP
e-phase,is reported to happen through two main mecha-
nisms: massive and displacive. The first one is associated
with diffusional nucleation at the e-phase grain boundaries
followed by growth via interphase boundary motion [24].
The latter is relatedtothe shear of HCP atomic planes with
short-range diffusion [25]. It can also be the case that these
two mechanisms happen simultaneously, as observed by
insituexperimentsat temperatures around 500 °C or above
[26]. The growth of the t-phase develops lattice/micro-
structural defects which affects substantially the magnetic
performance, as will be discussed later [24].

To increase the stability of the ferromagnetic phase,
carbon is often added as interstitial dopant to the t-phase
compositional range, Mn50+xAl50�x (51 � x � 58), at the
expenses of decreasing the Curie temperature (TC) from
630 to 570K [20,22]. But only phase purity is not a
guarantee for optimized magnetic properties, since differ-
ent manufacturing processes affect the microstructure and,
consequently, the extrinsic magnetic properties.

Different studies have shown the complex relation
between the several types of microstructural defects of
t-MnAl phase and the magnetic properties, in terms of
remanence, coercivity and, consequently, the BHmax value
[10,21,27–32]. Among the possible defects in this material
system, the existence of twin boundaries is often related to
one of the major difficulties to obtainhighly textured
samples and improved remanence in Mn-Al magnets [31].
This is linked to the high density of twin variants created
during the t-phase formation, which will prevent the
achievement high degree of texture along the easy
magnetization axis since randomly multi-variant grains
will be formed. Moreover, in addition to twin boundaries,
other defects and metallurgical variables whichwere
reported, namely: stacking faults, antiphase boundaries,
dislocations, grain size and lattice strain; are related and
affect coercivity, as reported in the literature [10,21,31,32].
The effect of each specific defect on the magnetic properties
is still under investigation, as different characterization
techniques are necessary to obtain qualitatively and/or
quantitatively data about the densityand distribution of
these defects. Furthermore, these microstructural features
are very often reported to coexist, which increase the
challenge to understandthe coercivity mechanism in t-Mn-
Al-based compounds.

Based on these factors, a complete understand of the
processing route on the phase stability, microstructure and
magnetic properties are indispensableto optimize the Mn-
Al material system to be suitable for permanent magnet
applications. Therefore, this present work is focused on the
use of five different processing techniques for production of
Mn-Al-C bulk samples and the correlation between
microstructure and magnetic properties for each of these
processes.

2 Sample synthesis and characterization

In the following subsections will be given experimental
details of the different processing routes discussed in this
work, according to the schematic presented in Figure 1.
The master alloy composition, Mn52Al46C2, chosen to
perform these processes was based on the low ratio between
Mn and Al atoms, to avoid decreasein magnetization from
the Mn-Mn antiferromagnetic interaction, and interstitial
C doping to prevent decomposition of the metastable hard
magnetic L10t-phase.

2.1 Synthesis of the bulk precursor alloy
2.1.1 Vacuum induction melting

Vacuum induction melting (VIM) followed by casting into
graphite crucible is a well-known fabrication technique,
especially for Mn-Al production [2]. Mn52Al46C2 alloy was
prepared by melting pure elements (purity above 99wt. %)
using a single chamber vacuum induction melting furnace
(ConsarcCorp.). Before melting, the chamber purged with
argon 5 times in order toreduce the oxygen content to a
minimum level. The melting occurred under protective
atmosphere of Ar (purity of 99.999%) and the alloy was
kept in a molten state for 2 h for homogenization before
casting into a graphite crucible. The so obtained bulk alloy
was further characterized and used as a precursor in all
subsequent processing routes, as shown in Figure 1,
ensuring the same chemical composition for a direct
comparison between the processes.

2.1.2 Suction casting

Part of the VIM Mn-Al-C bulk sample was subject to arc
melting and, when in molten state, the alloy was rapidly
“sucked” into a cylindrical cooled copper mold of 10mm
diameter. This is a method of casting that ensure high 95
cooling rates, in the order of 103 Ks�1, and allows to obtain
microstructural refinement and non-equilibrium phases.
This technique has been reported for different intermetallic

Fig. 1. Overview of the methods used to prepare Mn-Al-C based
permanent magnets.
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rare-earth based compounds [33–35]. However, there are no
reports of the use of suction casting forMn-Al, to the best of
authors knowledge. The suction cast samples were
subjected to the following heat treatment procedure:
annealing for 72 h at 1100 °C, followed by water quenching
and subsequently annealing for 30min at 550 °C.

