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Abstract 
Nd-Fe-B alloys have become the basis of the strongest permanent magnet available on the 

market. They have replaced other magnets in many modern industrial applications that require high-
energy permanent magnets, and are now being used in a wide range of devices. 

 
Such magnetic material consists primarily of a tetragonal intermetallic compound 

(Nd2Fe14B), with excellent intrinsic hard magnetic properties. Its magnetic behavior depends to a 
great extent on the microstructure, which varies according to the chemical composition of the 
material and, in turn, is defined by the manufacturing process. Sintered magnets have higher energy 
product compared to bonded magnets, although, the latter turn out to be a cheaper option when 
magnets of lower energy, smaller size and with more complicated geometries are required. 

 
The number of applications for this magnetic material is predicted to rise as a result of 

technological advances in electromobility, the sensor industry, robotics and green energy 
production. It is estimated that the supply of neodymium (Nd) and dysprosium (Dy), with the latter 
being necessary to increase the maximum working temperature of these magnets, will remain tight 
throughout the next decade due to a major growth in demand and limited supply. This is why 
research has concentrated on improving these magnets, especially since the rare-earth crisis in 2011. 
Several studies have focused on cheaper compositions and, improvement in processing, tailoring 
the characteristics of the magnet to its application and recycling. 

 
Gas atomization is an industrial process with many advantages, including high productivity 

and lower cost compared to other methods. The spherical shape of the powders makes it ideal for 
consolidation, allowing a higher volumetric fraction of magnetic material to be contained within the 
magnet. Additionally, various studies have shown that this process is a suitable method for 
producing good quality Nd-Fe-B powders and that it is possible to control their composition. 
Nevertheless, there is a small commercial production of gas-atomized Nd-Fe-B powder that is 
employed to manufacture bonded magnets, particularly by injection molding. This has been due to 
the fact that the magnetic properties of these powders are lower than those of powders produced 
using other methods. 

 
One of the main characteristics of gas-atomized powders is their wide particle size 

distribution and, therefore, diverse microstructures. Consequently, this PhD thesis has focused on 
the study of different alloys of Nd-Fe-B produced by gas atomization, and the influence of Nd 
content, the addition of niobium (Nb) and the effect of particle size on the grain growth of these 
alloys has been taken into consideration. Finally, a new process has been developed to obtain 
anisotropic Nd-Fe-B powder from an isotropic gas-atomized powder, demonstrating that this 
process is a viable alternative for production of Nd-Fe-B powders in the manufacture of bonded 
magnets. 



Resumen 
Las aleaciones de Nd-Fe-B se han convertido en la base del imán permanente más potente 

disponible en el mercado. Han reemplazado a otros imanes en muchas aplicaciones de la industria 
moderna que requieren imanes permanentes de gran potencia y, es por ello que actualmente están 
siendo utilizados en una amplia gama de dispositivos. 

 
Dicho material magnético consiste principalmente en un compuesto intermetálico tetragonal 

(Nd2Fe14B), con excelentes propiedades magnéticas intrínsecas duras. Su comportamiento 
magnético depende en gran medida de la microestructura, la cual varía según la composición 
química del material y, a su vez, se define por el proceso de fabricación. Los imanes sinterizados 
poseen un mayor producto de energía con respecto a los imanes ligados, aunque estos últimos 
resultan ser una opción más económica en aplicaciones que requieren imanes de menor potencia, 
de pequeño tamaño o con geometrías más complicadas. 

 
Se prevé que el número de aplicaciones de este material magnético aumente como resultado 

de los avances tecnológicos en la electromovilidad, la industria de los sensores, la robótica y la 
producción de energía verde. Se estima que el suministro de neodimio y disprosio -siendo este 
último necesario para incrementar la temperatura máxima de trabajo de estos imanes- se mantendrá 
muy ajustado durante la próxima década debido a un importante crecimiento en la demanda y una 
oferta limitada. Por esta razón, la investigación se ha enfocado en la mejora de estos imanes, 
especialmente desde la crisis de tierras raras en el 2011. Diversos estudios se han centrado en 
composiciones más baratas y en la mejora del procesamiento, adaptando las características del imán 
a su aplicación y reciclaje. 

 
La atomización con gas es un proceso industrial con muchas ventajas, incluida una gran 

productividad y, por tanto, menores costos en comparación con otros procesos. La forma esférica 
de los polvos lo hace idóneo para su consolidación, permitiendo una mayor fracción volumétrica de 
material magnético dentro del imán. Además, diversos estudios han demostrado que la atomización 
con gas es un método adecuado para producir polvos de Nd-Fe-B de buena calidad y que es posible 
controlar su composición. Sin embargo, solo existe una pequeña producción comercial de polvos 
de Nd-Fe-B atomizados con gas que se emplea para fabricar imanes ligados, específicamente por 
moldeo por inyección. Esto se ha debido al hecho de que las propiedades magnéticas de estos polvos 
son más bajas que las de los polvos producidos por otros métodos. 

 
Una de las principales características de los polvos atomizados con gas es que la distribución 

de tamaños de partícula es ancha y, como consecuencia, presentan microestructuras diversas. Por 
consiguiente, la presente tesis doctoral se ha enfocado en el estudio de distintas aleaciones de Nd-
Fe-B producidas mediante atomización con gas y se ha tomado en consideración la influencia del 
contenido de Nd, la adición de Nb y el efecto del tamaño de partícula en el crecimiento de grano de 
estas aleaciones. Finalmente, se ha desarrollado un nuevo proceso para obtener polvo anisótropo de 



 

 

Nd-Fe-B a partir de un polvo isótropo atomizado con gas, demostrando que este proceso es una 
alternativa viable para la producción de polvos de Nd-Fe-B destinados a la fabricación de imanes 
ligados. 
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Chapter 1 

1. Introduction 
After almost four decades of development, neodymium-iron-boron (Nd-Fe-B) alloys 

account for more than fifty percent of the permanent magnet (PM) market in terms of value [1]. 
They have become essential components in a variety of technological disciplines, with applications 
in a wide range of devices that have resulted in a significant increase in their use. 

 
China has the largest reserves of rare earth elements (REEs) and controls most of the world’s 

mining, production and supply, being the only country that runs the entire industrial production 
cycle from ores to REE metals [2,3]. Governmental control over such critical resources has been a 
severe concern in the past, and so in the last ten years, innovation has been driven by the crisis in 
rare earth prices. 

 
Research has led to the development of compositions with a low concentration (or which are 

even free) of heavy rare earths [4] and with cheaper rare earth elements (e.g. lanthanum or cerium) 
[5–8]. Since outperforming of Nd-Fe-B alloys with novel materials has not yet been possible despite 
many efforts [9,10], processing technologies have been refined to push the Nd-Fe-B alloys closer 
to their theoretical limits. Some examples of these technological improvements are the deposition 
of heavy rare earths at the grain boundaries by diffusion [11–14], the reduction in initial particle 
size of the powders [15,16], and the use of plastic deformation to minimize grain growth [7,13,17]. 
Other measures adopted to mitigate the supply risk have been to support research into recycling 
[18–20] and new designs of electromechanical devices that require fewer magnets to operate [21]. 
Regarding this latter point, additive manufacturing technologies have opened up new opportunities 
for increasing the complexity of the magnets, which has aroused great interest [22–25]. 

 
Even though concerns about rare earth supply remain and another price crisis cannot be ruled 

out, it is nonetheless expected that the market share for Nd-Fe-B magnets will grow in the coming 
years, boosted by new applications in electromobility, the sensor industry, robotics and energy 
conversion. The new demands made by these applications will guide research in the near future. For 
example, the use of Nd-Fe-B magnets in electric motors is requiring the development of magnets 
with a long term operating temperature of up to 200 ºC [1,10,26]. As a result, there is great interest 
nowadays in enhancing coercivity at the same time as total content of heavy rare earths is being 
reduced [8,12–14,27]. 
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At present, the conventional starting points to prepare Nd-Fe-B powders are strip casting 
and melt spinning [28]. Strip casting is mostly applied to the production of monocrystalline 
micrometric powders used to manufacture anisotropic sintered magnets, and is also employed as 
the initial step in producing micrometric ultrafine anisotropic powder via a hydrogenation-
disproportionation-desorption-recombination (HDDR) process [29]. Melt spinning is mostly 
applied to the manufacture of isotropic nanocrystalline micrometric flakes for isotropic bonded 
magnets. Other methods that have been studied to synthesize powders are mechanical alloying 
[30,31], chemical methods [32], plasma atomization [33], liquid gas atomization [34] and gas 
atomization [35–40]. Consequently, there is ongoing interest in the development of new methods to 
produce Nd-Fe-B powders, which is also linked to the need to recycle waste magnets [18]. 

 
Developing high coercivity Nd-Fe-B magnets from powder produced by gas atomization is 

a very interesting and promising research subject in the field of rare-earth transition metal permanent 
magnets [40]. This technique involves breaking a liquid metal stream into droplets by means of a 
high velocity inert gas flow, and these droplets then become powder particles following 
solidification. It offers multiple advantages, such as high productivity and lower manufacturing 
costs, as well as, the production of spherical metallic particles, which makes them suitable for 
subsequent consolidation. Nevertheless, there is only a small commercial production of gas 
atomized Nd-Fe-B powder that is employed to manufacture bonded magnets, particularly by 
injection molding [41]. By adjusting the process variables (e.g. atomizing gas, gas pressure, melt 
superheat, gas-to-metal mass flow rate ratio, etc.), and geometrical parameters (e.g. tip geometry, 
type of gas nozzle, melt delivery tube, impingement angle, etc.), the median particle size can be 
varied between ∼5 μm to ∼70 μm [42]. Additionally, the characteristic particle size distribution is 
very broad. Typically, it can be fitted by a log-normal distribution with a geometric standard 
deviation (σLN) of between 1.8 and 2.2 [43]. Its microstructure depends on the cooling rate which, 
in turn, depends on the particle size and processing conditions such as atomizing gas [44–46]. 

 
One of the current challenges facing Nd-Fe-B gas-atomized powders is to raise the 

coercivity. The coercivity of Nd-Fe-B alloys depends to a great extent on, several microstructural 
characteristics such as grain size [44–46], grain shape [47,48], grain alignment [49–51], degree of 
oxidation [44,45,52], and intergranular phase composition and distribution [44,53–56]. In addition, 
the hard magnetic characteristics can be easily deteriorated by any type of defect in the 
microstructure, particularly the presence of soft magnetic phases such as α-Fe phase [57,58]. 
Normally, a long heat treatment at high temperature is necessary to homogenize the alloy and 
remove such a detrimental phase. Its formation can also be prevented by increasing the cooling rate, 
the Nd concentration above the stoichiometric value and/or adding Nb [58,59]. These effects are 
also influenced by the composition and the processing technique. 

 
This thesis has been carried out within the framework of the European NEOHIRE project, 

coordinated by CEIT and with the participation of a further nine partners [60]. The main aim of this 
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project was to reduce the use of rare earth elements (REE), as well as critical raw materials (CRM) 
such as cobalt (Co) and gallium (Ga), in wind turbine generator permanent magnets (WTG). This 
idea was achieved by developing isotropic Nd-Fe-B atomized powders as a precursor for the 
preparation of anisotropic powder. The new process was developed using a ternary Nd-Fe-B alloy, 
without the requirement for any additional heavy rare earth or other critical raw materials. It 
comprises the following steps: (a) gas atomization to produce a polycrystalline isotropic powder; 
(b) annealing at high temperature to induce grain growth; (c) hydrogen decrepitation to obtain a 
monocrystalline powder; and (d) hydrogenation-disproportionation-desorption-recombination to 
obtain the final ultrafine anisotropic particles. 
 

In order to address the difficulties associated with gas atomization, this thesis was divided 
into various chapters according to all the parameters considered. This first chapter outlines why new 
options are needed to reduce the great dependency on China for supply and the high cost of REEs, 
as well as the major difficulty in replacing REE in PMs. The background to magnetic materials, the 
material subject to research (Nd-Fe-B alloy) and several production procedures were reviewed and 
discussed in the second chapter, while the work methodology was explained in the third chapter. 
The structural and magnetic properties of Nd-Fe-B powders obtained by gas atomization, the effect 
of Nd concentration and Nb addition, and the effect of particle size on grain growth were all 
researched in Chapters 4, 5 and 6, respectively. The development of anisotropic Nd-Fe-B powder 
from isotropic gas atomized powder and the findings of this research are provided in Chapter 7. 
These last results show that gas atomization is a feasible alternative to casting methods as a first 
step in the production of powders for anisotropic bonded magnets. The final two chapters (Chapters 
8 and 9) include the conclusions, future work and references and finally, a review of Nb precipitation 
in Nd-Fe-B alloys is included in Appendix A. 
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Chapter 2 

2. Literature review 

2.1. Introduction to magnetic materials 

Magnetism, known for thousands of years, is a physical phenomenon that manifests through 
attractive or repulsive forces between certain types of materials. The principles that explain this 
phenomenon are complex but it is necessary to understand them, since many technological devices 
are based on it. 

 
Even though all types of materials are affected by magnetism, not all respond in the same 

way. Materials can be differentiated according to their response to an applied magnetic field. This 
response is defined by the magnetic susceptibility of a material, a dimensionless property that refers 
to the degree of magnetization under the influence of an external field. The relationship between 
the magnetization (M), the applied field (H) and the magnetic susceptibility (χm) is: 

 
𝑀𝑀 =  𝜒𝜒𝑚𝑚𝐻𝐻  (2.1) 

 
Based on their magnetic susceptibility value, materials can be classified as diamagnetic, 

paramagnetic, or ferromagnetic. 
 
For diamagnetic materials, 𝜒𝜒𝑚𝑚 is negative, and therefore, these materials are slightly 

magnetized in the opposite direction to H. On the contrary, paramagnetic materials also have a small 
magnetic susceptibility but positive. Thus, such materials are magnetized in the same direction as 
H [61]. 

 
Ferromagnetic materials become strongly magnetized in the same direction as H due to their 

large magnetic susceptibility values. Nevertheless, in this type of material, the magnetization is not 
usually proportional to the applied field strength, and hence another magnetic property called 
relative permeability (𝜇𝜇𝑟𝑟) is introduced. The magnetic susceptibility and the relative permeability 
are related as follows: 

 
𝜒𝜒𝑚𝑚 =  𝜇𝜇𝑟𝑟 − 1  (2.2) 
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The relative permeability is calculated as the ratio of the material permeability (𝜇𝜇) to the 
permeability of vacuum (𝜇𝜇𝑜𝑜), where 𝜇𝜇𝑜𝑜 has a value of 4π × 10-7 H/m. This parameter is also 
dimensionless and indicates how easily the magnetic flux density field (B) can be induced by an 
external H field. B is a field that includes both the external field 𝜇𝜇𝑜𝑜𝐻𝐻 and the material response 
𝜇𝜇𝑜𝑜𝑀𝑀, and is represented by the following expression: 

 
𝐵𝐵 =  µ0(𝐻𝐻 + 𝑀𝑀) =  µ0(1 + 𝜒𝜒𝑚𝑚)𝐻𝐻  (2.3) 

 
This thesis focuses on ferromagnetic materials, specifically Nd-Fe-B alloys; consequently, 

the following paragraphs will provide further information on this type of material. 
 
Ferromagnetic materials are composed of small-volume regions denominated domains. In 

each domain, the magnetic moments of individual atoms are aligned in the same direction and are 
said to be spontaneously magnetized to saturation [62]. As shown in Figure 2.1, domains are 
separated by boundaries, also called Bloch walls (δB), in which the direction of magnetization 
gradually changes [61,63]. 

 

Figure 2.1 A simplified picture of magnetic domains in an iron crystal and the distinction of the 
atomic moments within the wall [61]. 

 
In polycrystalline materials, several domains coexist in the same grain, and thus, there are 

many domains in a piece of material. In a demagnetized state (H = 0 and M = 0 in Figure 2.2), the 
magnetization direction of individual domains is randomly oriented. These directions are 
determined by the magnetocrystalline anisotropy. 

 
A ferromagnetic material has magnetocrystalline anisotropy when the magnetic moments 

are preferentially oriented along a specific crystallographic direction (easy axis), resulting from the 
coupling of the electron orbitals to the crystal lattice of the material [64]. The total 
magnetocrystalline anisotropy of a material based on a tetragonal unit cell is defined by uniaxial 
and planar anisotropy contributions. In the case of Nd2Fe14B phase, the planar anisotropy is small 
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and can be neglected [65]. In a uniaxial crystallographic system, the anisotropy energy (Ea) is 
expressed as: 

 
𝐸𝐸𝑎𝑎 =  𝐾𝐾1 𝑠𝑠𝑠𝑠𝑠𝑠2(𝛼𝛼) + 𝐾𝐾2 𝑠𝑠𝑠𝑠𝑠𝑠4(𝛼𝛼) + ⋯  (2.4) 

 
where K1 and K2 are the anisotropy constants and α is the angle between the direction of the 

magnetization and the easy axis. Generally, only the first term is considered for the Nd-Fe-B system 
and therefore, K1 refers to the magnetocrystalline anisotropy of the material. 

 
When the material is exposed to an H field, domains begin to change their shape and size 

due to the movement of their walls. Initially, the magnetization remains along directions of easy 
magnetization. As the field increases, the domains magnetized close to the H field will grow at the 
expense of those that are not. This process continues until the material becomes a single domain. 
The saturation magnetization (Ms) is reached when the domain is rotated and oriented toward the 
applied field. 

 

Figure 2.2 Magnetization process for a ferromagnetic material. Domains configuration during 
several stages of magnetization is represented. 

 
When the H field is removed or its sense is reversed, the magnetization curve of 

ferromagnetic materials does not follow the original path, resulting in a hysteresis behavior (Figure 
2.3). The domain walls produce a resistance to movement, causing a lag between the magnetization 
and the applied field. When the H field reaches zero (point 1), a volume fraction of domains is still 
oriented with respect to the initially applied field (+H), which implies that the material remains 
magnetized in the absence of an external field. This residual induction is denominated remanence 
or remanent flux density (Br). 
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A field reversed with respect to the original one must be applied to reduce B to zero within 
the ferromagnetic material; this reversed field is called coercivity (-Hc), indicated in point 2. If the 
applied field continues in this direction, saturation can be achieved in the same way as mentioned 
above, but in the opposite sense. A second turn of the field toward the original sense will complete 
the symmetrical hysteresis loop obtaining a remanence and a coercivity with contrary signs to those 
obtained before, -Br (point 3) and Hc (point 4), respectively. 

 

Figure 2.3 Schematic showing the magnetic hysteresis loop of a ferromagnetic material, 
represented by the solid curve. 

 
The ferromagnetic properties are defined by the composition (intrinsic magnetic properties) 

and the microstructure (extrinsic magnetic properties) of the material. Among the intrinsic magnetic 
properties are the Curie temperature (Tc), the spontaneous (or saturation) polarization (Js), and the 
magnetocrystalline anisotropy constant (K1). Js is related to the spontaneous (or saturation) 
magnetization as 𝐽𝐽𝑠𝑠 = 𝜇𝜇𝑜𝑜𝑀𝑀𝑠𝑠. A large spontaneous magnetization value is mandatory to obtain good 
remanence, whereas a high magnetocrystalline anisotropy constant results in large coercivities 
ensuring high energy products [66]. In addition, the spontaneous magnetization depends on 
temperature. A relatively rapid decrease of the magnetization is observed as the temperature is 
raised to the Curie temperature (Tc). Above this temperature, ferromagnetic materials behave as 
paramagnetic substances [67]. On the other hand, the extrinsic properties are determined by the 
constituent phases of the material, their distribution and grain size. Therefore, they are strongly 
dependent on the processing route, despite being also linked to the intrinsic properties. 

 
The applications of ferromagnetic materials are determined by the hysteresis loop. 

Ferromagnetic materials are identified as soft and hard magnetic materials and their respective 
curves are displayed in Figure 2.4. Soft magnetic materials, represented by the green curve, are 
characterized by having narrow hysteresis loops. These materials reach their saturation with a low 
applied field, which implies that they are easy to magnetize and, consequently, to demagnetize. Low 
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Hc and hysteresis energy loss (the area inside the hysteresis loop) allow soft magnetic materials to 
be used in high-frequency applications [68]. Conversely, hard magnetic materials (red curve) 
possess higher coercivity and remanence than the soft ones. Its large area inside the hysteresis loop 
indicates a very large magnetic energy stored within the material (and also high hysteresis energy 
losses if they are demagnetized, which should not be the case in practical applications). A large 
external field is required to demagnetize this type of material, which is why they are used to make 
permanent magnets [69]. 

  

Figure 2.4 Qualitative comparison of the magnetic behavior of soft and hard magnetic materials. 
 
It is noteworthy to mention that the hysteresis loop represented by the red curve in Figure 

2.4 follows an idealized behavior. The large number of grains in a polycrystalline material makes 
difficult to obtain a perfect orientation. Also, the presence of defects, inhomogeneities or grains 
with irregular shape can prevent that all the domains follow the growth norm to become a single 
domain [66,70,71]. 

 
As seen in Figure 2.5, the hysteresis loop can be represented as M vs H or B vs H. The M-H 

curve is essential for gaining a physical understanding of the magnetic characteristics, while B-H 
loop is more effective for practical use. When H is small relative to M, as is the case for soft 
magnetic materials, the coercive force required to reduce B to zero (i.e. the coercivity, Hc) is similar 
to the coercive field required to reduce M to zero (i.e. the intrinsic coercivity, Hci) and the form of 
these two graphs is nearly identical. The difference between these two graphs becomes substantial 
when working with high coercivity magnetic materials. The second quadrant or the so-called 
demagnetization curve is the most important part for hard magnetic materials, as permanent magnets 
typically work in this region. The maximum rectangular area (Bd x Hd) within this region defines 
the maximum energy product (BHmax) (Figure 2.6). It indicates the maximum amount of magnetic 
energy stored in a magnet, defining the ideal operating point, performance or strength of permanent 
magnets. The term BHmax is frequently used to classify in grades permanent magnets [1]. Hard 
magnetic materials are required to have high remanence, coercivity, intrinsic coercivity and 
maximum energy product. 
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Figure 2.5 Hysteresis curves for a ferromagnetic material: M vs H and B vs H. 
 

 

Figure 2.6 Illustration of the graphical definition of maximum energy product (BHmax). 
 