2.1.3 Hot deformation/hot extrusion

The effect of hot extrusion was investigated by Matsushita
Electrical Industrial company in 1977, it was reported
values of HC=0.30 T, (BH)max ≈ 56 kJ/m3 for Mn-Al-C
compound [36]. Texture along the hot extrusion direction
was observed from the anisotropy behavior in the magnetic
measurements. This result still remains as state of the
art in terms of magnetic performance and difficulties on
reproducing it were reported in literature (references).
Only recently Feng et al. reported similar values
(BH)max ≈ 46 kJ/m3) [37]. In thiscomprehensive study, it
was highlighted the role of Ni-doping on the improving the
plasticity of Mn-Al-C, which is imperative for the hot
extrusion process.

A press (Beckwood corp.), with tools heated up to
550 °C, was used for the extrusion process. The diameter of
the die used was 25mm while the initial diameter of the
samples was 50mm, resulting in a ratio of the starting
andfinal cross section area of 4. Prior extrusion the
precursor alloy was heated up to 500 °C and kept at this
temperature for ca. 20min. Afterwards the preheated alloy
was placed into the press and pressure of up to 225MPa
was applied However, due to the rigid behaviour of the
intermetallic phase at this temperature, the applied
pressure was not sufficient to successfully complete
theextrusion process.

Even though a small volume of the sample was
extruded, a section of this volume was used for further
characterization.

2.2 Synthesis of the powder precursor alloy

Various techniques have been previously applied to prepare
Mn-Al basedpowder precursor for permanent magnets,
including mechanical alloying, gas atomization and
mechanical milling etc. [5–7,17,38,39]. Among this meth-
ods, mechanical milling (MM) seems to be the most cost-
effective and efficient approach for preparation of powder
with enhanced coercivity. Therefore, powder was produced
by mechanical milling of the VIM obtained Mn–Al-C alloy,
by using a planetary ball mill Fritsch-Pulverisette 6. The
milling was done in protective gas atmosphere, for 2 h at
rotation speed of 250 RPM, using 10:1 ball to powder mass
ratio, and 10mm hardened steel balls.

2.2.1 Hot compaction

After milling, the randomly shaped powder and flake like
particles, with D90 � 100mm was obtained. The powder
was sieved and separated in fraction by particles sizes. The
fraction with particle size below 100mm was used for hot
compaction. The hot compaction has been performed using
a standard hydraulic hot press machine and closed die with

inner diameter of 300mm and height (after compaction) of
800mm. The compaction was done at pressure of 150MPa
and die temperature of 450 °C under protective argon
atmosphere with holding time of 20min.

2.2.2 High pressure torsion

The influence of plastic deformation as well as of crystal
defects related to crystals plasticity on the formation
magnetic properties of Mn-Al based alloys was intensively
studied through recent years [30,31,40,41]. The high
pressuretorsion (HPT � Walter Klements GmbH) process
was used to compact and deform t-phase Mn-Al-C powder
(particle size below 80mm) into disc shaped samples of
10mm diameter and 1mm height. The pressure used was
4GPa and 50 revolutions were applied with 1 RPM. The
process was performed at room temperature and the tools
were kept below 50 °C during the process.

During the HPT process, the strain generated within
the sample is proportional to the radius, which means that
the edges of the disc will be higher deformed than the
center, leading to an inhomogeneousmicrostructure and, in
this case, a magnetic properties gradient [42]. For this
reason, we evaluated three regions of the sample: center
(R0), half radius (R0.5) and on the edge(R1).

2.2.3 Additive manufacturing

An Arcam EBM A2 machine (Arcam EBM, Sweden) was
used for the additive manufacturing process. The EBM
system has reduced working volume, optimized for the
experiments with small powder batches e.g., for testing
newalloys [43]. Processing parameters used: layer thickness
100mm; line offset 100mm; maximum beam current (EB)
30mA and average chamber temperature of 830 °C. More
details about the processing and optimization can be found
in [15].

2.3 Characterisation techniques
2.3.1 SEM/Kerr microscopy

To investigate the present phases and microstructure, the
samples were analyzed using scanning electron microscope
(SEM �Tescan VEGA 3 and FEG-SEM JEOL JSM-
7600F) with backscattered electrons (BSE) detector.
Energy-dispersive X-ray spectroscopy (EDS) measure-
ments were performed to quantify chemical composition of
the present phases.In addition, EDS measurements were
taken in larger portions of the sample (area scans) to ensure
the Mn/Al ratio was preserved after each processing
technique. In all cases, the overall error/deviation from the
initial aimed stoichiometry was around 1 at%, within the
limits of the EDS detector. The carbon content was
evaluated qualitatively by comparing the different sam-
ples, since the quantitative determination through EDS is
challenging and can be influenced by different measure-
ments artifacts (specimen surface or SEM chamber
contamination).

The magnetic domain structures were observed by
magneto optical Kerr effect (MOKE) microscopy (Zeiss
Axio Imager.D2m evico magnetics GmbH).
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2.3.2 Magnetisation measurements

Isothermal magnetization measurements were performed
using PPMS-VSM(Quantum Design PPMS-14), at room
temperature, under applied magnetic field up to 3 T. No
corrections regarding demagnetizing factor were made.