As for the other hard magnetic materials, the actual coercivity of Nd-Fe-B alloys is well 

below the maximum possible theoretical value, which is fixed by the anisotropy field 
(𝐻𝐻𝑎𝑎 = 2𝐾𝐾1/𝐽𝐽𝑠𝑠). This fact, known as the Brown paradox, is due to the strong influence of the 
microstructure on coercivity [53,72]. 

 
The main mechanisms responsible for inducing coercivity in a permanent magnet are: 

avoiding the nucleation of reverse domains, domain wall pinning and single domain particles. 
Reverse domains can nucleate at high energy sites (grain boundaries and triple points) with surface 
irregularities. They propagate through the microstructure generating a demagnetization field and 
lowering coercivity. Therefore, heat treatments are essential to smooth out such irregularities and 
to get rid of reverse domains. On the other hand, it is possible to impede the mobility of domains 
by adding inclusions into the material. The inclusions can be found as an insoluble second phase, 
oxides, pores and others. They are isolated areas of a second phase with magnetic properties that 
differ from the matrix material. When a domain wall intersects an inclusion, it is attracted to the 
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inclusion and is effectively pinned. The existence of the inclusion increases the energy required to 
move the domain walls once pinned, increasing the coercivity. Finally, when the grain size is 
reduced to the point where only single domain grains can exist (i.e. no domain walls), reverse 
domains are unable to grow and migrate. In order to reverse the direction of magnetization, each 
domain must spontaneously change direction by uniform rotation. This is a process that requires a 
large amount of energy to propagate a reverse grain within a defect free material and results in high 
coercivities. 

 
In order to determine the thermal range of applicability of hard magnetic materials as 

permanent magnets, it is crucial to study and know the temperature dependence of anisotropy. Many 
of these materials show thermally induced changes in the easy direction of magnetization, 
denominated spin-reorientation transitions (SRT). In Nd2Fe14B phase, a spin reorientation occurs 
when the easy magnetization direction moves from the c-crystallographic axis and form an angle 
(θ) between the alignment direction and the c-axis [73] (Figure 2.7). The presence of SRT in the 
Nd2Fe14B phase will be analyzed in detail in Chapter 4. 

 

Figure 2.7 Easy cone anisotropy with a canting angle (θ) [74]. 

2.2. Nd-Fe-B-based alloys 

Rare earth metals are 17 elements, including scandium, yttrium, and the 15 lanthanoid 
elements, also denominated lanthanides. They are named rare earths in reference to the difficulty in 
separation of the elements from each other, not because they are scarce on Earth. They are 
subdivided into two groups: light and heavy rare earths [75]. Light rare earths represent those with 
the lowest atomic numbers, whereas heavy rare earths are defined by their higher atomic weights 
relative to the light ones. Light rare earths include cerium (Ce), lanthanum (La), neodymium (Nd), 
praseodymium (Pr), promethium (Pm), samarium (Sm) and scandium (Sc). Nd is considered one of 
the most critical within the light group since it is one of the most used today. Otherwise, dysprosium 
(Dy), erbium (Er), europium (Eu), gadolinium (Gd), holmium (Ho), lutetium (Lu), terbium (Tb), 
thulium (Tm), ytterbium (Yb) and yttrium (Y) are part of the heavy rare earth group. Although Y is 
lighter than the light REEs, it is included in the heavy rare earth group since it exhibits similar 
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physicochemical characteristics and tends to coexist in nature. The heavy REEs are less common, 
and their lack makes them more valuable than light rare earths, though they also have smaller 
markets. Among these, Dy, Tb and Y are considered the most critical elements within the heavy 
rare earth metals group. 

 
In the late 1960s, the first rare earth magnets were discovered and developed based on 

Samarium and Cobalt alloys (SmCo). The uncertainties in the supply of Co due to the civil war in 
Zaire (the main source of Co) in the late 1970s and the high increase in its price (Figure 2.8) 
prompted the research of new magnetic materials, resulting in the discovery of Nd-Fe-B alloy [1]. 
Its main components (Fe and Nd) were easy to mine, and therefore, they were cheaper. There are 
also more abundant reserves of these elements, which significantly reduced raw material costs. 

 

Figure 2.8 Cobalt price from 1968 to 1998 [1]. 
 

This material has become the basis of the strongest permanent magnet thanks to an excellent 
combination of remanence and coercivity, resulting in a high maximum energy product [66,76,77] 
(see Figure 2.9). The magnetic properties of the first iron-based rare earth magnet were discovered 
in 1982 by Sagawa and Croat [78,79], who worked in Sumimoto Special Metals Company and 
General Motors, respectively. The first one had developed a dense sintered permanent magnet using 
a powder metallurgy route similar to the method employed for the fabrication of SmCo magnets. 
For its part, General Motors produced an isotropic permanent magnet using melt spinning, a rapid 
solidification technique. 
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Figure 2.9 The evolution of the maximum energy product BHmax of hard magnetic materials in the 
20th century and the comparison of different types of materials with the same magnet energy [80]. 

 
According to the quasibinary phase diagram of the ternary Nd-Fe-B system shown in Figure 

2.10, the typical alloy consists of three phases in equilibrium for Nd contents above the 
stoichiometric one of Nd2Fe14B phase (26.7 wt.% of Nd). These phases are the hard magnetic matrix 
Nd2Fe14B phase (ϕ), the boride NdFe4B4 (η) and the Nd-rich phase. The Nd2Fe14B intermetallic 
compound forms upon solidification by a peritectic reaction from liquid + γ-Fe. However, this 
reaction does not go to completion at slow cooling rates (i.e. some residual γ-Fe remains at high 
temperature), so the material also contains the α-Fe phase at room temperature [28]. The stated 
phases are arrowed in Figure 2.11. 

 

Figure 2.10 Quasibinary phase diagram of the Nd-Fe-B system with ratio Nd/B = 2/1 [81]. The 
red arrow indicates the stoichiometric concentration of Nd2Fe14B phase. 
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Figure 2.11 Microstructure of the Nd-Fe-B when it is cooled slowly. 

2.2.1. Nd2Fe14B phase 

Such hard-magnetic material consists primarily of an intermetallic compound (Nd2Fe14B), 
which provides excellent magnetic properties to these alloys, that is, high remanence, coercivity 
and maximum energy product. This phase has a tetragonal structure and belongs to the space group 
P42/mnm with a unit cell containing 68 atoms and lattice parameters a = 0.880 nm and c = 1.221 
nm, as illustrated in Figure 2.12. At room temperature, the magnetocrystalline anisotropy is 
uniaxial and the easy axis is parallel to the c-axis of the tetragonal unit cell [65,66]. Consequently, 
the spontaneous magnetization is oriented parallel to the c-axis of the crystal and K1 is related to 
energy required to rotate the spontaneous magnetization out of this easy axis [66]. 

 

Figure 2.12 Unit cell of Nd2Fe14B phase. The c/a ratio in the figure is exaggerated to emphasize 
the puckering of the hexagonal iron nets [82]. 
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Of all the R2Fe14B compounds, the Nd2Fe14B phase has the maximum saturation 
magnetization [83]. Nonetheless, this quantity is not achieved in magnets since, as has been already 
mentioned, this phase is accompanied by others, as the Nd-rich phase and the NdFe4B4 phase. 

 
The intrinsic magnetic properties (Js, K1, Tc) and theoretical upper limit of BHmax of the 

Nd2Fe14B compound are summarized in Table 2.1. 
 

Table 2.1 Intrinsic magnetic properties of Nd2Fe14B phase [1]. 

Material Js 
(T) 

K1 
(MJ/m3) 

Tc 
(ºC) 

BHmax 
(kJ/m3) 

Nd2Fe14B 1.61 4.3 312 516 

 
Nd-Fe-B magnets have rapidly replaced SmCo magnets due to their superior magnetic 

characteristics and lower cost, except for high temperature applications. The reasons are the 
relatively low Curie temperature and poor corrosion resistance of the Nd2Fe14B phase [84]. 
Nevertheless, as will be discussed in section 2.4, this problem can be partially solved by adding 
alloying elements such as HREEs or Co. 

 
The magnetic properties of Nd-Fe-B alloys depend on several microstructural factors, such 

as the volume fraction of phase Nd2Fe14B, grain size, distribution of the intergranular Nd-rich phase, 
and the presence of other secondary phases [85,86]. These features vary depending on the thermal 
history. 

2.2.2. Nd-rich phase 

The non-magnetic Nd-rich phase is mainly distributed along the grain boundaries of matrix 
Nd2Fe14B grains and at triple points. It plays a crucial role in the liquid phase sintering process as it 
induces densification on sintered magnets. In addition, the homogeneous distribution of this phase 
is a dominant factor in improving the coercivity for Nd-Fe-B magnets through post-sintering 
annealing [87–89]. 

 
Nd has a high affinity for oxygen, so oxygen pick-up always occurs during the processing 

stages. For this reason, the Nd-rich phase is actually a complex composite including both metallic 
compounds (dhcp-Nd, fcc-Nd, amorphous grain boundary phase, and Ia3-phase) and oxides (fcc-
NdO and hcp-Nd2O3) [44,90–92]. The crystal structure of Nd will depend on the oxygen content 
and this will influence the magnetic properties of Nd-Fe-B magnets. 
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2.2.3. NdFe4B4 phase 

The NdFe4B4 phase is paramagnetic at room temperature and becomes ferromagnetic at very 
low temperatures (below -248 ºC) [93]. Sintered magnets normally contain roughly 5% by volume 
of this phase [94]. Its presence in magnets is not especially detrimental, but reduces the amount of 
Nd and B available to form Nd2Fe14B. It reduces the total remanence of the material by reducing 
the volume fraction of the matrix phase. In Nd-Fe-B alloys, this phase is formed when the 
concentration of B is high [95]. As a result, the amount of B must be carefully controlled [96]. 

2.2.4. α-Fe phase 

Owing to the peritectic nature of the Nd2Fe14B phase, alloys of stoichiometric and near-
stoichiometric composition contain large amounts of α-Fe dendrites [57,58], which is an undesirable 
soft magnetic phase. The best ways to circumvent the formation of this phase are: (a) the use of 
solidification processes with high cooling rates, (b) the addition of some dopants, and (c) to 
minimize oxygen pick-up. Among the impurities, oxygen is the most unfavorable because rare 
earths like neodymium are very prone to oxidation. Oxidation reduces the amount of Nd available 
to form the main phase and the Nd-rich phase, which promotes the formation of the α-Fe phase, 
thus reducing the coercivity of the material [66,97]. 

2.3. Types of Nd-Fe-B-based magnets  

The magnetic behavior of Nd-Fe-B magnets depends strongly on the microstructure, which 
in turn is defined by the production process. Different routes have been established to produce 
permanent magnets covering a broad range of requirements. Nd-Fe-B magnets can be classified into 
sintered and bonded ones, being their performance, price and applications complementary. 

2.3.1. Nd-Fe-B-Based sintered magnets 

The conventional method to produce Nd-Fe-B powder for sintered magnets involves melting 
and alloying the raw materials; ingot, strip or book mold casting; ingot crushing and / or hydrogen 
decrepitation and jet milling under hydrogen or inert atmosphere. The resulting powder is 
monocrystalline and irregular with a particle size <10 µm. 

 
The powder is then oriented in a magnetic field and compacted. The green compacts are 

subjected to a liquid phase sintering process to form dense blocks. The blocks are then annealed to 
improve the magnetic properties, cut to the desired shape, subjected to a surface treatment to prevent 
corrosion, and finally magnetized in a strong magnetic field created by coils [86].The manufacturing 
process to produce these magnets is well established, as shown in Figure 2.13. 
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Figure 2.13 Schematic process of manufacturing sintered Nd-Fe-B magnet. 
 

A homogenous and fine-grained microstructure is essential for a sintered Nd-Fe-B magnet 
to have good magnetic properties. Moreover, such grains must be surrounded by the Nd-rich phase, 
which aids in the magnetic decoupling of the grains [98]. An excessive amount of Nd-rich phase is 
not desirable, as it is non-magnetic and, tends to form oxides because of its high affinity for oxygen. 

 
Another possible problem of sintered Nd magnets is the presence of soft magnetic phases 

due to non-optimal processing, such as slow cooling, or lack of homogeneity of the material. In 
order to homogenize the alloy and eliminate the α-Fe, the as-cast product is annealed between 1000 
and 1080 ºC for long periods (40 to 300 h) [58,99–101]. During annealing, the quantity of Nd2Fe14B 
increases due to the reaction of the Nd-rich phase with other borides and free iron. However, this 
annealing step increases the time and cost of the process. The adoption of rapid cooling techniques 
avoids the formation of α-Fe and thus the need of the annealing treatment. Rapid solidification 
allows producing alloys with lower Nd content, resulting in a magnet with higher remanence [28]. 
 

In the initial stages of the development of sintered Nd magnets, the molten metal was poured 
into book molds, with a cavity of 1 cm or less, resulting in more rapid cooling. This helped but did 
not solve the problem of α-Fe precipitates. Eventually, this problem was solved with the 
development of strip casting [28]. 
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2.3.1.1. Strip casting  

The molten alloy is poured into a water-cooled rotating Cu wheel that rapidly cools the alloy 
(103-104 ºC/s). This process allows the production of flake-shaped ingots with a thickness of around 
200 and 500 µm [102]. As illustrated in Figure 2.14, the high cooling rate produces a refined and 
homogenized columnar structure that suppresses the α-Fe phase while allowing a good distribution 
of the Nd-rich phase. Grain sizes range from 5 to 25 µm, with larger grains (25 to 60 µm) closer to 
the free surface [103]. Microstructure optimization leads to high-performance magnets compared 
to conventional casting, with higher Hc, Mr and BHmax [102]. 

 

Figure 2.14 Microstructure of an Nd-Fe-B alloy produced by (a) book mold casting and (b) strip 
casting [102]. 

2.3.1.2. Hydrogen decrepitation (HD) 

The processing of Nd-Fe-B alloys to form magnets generally employs the hydrogen 
decrepitation (HD) process. This process is shown schematically in Figure 2.15. Firstly, the 
hydrogen reacts with the Nd-rich phase forming neodymium hydride (NdH2). Next, hydrogen 
absorption by the Nd2Fe14B matrix takes place, forming an interstitial solution hydride 
(Nd2Fe14BHx). Both processes are exothermic. The interstitial absorption results in volume 
expansion of both the Nd-rich phase, at triple junctions and grain boundaries, and the Nd2Fe14B 
matrix phase [104]. This expansion leads to cracking along the grain boundaries (i.e. intergranular 
cracking) and, to some extent, across the grains (i.e. transgranular cracking). The precise amount 
and rate of hydrogen absorption and heat released depend on temperature and hydrogen pressure 
[105,106]. The resulting powder is friable due to presence of microcrack in the particles [107], 
which makes it very suitable for subsequent milling to obtain the particle size distribution required 
for sintering. 
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Figure 2.15 Hydrogen decrepitation (HD) process [108]. 

2.3.1.3. Liquid phase sintering 

German defines sintering as a heat treatment that allows particles to bond into a mainly solid 
structure by mass transport events that often occur in the atomic scale. The interparticle bonding 
reduces the surface area, lowering the energy of the system and improving the strength. In liquid 
phase sintering (LPS), a liquid phase coexists with solid grains during part of the sintering cycle. 
The liquid phase speeds up interparticle bonding, thanks to different mechanisms (rearrangement 
under capillary forces, solution-reprecipitation, and enhanced mass transport by diffusion in the 
liquid phase) [109]. 

 
An ideal liquid for LPS should wet the solid phase. As is shown in Figure 2.16a, the degree 

of wetting is assessed by the contact angle (θ), which is the equilibrium angle adopted by a drop 
placed on a horizontal surface at the liquid-vapor-solid intersection and is given by the following 
equation [110]: 

  

Figure 2.16 (a) Contact angle of a liquid on a horizontal plane and (b) dihedral angle between two 
intersecting grains with a partially penetrating liquid phase [111]. 

 
𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 =  𝛾𝛾𝑆𝑆𝑆𝑆− 𝛾𝛾𝑆𝑆𝑆𝑆

𝛾𝛾𝑆𝑆𝑆𝑆
  (2.5) 

 
where 𝛾𝛾𝑆𝑆𝑆𝑆 is the solid-vapor surface energy, 𝛾𝛾𝑆𝑆𝑆𝑆 is the solid-liquid surface energy, and 𝛾𝛾𝑆𝑆𝑆𝑆 is 

the liquid-vapor surface energy. 
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Liquids with a low contact angle spread readily along porosity channels after its formation. 
Spreading is important to obtain a uniform densification, since the liquid often arises forming 
isolated pockets that are dispersed through the compact [112]. Moreover, wetting produces an 
attractive capillary force between particles that leads to densification by rearrangement. Solubility 
of the solid into the liquid is another requirement for a successful LPS. The liquid provides a fast 
diffusion path for the transport of atoms from small to large particles, causing grain growth and 
densification by a solution-reprecipitation mechanism [113–115]. Coalescence is the other 
mechanism that produces grain growth during LPS of Nd-Fe-B alloys [116]. The development of a 
solid skeleton due to the growth of necks between particles depends on the dihedral angle and the 
amount of liquid [117–119]. The dihedral angle (ϕ) is given by the following expression (Figure 
2.16b): 

 

𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙2 =  𝛾𝛾𝐺𝐺𝐵𝐵
2𝛾𝛾𝑆𝑆𝑆𝑆

  (2.6) 

 
where 𝛾𝛾𝐺𝐺𝐵𝐵 is the grain boundary energy. If the dihedral angle is zero and the amount of liquid 

high enough, a continuous layer of liquid prevents the formation of interparticle bonds.  
 
Additionally, the main mechanism of grain growth in LPS is Ostwald ripening, which also 

takes place by dissolution-reprecipitation. Ostwald ripening consists on the preferential dissolution 
of atoms from smaller than average grains to precipitate on larger than average grains due to the 
Gibbs-Thomson effect. As a result, grain growth and densification occur in parallel. They cannot 
be dissociated, since both share the same mechanism of mass transport. This mechanism can be 
controlled by diffusion or interface reaction. In the former case, the diffusion transport of the solute 
atoms through the liquid phase is the slowest step. In the latter, the slowest step is dissolution or 
precipitation of the solute atoms at the solid / liquid interface. Both kinds of control are thermally 
activated, so the kinetics depends on the temperature according to an Arrhenius’ equation:  

  

∝ 𝑒𝑒𝑒𝑒𝑒𝑒 �−𝐸𝐸𝐴𝐴
𝑅𝑅𝑅𝑅
�  (2.7) 

 
where EA is the activation energy of the controlling step, R is the universal constant of gases, 

and T is absolute temperature. 
 

Additionally, both kinetics follow a power law with time: ∝ 𝑡𝑡1 𝑛𝑛� , where t is time and n is a 
constant dependent of the controlling step. 

 
Abnormal grain growth (AGG) is a type of microstructural coarsening in which some large 

grains grow unusually fast in a matrix of fine grains with a very slow growth rate. It is characterized 
by a bimodal grain size distribution, unlike the unimodal distribution observed in normal grain 
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growth [110]. Very often, the cause is some kind of inhomogeneity (e.g. a small fraction of large 
initial grains, uneven distribution of the liquid phase, chemical segregation of impurities, etc.). 

 
Jet milled micrometric powder is usually pressed under an aligning magnetic field and 

consolidated by LPS at 1000-1100 ºC [66,76]. Liquid formation starts at around 685 ºC in ternary 
alloys, temperature at which Nd-rich phase melts [57]. The amount of liquid depends on 
composition and sintering temperature [112,114,115]. As a result, Davies et al. [112] observed that 
increasing the Nd content resulted in greater densification at lower temperatures. Moreover, 
Straumal et al. [98] showed that the Nd-rich liquid phase can wet the Nd2Fe14B grain boundaries 
either completely or partially depending on the temperature. They concluded that all the grain 
boundaries are wetted at 1150 ºC, whilst the covered percentage is only 10 % at 700 ºC. In order to 
restore the continuity of the Nd-rich layer and the coverage of Nd2Fe14B grains, sintered magnets 
are subsequently annealed at around the solidus temperature of the alloy [98]. In this way, Nd2Fe14B 
grains are magnetically uncoupled, which increases sharply the intrinsic coercivity. Finally, it is 
important to highlight that small concentrations of impurities can greatly modify the wetting 
behavior and thus the spreading of the liquid [85,113,120]. These variations can change grain 
boundary properties such as mobility [98]. 

2.3.2. Nd-Fe-B-Based bonded magnets 

Bonded magnets are produced by mixing Nd-Fe-B powders with around 20-40 % of a resin 
binder. The routes to produce suitable powders for bonded magnets include melt spinning, HDDR 
process and gas atomization, which are described below. 

2.3.2.1. Melt spinning 

In melt spinning, the Nd-Fe-B alloy is heated by induction until it melts. Similarly to strip 
casting, the molten alloy is ejected under a pressure of argon through a nozzle onto a copper rotating 
wheel where the material is cooled at high speed. The ribbons are significantly thinner (usually 25-
40 µm) and have nanometric and even partially amorphous microstructures [28,121]. The magnetic 
properties of the melt-spun Nd-Fe-B alloys are directly dependent on the speed of the rotating wheel 
(Vr), which controls the ribbon thickness and, in turn, the cooling rate (typically from 104 to 106 
ºC/s) [122,123]. 

 
The extraordinary rates of solidification do not leave the grain to grow in a particular 

orientation. Hence, melt-spun ribbons have randomly oriented grains and consequently an isotropic 
magnetic behavior. The ribbon is pulverized, and then the powder is blended with a polymer to 
produce a magnet by compression or injection molding. However, its flake geometry reduces the 
filling factor and increases the viscosity of the feedstock [86].  
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Even though isotropic-bonded Nd magnets have significantly lower remanence and energy 
products, no alignment field is required during shaping, resulting in a simpler and cheaper method. 
Once the magnet is consolidated, it can be magnetized indistinctly in any direction [28]. 

 
Three types of nanocrystalline permanent magnets with different microstructures have been 

developed by melt spinning. According to their composition, these magnets can be classified as 
follow: 1) decoupled magnets, 2) stoichiometric magnets and 3) composite magnets. The different 
microstructures are displayed in Figure 2.17. 

 

Figure 2.17 Ternary phase diagram RE-Fe-B and microstructures of three types of permanent 
magnets produced by melt spinning with different compositions [66]. 

 
In the case of decoupled magnets, also known as high coercivity magnets, the composition 

is similar to that used in sintered magnets. This means that the rare earth contents exceed the 
stoichiometric composition. As a result, grains of the hard magnetic phase (Nd2Fe14B) with sizes 
ranging from 50 to 200 nm are magnetically decoupled by a thin film (about 2 nm) of a paramagnetic 
RE-rich boundary phase. The small grain size guarantees the existence of a single domain that, 
when decoupled by a paramagnetic phase, allows each grain to behave like a permanent magnet. 
Then, these magnets have very large coercivity values. The main disadvantage of these magnets is 
their lower remanence, which can be better understood with Figure 2.18a. The magnetization is 
aligned into the direction of the applied field in the saturated state (H = ∞), whereas in the remanent 
state (H = 0) it has returned towards the easy direction of each grain which is isotropically 
distributed. Therefore, the remanence is one-half of the spontaneous magnetization of the material 
(Mr = 0.5 Js). 
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Figure 2.18 Difference in the orientation of the spontaneous magnetization between (a) decoupled 
and (b) coupled magnets [66]. 

 
In stoichiometric magnets, the material does not have an intergranular phase between the 

Nd2Fe14B grains. As seen in Figure 2.18b, this causes a magnetic coupling between neighboring 
grains, which favors the alignment of the magnetization near the grain boundary within the Bloch 
wall. Unlike decoupled magnets, magnetic moments close to the grain boundaries preserve, in a 
certain way, the orientation of the saturation field instead of returning to the easy magnetizing axis 
and increasing the remanence of the material. However, this outcome is limited only to a small part 
of the grain near the grain boundary. To appreciate this effect macroscopically, grain sizes must be 
inferior to 50 nm. Nevertheless, decreasing grain size also reduces the coercivity since a portion of 
the magnetic moments is rotated out of the easy axis and a smaller reversed applied field is enough 
to demagnetize. 

 
By reducing the rare earth content below the stoichiometric composition, the second type of 

exchange-coupled magnets is obtained, the so-called compound magnet. This type of magnets has 
a microstructure composed of the soft magnetic α-Fe phase and the hard magnetic Nd2Fe14B phase. 
As seen in Figure 2.19, a significant increase in remanence is accompanied by a reduction in 
coercivity in these magnets. The remanence enhancement is due to the exchange coupling among 
the grains but also to the greater spontaneous magnetization of the α-Fe phase (Js = 2.15 T). The 
soft magnetic grains must be completely exchange-coupled with the Nd2Fe14B grains to obtain hard 
magnetic properties in composite magnets. Therefore, the soft grains should not exceed a limit size 
which is in the order of the Bloch wall width (δB) of the hard magnetic phase [124]. By increasing 
the α-Fe content, the remanence can reach values as high as in well-oriented sintered magnets. 
However, this occurs at the expense of the coercivity, which is reduced with increasing α-Fe 
amount. 
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Figure 2.19 Microstructures and hysteresis loops for the three different types of magnets 
produced by melt spinning [66]. 

2.3.2.2. Hydrogenation disproportionation desorption recombination 
(HDDR) 

The hydrogenation disproportionation desorption recombination (HDDR) process, 
developed by Nakayama & Takeshita [125] utilizes the reversible reaction of materials such as Nd-
Fe-B with hydrogen at elevated temperatures. Commercially, the HDDR process is also performed 
on either book mold cast alloys or strip cast alloys after homogenization heat treatment. Figure 2.20 
displays a typical thermal and pressure cycle for HDDR. 

 

Figure 2.20 Representative diagram of temperature and hydrogen pressure profile during the 
HDDR process [126]. 
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The absorption of hydrogen at temperatures of 750-950 ºC leads to the disproportionation 
of Nd2Fe14B matrix phase into an intimate mixture of NdH2 and Fe2B in an α-Fe matrix, as given 
by the following reaction: 

 

𝑁𝑁𝑁𝑁2𝐹𝐹𝑒𝑒14𝐵𝐵 + 𝑒𝑒𝐻𝐻2 → 2𝑁𝑁𝑁𝑁𝐻𝐻𝑥𝑥 + 12𝐹𝐹𝑒𝑒 + 𝐹𝐹𝑒𝑒2𝐵𝐵  (2.8) 

 
The subsequent removal of hydrogen forces the extremely fine disproportionated mixture to 

recombine into Nd2Fe14B grains of approximately 300 nm in diameter [127–129]. The effect of the 
HDDR process can be seen schematically in Figure 2.21. The powder produced by HDDR 
processing can exhibit anisotropic behavior as the reformed Nd2Fe14B grains remember the texture 
of the original Nd2Fe14B grains in the cast alloy and grow in the same crystallographic direction. 
This results in particles of HDDR powder which contain many grains aligned in the same direction. 
This anisotropic behavior is achieved through a careful control of the absorption and desorption of 
hydrogen during the HDDR process [130–132]. Alloying additions such as niobium and gallium 
can also be used to facilitate the inducement of anisotropy [130,133–135]. The anisotropic powder 
can then be formed into bonded magnets by mixing it with a resin and then either compression or 
injection molding the mixture in an aligning magnetic field. 

 

Figure 2.21 Representation of the change in Nd-Fe-B microstructure during the HDDR process 
[136]. 

 
Early studies on HDDR developed what is known as conventional HDDR (c-HDDR), which 

is composed of two steps. After extensive efforts to increase the energy product of Nd-Fe-B bonded 
magnets, Mishima et al. [130] implemented a new method that differs by having four steps called 
dynamic HDDR (d-HDDR). Each stage has a different hydrogen pressure to control the reaction 
rate of the phase transformation since hydrogenation and disproportionation are exothermic 
processes, whereas recombination is an endothermic process [128]. 
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Different materials and compositions can be subjected to this heat treatment. To optimize 
the microstructure and magnetic characteristics of the final material, the different parameters that 
compose each stage must be carefully studied, such as temperature, holding time, hydrogen pressure 
and vacuum level. 

2.3.2.3. Gas atomization 

Gas atomization has attracted the attention of researchers as an alternative technology to 
produce Nd-Fe-B powders, especially for bonded magnets [34–40]. A homogenous melt of the 
desired alloy is driven through a feeding tube from the furnace to the atomization chamber [43]. At 
the exit of the tube, the melt stream is impinged by a high-velocity gas flow that breaks the liquid 
alloy into microscopic droplets. The small size of the droplets and the high velocity of the gas flow 
enhance the heat transfer between both phases, producing the rapid solidification of the melt. Due 
to the high reactivity of rare earths, the process is typically carried out under an inert atmosphere 
and using an inert gas as atomizing fluid. An example of the gas atomization process can be seen in 
Figure 2.22. 

 

Figure 2.22 Powder manufacturing by gas atomization process [137]. 
 
During gas atomization, the kinetic energy imparted by the gas to the melt is used to 

overcome the viscous force and the surface energy force of the molten metal [138]. When the liquid 
metal interacts with the gas, the kinetic energy (and momentum) of the last is transferred to the 
liquid through the common interface, causing its rupture into ligaments and large droplets (primary 
atomization). The coarse particles from the preceding step are then fragmented into micrometric 
drops (secondary atomization). Collisions between the particles also occur during this stage, giving 
rise to satellite formation, agglomerations of particles, and coalescence phenomena. Finally, the 
droplets solidify during their flight in the atomization chamber (third stage or solidification) [139]. 
An example of the disintegration of the melted alloy can be seen in Figure 2.23. 
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Figure 2.23 The disintegration of the melted alloy until its solidification [140]. 
 
There are two types of designs for gas atomizers in the industry, the close-coupled and the 

open or free-fall type. They are distinguished by the location of the gas-melt interaction zone. In the 
first one, the gas exit is next to the melt nozzle, while in the second one exists a distance from 10 to 
30 cm between them. This distance allows the liquid metal to flow downward in a quiescent 
atmosphere before the high-velocity gas interacts with it. Consequently, a close-coupled atomizer 
is able to produce finer powders because the shorter distance favors the transfer of energy. The 
design of the gas nozzle is also critical in order to achieve rapid gas velocities. Until now, two types 
of gas nozzles are widely used for the close-coupled atomization, known as the annular-slit and the 
discrete-jet nozzle. The annular-slit nozzle is an annular slot surrounding the melt nozzle (see Figure 
2.24), and the discrete-jet nozzle is made of a number of discrete holes. Due to the superior 
performance of the first one, this is the most used by the industry [43]. 

 

Figure 2.24 Photography of most common gas and melt exit configuration in the industry [141]. 
 
The effect of the processing parameters is understood in terms of the energy delivered to the 

melt. The higher is the energy of the pressurized gas, the lower is the particle size. The melt mass 
flow rate can be adjusted through the melt stream diameter and by pressurizing the furnace chamber. 
The gas-to-metal mass flow rate ratio (GMR) is defined as the gas mass flow rate (mg) divided by 
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the melt mass flow rate (mm). The higher the GMR, the finer is the metal powder produced by gas 
atomization. Additionally, the resulting particle size depends on several physicochemical properties 
of the gas and melt. Another variable to control particle size is the melt superheat (∆Tm). As this 
value increases, the melt viscosity and surface tension decrease, resulting in smaller particles [141]. 

 
Concerning new routes to produce Nd-Fe-B powders, gas atomization is highly attractive 

due to its high productivity, the spherical particle shape that it produces compared to the flake or 
irregular morphology of powder from other technologies, and the low oxygen content of the powder 
[35,36,40]. Another advantage of gas atomization is that solidification rates are high, so the 
formation of α-Fe is highly reduced. The microstructure of the powder depends on the cooling rate, 
which in turn depends on the particle size and atomizing gas. For micrometric particles, typical 
cooling rates vary from 102 to 105 ºC/s [43,142]. When the cooling rate approaches 106 ºC/s, 
amorphous particles also can be produced [143]. 

 
Regarding Nd-Fe-B gas atomized particles, Yamamoto et al. [35] reported that particles 

bigger than 30 µm were dendritic, particles below 30 µm were formed of equiaxial grains, and there 
was a certain amount of amorphous phase in particles <25 µm. Sakaguchi et al. [36] fixed the limit 
between dendritic and equiaxial grains in a particle size of 2-3 µm, but also remarked the presence 
of amorphous phase in fine particles. Sokolowski at al. [39] observed that particles below 25 µm 
were formed by an amorphous matrix with embedded nanocrystallites and that the fraction of 
amorphous phase increased with decreasing particle size. Consequently, gas atomized powder is 
annealed between 500 and 750 ºC to induces the crystallization of amorphous phases into Nd2Fe14B 
[34,35,144]. 

 
At present, since gas atomized particles tend to be polycrystalline with randomly oriented 

grains, the powder can only be used to manufacture isotropic bonded magnets [40], which limits 
the attainable BHmax and, consequently, the number of practical applications in which it can be used. 

2.4. Effect of alloying additions to the ternary Nd-Fe-B system 

Additions of alloying elements are employed in Nd-Fe-B alloys for both sintered and bonded 
magnets. Some of these elements can substitute into the matrix phase, replacing the rare earth or the 
transition metal element. Others can interact with the rare earth forming intergranular phases and 
improving the wettability during liquid phase sintering. Finally, a third type of elements forms 
precipitates in the matrix phase (intragranular precipitates) and/or in the grain boundary phase 
(intergranular precipitates). Intergranular precipitates can pin grain boundaries limiting grain 
growth and thus improving the coercivity. The magnetic properties of Nd-Fe-B alloys vary 
according to the amount of additive element. Furthermore, if several dopants are added 
simultaneously, the improvement in magnetic characteristics can be even more significant 
[145,146]. 
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Nd-Fe-B magnets typically have a rare earth content of 28-35 wt.%. Varying the rare earth 
composition almost always changes the magnetic characteristics of the magnet. Pr can be used to 
partially replace Nd without having a significant impact on the magnetic properties. Nd metal that 
has not been purified from Pr (NdPr) is available on the market at a lower price than metallic Nd, 
lowering production costs [3,64]. Instead, the partial replacement of Nd by heavy rare earths such 
as Dy and Tb increases the magnetocrystalline anisotropy of the matrix phase significantly, 
improving the coercivity and, therefore, the maximum temperature of use. However, the high price 
of Tb makes it rarely used. In recent years, magnet users have been seeking for novel material 
options due to the current prices and restricted availability of the common rare earths used in 
magnets. The use of light rare earths such as La and Ce is booming since they are definitely more 
abundant. Still, their use tends to lower magnetic performance and thermal stability. As a result, 
less popular heavy rare earths such as Ho and Gd could be low-cost replacements [147,148]. 

 
The operating temperature range is also limited by the low Tc of the Nd2Fe14B phase, but it 

can be greatly increased by substituting Co for Fe [149]. The addition of heavy REEs or Co enhances 
the thermal stability of the material but at the expense of weakening magnetization and anisotropy, 
respectively. Besides, the substitution also increases the magnet price [1]. 

 
The low melting point elements such as Al, Cu and Ga modify the grain boundary phase 

improving wettability. Their addition increases coercivity by magnetically decoupling the grains 
[150,151]. On the other hand, the high melting point elements Hf, Nb and V form intergranular 
borides which act as pinning centers and refine the grain structure. Besides, they prevent the 
formation of the undesirable α-Fe phase and help improve thermal stability [152–155].  

 
The effects of typical additives in Nd-Fe-B alloys have been summarized in Table 2.2. The 

influence of Nb addition is not shown in this table because it will be further discussed in the 
following section. 

 
Table 2.2 Summary of the effect of most common additions on Nd-Fe-B alloys. 

Additive 
element 

Location in 
microstructure 

Effect on 
Ref. 

microstructure magnetic properties 

Al 
Matrix and 

grain 
boundaries 

Al is prone to substitute 
the B of the matrix phase, 

although some Al 
diffuses into the Nd-rich 

phase 
Smother grains result 
from a decrease in the 
wetting angle during 

sintering 

Increases Hc by 
magnetically 

decoupling the grains at 
the expense of both Mr 

and BHmax 

[156–159] 
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Additive 
element 

Location in 
microstructure 

Effect on 
Ref. 

microstructure magnetic properties 

Co 
Matrix and 

grain 
boundaries 

Co substitutes for Fe in 
the matrix 

Soft magnetic phases 
formed at grain 

boundaries 

Increases Tc of 
Nd2Fe14B phase and 

also Mr 
Reduces Hc due to the 

presence of soft 
magnetic phases in 
grain boundaries 

[149,160–
162] 

Cu Grain 
boundaries 

Small additions modify 
the grain boundary phase 

and improve wetting 

Small additions 
increase Hc without any 

detrimental effect on 
the Mr 

[146,163] 

Dy Matrix Partial substitution of Nd 
by Dy 

Improves Hc and 
reduces Mr resulting in 
a low BHmax through 
negative exchange 

coupling of Dy with Fe 

[80,83] 

Ga 
Matrix and 

grain 
boundaries 

Ga substitutes RE in the 
matrix phase and 

stabilizes phases in the 
grain boundary region 

Better wettability of the 
liquid phase during 

sintering 

Small additions 
increase Hc and Mr [164,165] 

Hf Grain 
boundaries 

Hafnium forms borides at 
grain boundaries which 
act as pinning centers 
Suppression of α-Fe 

phase 

Hc improved by grain 
refinement [155,166] 

Pr 
Matrix and 

grain 
boundaries 

Partial substitution of Nd 
by Pr 

High Pr contents and 
the addition of other 
elements are required 
to obtain similar or 

exceed the magnetic 
properties 

[167,168] 

Tb Matrix Partial substitution of Nd 
by Tb 

Improves Hc and 
reduces Mr resulting in 
a low BHmax through 
negative exchange 

coupling of Tb with Fe 

[169,170] 

V Grain 
boundaries 

Borides formed at grain 
boundaries 

Hc improved due to 
reduced grain growth in 

sintering 
[112,171] 
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2.4.1. Nb addition 

Nb additions have many positive effects on Nd-Fe-B magnet properties [59,99–
101,145,150,172–176]. These effects do not only depend on the composition, but also on the 
processing method. In rare earth lean Nd-Fe-B / α-Fe nanocomposites produced by melt spinning, 
Nb increases the glass forming ability (GFA) of the alloy, hinders crystallite growth during hot 
consolidation, and induces anisotropy by hot deformation when introduced at the expense of Fe 
[173]. The addition of 1 at.% of Nb to HDDR processed near-stoichiometric Nd-Fe-B alloys 
produces a very fine grain size of <0.2 µm after recombination [176]. Besides, the partial 
substitution of niobium for iron reduces the homogenization time considerably [58,100]. In sintered 
magnets with an excess of rare earths, Nb reduces grain growth and improves coercivity, impact 
toughness, corrosion strength, and the squareness of the demagnetization curve [100,145,150,174]. 
The benefits linked to niobium are often explained by the formation of Nb-rich phases. Nb-rich 
precipitates reduce the final grain size in Nd-Fe-B magnets, eliminate free Fe without consuming 
Nd, and may have a pinning effect on domain walls, being these the reasons for improved coercivity 
[145,150,172,177]. However, the specific mechanism by which Nb-rich compounds impede grain 
growth is not usually explained. 

2.5. Current Nd-Fe-B magnets and their applications  

Nd–Fe–B magnets are used in a wide range of applications demanding high performance at 
a reasonable cost. Nd-Fe-B magnets can be either sintered or bonded. Nd-Fe-B sintered magnets 
are by far the greatest market for permanent magnets, as illustrated in Figure 2.25. 

 

Figure 2.25 Market shares for different types of permanent magnets [1]. 
 
Sintered magnets offer the highest magnetic properties, with BHmax in the range of 200 to 

420 kJ/m3, and hence they are chosen for the most demanding applications up to a working 
temperature of about 180 ºC. Dy is used to improve the magnetic resistance to demagnetization, and 
by extension, to retain the strength at high temperatures. As can be seen in Figure 2.26, the direct 
substitution of Nd by Dy allows the maximum working temperature (Tmax) to be raised until 220 ºC, 
but this requires a large amount of Dy (12 wt.%). Despite, the linear rise in coercivity, the linear 
decrease in remanence produces a progressive reduction of the value of BHmax. 
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At the top of Figure 2.26, the general application of Nd-Fe-B magnets is detailed according 
to their grade. Nowadays, motors and generators are the major applications for Nd-Fe-B permanent 
magnets. Consequently, stability in time and temperature is fundamental since the lifetime expected 
for a magnet used in a traction drive motor is around 10 years, while in a generator is expected to 
be 25 years [64]. As a result, the addition of Dy is essential in applications where temperature rise 
cannot be avoided. 

 

Figure 2.26 Magnetic properties of Nd/DyFeB magnets as a function of Dy substitution [64]. 
 
The common nomenclature of Nd-Fe-B-based sintered magnets follows the Chinese 

Standard GB/T 13560-2017 “Sintered neodymium iron boron permanent magnets” [178]. In such 
terminology, the letter “N” is a contraction of Neodymium. The next two numbers represent the 
value of the maximum energy product BHmax, in MGOe. A suffix letter, or two letters, indicate the 
intrinsic coercivity. The higher is this value, the higher is the temperature at which the magnet can 
operate until it starts to show permanent losses. So, these letters are also linked with temperature 
levels. The letter symbols indicate the magnet grade and are described in Table 2.3. These 
temperature values are merely indicative, since other factors such as size and shape also determine 
the performance of the magnet at high temperatures. 

 
Table 2.3 Classification of Nd-Fe-B magnets according to their performances. 

Grade suffix Hcj 
(kOe) 

Tmax 
(ºC) 

(Low) ≥ 12 80 

M (medium) ≥ 14 100 
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Grade suffix Hcj 

(kOe) 
Tmax 
(ºC) 

H (high) ≥ 17 120 

SH (super-high) ≥ 20 150 

UH (ultra-high) ≥ 25 180 

EH (extremely high) ≥ 30 200 

AH (top high coercivity) ≥ 33 220 

 
The automotive industry has made significant investments to promote electric mobility and 

satisfy the growing demand for clean energy transportation. Electric vehicles are divided into 
electric vehicles (EVs) and hybrid electric vehicles (HEVs). EVs are powered by an electric motor 
as a primary source of propulsion, while in HEVs, the electric motor is a secondary source that is 
combined with an internal combustion engine (ICE). Most HEVs are currently equipped with 
permanent magnet synchronous motors due to the limited space and the need for better behavior 
and efficiency. Permanent magnets are embedded in the rotor to create a constant magnetic field 
(Figure 2.27). The magnetic field generated by the stator coil rotates synchronously with the 
permanent magnet poles of the rotor, being more efficient than other motors in converting electric 
energy into mechanical work. The installed magnets have a significant impact on the efficiency of 
these motors; for this reason and their reasonable cost, Nd-Fe-B magnets are the most usually 
employed [179]. The amount of permanent magnet material used per vehicle varies depending on 
motor power and type, vehicle size and model, and other factors. However, the rotors typically 
contain 1.5-2.5 kg of magnets [180]. 

 

 
Figure 2.27 Illustration of a permanent magnet synchronous motor [181]. 
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The market of electric two-wheeled vehicles, mainly electric bicycles (e-bikes), represents 
an additional application for Nd-Fe-B-based permanent magnets. E-bikes integrate a small electric 
motor and rechargeable batteries to aid the rider in pedaling. Permanent synchronous motors with 
Nd-Fe-B magnets are used in most e-bikes, either as hub motors (located in the front or rear wheel) 
or mid-drive motors (near the bottom bracket). In this case, the weight of magnets is estimated to 
be between 60 g and 350 g [182]. There are about 300 million electric bikes in China alone, and in 
Europe, sales have increased over the last decade, reaching a peak in 2019 with almost 3 million e-
bikes sold [183,184]. In both cases, it is predicted that this trend will keep growing in the coming 
years. 

 
Wind conversion into electric power is one of the clean and renewable energy sources being 

researched and developed in response to the high growth rate of electromobility. The wind energy 
industry is booming all around the world, especially in terms of offshore based installations. At 
present, three types of wind turbines are produced, but only two designs employ Nd-Fe-B magnets: 
direct drive and hybrid systems. Direct drive generators do not operate with gears, so they require 
less maintenance than others systems, resulting in the technology of choice for the offshore industry 
[185]. Due to recent technological advancements and significant fabrication and installation cost 
reduction, offshore wind turbines have grown in size and power output. In 2020, Europe increased 
its offshore capacity, achieving 25 GW and remaining among the leading players in offshore wind. 
Typically, a wind turbine requires between 0.3 and 0.7 tons of Nd-Fe-B magnets to produce 1 MW 
electrical energy [186]. 

 
Although hard disk drives (HDDs) have been progressively replaced in favor of quicker 

solid-state drives (SSDs), which do not contain magnets, their use still represents a significant 
percentage among Nd-Fe-B magnet applications. HDDs store data on a spinning magnetic disk and 
read and write data to the disk using moving heads. One sintered Nd-Fe-B magnets of 2 to 20 g, 
with little or no Dy added, is used in the voice coil motor (VCM) to move the read/write head. One 
resin-bonded magnet, with a lower amount of Nd-Fe-B powder, is used in the spindle motor to turns 
the disk assembly [187]. 