2.3.3 Transimission electron microscopy-TEM

Prior to TEM analysis, lamellas were prepared using
plasma FIB (TescanS9000X) from samples in the VIM,
powder andHPT states. The TEMTitanThemis G2 60-300
(FEI/Thermo Fisher) with aberration correction and rapid
camera with 4K resolution was used to analyze the
lamellas.

3 Results and discussion

3.1 Vacuum induction melting (VIM)

The sample after VIM shows ferromagnetic behavior, as
presented in Figure 2b with relatively high magnetiza-
tion at 3 T applied field (M3T) of 100 A ·m2/kg, in
agreement with the microstructure shown in Figure 2a,
in which only t-phase is observed. It is important to
notice the small value of coercivity (HC < 0.03 T), which
is directly related with the coarse microstructure with
high density of twin boundaries and the absence of
defects which pin the domain wall motion, as similarly
reported by [9,31]. The resultant phase/microstructure
arises from the casting process, where the cooling is not
fast enough to stabilize the high temperature e-phase and
not slow to promote the stable g2- and b-phases. Since an
intermediate cooling rate is achieved during VIM, the
nucleation and growth of the t-phase was achieved,
leading to a single-phase sample.

3.2 Powder preparation � ball milling

Mn52Al46C2 powder was prepared from the VIM bulk
precursor, through ball milling, for further processing
routes. As can be seen from the SEM-BSE image on
Figure 3a, the powder consists of particles smaller than
100mm of different shapes, including spherical and flake
like morphology. The correspondingmagnetization mea-
surement is shown in Figure 3b, in which can be seen aM3T
of 90 A ·m2/kg and HC of 0.12 T. This shows a substantial
increase in coercivity from the VIM bulk precursor,
HC< 0.03 T, and a slight decrease in theM3T. This behavior
is commonly attributed to the plastic deformation and
strainof theproducedpowderduring themechanicalmilling,
which ismoreevident inlongermillingprocedure, as reported
by [7]. It worth mentioning that longer and more intensive
milling can be used to produce powder that shows even
higher coercivity, reaching values around 0.50 T, but
this comes with a decrease in magnetization and even a
decomposition of the t-phase, as reported by Law et al. [39].

3.3 Suction casting

Through suction casting technique is expected to have a
higher cooling rate compared to VIM method. Indeed, as
shown in Figure 4a, the microstructure differs from the
VIM sample where is observed the presence of three
distinct phases: t-, g2- and e-phases. The e-phase arises
from the higher cooling compared to VIM, which is also in
agreement with the refinement of the t-phase. The high
fraction of g2-phase present in the sample indicate that
further annealing needs to be done to further homogenize
and maximize the t-phase fraction. After annealing at
1100 °C, temperature region of e-phase stability, for 72 h
with subsequently quenching into water, leads to a change
in the microstructure, ascan be observed in Figure 4b. In
the outer shell of the cylindric sample is observed the

Fig. 2. Kerr micrograph (a) and magnetization measurement (b) of the VIM casted Mn-Al-C sample. The microstructure shows pure
t-phase with twin boundaries and the magnetic domain structure.
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Fig. 3. SEM-BSE image of the produced Mn-Al-C powder (a) and the corresponding magnetization measurements (b).

Fig. 4. Kerr images illustrating the microstructure of suction-casted sample in the as cast state (a), after annealing at 1100 °C for 72 h
(b) and after annealing at 1100 °C for 72 h and 550 °C for 30min and the corresponding magnetization measurements (d). The EDS of
g2-phase has shown Mn50Al50 composition.
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presence of e-phase because of the higher quenching rate on
the edges of the sample, while in the interior we observe the
t-phase. To further maximize the ferromagnetic phase
fraction, an additional annealing step at 550 °C for 30min
was adopted, which led to amicrostructure of pure t-phase,
as can be seen in the Figure 4c and from the magnetization
values in Figure 4d. Similar to the VIM sample, features
like twin boundaries and micro twins are observed in the
microstructure.

Accordingly, the magnetization measurements shown
in Figure 4d agrees well with the microstructure observa-
tion. In the as suction casted state, small fraction of
t-phase, the low magnetization represents the non-
magnetic g2- and e-phases, which are in large fraction in
this state. By annealing at 1100 °C, there is an increasing
the t-phase fraction and the change on the curve shape to a
ferromagnetic behavior with coercivity around 0.04 T and
M3T of 70 A ·m2/kg. After annealing at 550 °C, we promote
the e! t transformation, leading to a higher ferromagnetic
phase fraction resulting in a higher magnetization (M3T of
90 A ·m2/kg) with similar coercivity. It is worth to mention
that only a slight increase in the coercivity value was
observed from the suction casted sample when compared to
the VIM sample, from below 0.03 T to around 0.04 T.