 
Bonded magnets are a cheaper option when the required BHmax is in the range of 50 to 150 

kJ/m3; hence they are usually used in smaller motors. Some of the advantages of using these 
materials are their exceptional thermal stability due to their nanocrystalline or ultrafine 
microstructure. Magnets produced from specific grades of powder can reach a Tmax as high as 165 
ºC. In sintered magnets, geometries are limited to simple shapes (disc, rectangular parallelepiped, 
tiles, etc.), whereas in bonded magnets, the material can be molded directly in situ by several 
manufacturing techniques allowing for more complex geometries. No alignment field is required 
during manufacture, so tooling is cheaper, and cycle times are shorter. Due to their isotropic 
magnetic behavior, they can be magnetized in any direction within the limits of the magnetizing 
device. Isotropic bonded magnets also benefit from being highly resistant to demagnetization, even 



Chapter 2 

 
35 

 

when the material is not fully saturated [28]. The low Nd content and high BHmax of exchange-
coupled magnets have made them attractive for the manufacturing industry of bonded magnets since 
they reduce the raw material cost and increase corrosion resistance. For this reason, one of the 
applications of bonded magnets in development is the substitution of sintered magnets in electric 
motors, especially in permanent magnet synchronous ones [86,188]. 
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Chapter 3 

3. Material and methods 
This chapter presents the Nd-Fe-B alloy compositions examined, the heat treatments 

performed and the experimental methodologies used to characterize the alloys, before and after the 
heat treatments. These procedures, their principles and the experimental parameters employed in 
each case are described in detail. 

3.1. Alloy compositions 

This thesis is mainly focused on the study of the effect of Nd content. However, Nb has 
several positive effects on the properties of Nd-Fe-B alloys. Accordingly, the following four 
compositions (wt.%) were chosen to be atomized and analyzed during this research: 
 

(1) 27.5 Nd – bal.Fe - 1.1 B  
 

(2) 28.5 Nd – bal.Fe - 1.1 B 
 

(3) 28.5 Nd – bal.Fe - 0.28 Nb - 1.1 B 
 

(4) 31.5 Nd – bal.Fe - 1.1 B 

3.2. Inert gas atomization 

Nd-Fe-B powders were produced by gas atomization using a convergent–divergent close-
coupled atomizer in an atomization unit PSI model Hermiga 75/3VI, shown in Figure 3.1a. The raw 
materials are induction melted and alloyed in a high-purity alumina crucible using a copper coil. As 
can be seen in Figure 3.1b, the crucible bottom has a hole where a ceramic alumina plug (yellow 
color) is placed. A dome end hollow alumina tube, or stopper rod, is used for blocking the hole. The 
other side of the tube is open and is used to insert the thermocouple. Once the desired temperature 
is reached, the stopper rod is removed to allow the melt to flow through the guide tube to the 
atomization chamber. The guide tube has a heating system to minimize thermal shock. A nozzle, 
also known as a “tip”, is located at the end of the guide tube and enables the access of the melt 
stream to the atomization chamber. The inner diameter of the tip was 2.5 mm. 
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Figure 3.1 (a) Atomization unit and (b) Plug assembly [189]. 
 

The metal liquid can flow more easily due to an overpressure in the melting chamber. The 
internal geometry of the gas nozzle, which is convergent-divergent in this case, accelerates the gas 
to supersonic velocities breaking the melted alloy into droplets that cool and solidify before hitting 
the chamber walls. Ar was used as the atomization gas. Most of the powder is received into the 
collector placed at the bottom of the atomization chamber. Next, a cyclone retains the small particles 
carried by the gas flow in suspension. Finally, the gas is released into the atmosphere free of 
particles through a filter. 

 
In order to minimize oxidation, the furnace and the atomization chambers were evacuated 

(up to 0.1 mbar) and filled back with high purity Ar several times. About 3 kg of powder were 
produced per batch. Table 3.1 provides additional atomization parameters. 

 
Table 3.1 Atomization conditions for the production of the powders. 

Experiment 
information 

Operational 
variables 

Resulting 
 powder 

Exp. 
Batch 
size 
(g) 

Pg 
(bar) 

ΔPm 
(bar) 

Tf 
(ºC) 

∆Tm 
(ºC) 

mm 
(g/s) 

mg 
(g/s) GMR Weight 

(g) 
Yield 
(%) 

AG17-
21 3032.2 30- 

40 0.25 1500 210 17.39 22.88 1.32 2783.6 95.41 

AG17-
22 3045.0 40 0.33 1400 117 39.95 22.88 0.57 2786.0 95.53 

AG17-
24 3045.0 40 0.25 1400 125 39.51 22.88 0.58 2773.8 96.17 

AG17-
62 3030.0 50 0.17 1450 203 27.94 33.91 1.21 2836.2 96.68 

AG18-
07 3198.0 50 0.20 1450 211 27.80 28.97 1.04 3033.9 97.45 
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Pg: Gas atomization pressure; ΔPm: Effective pushing pressure on melt through the melt delivery tube during 
atomization without including the metallostatic head effect; Tf: furnace temperature; ∆Tm: melt superheat; 
mm: mass flow rate of melt; mg: mass flow rate of gas; GMR (mg/mm): gas-metal mass flow rate ratio. 
 

The yield of the atomization is calculated as the amount of powder divided by the material 
actually delivered in the atomization chamber. It is considered “powder” all the material received 
in the collector (including the cyclone) with a particle size < 1000 µm. The material in the collector 
that does not go through the sieve of 1000 µm opening is considered non-atomized material (i.e. 
chunks from the first instants of atomization process). As for the material actually delivered in the 
atomization chamber, it is equal to the raw material charged in the crucible (batch size) minus the 
raw material remaining in the crucible at the end of the atomization. The material remaining in the 
crucible is mostly slag. Assuming that this slag is Nd2O3, only Nd can be considered “raw material”. 
Consequently, the material in the crucible is multiplied by 0.857 (weight fraction of Nd in Nd2O3) 
to obtain the raw material remaining in the crucible at the end of the atomization. 

3.3. Sieving  

The alloys were separated by sieving according to the standard procedure MPIF #05 [190] 
to study the influence of the particle size. 

 
Filtra stainless steel sieves with aperture sizes ranging from 20 to 850 microns were used 

(Figure 3.2a). The group of sieves were piled up in a consecutive order based on the size of 
openings, with the widest aperture (850 microns) at the top and a collecting pan below the bottom 
sieve. A standard test specimen weighing about 100 g was poured on the top sieve and the piled 
sieves were located on a digital electromagnetic sieve shaker (FTS-0200, Filtra), displayed in Figure 
3.2b. Sieving was performed for 45 minutes at maximum amplitude (9) to obtain the different 
fractions of each alloy. 

  

Figure 3.2 (a) Metallic sieves with different sizes of aperture and (b) electromagnetic sieving 
shaker [191]. 
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3.4. Heat treatments 

3.4.1. Annealing 

Annealing treatments were first carried out on the fraction 45-63 µm and, subsequently, on 
several particle fractions to study grain growth as a function of temperature and time with different 
Nd concentrations and Nb addition (see Chapter 5 and Chapter 6, respectively). The heat treatments 
were performed in a furnace Carbolite RHF 14/35, shown in Figure 3.3, at different temperatures 
(between 1000 and 1150 ºC) and times (between 0 and 300 h) under Ar. Heating was programmed 
at a rate of 20 ºC/min until the appropriate temperature was reached, and cooling to room 
temperature at 25 ºC/min to room temperature once the maintenance period was completed. 

 

Figure 3.3 Carbolite RHF 14/35 furnace and configuration used to carry out the heat 
treatments during this thesis. 

 
Finally, small samples (~ 10-20 g) of powder fraction 0-150 µm of different ternary Nd-Fe-

B alloys were annealed at 1100 ºC for 96 h under high purity argon to induce grain growth and 
obtain single crystal particles (see Chapter 7). Figure 3.4 displays samples AG17-24 and AG18-07 
after annealing. 
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Figure 3.4 Example of small cakes after grain growth annealing, AG17-24 and AG18-07 
alloys. 

3.4.2. Hydrogen decrepitation (HD) 

Grain growth annealing resulted in the sintering of the sample (0-150 µm), so the outcome 
was not loose powder, but a semi dense block. Samples from these trials were exposed to hydrogen 
with the aim of determining the optimum amount of Nd required to enable the annealed blocks to 
break up into single crystal particles. Pieces of ~2 g were cut using a diamond wheel with an oil-
based lubricant. (Figure 3.5). After cleaning the semi dense sample with acetone, it was decrepitated 
in a vessel under 0.15 MPa of hydrogen at room temperature for 4 hours. The following figure 
shows AG17-24 alloy (Figure 3.6a) and AG18-07 alloy (Figure 3.6b) after the HD process. It should 
be noted that the University of Birmingham (UoB) group has performed this process and the next 
one (HD+HDDR). 

 

Figure 3.5 Example of sectioned sample from AG18-07 annealed material. 
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Figure 3.6 (a) AG17-24 alloy and (b) AG18-07 alloy after 4 hours at 0.15 MPa of hydrogen. 

3.4.3. Hydrogenation disproportionation desorption recombination 
(HDDR) 

The sample with composition 31Nd-bal.Fe-1.1B wt.% (AG18-07) showed the best 
decrepitating behavior, so the resulting powder was submitted to the HDDR cycle illustrated in 
Figure 3.7, which is based on reference [192] using a custom built HDDR furnace at the University 
of Birmingham (UoB) (Figure 3.8). 

 

Figure 3.7 HDDR cycle used in this work 
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Figure 3.8 Large HDDR system developed at UoB. 

3.5. Chemical composition 

Three different instruments were used to study the chemical composition of the powders. 
The metallic elements were measured with an inductive-coupled plasma optical emission 
spectroscopy (ICP-EOS) equipment. In addition, two LECO instruments were used to determine 
the concentration of non-metallic impurities: one to measure oxygen and nitrogen and the other 
carbon and sulfur. 

3.5.1. Analysis of content of metallic elements 

The concentration of metallic elements was determined by induction-coupled plasma optical 
emission spectroscopy (ICP-OES) using a Varian 725-ES analyzer, displayed in Figure 3.9. The 
equipment consists of a light source unit (plasma), an optical system (spectrometer), a detector and 
an acquisition data unit. This analytical technique combines an ion-generation method (ICP – 
Inductively coupled plasma) with an ion-detection method (OES – Optical emission spectrometry), 
allowing to determine how much of certain elements are in a sample. 
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Figure 3.9 Varian 725-ES ICP-OES analyzer. 
 
Sample preparation is the most important and critical step of the process. A small sample 

was dissolved in a mixture of acids to obtain a liquid solution. The sample was qualitatively 
evaluated to identify the elements that compose it. The concentration of each component is 
proportional to the intensity of the measured signal. A calibration curve was created using standard 
solutions where all the elements identified in the sample are present in known amounts. An internal 
standard was also added to the calibration curve and to the samples to correct any possible 
experimental deviation. Standard solutions and dissolved samples of around 150 mg were measured 
using this equipment. 

 
The samples are injected into a nebulizer using a peristaltic pump, which turns the aqueous 

solution into an aerosol. The aerosol is delivered to the induced plasma by a stream of Ar where it 
quickly evaporates, releasing atoms or ions in a higher excited state. When excited electrons in an 
atom return to the ground state, they generate atomic emission spectra of characteristics lines which 
are transferred through an optical system to the detector. The detector converts the image obtained 
to electrical signals and measures the amount of emitted light at each wavelength [193]. The highest 
intensity signals were selected, considering the rest of the elements measured to avoid possible 
interferences. 

 
Finally, calculations were carried out to determine the exact concentration of each element 

in a solution. The intensity measured for each element was compared with the intensities previously 
measured for the known concentrations, and the concentration of each element in the sample was 
then calculated by interpolation along the calibration lines. A computer system processes this 
information. The chemical compositions reported in this work are the average of two measurements. 
A schematic figure of the ICP-OES process is shown in Figure 3.10. 
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Figure 3.10 Schematic representation of the operation of an ICP-OES unit [193]. 

3.5.2. Analysis of content of non-metallic impurities  

The concentration of non-metallic impurities as oxygen, nitrogen, carbon and sulfur were 
measured by LECO analyzers. 

3.5.2.1. Measurement of oxygen and nitrogen content 

The oxygen and nitrogen content of the alloys were measured with a LECO TC-400 
equipment shown in Figure 3.11. As the oxygen content is critical in this study, different alloys 
were analyzed immediately after being atomized. Furthermore, the oxygen content was also 
measured taking into consideration particle size. 

 
This analyzer can measure up to 2 mg of oxygen and 5 mg of nitrogen for 1 g sample. For 

this reason, the sample sizes were chosen to ensure that the level of oxygen and nitrogen were within 
the required ranges. Before conducting the measurements, it is required to check leaks. The filter 
was changed and a helium pipe was opened to circulate the gas through the system. After the leak 
check, the system was purged with helium at a flow rate of 450 cc/m for 20 minutes. Three blank 
calibrations were performed after the equipment has been stabilized to ensure that the instrument 
was clean. Each blank was measured using a nickel basket and a graphite crucible presented in 
Figure 3.12a and Figure 3.12b, respectively. The calibration curve was further verified with standard 
samples corresponding to the expected range of oxygen and nitrogen in the samples to be examined. 
In this thesis, 501-149 standard with 0.0543 ± 0.0006 wt.% of oxygen and 502-016 standard with 
0.123 ± 0.003 wt.% of nitrogen were used as calibration samples. Three additional blanks were 
measured for powder samples. These blanks consider the tin foil as shown in Figure 3.12c.  
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Figure 3.11 LECO TC-400 oxygen and nitrogen analyzer. 

   

Figure 3.12 (a) Nickel baskets, (b) graphite crucibles and (c) tin foil used in LECO TC-400 for 
oxygen and nitrogen measurements. 

 

Samples ranging from 0.1 to 0.3 g were selected, depending on the amount of oxygen in the 
powder. The weighted sample was wrapped into a tin foil and then inserted into a nickel basket 
before being placed inside the analyzer. Once the bottom crucible holder has been cleaned, a new 
graphite crucible was inserted. When the measurement starts, the powder sample falls into the 
crucible and melts under a helium stream at a high temperature (1100 ºC), releasing the oxygen and 
nitrogen that is in the sample. The oxygen in the sample reacts with the carbon from the crucible 
and forms carbon monoxide (CO) and carbon dioxide (CO2). The CO is converted into CO2 by a 
catalyst and this one is measured by infrared detection in an infrared cell. The oxygen concentration 
is calculated from the CO2 concentration. On the other hand, the amount of nitrogen is measured in 
a thermal conductivity cell. The oxygen and nitrogen contents stated in this thesis are the average 
of three measurements. 
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3.5.2.2. Measurement of carbon and sulfur content 

A LECO CS-200 instrument, displayed in Figure 3.13, was used to determine the carbon 
and sulfur content in the samples. 

 

Figure 3.13 LECO CS-200 carbon and sulfur analyzer. 

 
The detector can measure up to 35 mg of carbon and up to 4 mg of sulfur for 1 g sample; 

thus, the sample size was chosen again based on the required range. The samples were measured 
after the system was cleaned, a leak check revision was performed, and the calibration curve was 
verified using a standard sample, which in this case was the 501-503 standard with 0.193 ± 0.004 
wt.% of carbon and 0.0217 ± 0.0013 wt.% of sulfur, respectively. Powder samples of 1 g were 
poured into alumina crucibles (Figure 3.14) along with a small scoop of a melting enhancer 
(LECOCEL II). Then, the crucible was placed inside the analyzer. The instrument includes an 
induction furnace that heats the samples in an oxygen environment, resulting in combustion and the 
generation of CO, CO2, and SO2. The Pt-SiO2 catalyst converts CO to CO2. A dual infrared cell 
detects the carbon and sulfur content, allowing the two elements to be determined simultaneously. 
The values of carbon and sulfur reported are averages of three experiments. 

 

Figure 3.14 Alumina crucibles for carbon and sulfur measurements in LECO CS-200. 
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3.6. Particle size distribution (PSD) 

The particle size distribution was measured by laser diffraction in the equipment Sympatec 
Helos (H0852) & RODOS showed in Figure 3.15. This instrument can be used to determine the 
particle size distribution of fine powders that cannot be characterized by granulometric analysis 
with sieves. Its equipped with a lens whose measurement range is between 4.5 and 875 µm. 

 

Figure 3.15 Sympatec Helos (H0852) & RODOS equipment. 
 

The powder sample is placed in a hopper at the top of the equipment. The powder falls onto 
a vibrating platform, which uniformly distributes the material over the surface. Then, the sample 
falls into a funnel where a stream of compressed air (1 bar of pressure) scatters the powder and 
conveys it through a beam of He-Ne laser light (632.8 nm). In this equipment, the interaction 
between the light and the particles generates a diffraction pattern described by Fraunhofer theory 
which considers only the diffraction at the edges of the particle in the near-forward direction. Unlike 
other models, this one does not require knowledge of optical properties [194]. 

 
The diffraction pattern of a single spherical particle has a typical ring structure. The distance 

ro between the first minimum and the center depends on the particle size, as shown in Figure 3.16. 
The angle of scattering varies inversely with the particle diameter. Furthermore, the intensity of the 
scattered signal varies with the square of the particle diameter. A computer calculates the particle 
size from the light intensity acquired by a detector (Figure 3.17) and the angle data. The associated 
software displays the particle size distribution and the statistics derived from the original measured 
distribution. 
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Figure 3.16 Diffraction patterns based on particle size: (a) small particles and (b) large particles 
[194]. 

 

Figure 3.17 Setup for the generation of diffraction patterns in a particle size analysis system 
[194]. 

 
A log-normal distribution was used to adjust the results, which is the statistical distribution 

that best fits the size distributions of gas-atomized powders and whose density function is given by 
the equation below: 

 

𝜙𝜙(𝐷𝐷) =  1
𝐷𝐷𝐷𝐷√2𝜋𝜋

 𝑒𝑒𝑒𝑒𝑒𝑒 �− (ln𝐷𝐷−𝜇𝜇)2

2𝐷𝐷2
�  (3.1) 

 
where 𝜇𝜇 and 𝜎𝜎 indicate the mean and standard deviation of the normal distribution followed 

by “lnD”, respectively. In addition, both are two characteristic parameters of the log-normal 
distribution. 

 
The median particle size 𝐷𝐷50 =  𝑒𝑒𝑒𝑒𝑒𝑒(𝜇𝜇) and the log-normal geometric standard 

deviation 𝜎𝜎𝐿𝐿𝐿𝐿 =  𝑙𝑙𝑠𝑠(𝜎𝜎) were reported. These values indicate how coarse or fine the powder is and 
the dispersion in the distribution, respectively. 
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If experimental particle size distribution is log-normal, it will appear as a straight line in the 
plot of Figure 3.18. 

 

Figure 3.18 Example of a log-normal distribution [189]. 

3.7. Bulk properties 

The bulk properties of a powder are mostly determined by the particle size, shape, and 
surface characteristics. The as-atomized powders were analyzed for five different physical 
properties. The flow rate determines the ability of a powder to flow, whereas the angle of repose is 
another friction index that can be used to characterize the flow properties of the powders that do not 
readily flow through standard test funnels. Apparent density and tap density offer values of density 
under two different specific conditions: a loose state without agitation and after vibration of the 
powder without the application of external pressure, respectively. Finally, the measurement of the 
true density allows estimating the internal porosity of the powder. 

3.7.1. Flow rate 

The flow rate was examined following the specific standard MPIF # 3. It is defined as the 
time required (s) for a powder sample of 50 g to pass through a standard aperture (2.54 mm) in a 
specified funnel (the Hall funnel). 

 
The Hall funnel is the preferred apparatus for determining metal powder flowability. This 

procedure involves carefully loading 50 grams of powder into the flowmeter funnel while keeping 
the discharge opening at the bottom of the funnel closed with a dry finger. The time begins when 
the finger is removed from the discharge hole and ends when the final powder is discharged from 
the funnel. The flow rate is calculated multiplying the elapsed time by a calibration factor. In this 
work, it was not possible to calculate the flow rate since powders did not flow. 



Chapter 3 

 
51 

 

The Hall funnel, the stand and the assembly used to study the powders are shown in Figure 
3.19. 

 

Figure 3.19 Scheme of flow rate analysis: (a) hall funnel, (b) stand and (c) assembly [190]. 

3.7.2. Angle of repose 

The angle of repose is the angle of the slope created as powder flows onto a flat surface from 
a set height. It was calculated using 50 g and the same funnel and configuration as for the apparent 
density. The powder was slowly poured into the funnel at a fixed height, and after passing through 
the hole was discharged on a sheet of paper forming a heap. The cone-like shape was formed from 
the powder and the angle of the cone slope was measured (Figure 3.20). The test was repeated three 
times to reduce inconsistencies. 

 

Figure 3.20 Example of heap of powder used to calculate the angle of repose. 

3.7.3. Apparent density 

The apparent density was measured according to standardized procedure MPIF #28 [190] 
due to the lack of flowability of the powders. The conventional assembly and the actual 
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configuration for this test are depicted in Figure 3.21a and Figure 3.21b, respectively. The powder 
is loaded into a Carney funnel with a discharge orifice (Ø 5.08 mm), through which the sample 
flowed into the center of a small cylindrical density cup (25 cm3). The distance between the funnel 
bottom and the cut top is approximately 25 mm. When the density cup is entirely filled and the 
powder has overflowed the periphery of the density cup, the funnel has to be rotated 90 degrees in 
a horizontal plane to allow the leftover powder to fall away from the cup. The powder has to be 
levelled off flush with the top of the density cup using a non-magnetic spatula. Finally, the density 
cup is weighted and the apparent density is calculated dividing the mass of powder (g) by the volume 
of the cup (cm3). The procedure was repeated three times and the average value of the three 
measurements was reported. 

 
For a simple comparison, the relative density is reported. The relative density (%) was 

estimated with the following equation: 
 

⍴𝑟𝑟𝑟𝑟𝑟𝑟 (%) =  ⍴𝑎𝑎𝑎𝑎𝑎𝑎 

⍴𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 
 𝑒𝑒 100  (3.2) 

 
where ρapp is the apparent density and ρtrue is the true density. Since gas atomized powders 

may retain closed internal porosity, the true density was determined using a He pycnometer. 

  

Figure 3.21 (a) Conventional assembly scheme [190] and (b) real configuration. 

3.7.4. Tap density 

The tap density was determined using the procedure MPIF #46 [190]. This method requires 
a mechanical tapping system, as shown in Figure 3.22a. The graduated glass cylinder and the 
amount of powder are determined by the resulting apparent density of the powder. In this case, a 
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glass cylinder of 25 ml (Figure 3.22b) is filled with 100 g of powder and carefully placed in the 
shaker machine and tapped until no further reduction in powder volume is observed. The tap density 
results from dividing the mass of powder (g) by the volume of tapped powder (cm3). Three 
measurements were made for each powder and the average of those was reported. The relative 
density was calculated using Equation 3.1, substituting the apparent density for the tap density. 

  

Figure 3.22 (a) Schematic of a tap density system [190] and (b) graduated glass cylinder. 

3.7.5. True density 

The true density of the powders was measured in a He Pycnometer Micrometrics AccuPyc 
1330, displayed in Figure 3.23a. The instrument is composed of two chambers separated with 
valves, as presented in Figure 3.23b. 

  

Figure 3.23 (a) Pycnometer Micrometrics AccuPyc 1330 and (b) flowchart of the process [195]. 
 
This technique uses the gas displacement method to measure the volume of the sample 

accurately. In this case, the displacement medium was helium. This gas is introduced into the 
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analysis chamber (referred as cell chamber) until equilibrium is reached. When the stability is 
achieved, a valve is opened and the gas flows into the expansion chamber. If the volume of the cell 
and expansion chambers are known, the volume of the sample is calculated from the difference in 
pressure before and after expansion. The equipment measures the volume of the powder sample and 
then calculates the density dividing the sample weight (g) by its volume (cm3) [195]. 

 
Before measuring unknown samples in the pycnometer, the volumes of the cell chamber and 

the expansion chamber must be known. These internal volumes can be measured using a removable 
known standard volume. A tungsten carbide (WC) standard ball with a density of 14.96 g/cm3 was 
used to calibrate the analysis cell, which has a volume of 3.5 cm3. The calibration ball and the 
analysis cell can be seen in Figure 3.24. After calibration, the cell and expansion chamber volumes 
are automatically stored in the set-up parameters. Once calibrated, the powder sample and its weight 
were introduced to perform the measurements and calculate the density. The values of density 
reported in this work are the average of five measures. 

 

Figure 3.24 Cell and WC ball used for calibration. 

3.8. Differential Scanning Calorimetry (DSC) 

DSC experiments were conducted with the aim of identifying the thermal transitions 
underwent by the alloys and choosing an appropriate temperature range for annealing. This 
experiment was carried out on both the as-atomized powder (0-1000 µm) and the fraction 45-63 
µm. 

 
Experiments were carried out in two instruments, Setaram Setsys Evolution 16/18 and 

NETZSCH STA 449 F3 Jupiter, using a sample of about 150 mg under Ar atmosphere. Both devices 
work according to the heat flux principle. Figure 3.25a only displays the most used during this 
thesis, the Setaram Setsys Evolution 16/18. DSC allows determining the heat flow released or 
received by a sample when subjected to a temperature program in a controlled atmosphere. Any 
phase transformation or magnetic transition occurring in the material during heating or cooling 
causes a heat exchange; hence, the DSC may be used to determine the temperature of these thermal 
events and quantify the associated enthalpy change [196]. 
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Figure 3.25 (a) Setaram Setsys Evolution 16/18 instrument and (b) calorimeter cells with alumina 
crucibles. 

 
The instrument has a PtRh transducer with two cells where alumina crucibles are placed. 

One crucible is filled with the sample of interest and the other is empty as a reference, as shown in 
Figure 3.25b. The transducer is placed in the center of a vertical tube furnace. A heating element 
made of graphite is located in another concentric chamber and is protected by a circulating argon 
atmosphere. The furnace is refrigerated by a water jacket allowing to control heating and cooling 
rates. In addition, the system has a rotary pump that allows purging the furnace and conducting 
experiments under different atmospheres (see Figure 3.26). 

 

Figure 3.26 Schematic diagram of a heat flow differential scanning calorimeter [196]. 
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Each crucible is placed on an area thermocouple. The voltage difference (μV) detected 
between both thermocouples is proportional to the temperature difference between reference and 
sample, which is proportional to the heat flows exchanged by the sample. The instrument was 
calibrated with standard samples whose melting temperature and enthalpies are known. Using such 
a calibration, it is possible to determine a cell constant that is a function of temperature and heating 
rate. This cell constant (μV/mW) allows the conversion of the signal generated by the area 
thermocouples into a heat flow signal (ϕm), in mW. 

 
According to the sign convention selected in this work, ϕm is positive when an exothermic 

process occurs and negative for endothermic processes. The sample temperature (T) is measured by 
a type S Pt/Pt-Rh 10% thermocouple located in the transducer between both cells. This 
thermocouple is also calibrated using the melting point of the standard samples mentioned above. 
In this way, the equipment provides a curve of heat flow versus the temperature of the sample (ϕm 
vs. T). 

 
Before starting the cycle, three purges with argon are carried out to have an atmosphere with 

the lowest possible oxygen content. A preliminary test with empty crucibles is also performed to 
generate a baseline, which is then automatically subtracted from the signal obtained with the sample. 

 
Gas atomization is a rapid solidification process, with estimated cooling rates of 103-104 ºC/s 

for particle sizes <100 μm [142]. As a result, it is not unusual to observe amorphous or non-
equilibrium phases in powders produced by this process. Thus, it was decided to perform two 
heating experiments. First heating reveals the phase transformations related with a rapid 
solidification microstructure. After fully melting, the sample is cooled down and solidified at 0.167 
ºC/s inside the instrument. Next, a second heating is applied to detect the thermal transitions linked 
to phases formed under slow solidification conditions. The heating rate is 0.167 ºC/s in both runs. 

3.9. Thermodynamic calculations 

Nowadays, computer programs can predict the equilibrium state of a complex material 
system with a reasonable degree of precision. They are used with a database that contains 
thermodynamic information of the researched system. These data are expressed as functions that 
describe the Gibbs free energy of all phases with their constituents. 

 
Two things must be considered: First, the quality of the results depends on the available 

database. Second, calculations for systems with four or more chemical elements are usually 
extrapolations from data of binary or ternary systems. 
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The weight fraction of equilibrium phases as a function of temperature for several Nd-Fe-B 
compositions has been calculated using the software Thermo-Calc version 2020b using the database 
SGTE Solutions Database (SSOL) version 4.9. 

3.10. Particle shape 

The particle shape was qualitatively studied using conventional scanning electron 
microscopy (SEM) in a Philips XL30 equipment, displayed in Figure 3.27. It was analyzed for the 
as-atomized powder and the powder separated into fractions after sieving. 

 

Figure 3.27 Philips XL30 SEM. 
 

This technique creates an image by scanning a focused electron beam across a surface. The 
electrons are generated by an electron gun, filament made of tungsten or LaB6, at the top of the 
column exhibited in Figure 3.28. They are accelerated down the column and passed through a series 
of lenses and apertures to create a focused beam of electrons that interact with the surface of the 
sample. The sample is inserted in a chamber that, like the column, is evacuated using a vacuum 
pump. The scan coils situated above the objective lens controls the position of the electron beam, 
allowing it to be scanned over the surface of the sample. As a result, a variety of signals are produced 
from the electron-sample interaction [197]. Finally, these signals are then collected by different 
detectors to form images which are then displayed on the computer. Primary or backscattered 
electrons come from deeper regions of the sample, whereas secondary electrons originate from 
surface regions. The images obtained from backscattered electrons show high sensitivity to 
variations in atomic number; the higher the atomic number, the brighter the element appears in the 
image. On the other hand, secondary electrons images can provide more detailed surface 
information. A detector for energy-dispersive X-ray spectroscopy (EDS) is also included in the 
setup, allowing for the investigation of the chemical composition of a specific area of the sample. 
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Figure 3.28 Schematic of a scanning electron microscope [197]. 
 
The powder sample was placed on a carbon sticker, which then was located on an aluminum 

holder before being inserted in the microscope to analyze its shape or morphology using a secondary 
electron detector and an accelerating voltage of 20 kV. 

3.11. Microstructural characterization 

This work presents a complete microstructural characterization of the selected compositions 
using field emission gun scanning electron microscopy (FEG-SEM), electron-backscattered 
diffraction (EBSD), optical microscopy and transmission electron microscopy (TEM). The alloys 
were also analyzed after the heat treatments and considering the effect of the particle size. 

3.11.1. Metallographic preparation 

Prior to performing the microstructural analysis, the samples were prepared using 
conventional metallographic procedures that differed depending on the sample type and the 
microstructural characterization technique. The different preparations are presented below: 

 
For microstructural observation in FEG-SEM, the powders were cold mounted using a two-

component resin based on methyl methacrylate and electrically conductive carbon (Demotec 70, 
Demotec). The two components of the resin, powder (binder) and liquid (hardener), were blended 
in a plastic cup and then the homogeneous combination was mixed with a small amount of powder 
in a mould. Finally, the sample was allowed to harden for one hour. On the other hand, the sintered 
samples were hot mounted. They were placed in a Struers LaboPress-3 machine (Figure 3.29) along 
with Bakelite (Condufast, Struers), a thermoplastic acrylic resin with iron filler. This molding 
process was carried out at 20 kN and 180 ºC for 5 minutes, followed by 3 minutes of water cooling. 
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In both cases, the samples were ground with SiC abrasive papers, and then polished with several 
diamond suspensions, being the abrasive particle size progressively reduced. The last polishing step 
was carried out with a suspension of SiO2 (abrasive particle size of 0.04 μm). 

 

Figure 3.29 Struers LaboPress-3 hot mounting machine. 
 
To perform quantitative grain size measurements using EBSD, the sample was mounted in 

electrolytic Cu. The atomized powder was mixed with the electrolytic Cu in an 80:20 volume 
fraction (80% of Cu and 20% of Nd-Fe-B powder). The mixture was compacted at 400 MPa for 
consolidation. Subsequently, the sample was ground and subsequently polished with diamond 
suspensions. In addition, it was polished for 10 minutes with a 0.25 µm diamond suspension in 
alcohol and oil (OPAL 1/4 micron, Microdiamant). Finally, it was gently polished with a suspension 
of SiO2 for 10 minutes. On the other hand, sintered samples were mounted in the same way as 
sintered samples for FEG-SEM. 

 
To measure the grain size by optical microscopy, the sintered samples were prepared in the 

same way as for FEG-SEM microstructural observation. Next, the samples were chemically etched 
to reveal correctly the grain boundaries. The polished surface was etched with Vilella’s reagent (5 
ml HCl, 1 g picric acid, and 100 ml ethanol) for 10–15 s, cleaned with ethanol, and dried with hot 
air. 

3.11.2. FEG-SEM 

The microstructure was studied using field emission gun scanning electron microscopy 
(FEG-SEM) in an instrument JEOL JSM-7100F, displayed in Figure 3.30; this instrument is fitted 
with detectors for back scattered electrons, secondary electrons and energy-dispersive X-ray 
spectroscopy (EDS). 
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Figure 3.30 JEOL JSM-7100F FEG-SEM 
 
The operation of this equipment is similar to the conventional scanning electron microscope 

(SEM) described above. The most significant difference between both instruments lies in the 
electron generation system. The FEG-SEM uses a field emission gun as an electron source; it 
produces exceptionally concentrated high and low-energy electron beams, which considerably 
improves the resolution and works at very low potentials [198]. 

 
The sample was placed in a holder and then inserted in the microscope to study the 

microstructure using the backscattered electron detector. The images were collected using an 
acceleration voltage of 15 kV and an INCA Energy 350 analyzer (Oxford Instruments) was 
employed to perform EDS and examine the different phases in the samples. 

3.11.3. EBSD 

The aforementioned microscope JEOL JSM-7100F was also used to perform a more detailed 
microstructural characterization by electron-backscattered diffraction (EBSD). This microscope is 
equipped with a NORDLYS II camera and the OXFORD HKL CHANNEL 5 software used to 
collect the Kikuchi patterns and analyze the grain size. 

 
The Kikuchi diffraction patterns are generated from the interaction of backscattered 

electrons with the crystalline structure of the sample. Several backscattered electrons collide with 
each constituent atom in the crystalline material, which are then scattered in different directions and 
interact with each other, satisfying the Bragg equation [199]. These diffraction patterns, shown in 
Figure 3.31, are acquired. These patterns only depend on the crystallography of the phase and the 
orientation of the grain from which it is generated. From this information, the crystallographic 
orientation of each scan point is determined. 



Chapter 3 

 
61 

 

  

Figure 3.31 (a) Kikuchi pattern and (b) detection of the most intense bands. 
 
When the sample is placed inside the microscope and rotated 70 degrees (see Figure 3.32), 

an angle of less than 20 degrees between the incident electron beam and the surface of the sample 
is achieved, helping to achieve a greater proportion of backscattered electrons that are available for 
diffraction [199]. 

 

 

Figure 3.32 Schematic of EBSD pattern acquisition [199]. 
 
EBSD was employed to study the atomized powders separated in different fractions by 

sieving and the sintered samples with less than 28 wt.% of Nd (AG17-21, AG17-24 and AG17-62), 
since etching did not reveal all the grain boundaries. Before starting the automatic scans, ten patterns 
were manually indexed within the area of interest to acquire the pattern center, which is essential 
for the calibration of the system. The EBSD mappings were performed using an accelerating voltage 
of 30 kV and several scan step sizes, varying from 0.2 to 2.5 μm.  
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Inverse pole figures (IPFs) were used to measure the grain size of the studied samples, since 
the color at each point of the scan is determined by its relative crystallographic orientation (see an 
example in Figure 3.33). 

 

Figure 3.33 Example IPF image obtained by an EBSD scan. 

3.11.4. Optical microscope 

In the case of the sintered samples with more than 28 wt.% of Nd (AG18-07), chemical 
etching allowed revealing correctly the grain boundaries. The microstructural images were taken in 
an inverted optical microscope (LEICA model DMI 5000 M), displayed in Figure 3.34. Each picture 
was digitalized using the image analysis software LEICA APPLICATION SUITE software (LAS 
v4.5.0). 

 
Figure 3.34 Optical microscope LEICA DMI 5000 M. 

 
The inverted microscope follows the same principle of operation as the conventional optical 

microscope, but its optics is mounted in an opposite way. The objectives are placed below the stage, 
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being this in a fixed plane, and the sample is placed on the stage above the objectives. Besides, the 
objectives are set in a motorized 5x objective turret and they can be switched automatically with a 
button [200]. 

 
Optical microscopes necessarily require the use of light for their operation, so they contain 

a light source and a condenser that focuses this light. As can be seen in Figure 3.35, the light coming 
from the sample passes through a combination of lenses, some located on the objectives and another 
one on the eyepiece, so that a larger image is generated. The objective lens produces a magnified 
real image of the specimen, which is amplified much more by the eyepiece lens, resulting in a virtual 
image that is vastly larger than the object in question. Images can be captured through the 
microscope by placing a compact camera behind the eyepiece [201]. 

 

Figure 3.35 Basic structure and principle of an optical microscope [201]. 
 
In addition, this instrument can be used to observe the magnetic domains of the samples 

using the magneto-optical Kerr effect (MOKE), which is defined as a rotation of the plane of 
polarization of the light beam caused by its reflection on a magnetized surface [70]. The magnitude 
and direction of the magnetization M at the surface of the material determine the angle of rotation 
of the axis of polarization. Hence, an image of the domain structure at the surface can be formed 
[69]. The experimental arrangement is shown in Figure 3.36. 

 
Figure 3.36 Principle of domain observation by MOKE [70]. 
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For simplicity, the specimen is assumed to have only two domains, magnetized in an 
antiparallel way, as indicated by the arrow. The incident light strikes on the specimen after passing 
through a polarizer that transmits only plane polarized light. Since the two domains are magnetized 
in opposite directions, the polarization planes of beam 1 and 2 are in opposite senses upon reflection. 
Then, the light passes through an analyzer and finally through the microscope lenses. The analyzer 
is rotated until is “crossed” with the reflected beam 2; as a result, this beam is extinguished and the 
lower domain appears dark. The analyzer in this position is not crossed concerning to beam 1, so it 
is not extinguished and the upper domain appears light [70].  

3.11.5. FIB 

Since it was not possible to ascertain the presence of intragranular Nb-rich precipitates in 
AG17-62 alloy by FEG-SEM, thin foils were prepared in fraction 45-63 µm by the lift-out technique 
using a FEI Quanta 3D Dual Beam FEG focused ion beam (FIB) milling instrument (Figure 3.37). 

 

Figure 3.37 FEI Quanta 3D Dual Beam (FEG and FIB) microscope. 
 
Combining FIB and FEG-SEM allows for improved characterization and analysis of a wide 

spectrum of samples. The focused gallium ion source in contact with a raster movement of the ion 
beam allows removing material due to highly energetic ions focused into extremely small spot sizes. 
Consequently, it is possible to produce a very thin specimen from the surface of the analyzed 
sample. Figure 3.38 displays the stages of the thin specimen preparation process, which is detailed 
below. 
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Figure 3.38 Stages of the process to obtain thin specimens through FIB [202]. 

 
The powder sample was placed on a carbon sticker on an aluminum holder before being 

inserted in the microscope. Then, a Pt line was deposited to protect the area of interest, and two 
stair-step FIB trenches were cut at both sides of this area. The obtained lamella (U-shaped) was 
removed using a micromanipulator and welded to a Cu grid suitable for transmission electron 
microscopy (TEM) analysis. Final milling down to less than 100 nm was carried out by employing 
successively lower voltages up to 2 kV. 

3.11.6. TEM 

The obtained thin foil specimen was examined by conventional bright-field imaging in a 
JEOL JEM-2100F (S)TEM microscope, displayed in Figure 3.39, operated at 200 kV with a LaB6 
filament and equipped with an X-ray analyzer Oxford, INCA Energy 250 Dispersive (EDS). 

 

Figure 3.39 JEM-2100F Transmission Electron Microscope. 
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The essential components of a TEM are: (a) the electron gun and the condenser system; (b) 
the image-producing system (combination of electromagnets constructed to form magnetic field 
lenses); (c) the image-recording system, which usually consists of a fluorescent screen for viewing 
and focusing the image and a digital camera; and (d) the high vacuum system. The electron beam 
passes through the specimen and creates images that are used to analyze its structure. The thickness 
of the sample must be <150 nm to allow the electrons to pass through it [203]. 

3.12. Grain size measurements 

Grain size was measured following well-established quantitative metallographic procedures. 
The EBSD scans were analyzed and cleaned using TSL OIM™ Analysis 5.31 software. The 
cleaning method consisted on a grain dilatation step based on a single iteration. The minimum grain 
size to apply the clean-up procedure was 3 pixels surrounded by a boundary (grain tolerance angle) 
of >15º in misalignment. On the other hand, even for well-indexed maps, some small pixel clusters 
(noise) were removed. This level of noise was estimated from the grain size distribution histogram 
and the cut-off limit was established from the width of the peak at small grain diameters [204]. 

 
The grain size was weighted by area to properly consider the influence of the large grains 

observed in samples with abnormal grain growth [205]. Besides, the effect of noise, step size, and 
resolution on the scatter of mean grain size can be significantly reduced if this one is weighted using 
the grain area [204]. Consequently, the grain size is reported as the area-weighted arithmetic mean 
of the statistical distribution of equivalent diameters (𝐷𝐷�𝑤𝑤), which can be written as:  

 

𝐷𝐷�𝑤𝑤 =  ∑ 𝐴𝐴𝑖𝑖𝐷𝐷𝑖𝑖𝑁𝑁
𝑖𝑖 = 1
∑ 𝐴𝐴𝑖𝑖𝑁𝑁 
𝑖𝑖=1

  (3.3) 

 
where N is the total number of grains, Di the equivalent diameter of grain i, and Ai the area 

of grain i. The equivalent diameter is defined as the diameter of the circle with the same area as the 

actual grain, i.e. 𝐴𝐴𝑖𝑖 = 𝜋𝜋𝐷𝐷𝑖𝑖
2

4
. More than 500 grains were examined to measure the grain size 

distribution of each sample. The area-weighted standard deviation of the sample was calculated with 
the following equation: 

 

𝑆𝑆𝑤𝑤 =  �
∑ 𝐴𝐴𝑖𝑖 (𝐷𝐷𝑖𝑖− 𝐷𝐷�𝑤𝑤)2𝑁𝑁
𝑖𝑖=1
(𝑁𝑁′−1)
𝑁𝑁′

∑ 𝐴𝐴𝑖𝑖𝑁𝑁
𝑖𝑖=1

  (3.4) 

 
where N’ is the number of non-zero weights (i.e. the number of grains with non-zero area, 

N’ = N). The mean grain size is reported along with a 95 % confidence interval given by: 
 

𝐷𝐷�𝑊𝑊 ± 𝑡𝑡0.95,𝐿𝐿−1
𝑆𝑆𝑊𝑊
√𝐿𝐿

  (3.5) 
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where t0.95,N-1 is the value of Student’s t distribution of N-1 degrees of freedom encompassing 
0.95 of the probability in the interval [-t0.95,N-1,+t0.95,N-1]. 

 
On the other hand, the grain size of sintered samples revealed by etching was measured using 

the same program from images previously digitalized. 
 
Samples of atomization AG17–62 were measured with both methods (EBSD and optical 

microscopy) and it was obtained the same result, validating the quantification procedures. 

3.13. Magnetic properties 

The magnetic properties were measured between -263 ºC and 127 ºC (Chapter 4) and at 
room temperature (Chapter 7) using a vibrating sample magnetometer (VSM) Quantum Design 
PPMS-9T option Model P525 (Figure 3.40, in Chapter 4) and LakeShore 7300 VSM (in Chapter 
7). 

 

Figure 3.40 Quantum Design PPMS-9T system with vibrating sample magnetometer (VSM) 
option Model P525 [206]. 

 
The measurement is based on the flux change in a detection coil (pick-up coil) when a 

magnetized sample is vibrated near it. The sample is attached to the end of a nonmagnetic rod, 
whereas in the other extreme is fixed a mechanical vibrator device (Figure 3.41). The oscillating 
magnetic field of the moving sample induces an alternating electrical signal in the pick-up coil 
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whose magnitude is proportional to the magnetic moment of the sample. This signal is usually 
measured using a lock-in amplifier that provides a reference signal using a permanent magnet and 
a reference pick-up coil [69,70]. The results are averaged and sent over to a software for automation 
and control. 