3.4 Beam-based powder bed additive manufacturing

The part of the current work devoted on the Additive
Manufacturing of MnAl-C magnets by Beam-based
Powder Bed technology is a continuation of the work
published previously [14] and [15], were ball milled binary
Mn-Al alloy was used as a precursor. The samples were
printed using a modified ArcamA2 EBMmachine and ball-
milled Mn-Al-C alloy with particles size of 50–60mm (see
Fig. 1). As already discussed above, the use of C doped
powder was expected to improve the phase stability and
enhance the magnetic properties of the printed magnets.
The experiment has shown that contrary to the induction

melting process, after electron beam melting the magnetic
t-phase is not predominant. This can be due to the use of
not optimal process parameter settings like scanning rate,
hatching distance, process temperature, etc. Therefore,
further investigation of the influence of process parameter
settings on the microstructure forming aspects responsible
for formation of propermagnetic properties should be done.
On another hand, the amount of t-phase in the printed
samples can be increased by post processing. Magnetiza-
tionmeasurements confirmed (Fig. 5) that the properties of
the printed magnets can be fully recovered by two step
annealing at 1100 and 500 °C. However, the properties
cannot be further improved.

3.5 Hot extrusion/deformation and hot pressing

Figure 6a and b presents the microstructure and magnetic
properties of thehot deformed (slightly extruded) Mn-Al-C
sample, respectively. It can be observed that the hot
deformation has caused dynamic recrystallization, which
explains the microstructure refinement while preserving
the t-phase which can be also observed by the high M3T
value of 97 A ·m2/kg. The coercivity value has substan-
tially increase when compared to the previous processing
routes, going from 0.03 to 0.12 T. This shows that the
combination of grain refinement and the induced defects
during plastic deformation, such as dislocation, can
improve coercivity without affecting the magnetization,
which is in agreement to results reported by Thielsch et al.
[9] and Feng et al. [37].

As it wasmentioned above, because of the brittle nature
of this compound, the sample has been deformed and only
slightly extruded at the beginning of the extrusion die. This
show that the extrusion temperature of 500 °C was not
enough to induce plasticity for deformation process, but, as
mentioned previously, higher temperatures could lead to
decomposition of the metastable ferromagnetic phase. For
this reason, a further detailed study onthe influence of

Fig. 5. Mn-Al-C sample produced by EBM (a) Kerr image preprocessed sample, showing the t phase is predominantly present and (b)
magnetization measurement of the initial powder, the EBM samples and the EBM samples after post-processing.
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chemical composition, process temperature, phase stabili-
zation and magnetic properties would give an insight of the
processing window for this material system, but this is
beyond the scope of the present work.

Alternatively, with the aim to overcome the technical
difficulties presented during the hot extrusion route and
produce a refined t-phase microstructure,the hot compac-
tion of the produced ball milled powder has been
performed. The obtained hot-compacted samples had the
microstructure as shown in Figure 7a. As can be seen, the
metastable phase partially was decomposed during the
process, but the remaining t-phase shows a refined
microstructure when compared toVIM and suction casting
processes. It is important to notice that was observed-
porosity in this sample, which led to a sample with density
of 4,3 g/cm3, around 83% relative to the theoretical
density, measure by Archimedes’ principle.

The magnetization curve of the hot-pressed sample,
Figure 7b, shows a magnetization M3T of 50 A ·m2/kg,
related to a decrease of the ferromagnetic phase fraction.
On the other hand, the coercivity has improved, reaching a
value of 0.21 T, showing again, as in the case of hot
extrusion, that grain refinement and defects induced
during the process contribute to improve this property.

3.6 High pressure torsion � severe plastic deformation

Another deformation processing route that has been
investigated in this work was high pressure torsion (severe
plastic deformation), but different from the 295 previous
ones, the deformation was carried out at room tempera-
ture. As can be seen from themagnetizationmeasurements,
Figure 8c, there is a gradient on the coercivity and
magnetization values across the diameter. The increase in

Fig. 6. Kerr micrograph of the hot-deformed sample (slightly extruded) Mn-Al-C sample (a) and the corresponding magnetization
measurement (b).

Fig. 7. Kerr image of the hot-pressed Mn-Al-C sample (a) showing the two present phases (g2 and t-phases) and the magnetization
measurement (b). The EDS of g2-phase has shown Mn49Al51 composition.
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the coercivity towards the edge of the sample (R1), from
0.22 to 0.58 T, can be associated to the higher strain that
this area is subjected during the HPT process and,
consequently, higher defect density. The high values of
coercivity obtained byHPT are similar to the ones reported
by other authors and also similar for powders produced by
high energy ball milling, in which the powder is also
subjected to high a deformation degree.