 
Figure 3.41 Representation of a vibrating sample magnometer (VSM) [69]. 

 
The University of the Basque Country (UPV/EHU) group measured the hysteresis loops of 

as-atomized powders for different particle size fractions as a function of temperature (Chapter 4). 
Instead, the anisotropic sample measured in Chapter 7 was prepared by the UoB group by mixing 
the powder with molten paraffin wax, aligning the particles under a field of about 1 T, and allowing 
the paraffin to solidify in order to fix the orientation of the particles. In both cases, the results have 
been corrected to remove the effect of the demagnetizing field. The size of the sample required for 
these measurements is ∼50-100 mg. 
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Chapter 4 

4. Structural and magnetic properties of Nd-Fe-B powders 
One of the major advantages of gas atomization is its high solidification rates, leading to 

low chemical segregation and fine microstructures. Regarding Nd-Fe-B gas-atomized powders, one 
main challenge at present is to increase the coercivity, which is low due to microstructural factors, 
as for example, the mean grain size or the distribution of the Nd-rich intergranular phase. In 
addition, all kinds of defects in the microstructure, especially the presence of soft magnetic phases, 
can easily deteriorate the hard-magnetic properties. Nevertheless, these phases may also be 
favorable by increasing the saturation magnetization [76]. 

 
Early works on the intrinsic magnetic properties of Nd2Fe14B phase reported the presence of 

a spin-reorientation transition (SRT) between -143 and -123 ºC [94,207,208]. Below this 
temperature, the easy magnetization direction moves from the c-crystallographic axis of the 
tetragonal unit cell to the surface of a cone that is forming an angle (θ) with the c-axis. The value 
of θ increases when the temperature is reduced reaching a maximum of 26° at -268.8 ºC [94]. In 
single crystals, this transition causes that the magnetization (M) measured with a constant applied 
magnetic field (H) along the c-axis decreases slightly with temperature [208]. In anisotropic sintered 
magnets, it is observed a similar effect when H is applied along the alignment direction [209–211]. 
Such effect was carefully analyzed for several commercial grades, since these results are essential 
in the design of sensors, magnetic apparatus, or magnetomechanical devices for cryogenic 
applications. Therefore, it is important to know in detail the behavior of the magnet material, for 
example, by an idealized curve illustrating how the magnetic field density is considered to decrease 
linearly with an increasing opposing external magnetic field, until a certain knee point is reached 
[212,213]. 

 
This chapter has been divided in two parts; the first one describes the properties of the gas 

atomized powders and their structural characteristics, while the second part focuses on the magnetic 
properties of Nd-Fe-B powders produced by gas atomization. The influence of the temperature and 
the particle size on the magnetic properties has been analyzed. 
 

This chapter has been redrafted from: G. Sarriegui, J.M. Martin, M. Ipatov, A.P. Zhukov, J. 
Gonzalez, Magnetic Properties of NdFeB Alloys Obtained by Gas Atomization Technique, IEEE 
Trans. Magn. 54 (2018) 2103105. 
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4.1. Powder characterization 

The elemental chemical composition is shown in Table 4.1, being the Nd content comprised 
between 26.9 wt.% and 31.1 wt.%. Since the stoichiometric Nd content in Nd2Fe14B phase is 26.7 
wt.%, this means that the alloys contain a Nd excess of 0.2 wt.% – 4.4 wt.%. It should be remarked 
that these powders, excluding AG18-07 alloy, are rare-earth lean compared with sintered magnets, 
whose Nd content is ∼30 wt.% – 31 wt.%. Another noteworthy characteristic is the low oxygen 
content (< 700 ppm). 

 
Table 4.2 shows the atomization parameters and the particle size distributions of gas-

atomized powders. In general, it is observed that the median particle size (D50) correlates with the 
inverse of the gas-to-metal mass flow rate ratio (GMR) applied during each atomization. The value 
of 90% percentile of the particle size distribution (D90) is between 15 and 30 times larger than that 
of 10% percentile (D10), demonstrating that the particle size distribution is broad, as it is 
characteristic of gas-atomized powders [43]. The particle size distribution of the gas atomized was 
precisely fitted by a log-normal distribution. This fitting is shown in Figure 4.1 for the studied 
powders. The properties of this log-normal fitting are reported in the two last columns of the table. 
The values of the log-normal geometric standard deviation (σLN) are higher than typical values for 
gas atomization (between 1.8 and 2.2), indicating also that the particle size distribution is broad. 

 
Table 4.3 presents the bulk properties of as-atomized powders. Assuming a true density of 

∼7.6 g/cm3 for Nd-Fe-B alloys [28], He pycnometer density demonstrates that the internal porosity 
of the powders is very low (between 1.2% and 2.5%). The relative apparent density values are low 
indicating a high interparticle friction due to the fine particle size and the presence of irregular 
particles (agglomerates, satellites and splats). Other measurements proving that the interparticle 
friction is high are the high angle of repose (∼47-50º) and the no flow result obtained in the standard 
test MPIF #03. However, relative tap density values are high (between 67 and 71 %) showing that 
vibration is efficient to improve the packing of the particles. 
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Table 4.1 Chemical composition of as-atomized powders. 

Target 
composition 

(wt.%) 
Exp. 

Nd Fe B Nb Co Si Cr Sm O N  C  S  

(wt.%)  

(1) 
27.5Ndbal.Fe1.1B 

AG17-21 
26.9 

±  
0.2 

72.3 
± 

0.3 

1.01 
±  

0.1 
- 

< 
0.0038 

±  
0.0002 

0.016 
± 

0.001 

0.018 
± 

0.002 

0.102 
± 

0.002 

0.0478 
± 

0.0005 

0.0035 
± 

0.0004 

0.037  
± 

 0.002 

0.00126 
± 

0.00007 

AG17-22 
27.3 

± 
 0.1 

71.4 
± 

0.8 

1.01 
± 

0.01 
- 

< 
0.0035 

±  
0.0001 

0.014 
± 

0.003 

0.0153 
± 

0.0004 

0.101 
± 

0.002 

0.0409 
± 

0.0009 

0.00314 
± 

0.00009 

0.0183 
± 

0.0005 

0.00100 
± 

0.00005 

(2) 
28.5Ndbal.Fe1.1B 

 

AG17-24 
28.5 

± 
 0.3 

70.1 
± 

1.0 

1.034 
± 

0.008 
- 

0.0038 
 ± 

0.0002 

0.0612 
± 

0.0008 

0.0140 
± 

0.0001 

0.1066 
± 

0.0003 

0.0566 
± 

0.0004 

0.0048 
± 

0.0003 

0.0176 
± 

0.0003 

0.00120 
± 

0.00005 

(3) 
28.5Ndbal.Fe0.28Nb1.1B 

 

AG17-62 
28.3 

± 
 0.1 

68.7 
± 

0.1 

1.159 
± 

0.003 

0.337 
± 

0.005 

0.0043  
±  

0.0006 

0.050 
± 

0.001 

0.0119 
± 

0.0008 

0.1231 
± 

0.0006 

0.070 
± 

0.001 

0.0067 
± 

0.0003 

0.0193 
± 

0.0004 

0.00120 
± 

0.00002 

(4) 
31.5Ndbal.Fe1.1B 

AG18-07 
31.06 

± 
0.07 

67.5 
± 

0.6 

1.126 
± 

0.004 
- 

0.0041  
±  

0.0003 

0.0346 
± 

0.0009 

0.00903 
± 

0.00009 

0.134 
± 

0.001 

0.050 
± 

0.003 

0.0047 
± 

0.0003 

0.02660 
± 

0.00009 

0.00147 
± 

0.00007 
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Table 4.2 Atomization parameters and obtained particle size distributions. 

Exp. 

Atomization 
parameters 

Particle size distribution Log-normal fitting 

mm 
(g/s) 

mg 
(g/s) GMR 

D10  
(µm) 

D50 

 (µm) 
D90  

(µm) 
D50 

 (µm) 
σLN 

AG17-21 17.39 22.88 1.32 8.9 43.6 278.1 47 3.87 

AG17-22 39.95 22.88 0.57 12.7 76.6 301.6 71 3.51 

AG17-24 39.51 22.88 0.58 14.2 63.8 245.6 62 3.07 

AG17-62 27.94 33.91 1.21 18.4 90.4 324.2 85 3.11 

AG18-07 27.80 28.97 1.04 5.7 22.4 72.4 22 2.60 

D10: 10th percentile of the particle size distribution; D50: median particle size; D90: 90th percentile of the 
particle size distribution and σLN: log-normal geometric standard deviation. 

 

a) 26.9Nd-bal.Fe-1.01B wt.% (AG17-21) 

 

b) 27.3Nd-bal.Fe-1.01B wt.% (AG17-22) 

 

c) 28.5Nd-bal.Fe-1.034B wt.% (AG17-24) 
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d) 28.3Nd-bal.Fe-1.159B-0.337Nb wt.% 
(AG17-62) 

 

e) 31.06Nd-bal.Fe-1.126B wt.% (AG18-07) 

 

Figure 4.1 Log-normal distribution of gas-atomized Nd-Fe-B powders. 
 

Table 4.3 Bulk properties of powders produced by argon atomization. 

Exp. 

App. 
density 

Tap 
density 

Pycn. 
density 

Int. 
Porosity 

Angle of repose Flow rate  

(%) (%) (g/cm3) (vol %) (º) (s, 50 g) 

AG17-21 44.1 67.1 7.51 1.2 49 Non free flowing 

AG17-22 45.7 68.5 7.44 2.1 48 Non free flowing 

AG17-24 45.8 68.8 7.47 1.7 47 Non free flowing 

AG17-62 50.2 71.0 7.41 2.5 50 Non free flowing 

AG18-07 38.8 67.0 7.45 2.0 49 Non free flowing 

 
The high values of tap density are a consequence of the wide particle size distribution and 

the spherical particle shape [143]. This last feature is confirmed by the SEM micrograph shown in 
Figure 4.2. The spherical morphology is a typical characteristic of inert gas-atomized powders. In 
addition, it is observed that the fine particles are more spherical than the coarse ones and that there 
are satellites, generally attached to the large particles. 
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Figure 4.2 Representative particle shape of gas atomized powders (AG17-22). 
 

In gas atomization, solidification rate is inversely proportional to the particle size. There is 
a particle size above which the melt droplet does not have time to solidify in flight. Consequently, 
the melt droplet hits the wall of the atomization chamber forming a flat particle called splat. Figure 
4.3 shows AG17-22 powder separated in size fractions by sieving. The presence of splats in the 
large size fractions is apparent. It is important to mention that the higher the particle size, the higher 
the fraction of splats. A more detailed analysis in the SEM (Figure 4.4) reveals a significant fraction 
of splats for particle sizes > 150 µm. A remarkable fraction of splats was also observed for the rest 
of the samples, except for alloy AG18-07 which had barely 2 % of particle sizes larger than 150 
µm. Hence, in all cases, the largest particles (> 150 µm) were removed to minimize the presence of 
splats. 

 

Figure 4.3 Different powder fractions after the sieving, AG17-22 (27.3Nd-bal.Fe-1.01B alloy). 
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Figure 4.4 Particle shape of 27.3Nd-bal.Fe-1.01B alloy (AG17-22), different fractions: (a) 0-20 
µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm, (f) 106-150 µm, (g) 150-180 µm, 

(h) 180-250 µm and (i) 250-425 µm. 
 

Figure 4.5 illustrates the microstructure of the argon-atomized powders for different size 
fractions. In gas atomization, cooling rate is inversely proportional to the square of the particle size 
[214]. As a result, Figure 4.5 shows that large particles exhibit higher microsegregation and, hence, 
the precipitation of soft magnetic α-Fe dendrites (dark gray phase), while this phase is not observed 
in the fraction < 20 μm. The other phases in Figure 4.5 are Nd2Fe14B (light gray contrast) and Nd-
rich phase (in white contrast). 

 



Structural and magnetic properties of Nd-Fe-B powders 

 
76 
 

  

Figure 4.5 Microstructure of gas atomized powder (AG17-22) for two different size of fractions: 
(a) 0-20 µm and (b) 75-106 µm. 

 
DSC traces in Figure 4.6 reveal an exothermic peak at ∼556 ºC in compositions with 26.9 to 

28.5 wt.% of Nd that, according to [36,37,40], may indicate the presence of some amorphous phase 
in the particles with a size below few micrometers. For AG17-62 alloy (with Nb) and AG18-07 
alloy (with 31.06 wt.% of Nd), two exothermic overlapping peaks are found, one at ∼435-450 ºC 
and another at ∼556 – 575 ºC. Other authors have discovered similar thermal events in gas atomized 
and melt spun ribbons [35,36]. The second peak is due to the crystallization of some amorphous 
phase, whilst the first one is usually attributed to the transformation of an unknown metastable phase 
into the equilibrium Nd2Fe14B phase. These exothermic peaks are very small, suggesting that the 
amount of non-equilibrium phases is negligible. The endothermic peak at 307 ºC corresponds to the 
Curie temperature. 

 
Each particle contains many grains of Nd2Fe14B whose size is smaller when the particle size 

is reduced, in agreement with [36,37]. Thus, from inverse pole figures (IPFs), as the one shown in 
Figure 4.7, it has been measured that the grain size distribution has a mean grain size of 5.10 ± 0.26 
µm for the powder fraction between 45 and 63 μm. Moreover, Figure 4.7 demonstrates the random 
crystallographic texture of gas-atomized powders. 
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Figure 4.6 DSC traces of the gas atomized powders (0-1000 µm). 
 

 
Figure 4.7 Secondary electrons micrograph (left) and IPF image (right) of a particle with 

composition 27.3Nd-bal.Fe-1.01B (reference AG17-22). 

4.2. Magnetic properties 

Figure 4.8 shows several hysteresis loops measured at different temperatures of one of the 
alloys investigated (AG17-22) for a given particle size fraction. From these curves, they have been 
obtained the magnetic properties discussed in the following. 
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Figure 4.8 Hysteresis loops for powder fraction from 45 to 63 µm of atomization AG17-22 at 
different temperatures. 

 
Figure 4.9 presents the evolution of the intrinsic coercive field and the remanence with the 

particle size, measured at room temperature, for the atomized Nd-Fe-B alloys. It can be seen that 
coercivity significantly increases as the particle size is reduced. One reason is that the amount and 
size of soft magnetic α-Fe grains are reduced when the particle size decreases. Another reason is 
that Nd2Fe14B grain size is also reduced at the same time [36,37]. The presence of some amorphous 
phase in Figure 4.6 may explain the lower coercivity of the smaller particles (0-20 µm). The 
remanence follows the same trend that the coercivity with the particle size. Thus, it is obvious that 
the low remanence is directly linked to the low coercivity, i.e., improving the hard-magnetic 
character of the gas-atomized Nd-Fe-B powders will result in an improvement of both intrinsic 
coercivity and remanence. 

  

Figure 4.9 (a) Intrinsic coercivity and (b) remanence of the gas atomized powders at room 
temperature. 
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A representative example of the thermal dependence (from -263 ºC to 127 ºC) of the 
magnetization (M) is shown in Figure 4.10. Although M decreases with the temperature, an anomaly 
is observed in all Nd-Fe-B alloys studied in this chapter. Such anomaly is a marked slope change, 
taking place between -173 and -123 ºC, which could be ascribed to the SRT observed by the 
previous authors in monocrystals and anisotropic sintered magnets [94,207–211]. 

 

Figure 4.10 Magnetization of gas atomized powders (AG17-22, size fraction 45-63 µm) as a 
function of temperature. 

 
This effect is observed in all the samples in a similar way, with a minor influence of 

composition. Thus, in [73] it is reported that the purity of the Nd2Fe14B sample increases SRT 
temperature. It is noteworthy to mention that the SRT temperature reported in the literature for high-
purity Nd2Fe14B sample is -138 ºC [73]. The variation of SRT with alloying could be related to a 
decrease in the Nd–Nd interatomic distance, stabilizing thus the easy axis orientation. 

 
After full magnetization at temperatures above the SRT, polycrystalline sintered Nd-Fe-B 

magnets keep a high remanence (Mr) because the intrinsic coercivity (Hci) is high enough to prevent 
the nucleation and growth of reverse domains, i.e., each grain is a single domain, as in the saturated 
state. However, in the saturated state (high applied H), the spontaneous magnetization vector is 
oriented in the direction of the applied field, whereas for H = 0 Oe, the spontaneous magnetization 
is lying on the c-axis. Consequently, Mr is related with saturation magnetization (Ms) according to 
the following expression: 

 

𝑀𝑀𝑟𝑟 = ∑ 𝑉𝑉𝑖𝑖𝑐𝑐𝑜𝑜𝑠𝑠𝜙𝜙𝑖𝑖𝑁𝑁
𝑖𝑖=1

𝑉𝑉
𝑀𝑀𝑠𝑠 = 〈𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙〉𝑀𝑀𝑠𝑠   (4.1) 
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where 𝜙𝜙𝑖𝑖 is the angle between the c-axis and the previous magnetization direction for each 
individual grain, 𝑆𝑆𝑖𝑖 is the volume of each individual grain, 𝑆𝑆 = ∑ 𝑆𝑆𝑖𝑖𝐿𝐿

𝑖𝑖=1  is the total volume of the 
sample, and N is the total number of grains in the magnet. 

 
〈𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙〉 represents the degree of orientation of the polycrystalline magnet. If all the grains 

in the magnet are oriented in the magnetization direction (i.e., 𝜙𝜙𝑖𝑖 is 0 for all the grains), 〈𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙〉 = 
1 and Mr = Ms. In the case of atomized powders, grains are randomly oriented, so ideally 〈𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙〉 = 
0.5 and Mr = 0.5 Ms. However, present values of Mr are about 0.23Ms at -263 ºC, indicating that 
reverse domains are forming when H is removed due to the low coercivity of the powder (i.e., grains 
are not single domains). 

 
Below the SRT temperature, the easy magnetization direction moves to the surface of a cone 

forming an angle (θ) with the c-axis. If a low magnetic field is applied, sample can be magnetized 
by domain wall motion but without spin rotation. Under this condition, (4.1) becomes 

 

𝑀𝑀 = ∑ 𝑉𝑉𝑖𝑖𝑐𝑐𝑜𝑜𝑠𝑠(𝜙𝜙𝑖𝑖−𝜃𝜃)𝑁𝑁
𝑖𝑖=1

𝑉𝑉
𝑀𝑀𝑠𝑠 = 〈𝑐𝑐𝑐𝑐𝑠𝑠(𝜙𝜙 − 𝜃𝜃)〉𝑀𝑀𝑠𝑠  (4.2) 

 
Here, Ms as a function of temperature can be approximated by the magnetization for an 

applied field of H = 90000 Oe. Figure 4.10 displays M as a function of temperature calculated with 
(4.2) for a given powder and particle size. The values of θ as a function of temperature to perform 
this calculation were taken from [94]. This value of M is compared with the experimental one for 
different applied magnetic fields. For H = 0, the magnetization vector is able to rotate freely on the 
surface of the easy magnetization cone; consequently, Mr does not show any experimental evidence 
of SRT. For H = 90000 Oe, the material is saturated, i.e., reverse domains have been swept away 
and magnetization vector inside each grain has been rotated out of the easy magnetization cone to 
be aligned with the external applied field; as a result, Ms does not exhibit SRT either. For H = 5000 
Oe, the experimental M is close to the curve calculated with (4.2). This applied magnetic field 
corresponds approximately to the knee of the magnetization curve in Figure 4.8. Thus, H = 5000 
Oe is roughly the applied field at which reverse domains are swept away, but still magnetization 
vector is not rotated out of the easy magnetization cone. For applied fields between 5000 and 90000 
Oe, the contribution of domain rotation to magnetization is progressively increased, so the effect of 
the SRT in the curves of Figure 4.10 is less evident, until it completely disappears when the material 
is fully saturated. 

 
One interesting point of this analysis is that the SRT produces a reduction of the 

magnetization in anisotropic sintered magnets, with a degree of orientation close to 1 [211]. In 
contrast, SRT raises the magnetization at low temperatures in the case of isotropic gas-atomized 
powders, with a degree of orientation of 0.5. In order to show the effect of the degree of orientation 



Chapter 4 

 
81 

 

on the magnetization curve at cryogenic temperatures, (4.2) has been applied to calculate M as a 
function of temperature for different values of 𝜙𝜙, using the same values of Ms and 𝜃𝜃 that given in 
Figure 4.10. The results of these calculations are displayed in Figure 4.11. It demonstrates that, for 
a degree of orientation 〈𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙〉 > 0.87 (i.e., 𝜙𝜙 < 30°), there is a temperature below which M 
decreases. 

 

Figure 4.11 Magnetization as a function of temperature calculated with equation (4.2) for 
different values of φ angle, using the same Ms and θ values that in Figure 4.10. 

4.3.  Conclusions 

a) Nd-Fe-B powders were produced by gas atomization and the yield of the atomization is high 
(above 95%). 
 

b) The composition is according to the target and the oxygen content is low (between 400 and 
700 ppm). 
 

c) The particle size is broad following the log-normal distribution, as it is characteristic of gas 
atomized powders. 
 

d) The particle shape is spherical, although with satellites attached to the large particles. 
 

e) Since cooling rate is inversely proportional to the square of the particle size, larger particles 
exhibit the precipitation of soft magnetic α-Fe phase, due to microsegregation, and a coarser 
Nd2Fe14B grain size. 
 

f) The coercivity significantly increases as the particle size is reduced. The drop in particle 
sizes of 0-20 µm could be explained by the presence of some amorphous phase. 
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g) The SRT characteristic of Nd2Fe14B phase is observed in the thermomagnetic curve of 

magnetization at temperatures below -123 ºC. Since the crystallographic orientation of the 
grains is random, SRT produces an increment of magnetization. 
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Chapter 5 

5. Effect of Nd content and Nb addition on grain growth 
The amount of α-Fe can also be reduced by increasing the Nd concentration over the 

stoichiometric one, and / or adding Nb [59]. Consequently, the objective of this chapter is to study 
the influence of Nd content and Nb addition and the effect of annealing at high temperature on the 
microstructural evolution of Nd-Fe-B gas atomized powder, analyzing in detail grain growth. 

 
The research is mainly focused on the effect of Nd content. As explained in section 2.4.1, 

niobium has several positive effects on the properties of Nd-Fe-B alloys. Thus, the research includes 
also one composition with this alloying element. AG17-22, AG17-24, and AG18-07 are ternary 
alloys with increasing contents of Nd (from 27.3 to 31.06 wt.%). Moreover, AG17-24 and AG17-
62 are equivalent, except for the addition of 0.3 wt.% of Nb in the latter. 