On the other hand, the magnetization value decreases
because of higher Mn-Mn antiferromagnetic interaction
caused by internal stresses, which has been shown also for
other processing routes [8]. In addition to the decrease in
the absolute magnetization value, it is possible to notice a
step-like decrease in the magnetization value. This
behavior is related to the appearance of secondary phase
caused by the stress-driven decomposition of the metasta-
ble t- into b-phase, as confirmed by SEM-EDS (see
Fig. 8b). The nucleated phase also contributes to the
decrease in the absolute magnetization value since it is
nonmagnetic.

To correlate the obtained magnetic results with
microstructure, SEM analysis were made in the center
(R0-Fig. 8a) and at the edges (R1-Fig. 8b), revealinga
gradient on the microstructure morphology. Kerr micros-
copy was also used but it was not possible to distinguish
features, like grain size or twins, as shown for the previous
processing routes. For this reason, TEM analysis was
carried in the as cast (VIM), powder precursor and in the
HPT (R1 region) states, as shown in Figure 9. In the as cast
state (VIM), as shown previously in Figure 2a and also in
Figure 9a, the microstructure is composed from coarse
grains (micrometer range) with well-defined twins and twin

boundaries. As for the powder, Figure 9b, it is possible to
notice a difference in the morphology and size of the grains
along the presence with a higher density of defects.

Fig. 8. SEM-BSE images showing the microstructure in the center (a)-R0 and on the edge (b)-R1 of high pressure deformed sample
and magnetization measurements of different regions of the sample (c). The EDS of b-phase has shown Mn64Al36 composition.

Fig. 9. HR-TEM of the Mn-Al-C samples in different states for
comparison: (a) VIM, (b) powder precursor for HPT and (c, d)
after HPT.
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The sample after HPT, Figure 9c and d, shows even further
microstructural refinement and change in morphology,
being difficult to distinguish individual grains. But it is
noticeable the increase of defect density, including
polytwinned microstructure with high density of disloca-
tions. The high density of defects, especially dislocations,
can hinder the domain wall motion leading to a higher
coercivity, in accordance with themagnetic results presented
in Figure 8c, and as previous reported by [30,31,41].

The results indicate that the coercivity is strongly
related to the defects, and the density of such defects, that
can pin the domain wall motion in the magnetization
reversal process. Even though plastic deformation/severe
plastic deformation is beneficial for this figure of merit, the
magnetization value decreases due to internal stresses, as
seen and explained previously. For this reason, a compro-
mise between these two properties can be established by
using HPT or even with the addition post annealing
processing step. These possibilities can be further studied
and explored to achieve a balanced magnet in terms of
magnetization and coercivity, but the absence of texture
coming from the HPT still remains a challenge for
increasing remanence and, consequently, the energy-
product BHmax.

Table 1 summarizes themagnetic characteristics ofMn-
Al-C permanent magnets produced by various techniques
that were found in literature. The results of the
experimental findings presented in this work were also
added to the Table 1 for comparison.

4 Conclusion

To investigate the influence of different production
methods of bulk Mn-Al-C based permanent magnets on
their magnetic properties, a batch of Mn52Al46C2 precursor
alloy was prepared by vacuum induction melting for
further processing. MnAl based permanent magnets were
produced by applying different degree of mechanical
deformation and heat treatment. The resulting permanent
magnets were studied with respect of the correlation
between microstruture and magnetic properties.

It was clearly shown that the phase purity of the samples
is important, but not the ultimate factor determining the
magnetic properties of the MnAlC samples. Beside the
amount of t-phase, the density and the type of microstruc-
tural defects can significantly affect the extrinsic magnet
properties of this material system. The samples that were
subject of plastic deformation during the manufacturing
process (hot extrusion, high pressure torsion and milling)
have higher defects density. By having these higher defect
density, especially dislocations,high coercivity values were
obtainedbecause thesedefects canactaspinning center than
can hinder the reversal domains movement. On the other
hand, the strain related to these processes can reduce
magnetization due toMn-Mn antiferromagnetic interaction
and, in some cases, can also leads to a decomposition of the
ferromagnetic metastable t-phase.

Techniques related to melting with slow cooling (VIM)
or with post annealing processing (suction casting) have

Table 1. Various fabrication techniques of Mn-Al-based permanent magnets and their main magnetic characteristics.

Fabrication technique Hc (kOe) Mr (A ·m2/kg) MS (A ·m2/kg) Ref.