 
Grain size changes with particle size in gas atomized powders [36], which adds one more 

variable. In order to exclude the influence of this variable, the microstructural analysis was 
conducted only on a narrow fraction of particle sizes, from 45 to 63 µm. This fraction was separated 
by sieving and subsequently annealed. The thermal treatments were carried out at different 
temperatures (between 1000 and 1150 ºC) and times (between 0 and 300 h) under Ar. 

 
This chapter has been redrafted from: G. Sarriegui, J.M. Martín, N. Burgos, M. Ipatov, A.P. 

Zhukov, J. Gonzalez, Effect of neodymium content and niobium addition on grain growth of Nd-
Fe-B powders produced by gas atomization, Mater. Charact. 172 (2021) 110844. 

5.1. Differential scanning calorimetry (DSC) 

Figure 5.1 displays the DSC traces of the as-atomized powders. The relevant thermal events 
have been marked in the figures with symbols. The numerical values associated to each symbol are 
reported in Table 5.1 for each composition. The meaning of these thermal transitions can be 
interpreted with the help of the ternary phase diagram [57] and the microstructure of the powders, 
described in the next section. As a first approximation, main thermal events can be understood 
neglecting the influence of Nb, impurities (e.g. oxygen), and minor phases. The endothermic peak 
at ∼310 ºC (Tc1) corresponds to the Curie temperature of Nd2Fe14B phase. In the compositions with 
27.3 to 28.5 wt.% of Nd, an exothermic peak starting at ∼550-560 ºC (TX2) during the first heating 
is observed. The compositions with 31.06 wt.% of Nd (AG18-07) and with Nb (AG17-62) exhibit 
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two exothermic overlapping peaks, once beginning at ∼430-440 ºC (TX1) and another at ∼545-570 
ºC (TX2). Similar thermal events have been found by other authors in gas atomized and melt spun 
ribbons [35,36]. The peak TX2 is due to the crystallization of some amorphous phase. The peak at 
lower temperature (TX1) is typically attributed to the transformation of an unknown metastable phase 
into the equilibrium Nd2Fe14B phase. It is noteworthy to mention that these exothermic peaks are 
very small, indicating that the amount of non-equilibrium phases is negligible. 

  

 

Figure 5.1 DSC traces of as-atomized powders (size fraction from 45 to 63 µm). (a) First heating, 
low temperature range, (b) First heating, high temperature range and (c) Second heating. For 

clarity, the curves are shifted along the vertical axis. 
 

Table 5.1 Thermal transitions in the samples analyzed by DSC. Subscripts 1 and 2 correspond to 
the first and second heating, respectively. 

Exp. 
First heating 

 (º C) 
Second heating 

(º C) 
Tc1 TX1 TX2 Ts1 Ta1 Tb1 Tl1 Ts2 Tc2 Ta2 Tb2 Tl2 

AG17-22 (27.3Nd-bal.Fe-
1.01B) 310 - 554 731 1100 1182 1274 678 769 1057 1162 1277 

AG17-24 (28.5Nd-bal.Fe-
1.034B) 310 - 558 724 1090 1181 1276 686 769 1067 1182 1272 
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Exp. 
First heating 

 (º C) 
Second heating 

(º C) 
Tc1 TX1 TX2 Ts1 Ta1 Tb1 Tl1 Ts2 Tc2 Ta2 Tb2 Tl2 

AG17-62 (28.3Nd-bal.Fe-
0.337Nb-1.159B) 309 440 570 793 1099 1180 1260 688 769 1087 1180 1251 

AG18-07 (31.06Nd-
bal.Fe-1.126B) 311 432 546 703 1042 1186 1255 650 767 1089 1184 1275 

 
During the first heating, four endothermic events occurring between 700 and 1300 ºC are 

observed. The exact temperatures depend on the composition. The onset temperature (Ts1) of the 
first endothermic peak likely indicates the melting of Nd-rich phase (α-Nd), following the reaction 
α-Nd + Nd2Fe14B + NdFe4B4  Liquid + Nd2Fe14B + NdFe4B4 (the expression symbolizes the 
phase change that happens when the material goes through the surface separating two different 
three-phase regions of the phase diagram). Ts1 can be regarded as the solidus temperature of the 
rapidly solidified alloy. The onset temperature (Ta1) of the second endothermic peak corresponds to 
the melting of NdFe4B4, represented by the expression Liquid + Nd2Fe14B + NdFe4B4  Liquid + 
Nd2Fe14B. The onset temperature (Tb1) of the third endothermic peak is linked to the melting of 
Nd2Fe14B according to the reaction Liquid + Nd2Fe14B  Liquid + γ-Fe. Finally, between Tb1 and 
the liquidus temperature of the alloy (Tl1), the progressive dissolution of γ-Fe into the liquid (Liquid 
+ γ-Fe  Liquid) takes place. The area below each peak is roughly proportional to the amount of 
liquid formed in each transition. 

 
When the alloy is slowly solidified after the first heating, the generated microstructure is 

closer to equilibrium, except for the foreseen microsegregation. The detection of the peak Tc2 at 
∼767-769 ºC, corresponding to the Curie temperature of α-Fe, indicates that, due to 
microsegregation, the slowly solidified alloy exhibits a larger amount of this phase than the rapidly 
cooled powder. The other transitions (occurring at the characteristic temperatures Ts2, Ta2, Tb2, and 
Tl2) are the same as in the first heating. Variations in the numerical values of these temperatures in 
both heatings beyond the accuracy of DSC technique should be assigned to compositional 
differences between the involved phases; these compositional differences were caused by the 
dissimilar solidification rates. 

 
The above analysis of DSC traces allows predicting the main phases coexisting during 

annealing, neglecting again in a first approximation the effect of Nb and impurities. Annealing was 
performed at 1000, 1100, and 1150 ºC. At 1000 ºC, the expected phases are Liquid, NdFe4B4, and 
Nd2Fe14B. When the temperature is risen to 1100 ºC, NdFe4B4 almost disappears, so the main phases 
are Liquid and Nd2Fe14B. At 1150 ºC, the expected equilibrium phases are Liquid and Nd2Fe14B. 
Obviously, the amount of liquid increases progressively when the temperature is risen.
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5.2. Microstructure of as-atomized powders 

Figure 5.2 shows the microstructure of as-atomized powders. The main phases, arrowed in 
Figure 5.2b, are Nd2Fe14B (medium grey contrast in the image), α-Fe (dark contrast), and Nd-rich 
phase (white contrast). Since cooling rates are so high, the amount of metastable α-Fe phase is small. 
However, it can be easily remarked in the compositions with Nd <28.5 wt.% (Figure 5.2a and 5.2b). 
In contrast, AG18-07 (Nd = 31.06 wt.%) exhibits a negligible amount of metastable α-Fe, in 
agreement with its largest Nd content. 

 

 

 

 

Figure 5.2 Microstructure of as-atomized powders with particle size between 45 and 63 µm. (a) 
AG17-22 (27.3Nd-bal.Fe-1.01B wt.%), (b) AG17-24 (28.5Nd-bal.Fe-1.034B wt.%), (c) AG17-62 

(28.3Nd-bal.Fe-0.337Nb-1.159B wt.%) and (d) AG18-07 (31.06Nd-bal.Fe-1.126B wt.%). 
 

Despite that composition AG17-62 only contains 28.3 wt.% of Nd, its amount of α-Fe is also 
very small. Here, it is evident the effect of Nb, which combines preferentially with Fe to form Nb-
Fe-rich compounds. These compounds reduce the amount of free Fe without spending Nd to form 
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Nd2Fe14B phase. Consequently, the Nb-containing alloy has more Nd-rich phase than the same 
composition without Nb, which is apparent when Figure 5.2c is compared with Figure 5.2b. 

 
Two types of Nb-containing precipitates have been reported in homogenized or sintered 

alloys: intergranular and intragranular [58,66,99–101,112,150,172,174,177,215]. Nevertheless, 
publications do not agree on the nature of these precipitates, perhaps due to differences in 
composition and thermal history of the samples. Usually, they contain a small amount of rare earths 
in solution [99,100,172,177]. Appendix A summarizes the main conclusions of previous works. 
According to the most recent revision of the ternary phase diagram for the system B-Fe-Nb [215], 
the Nb-rich compounds that are stable in the Fe-rich corner of the diagram are Fe2Nb, FeNbB, and 
Fe3Nb3B4. Whereas Fe2Nb and FeNbB can be found up to 1200 ºC, Fe3Nb3B4 is stable only below 
800 ºC. 

 
Figure 5.3 displays the intergranular precipitates observed in composition AG17-62 

(28.3Nd-bal.Fe-0.337Nb-1.159B wt.%). Some of them have been indicated with arrows to make 
easier their identification. They can be distinguished from the Nd-rich phase because they protrude 
when observed with secondary electrons and are slightly darker in the image of backscattered 
electrons. Left images (Figure 5.3a, c and e) correspond to precipitates formed in regions where 
there is not free iron. In contrast, right images (Figure 5.3b, d and f) show some examples of 
precipitates that are in contact with free Fe. Ahmed et al. [100] observed that a Nb-rich compound 
was formed inside free iron and grew at its expense in an as-cast and homogenized alloy. The present 
work supports this observation. The spot EDS analyses in Figure 5.3e and 5.3f confirm that the 
precipitates contain Nb. Nevertheless, they are not accurate enough to allow identifying the specific 
compound. 
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Figure 5.3 Intergranular Nb-containing compounds (indicated with arrows) observed in 
composition AG17-62 (28.3Nd-bal.Fe-0.337Nb-1.159B wt.%). Left images: precipitates that are 
not associated to free Fe; (a) Backscattered electrons image; (c) Secondary electrons image of the 

same zone as “a”; (e) Spot EDS analysis on the particle encircled in figure “c”. Right images: 
precipitates that are associated to free Fe; (b) Backscattered electrons image; (d) Secondary 

electrons image of the same zone as “b”; (f) Spot EDS analysis on the particle encircled in figure 
“d”. 

 
On the other hand, SEM images do not show intragranular precipitation, despite the low 

solubility of Nb in Nd2Fe14B phase, according to the literature data in Appendix A. The high cooling 
rate associated with the atomization process may prevent the precipitation of Nb, thus forming a 
supersaturated solid solution. Nevertheless, the presence of a nanometric precipitation, below the 
detection limit of high resolution SEM (about 50 nm), cannot be excluded, since it has been 
previously reported [99,172,177]. 

 
Finally, the inverse pole figures (IPFs) in Figure 5.4 demonstrate that gas atomized particles 

are isotropic and polycrystalline. The mean grain size has been measured for the initial powders 
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obtaining the following results: 5.10 ± 0.26 µm for AG17-22, 4.87 ± 0.16 µm for AG17-24, 4.49 ± 
0.14 µm for AG17-62, and 3.77 ± 0.11 for AG18-07. 

  

Figure 5.4 Inverse pole figures (IPFs) of as-atomized powders with particle size between 45 and 
63 µm. (a) AG17-22 (27.3Nd-bal.Fe-1.01B wt.%) and (b) AG17-62 (28.3Nd-bal.Fe-0.337Nb-

1.159B wt.%). 

5.3. Microstructure after annealing  

This section describes qualitatively the microstructural changes produced by high 
temperature annealing on the different compositions. Figure 5.5 illustrates the simultaneous effect 
of temperature and time. These micrographs correspond to the composition with the lowest Nd 
content (27.3 wt.%). Nevertheless, the same trends have been observed for all the studied alloys. 
Obviously, sintering is taking place. Time effect is revealed by traveling horizontally in the grid of 
pictures, whilst the temperature influence is shown in the vertical direction. When the temperature 
and / or the time of annealing are increased, the degree of sintering rises, being the influence of 
temperature more important. After annealing at 1000 ºC for less than 24 h, the powder is loose (in 
Figures 5.5a and 5.5b, the particles are dispersed in the mounting material). However, necks have 
grown between the particles after 300 h, leading to the formation of a solid skeleton. At higher 
temperatures (1100 ºC and 1150 ºC), the necks are stronger and a greater reduction of porosity has 
occurred. At both temperatures, neck growth and densification rise over time. 

 
Figure 5.6 shows the effect of composition on sintering. The comparison between Figures 

5.5b, 5.6a and 5.6c demonstrates that the degree of sintering increases with Nd content, being the 
same the other experimental parameters. Additionally, the comparison between Figures 5.6a and 
5.6b shows that the addition of Nb reduces the degree of sintering. 
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Figure 5.5 Sintering of powder AG17-22 (27.3Nd-bal.Fe-1.01B wt.%) during annealing at 
different temperatures and times. (a) 1000 ºC / 10 h, (b) 1000 ºC / 24 h, (c) 1000 ºC / 300 h, (d) 

1100 ºC / 10 h, (e) 1100 ºC / 24 h, (f) 1100 ºC / 96 h, (g) 1150 ºC / 5 h, (h) 1150 ºC / 10 h and (i) 
1150 ºC / 24 h. 
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Figure 5.6 Sintering after annealing at 1000 ºC for 24 h. (a) AG17-24 (28.5Nd-bal.Fe-1.034B 
wt.%), (b) AG17-62 (28.3Nd-bal.Fe-0.337Nb-1.159B wt.%) and (c) AG18-07 (31.06Nd-bal.Fe-

1.126B wt.%). 
 

The phases expected at each annealing temperature according to the DSC results were 
mentioned in the last paragraph of section 5.1. When the powder is cooled down, the liquid solidifies 
into different phases depending on the composition of the alloy and annealing temperature. 

 
Figure 5.7 displays the constituent phases observed in the alloy with the lowest Nd content 

(27.3 wt.%) after annealing under different conditions. This alloy contains only 0.6 wt.% of Nd in 
excess over the stoichiometric concentration of Nd2Fe14B. Firstly, it is important to highlight that 
the α-Fe phase was almost completely removed just after 10 h at 1000 ºC, which is a relatively short 
time compared with the homogenization times reported for alloys prepared by ingot casting [58,99–
101]. Free Fe reacts with the Nd-rich phase to form Nd2Fe14B. This rapid elimination is possible 
thanks to the fine microstructure of gas atomized powders. During annealing, the excess of liquid 
(i.e. the liquid no needed to wet the grain boundaries) migrates from inside, to the surface of the 
particles, mostly at the developing necks. Nd-rich particles are typically remarked at these locations 
upon solidification. It seems that the amount of Nd oxides increases with annealing temperature and 
/ or time, i.e. the high affinity of Nd for oxygen is causing the formation of Nd oxides from the 
liquid. The presence of some NdFe4B4 phase is also observed. A small amount of a eutectic-like 
structure has been detected above 1100 ºC. It is thought that the loss of metallic Nd by oxidation 
produces the solidification of the liquid according to the eutectic reaction Liquid  γ-Fe + Nd2Fe14B 
+ NdFe4B4 at 1099 ºC [57]. α-Fe is formed at lower temperature from γ-Fe due to an allotropic 
transformation at ∼911 ºC. The amount of this eutectic-like structure increases over annealing time. 
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Figure 5.7 Microstructure of powder AG17-22 (27.3Nd-bal.Fe-1.01B wt.%) after annealing at 
different temperatures and times. (a) 1000 ºC / 10 h, (b) 1000 ºC / 24 h, (c) 1000 ºC / 300 h, (d) 

1100 ºC / 10 h, (e) 1100 ºC / 24 h, (f) 1100 ºC / 96 h, (g) 1150 ºC / 5 h, (h) 1150 ºC / 10 h and (i) 
1150 ºC / 24 h. 

 
All the compositions have followed a similar microstructural evolution with time. 

Consequently, only the effect of temperature is discussed next for the remaining alloys. As shown 
in Figure 5.8, AG17-24 (28.5Nd-bal.Fe-1.03B wt.%) exhibits the same microstructural 
characteristics as AG17-22 (27.3Nd-bal.Fe-1.01B wt.%). As explained in section 5.2, Nb-
containing alloy AG17-62 has more Nd-rich phase than the same composition without Nb (AG17-
24); thus, the eutectic structure is not observed at any temperature in Figure 5.9. The high Nd 
concentration of powder AG18-07 (31.06Nd-bal.Fe-1.13B wt.%) also prevents the formation of the 
intergranular eutectic structure. In this last alloy (Figure 5.10), the presence of a significant amount 
of intergranular Nd-rich phase is apparent, as in typical sintered alloys [66]. 
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Figure 5.8 Microstructure of powder AG17-24 (28.5Nd-bal.Fe-1.034B wt.%) after annealing at 
the indicated conditions. (a) 1000 ºC / 24 h, (b) 1100 ºC / 96 h and (c) 1150 ºC / 24 h. 

   

Figure 5.9 Microstructure of powder AG17-62 (28.3Nd-bal.Fe-0.337Nb-1.159B wt.%) after 
annealing at the indicated conditions. (a) 1000 ºC / 24 h, (b) 1100 ºC / 96 h and (c) 1150 ºC / 24 h. 

   

Figure 5.10 Microstructure of powder AG18-07 (31.06Nd-bal.Fe-1.126B wt.%) after annealing at 
the indicated conditions. (a) 1000 ºC / 24 h, (b) 1100 ºC / 96 h and (c) 1150 ºC / 24 h. 
 
Next, the precipitation of Nb-containing compounds in composition AG17-62 (28.3Nd-

bal.Fe-0.337Nb-1.159B wt.%) will be described. Only intergranular precipitates were observed in 
the as-atomized microstructure (see Figure 5.3). Figure 5.11 demonstrates that both intergranular 
and intragranular precipitates are formed during annealing (indicated with arrows). Intragranular 
precipitation confirms that, in fact, the Nd2Fe14B phase of the as-atomized powder was 
supersaturated with Nb. When the material is annealed, nanometric intragranular precipitates are 
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formed until the equilibrium solubility of Nb in the Nd2Fe14B phase is reached. This intragranular 
precipitation is finer than the intergranular one. Due to the Gibbs-Thomson effect [216], the small 
particles shrink and disappear while large particles grow, reducing the total interfacial area. At 1000 
ºC, most of the precipitation is nanometric, although some particles with a size around the micron 
are remarked at grain boundaries (Figures 5.11a to 5.11c). At 1100 ºC, precipitates are coarser, but 
most of them still are nanometric. The micrographs show a clear evolution with time. After 10 h 
(Figure 5.11d), intragranular precipitates are slightly elongated with a length of about 100 nm. After 
96 h (Figure 5.11f), they are clearly acicular with a length of about 1000 nm. At 1150 ºC, the density 
of particles is much lower and most of them are in the range of the microns. The precipitates grow 
from a few microns after 2.5 h (Figure 5.11g) to tens of microns after 24 h (Figure 5.11i). They are 
either acicular or faceted in shape. Most of them are placed at the grain boundary phase. Of course, 
the rate of coarsening increases with temperature. The overall evolution is that the total number of 
particles decreases, their size increases, and they move toward grain boundaries when the 
temperature is risen or the time extended. 

 
While the shape of initial intergranular precipitation is rounded, well develop particles in the 

range of microns are acicular or hexagonal (i.e. they are likely hexagonal platelets). These shapes 
indicate that the surface energy of the different crystallographic planes is highly anisotropic. The 
planes with a lower surface energy grow faster leading to faceted precipitates. These observations 
agree with those reported by Ahmed et al. [100]. 
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Figure 5.11 Evolution of Nb-containing precipitation in powder AG17-62 (28.3Nd-bal.Fe-
0.337Nb-1.159B wt.%) after annealing at different temperatures and times. (a) 1000 ºC / 2.5 h, (b) 

1000 ºC / 5 h, (c) 1000 ºC / 10 h, (d) 1100 ºC / 10 h, (e) 1100 ºC / 24 h, (f) 1100 ºC / 96 h, (g) 
1150 ºC / 2.5 h, (h) 1150 ºC / 10 h and (i) 1150 ºC / 24 h. 

5.4. Grain growth  

This section describes quantitatively the microstructural changes produced by high 
temperature annealing on the different compositions. Figure 5.12 displays grain growth as a function 
of several experimental parameters. As can be seen in Figure 5.4a and 5b, the initial grain size of 
the as-atomized powders is around 4-5 µm. Figure 5.12a shows the effect of neodymium content. 
The graph demonstrates that Nd enhances linearly grain growth at any temperature and time. Figure 
5.12b, 5.12c and 5.12d present grain growth as a function of time for the different annealing 
temperatures (1000 ºC, 1100 ºC, and 1150 ºC, respectively). 

 
In order to clarify the role of Nb, composition AG17-62 (with Nb and 28.3 wt.% of Nd) is 

compared with AG17-22 (without Nb and 27.3 wt.% of Nd), and AG17-24 (without Nb and 28.5 
wt.% of Nd) in the next sentences. Although AG17-62 contains the same Nd as AG17-24, Figure 
5.12b shows that it follows a similar trend as AG17-22, with the lowest Nd content, at 1000 ºC. This 
result implies that Nb addition slows down grain growth rate at this temperature. When the 
temperature is risen at 1100 ºC, Nb is no longer effective, as showed in Figure 5.12c, where grains 
grow faster in AG17-62 than in AG17-24. Finally, at 1150 ºC (Figure 5.12d), composition AG17-
62 displays the same grain growth rate as AG17-22 for the first 2.5 h due to the inhibiting effect of 
Nb. For longer times, Nb is not effective, so AG17-62 has the same grain size as AG17-24 after 24 
h. Figure 5.13 demonstrates how Nb affects the grain growth kinetics depending on the temperature. 
Whereas grain growth is normal at 1000 and 1150 ºC, abnormal grain growth (AGG) is apparent at 
1100 ºC. 
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Figure 5.12 Grain growth in annealed gas atomized powders. (a) Effect of Nd content at the 
indicated temperatures and times. Effect of time at (b) 1000 ºC, (c) 1100 ºC, and (d) 1150 ºC. 

 

  

Figure 5.13 Inverse pole figures (IPF) of powder AG17-62 (28.3Nd-bal.Fe-0.337Nb-1.159B 
wt.%) after annealing for 24 h at different temperatures. (a) 1000 ºC, (b) 1100 ºC and (c) 1150 ºC. 
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An attempt has been done to isolate the normal growth rate from the abnormal one. 
Abnormal grains have been defined as those with a size that is one order of magnitude (i.e. 10 times) 
bigger than the average grain size. Abnormal grains represented between 5 and 18 % of the studied 
area. Grain size was recalculated excluding those grains. Figure 5.12c compares the grain size with 
(violet filled square markers) and without (green open square markers) abnormal grains. The 
difference between both lines reveals the enhanced grain growth due to abnormal grains. The normal 
grain growth in AG17-62 exhibits a similar trend as in AG17-22 for the first 24 h (i.e. Nb is able to 
delay normal grain growth). For longer times, the normal grains in AG17-62 grow as in composition 
AG17-24 (i.e. Nb is no longer effective to slow down normal grain growth).  