Induction melting 0.3 17.5 100.0 This work
0.2 23.0 120.0 [8]

Arc melting – – – This work
0.1 5.0 n.i. [38]

Suction cast 0.4 18 90 This work
– – – –

Hot compacted 2.2 20 50 This work
3.3 28 50 [19]

Hot deformed – – – This work
2.2 50 82 [19]

Hot extruded 1.2 32 97 This work
3.2 85.7 111.2 [37]

Spark plasma sintered – – – This work
2.4 12.0 28 [44]

FDM printed – – – This work
1.53 35.8 80.0 [16]

EBM printed 0.6-1.2 3.1-26.3 10.7-111.3 This work and [15]
– – – –

High pressure torsion 2.5-5.8 5.0-45.0 10.0-90.0 This work
5.9 15.0 40.0 [30]

The abbreviation “n.i.” means that this information was not provided by the authors.
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shown the highest magnetization values. Based on the
obtained results, it can be concluded that introducing
texture along the easy magnetization axis can (without
negative effect on the magnetization) maximize the
remanence and consequently the energy product BHmax
of the magnets. From all investigated methods, as previ-
ously reported, only samples produced by hot extrusion has
shown a significant degree texturing. Due to the experi-
mental constraints (temperature and pressure), this could
not be fully reproduced and therefore only isotropic
samples are reported in this work.

Among the explored techniques, hot extrusion and high
pressure torsion have shown promising possibilities to
further develop Mn-Al-C as permanent magnets. However,
it should be taken into account the challenges related to
design a proper processing window for hot extrusion and
the limitation of HPT regarding the absence of texture.

This work was supported by the European Union’s Horizon 2020
NMBP232015 research No 686056 (NOVAMAG). F.Maccari
acknowledges the funding provided by the Deutsche Forschungs-
gemeinschaft DFG (German Research Foundation) under the
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References

1. A.J.J. Koch, P. Hokkeling, M.G.v.d. Steeg, K.J. de Vos, New
material for permanent magnets on a base of Mn and Al, J.
Appl. Phys. 31 (1960) S75–S77

2. J. Cui, M. Kramer, L. Zhou, F. Liu, A. Gabay, G.
Hadjipanayis, B. Balasubramanian, D. Sellmyer, Current
progress and future challenges inrare-earth-free permanent
magnets, Acta Mater. 158 (2018) 118–137

3. K. Patel, J. Zhang, S. Ren, Rare-earth-free high energy
product manganesebased magnetic materials, Nanoscale 10
(2018) 11701–11718

4. K.P. Skokov, O. Gutfleisch, Heavy rare earth free, free rare
earth and rare earth free magnets � Vision and reality, Scr.
Mater. 154 (2018) 289–294

5. A.E. Berkowitz, J.D. Livingston, J.L. Walter, Properties of
Mn-Al-C magnets prepared by spark erosion and other rapid
solidification techniques, J. Appl. Phys. 55 (1984) 2106–2108

6. A. Chaturvedi, R. Yaqub, I. Baker, Microstructure and
magnetic properties of bulk nanocrystalline MnAl, Metals 4
(2014) 20–27

7. H. Jian, K.P. Skokov, O. Gutfleisch, Microstructure and
magnetic properties of Mn-Al-C alloy powders prepared by
ball milling, J. Alloys Compd. 622 (2015) 524–528

8. F. Bittner, J. Freudenberger, L. Schultz, T.G. Woodcock,
The impact ofdislocations on coercivity in L10-MnAl, J.
Alloys Compd. 704 (2017) 528–536

9. J. Thielsch, F. Bittner, T.G. Woodcock, Magnetization
reversal processes in hot-extruded t-MnAl-C, J. Magn.
Magn. Mater. 426 (2017) 25–31

10. S. Bance, F. Bittner, T.G. Woodcock, L. Schultz, T. Schrefl,
Role of twin and anti-phase defects in MnAl permanent
magnets, Acta Mater. 131 (2017) 48–56

11. F. Bittner, L. Schultz, T.G. Woodcock, The role of the
interface distribution in the decomposition of metastable
L10-Mn54Al46, J. Alloys Compd. 727 (2017) 1095–1099

12. R. Madugundo, G.C. Hadjipanayis, Anisotropic Mn-Al-(C)
hot-deformed bulk magnets, J. Appl. Phys. 119 (2016)
013904

13. A.M.G. Unalan, Development of rare-earth free permanent
magnets, Ph.D. thesis, Graduate School of Natural and
Applied Sciences ofMiddle East Technical University (2017).
etd.lib.metu.edu.tr/upload/12621677/index.pdf/123456789/
26977

14. V. Popov, A. Koptyug, I. Radulov, F. Maccari, G. Muller,
Prospects of additive manufacturing of rare-earth and non-
rare-earth permanent magnets, Procedia Manuf. 21 (2018)
100–108

15. I.A. Radulov, V.V. Popov, A. Koptyug, F. Maccari, A.
Kovalevsky, S. Essel, J. Gassmann, K.P. Skokov, M.
Bamberger, Production of net-shape Mn-Al permanent
magnets by electron beam melting, Addit. Manuf. 30
(2019) 100787

16. E.M. Palmero, J. Rial, J. de Vicente, J. Camarero, B.
Skårman, H. Vidarsson, P.O. Larsson, A. Bollero, Develop-
ment of permanent magnet MnAlCpolymer composites and
flexible filament for bonding and 3D-printing technologies,
Sci. Technol. Adv. Mater. 19 (2018) 465–473

17. Z.W. Liu, C. Chen, Z.G. Zheng, B.H. Tan, R.V. Ramanujan,
Phasetransitions and hard magnetic properties for rapidly
solidified MnAl alloysdoped with C, B, and rare earth
elements, J. Mater. Sci. 47 (2011) 2333–2338

18. J.M.D. Coey, Permanent magnets: plugging the gap, Scr.
Mater. 67 (2012) 524–529

19. R. Madugundo, O. Koylu-Alkan, G.C. Hadjipanayis, Bulk
Mn-Al-C permanent magnets prepared by various techni-
ques, AIP Adv. 6 (2016) 056009

20. R.W. McCallum, L. Lewis, R. Skomski, M.J. Kramer, I.E.
Anderson, Practical aspects of modern and future permanent
mgnets, Ann. Rev. Mater. Res. 44 (2014) 451–477

21. F. Bittner, L. Schultz, T.G. Woodcock, Twin-like defects in
L10 ordered t-MnAl-C studied by EBSD, Acta Mater. 101
(2015) 48–54

22. S. Zhao, Y.Wu, Z. Jiao, Y. Jia, Y. Xu, J. Wang, T. Zhang, C.
Jiang, Evolution of intrinsic magnetic properties in L10 Mn-
Al alloys doped with substitutional atoms and correlated
mechanism: experimental and theoretical studies, Phys. Rev.
Appl. 11 (2019) 64008

23. V. Øygarden, J. Rial, A. Bollero, S. Deledda, Phase-pure
t-MnAlC produced by mechanical alloying and a one-step
annealing route, J. Alloys Compd. 779 (2019) 776–783

24. D. Palanisamy, D. Raabe, B. Gault, Elemental segregation to
twin boundaries in a MnAl ferromagnetic Heusler alloy, Scr.
Mater. 155 (2018) 144–148

25. J.M.K. Wiezorek, A.K. Kulovitz, C. Yanar, W.A. Soffa,
Grain boundary mediated displacive-diffusional formation
of t-phase MnAl, Metall. Mater. Trans. A 42 (2011)
594–604

26. P.-Z. Si, H.-D. Qian, C.-J. Choi, J. Park, S. Han, H.-L. Ge, K.
P. Shinde, In situ observation of phase transformation in
MnAl(C) magnetic materials, Materials 10 (2017) 1016

27. H. Zijlstra, H.B. Haanstra, Evidence by lorentz microscopy
for magnetically active stacking faults inMnAl alloy, J. Appl.
Phys. 37 (1966) 2853–2856

28. C. Yanar, J.M.K. Wiezorek, W.A. Soffa, V. Radmilovic,
Massive transformation and the formation of the ferromag-
netic L10 phase in manganesealuminum-based alloys, Metall.
Mater. Trans. A 33 (2002) 2413–2423

10 V.V. Popov Jr. et al.: Manufacturing Rev. 8, 10 (2021)



29. J. Landuyt,G.Tendeloo, J.J.Broek,H.Donkersloot,H.Zijlstra,
Defect structure and magnetic properties of MnAl permanent
magnet materials, IEEE Trans. Magn. 14 (1978) 679–681

30. P.Z. Si, J.T. Lim, J. Park, H.H. Lee, H. Ge, H. Lee, S. Han, H.
S. Kim, C.J. Choi, High coercivity in MnAl disc prepared by
severe plastic deformation, Phys. Status Solidi (b) 257
(2019) 1900356

31. Y. Jia, Y.Wu, S. Zhao, S. Zuo, K.P. Skokov, O. Gutfleisch, C.
Jiang, H. Xu, L10 rare-earth-free permanent magnets: the
effects of twinning versus dislocations in Mn-Al magnets,
Phys. Rev. Mater. 4 (2020) 94402

32. P. Zhao, L. Feng, K. Nielsch, T.G. Woodcock, Microstruc-
tural defects in hot deformed and as-transformed t-MnAl-C,
J. Alloys Compd. 852 (2021) 156998

33. X.H. Tan, H. Xu, Q. Bai, W.J. Zhao, Y.D. Dong, Magnetic
properties of Fe-Co-Nd-Y-B magnet prepared by suction
casting, J. Non Cryst. Solids 353 (2007) 410–412

34. Z. Yuyong, P. Jing, J. Xiaoli, L. Xincai, D. Youren, X.
Xiaoyan, Microstructure evolution and magnetic properties
of the Nd9Fe81�xTi4C2Nb4Bx (x = 11, 13, 15) bulk magnets
prepared by copper mold suction casting, J. Rare Earths 33
(2015) 1081–1086

35. F. Maccari, L. Schafer, I. Radulov, L.V.B. Diop, S. Ener, E.
Bruder, K. Skokov, O. Gutfleisch, Rapid solidification of Nd1
+xFe11Ti compounds: phase formation and magnetic prop-
erties, Acta Mater. 180 (2019) 15–23

36. T. Ohtani, N. Kato, S. Kojima, K. Kojima, Y. Sakamoto, I.
Konno, M. Tsukahara, T. Kubo, Magnetic properties of Mn-
Al-C permanent magnet alloys, IEEE Trans. Magn. 13
(1977) 1328–1330

37. L. Feng, J. Freudenberger, T. Mix, K. Nielsch, T.G.
Woodcock, Rareearth-free MnAl-C-Ni permanent magnets

produced by extrusion of powder milled from bulk, Acta
Mater. 199 (2020) 155–168

38. N. Singh, V. Mudgil, K. Anand, A.K. Srivastava, R.K.
Kotnala, A. Dhar, Influence of processing on structure
property correlations in t-MnAl rareearth free permanent
magnet material, J. Alloys Compd. 633 (2015) 401–407

39. J.Y. Law, J. Rial, M. Villanueva, N. Lopez, J. Camarero, L.
G. Marshall, J.S. Blazquez, J.M. Borrego, V. Franco, A.
Conde, L.H. Lewis, A. Bollero, Study of phases evolution in
high-coercive MnAl powders obtained through short milling
time of gas-atomized particles, J. Alloys Compd. 712 (2017)
373–378

40. Y. Jia, Y. Wu, S. Zhao, J. Wang, C. Jiang, Relation between
solidification microstructure and coercivity in MnAl perma-
nent-magnet alloys, Intermetallics 96 (2018) 41–48

41. M.V. Gorshenkov, D.Y. Karpenkov, R.V. Sundeev, V.V.
Cheverikin, I.V. Shchetinin, Magnetic properties of Mn-Al
alloy after HPT deformation, Mater. Lett. 272 (2020)
127864

42. A. Zhilyaev, T. Langdon, Using high-pressure torsion for
metal processing: fundamentals and applications, Prog.
Mater. Sci. 53 (2008) 893–979

43. A.G. Popov, V.S. Gaviko, V.V. Popov, O.A. Golovnia, A.V.
Protasov, E.G. Gerasimov, A.V. Ogurtsov, M.K. Sharin, R.
Gopalan, Structure andmagnetic properties of heat-resistant
Sm(Co0.796�xFe0.177CuxZr0.027)6.63 permanent magnets with
high coercivity, JOM 71 (2018) 559–566

44. P. Saravanan, V.T.P. Vinod, M. Černík, A. Selvapriya, D.
Chakravarty, S.V. Kamat, Processing of Mn-Al nanostruc-
tured magnets by spark plasma sintering and subsequent
rapid thermal annealing, J. Magn. Magn. Mater. 374 (2015)
427–432

Cite this article as: Vladimir V. Popov Jr., Fernando Maccari, Iliya A. Radulov, Aleksey Kovalevsky, Alexander
Katz-Demyanetz, Menahem Bamberger, Microstructure and magnetic properties of Mn-Al-C permanent magnets produced by
various techniques, Manufacturing Rev. 8, 10 (2021)

V.V. Popov Jr. et al.: Manufacturing Rev. 8, 10 (2021) 11



146


	Acknowledgments
	Curriculum Vitae
	List of Publications
	List of Figures
	List of Tables
	Nomenclature
	Introduction and Motivation
	Fundamentals
	Permanent magnets
	Figures of merit and types of permanent magnets
	Ferromagnetism and the role of 3d elements
	Magnetic hardening and the role of rare earth 4f electrons

	Magnetic Domain Structure
	Microstructural effects on magnetic properties and Brown's paradox
	The rare earth crisis - one decade later
	The ThMn12 material system - Potential rare earth lean magnets
	Extrinsic properties of Nd-based 1:12-type systems
	Extrinsic properties in Sm-based 1:12
	Properties in Ce-based 1:12

	The Mn-Al material system - Potential rare earth-free gap magnet

	Synopsis of Publications
	Preamble of the synopsis
	Publication A: Rapid solidification of Nd1+xFe11Ti compounds: Phase formation and magnetic properties
	Publication B: Correlating changes of the unit cell parameters and microstructure with magnetic  properties in the CeFe11Ti compound
	Publication C: Twins – A weak link in the magnetic hardening of ThMn12-type permanent magnets
	Publication D: Microstructure and magnetic properties of Mn-Al-C permanent magnets produced by  various techniques

	Conclusions and Outlook
	Bibliography
	Cumulative Part of the Thesis
	Statement of Personal Contribution
	Full-text of Selected Publications
	Full-text of Selected Publication A
	Full-text of Selected Publication B
	Full-text of Selected Publication C
	Full-text of Selected Publication D