 
Abnormal grain growth was also found in composition AG18-07 (with 31.06 wt.% of Nd) 

at 1000 ºC (see Figure 5.14). In this case, abnormal grains occupied 50 % of the studied area. 
Neglecting AGG, the grain size obtained was 48 µm. Conversely, taking into account AGG, the 
grain size was almost twice (91 µm).  

  

Figure 5.14 Optical micrographs of powder AG18-07 (31.06Nd-bal.Fe-1.126B wt.%) after 
annealing at 1000 ºC for 24 h. (a) low magnification image showing a mix of normal and 

abnormal grains and (b) high magnification image of normal grains. 

5.5. Mechanism of densification and grain growth 

Densification and grain growth shall be explained in the light of the theory of LPS 
[110,113,217]. The driving force for densification is the substitution of solid / vapor and liquid / 
vapor interfaces by others with a lower surface energy (i.e. the solid / liquid interface and grain 
boundaries). The driving force for grain growth is the overall reduction of the area of the solid / 
liquid interface and grain boundaries. In the present case, it is obvious that the dominant mechanism 
of sintering is dissolution-reprecipitation. Of course, rearrangement is operating in parallel, but the 
large initial particle size (i.e. weak capillary force), long time required for densification, grain 
growth, and neck formation indicate that densification is controlled by dissolution-reprecipitation. 
As previously stated, densification and grain growth occur simultaneously and both share the same 
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mechanism of mass transport. Diffusion or interface reaction are thermally activated, which 
explains why temperature has a greater influence than time on the kinetics of densification and grain 
growth. 
 

Another factor explaining the impact of the temperature is that the amount of liquid increases 
progressively from 1000 to 1150 ºC, as stated in section 5.1. Since the contact angle is larger than 
zero [85,120], the solid / vapor interface is not completely wetted by the liquid. If so, the area of the 
solid / liquid interface rises with the amount of liquid. Since atom exchange takes place across this 
interface, densification and coarsening are accelerated. The argument also explains why 
densification increases with Nd content. The amount of liquid increases with the concentration of 
this element for a given set of annealing conditions [112,115]. 

 
It was explained previously that Nb addition raises the amount of Nd-rich phase and, 

consequently, the amount of liquid at a given temperature. If so, Nb should enhance both 
densification and grain growth. Nevertheless, the observed effect is exactly the opposite. The exact 
mechanism by which Nb delays LPS is unknown. However, several hypotheses can be outlined. A 
first possibility is that Nb-containing precipitates reduce the wettability of the solid phase by the 
liquid, reducing thus the area of the solid / liquid interface. If the process is interface reaction 
controlled, another possibility is that Nb-containing precipitates slow down the dissolution or 
precipitation of solid phase atoms at the solid / liquid interface.  

 
Nb solubility is very limited in both Nd2Fe14B (see Appendix A) and the Nd-rich phase (0.4 

wt.% according to reference [150] or 0.13 ± 0.30 wt.% according to reference [100]). Likely, Nb 
solubility is also low in the liquid at the annealing temperature, reason why Nb-containing 
precipitates are found. If LPS were diffusion controlled, the low concentration of Nb in the liquid 
could delay the process. However, this mechanism cannot explain abnormal grain growth. 
Consequently, it seems that Nb atoms in solution, either in Nd2Fe14B or in the liquid, do not interfere 
with dissolution-precipitation.  

 
Abnormal grain growth has been observed frequently in Nd-Fe-B alloys [90,114–116,218–

221]. Avoiding AGG is critical for sintered magnets, since it drops the coercivity and squareness of 
the demagnetization curve. Authors have proposed different explanations for this rapid and 
inhomogeneous grain growth. It has been associated with oversintering (due to large amounts of 
liquid, long times or high temperatures) [114,115], the use of hydride powders [218,221], and the 
presence of large particles in the initial powder [90,116,220]. Improvement of jet milling has led to 
the production of very fine powders that can be sintered below 1000 ºC, but slightly large particles 
can act as nucleation sites for AGG even below this temperature [90]. Also, it has been pointed out 
that high levels of oxygen help controlling abnormal grain growth thanks to the formation of fine 
oxides [218,221].  
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In most of the cases, AGG is observed in anisotropic magnets. Magnetic alignment of the 
particles raises significantly the probability of forming low angle grain boundaries during neck 
formation. Since the grain boundary energy is low, the corresponding dihedral angle is high. As a 
result, there is not penetration of the liquid phase along these grain boundaries and the probability 
of coalescence is increased. Likely, grain growth by coalescence is more important in LPS of 
anisotropic Nd-Fe-B magnets than in other systems. The observation of Nd-rich phase embedded 
into abnormal grains of Nd2Fe14B is an experimental evidence of coalescence, i.e. large grains 
formed by coalescence act as seeds for abnormal grain growth [116,221].  

 
Previous arguments cannot explain why AGG occurs in our isotropic powder only when it 

has Nb and is annealed at 1100 ºC. In this case, AGG is attributed to the evolution of Nb-containing 
precipitates discussed in section 5.3. At 1000 ºC, the dense precipitation of Nb-containing 
nanometric particles is able to delay grain growth. At 1150 ºC, coarse precipitates in the range of 
microns do not affect the kinetics of grain growth, except for a short time. At 1100 ºC, it is observed 
a mixed effect that leads to AGG. Initial precipitation is nanometric and delays grain growth. These 
particles grow slowly with time, reaching the size of a few microns after 96 h; they lose 
progressively efficiency to control grain size. During this transition, precipitate coarsening can 
happen unevenly in the sample depending on the local environment. As a result, some specific 
grains start to grow locally faster than the surrounding ones, leading to AGG. 

 
The reason of abnormal grain growth in composition AG18-07 (with 31.06 wt.% of Nd) at 

1000 ºC is not fully understood, so only a hypothesis is suggested here. As previously stated, the 
Nd-rich phase is a complex composite that includes both metallic compounds (dhcp-Nd, fcc-Nd, 
amorphous grain boundary phase, and Ia3�-phase) and oxides (fcc-NdO and hcp-Nd2O3) [44,90–92]. 
At high temperature, only the metallic constituents are liquid and can wet the Nd2Fe14B grains. The 
progressive oxidation of the powder during annealing increases the amount of oxides and reduces 
the amount of liquid. Figure 5.10a shows the presence of some Nd oxides, especially at the triple 
junctions. Composition AG18-07 is more prone to oxidation due to its high Nd content. 
Simultaneously, the amount of liquid at 1000 ºC is likely to be low, despite the excess in Nd-rich 
phase. The oxidation of the Nd-rich phase could result in a limited amount of liquid that is unevenly 
distributed around the Nd2Fe14B grains [44], which may explain the observed AGG. 

5.6. Conclusions 

a) Gas atomized Nd-Fe-B powders exhibit small amounts of amorphous or metastable phases 
due to the high cooling rate associated with the process. 
 

b) Whereas the solidus temperature of the rapid cooled alloys is between 703 and 793 ºC, 
melting starts between 650 and 688 ºC if they are solidified under a slow cooling rate. 
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Melting of NdFe4B4 occurs between 1057 ºC and 1089 ºC. Melting of Nd2Fe14B takes place 
between 1162 and 1184 ºC. Liquidus temperature ranges between 1251 and 1277 ºC. 
 

c) Gas atomized particles are isotropic and polycrystalline with an average grain size of 4-5 
µm. 
 

d) Nb addition leads to the formation of intergranular Nb-containing compounds upon 
solidification. Nb combines preferentially with Fe to form these intermetallics, reducing the 
amount of free Fe and increasing the amount of Nd-rich phase. 
 

e) Ternary alloys with less than 28.5 wt.% of Nd exhibit free Fe in the intergranular phase after 
annealing at temperatures above 1100 ºC, probably due to the loss of some metallic Nd by 
oxidation. 
 

f) Nb addition produces the formation of both intergranular and intragranular precipitates 
during annealing between 1000 and 1150 ºC. Initial intragranular precipitates are 
nanometric. When the temperature is risen or the time extended, the density of precipitates 
decreases, their size increases, and they move toward grain boundaries. 
 

g) Annealing of the powders between 1000 and 1150 ºC leads to liquid phase sintering, with 
neck formation, densification, and grain growth. Grain growth and densification occur in 
parallel by dissolution-reprecipitation. 
 

h) The degree of sintering increases with Nd content, being the other experimental parameters 
the same, because the amount of liquid rises with the concentration of this element. 
 

i) Nb-containing precipitates delay densification. At 1000 ºC, the dense precipitation of Nb-
containing nanometric particles is able to delay grain growth. At 1150 ºC, coarse precipitates 
in the range of microns do not affect the kinetics of grain growth, except for a short time. Al 
1100 ºC, coarsening of precipitates from the nanometric to the micrometric range results in 
local heterogeneities in their distribution that cause abnormal grain growth. 
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Chapter 6 

6. Effect of particle size on grain growth 
The coercivity of Nd-Fe-B magnets depends on the grain size [44–46], grain shape [47,48], 

grain alignment [49–51], degree of oxidation [44,45,52], and the intergranular phase composition 
and distribution [44,53–56]. On the other hand, these microstructural features are function of the 
initial particle size and shape of the powders, as well as of the processing conditions [44–46]. 

 
The characteristic particle size distribution in gas atomized powders is very broad. As the 

cooling rate is inversely proportional to the square of the particle diameter, it expands over several 
orders of magnitude (from ∼102 to ∼105 ºC/s) [43,142]. Thus, the powders can exhibit very diverse 
microstructures, ranging from amorphous or nanometric to dendritic ones [35,36,39,42]. 
 

There is only a report describing quantitatively the microstructure of gas atomized powders 
[36] but there are not publications on grain growth. In contrast, it has been published very recently 
one article about grain growth of an HDDR-treated Nd-Fe-B strip cast alloy [222].  

 
In this chapter, it has been completed the previous quantitative analysis by reporting the 

influence of the initial particle size. Firstly, it has been measured the initial grain size in gas 
atomized powders as a function of the particle size. Next, it has been studied grain growth as a 
function of temperature and time for compositions with different Nd concentrations. The studied 
fractions were annealed These fractions were annealed between 1100 ºC and 1150 ºC for 24 and 
96 h. 

6.1. Influence of the oxygen content on the microstructure 

Typically, the oxygen content of a powder increases when the particle size is reduced, since 
oxidation is a surface effect [223]. In Nd-Fe-B alloys, oxygen combines mainly with the rare earth 
elements to form oxides [92]. For the ternary compositions studied in this work, the alloy that is 
most susceptible to oxidation is AG18-07, since it has the highest Nd content. Figure 6.1 displays 
the oxygen content of the different fractions of powder AG18-07 as a function of the particle size 
before and after the annealing at 1150 ºC for 24 h. 
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Figure 6.1 Oxygen content as a function of particle size for AG18-07 alloy before and after the 
annealing at 1150 ºC for 24 h. 

 
Figure 6.2 displays the weight fraction of equilibrium phases as a function of temperature 

for several Nd-Fe-B compositions. Firstly, if Figure 6.2c, d, and f are compared, it is observed that 
the weight fraction of liquid increases with the Nd concentration at both annealing temperatures 
(1100 and 1150ºC). If Figure 6.2d and e are compared, it is observed that the weight fraction of 
liquid increases significantly with Nb addition for the same Nd concentration at both annealing 
temperatures. All the figures demonstrate that the amount of liquid increases with the temperature. 
Table 6.1 displays the values of the weight fraction of liquid and its composition. 

 

a) 26.0Nd-bal.Fe-1.01B wt.% 

 

b) 26.7Nd-bal.Fe-1.0B wt.% (Nd2Fe14B) 
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c) 27.3Nd-bal.Fe-1.01B wt.% (AG17-22) 

 

d) 28.5Nd-bal.Fe-1.034B wt.% (AG17-24) 

 

e) 28.3Nd-bal.Fe-1.159B-0.337Nb wt.% 
(AG17-62) 

 

f) 31.06Nd-bal.Fe-1.126B wt.% (AG18-07) 

 

Figure 6.2 Calculated equilibrium continuous cooling diagrams. 
 
There are not data about the solubility of oxygen in the liquid during sintering of Nd-Fe-B 

alloys. Oshino et al. [224] have measured the solubility of oxygen in Nd-Fe liquids at 1200 and 
1400 ºC, but without considering the influence of B or other alloying elements. Their work shows 
that oxygen solubility decreases when the Fe content is increased and when the temperature is 
decreased. For example, oxygen solubility at 1200 ºC decreased from 0.325 wt.% in pure Nd to 
0.112 wt.% in the alloy with 60.4 at.% of Nd. Additionally, the solubility at 1400ºC decreased from 
0.997 wt.% in pure Nd to 0.0288 wt.% in the alloy with 23.2 at.% of Nd. According to their 
microstructural characterization, the Nd oxide that is stable in this temperature range is Nd2O3. 
Table 6.1 shows that the expected Nd content in the ternary liquids of the alloys used in this work 
ranges from 22 to 29 at.% at 1100-1150ºC. Based on the available data [224], it can be guessed that 
oxygen solubility in these liquids will be < 0.03 wt.%. As the liquid weight fraction is < 24 wt.%, 
it can be estimated that the liquid phase will be saturated when the total oxygen concentration of 
the powder is > 0.007 wt.%. This number is one order of magnitude lower than the actual oxygen 
content measured in the coarsest fraction of the powder (see Figure 6.1). Consequently, it is possible 
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to anticipate that there will be Nd2O3 particles in the system during annealing, along with the liquid 
and the Nd2Fe14B phase. Section 6.5 will show experimental evidence of the presence of these 
oxides in the final microstructure. 

 
Table 6.1 Weight fraction of liquid and composition of the liquid phase calculated with the 

software Thermo-Calc. 

Ann. Temp 
(ºC) Powder Weight fraction 

of liquid (wt.%) 
Liquid phase composition (at.%) 

Fe Nd B Nb 

1100 

AG17-22 2.27 61.2 28.6 10.2  

AG17-24 6.81 61.4 28.1 10.5  

AG18-07 17.85 62.2 26.2 11.6  

AG17-62 13.41 67.0 17.8 13.4 1.8 

1150 

AG17-22 3.06 67.4 23.6 8.9  

AG17-24 9.20 67.6 23.3 9.2  

AG18-07 24.22 68.1 22.0 10.0  

AG17-62 19.57 72.0 15.8 11.0 1.2 

 
It is well known that, for the stoichiometric concentration, Nd2Fe14B phase is formed upon 

a peritectic-like reaction between the liquid and γ-Fe. This peritectic solidification is illustrated in 
Figure 6.2b. When the Nd concentration is above the stoichiometric value for Nd2Fe14B phase, the 
equilibrium phases at the annealing temperatures are Nd2Fe14B and the liquid. The expected phases 
upon solidification are Nd2Fe14B, NdFe4B4, and dhcp-Nd. This situation is displayed in Figure 6.2c, 
d, and f. If the final microstructure contains α-Fe after annealing, the only possible reason is that 
the amount of metallic Nd in the alloy is below the stoichiometric concentration (26.7 wt.%). If so, 
the solidification of the liquid will occur according to the eutectic reaction Liquid  γ-Fe + 
Nd2Fe14B + NdFe4B4 at 1099ºC [57] and α-Fe will form from γ-Fe at ∼911ºC. This situation is 
represented in Figure 6.2a. As it will be shown in section 6.5, several samples exhibit after annealing 
this kind of intergranular eutectic-like structure with free iron and matrix phase. The formation of 
these structures can only occur due to the loss of metallic Nd by oxidation during the annealing. 
The amount of oxygen required to oxidize the Nd excess is calculated in Table 6.2. 
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Table 6.2. Oxygen needed to oxidize the Nd excess of each alloy. 

Powder Nd in the powder 
(wt.%) 

Nd excess 
(wt.%) 

Oxygen needed to oxidize the Nd 
excess (wt.%) (1) 

AG17-22 27.3 0.6 0.0998 

AG17-24 28.5 1.8 0.2995 

AG18-07 31.06 4.36 0.7254 

AG17-62 28.3 1.6 0.2662 

(1) According to [224], the oxide stable at 1100ºC and 1150ºC is Nd2O3 (i.e. 1 wt.% of Nd is 
combined with 0.166 wt.% of O). 

6.2. Contact and dihedral angles 

In systems involving a solid phase (i.e. Nd2Fe14B), a liquid phase, and vapor phase (i.e. 
porosity), the microstructure achieved at high temperature depends on both the contact angle (θ) 
and the dihedral angle (ϕ). The contact angle (θ) is given by the following equation [110]:  

 
𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃 =  γ𝑆𝑆𝑆𝑆− γ𝑆𝑆𝑆𝑆

γ𝑆𝑆𝑆𝑆
  (6.1) 

 
where 𝛾𝛾𝑆𝑆𝑉𝑉  is the solid / vapor surface energy, γ𝑆𝑆𝐿𝐿 is the solid / liquid surface energy, and γ𝐿𝐿𝑉𝑉 

is the liquid / vapor surface energy. The dihedral angle (ϕL) is given by the following expression: 
 

𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙𝑆𝑆
2

=  γ𝐺𝐺𝐺𝐺
2γ𝑆𝑆𝑆𝑆

   (6.2) 

 
where γ𝐺𝐺𝐺𝐺  is the grain boundary energy. If the dihedral angle is zero and the amount of liquid 

is high enough, a continuous layer of liquid prevents the formation of interparticle bonds [117–119].  
 
Both equations can be combined to obtain: 
 

𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙𝑆𝑆
2

=  γ𝐺𝐺𝐺𝐺
2(𝛾𝛾𝑆𝑆𝑆𝑆−𝛾𝛾𝑆𝑆𝑆𝑆𝑐𝑐𝑜𝑜𝑠𝑠𝜃𝜃)  (6.3) 

 

In many systems, it is fulfilled that 𝛾𝛾𝑆𝑆𝑉𝑉 ≈ 1.2𝛾𝛾𝐿𝐿𝑉𝑉 and 𝛾𝛾𝐺𝐺𝐺𝐺 ≈
1
3
𝛾𝛾𝑆𝑆𝑉𝑉 [225]. Substituting these 

expressions in equation (6.3): 
 

𝑐𝑐𝑐𝑐𝑠𝑠 𝜙𝜙𝑆𝑆
2
≈  1.2

6(1.2−𝑐𝑐𝑜𝑜𝑠𝑠𝜃𝜃) = 1
6−5𝑐𝑐𝑜𝑜𝑠𝑠𝜃𝜃

  (6.4) 
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The amount of experimental information about wetting in Nd-Fe-B alloys is very limited. 
Knoch et al. [120,226] have measured contact angles of 7-8º using a ternary liquid on a 
polycrystalline Nd2Fe14B phase substrate at a temperature of 1050 ºC (i.e. in the range of sintering 
temperatures). Doping the liquid alloy with Al or Ga reduced the contact angle up to a minimum of 
5º or 4º, respectively. Goto et al. [227] have measured contact angles using a ternary and a Cu-added 
liquid phase on stoichiometric Nd-Fe-B ingots by the sessile drop method. Their experiments were 
carried out in the temperature range from 560 to 720 ºC (i.e. in the range of many post sintering 
annealing temperatures). The contact angle decreased when the temperature was raised, being the 
minimum values about 6.5º for the ternary liquid and 4.5º for the Cu-added liquid. These values are 
very low, but definitively they are higher than zero. Chen et al. [228] have shown qualitatively that 
the contact angle at 700 ºC between a Nd70Cu30 (at.%) liquid alloy and an anisotropic Nd-Fe-B 
sintered magnet was different on the ab-plane (parallel to the c-axis) and the c-plane (perpendicular 
to the c-axis). The wettability of the ab-plane was better than that of the c-plane. 

 
There are not direct values of the dihedral angle reported in the literature. If we accept the 

approximation of equation (6.4), the dihedral angle is higher than the contact angle, implying that 
it is more difficult to wet a grain boundary than a free solid surface, since the surface energy of the 
grain boundary is much lower. Accepting that the contact angle in the ternary system Nd-Fe-B 
ranges from 6 to 8º, the corresponding dihedral angle estimated with equation (6.4) should be 
comprised between 25 and 35º. This relatively high dihedral angle agrees with the experimental 
measurements of Straumal et al. [98], who noticed that the fraction of Nd2Fe14B grain boundaries 
completely wetted by the liquid phase increased with temperature from about 10 % at 700 ºC to 90 
% at 1100 ºC. On the other hand, low temperature post-sintering annealing improves coercivity 
because it increases the thickness and continuity of the grain boundary phase, which seems to be in 
contradiction with a high dihedral angle. In order to explain this paradox, Straumal et al. [229] have 
proposed that the boundaries between grains of Nd2Fe14B can be pseudo-incompletely (or 
pseudopartially) wetted by the Nd-rich melt. Pseudopartially wetted grain boundaries exhibit 
dihedral angles larger than zero, but contain a uniformly thin (about 5 nm) Nd-rich layer. 
Consequently, they are different from fully wetted grain boundaries (zero dihedral angle and a thick 
Nd-rich layer of >100 µm) and non-wetted grain boundaries (dihedral angle higher than zero and 
no Nd-rich layer). 

 
Straumal et al. [98] explained the increment of the fraction of completely wetted grain 

boundaries when the temperature is raised because of the anisotropy of grain boundary energy, that 
is, grain boundaries with higher energy are wet at a lower temperature. Additionally, other authors 
have shown that the contiguity of the solid phase in a solid / liquid system depends on both the 
dihedral angle and the fraction of liquid [117–119]. In other words, the fraction of fully wetted grain 
boundaries rises with temperature not only because of the reduction of the dihedral angle, but also 
due to the increment of the fraction of liquid. 
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From the point of view of grain growth in solid / liquid systems, the most relevant factor is 
that the solid / vapor and the grain boundary interfaces are not completely wetted by the liquid when 
the contact and dihedral angles are larger than zero. If so, the area of the solid / liquid interface rises 
with the amount of liquid. As atom exchange takes place across this interface by dissolution-
reprecipitation, densification and coarsening are accelerated when the fraction of liquid increases. 

6.3. Morphology of as-atomized powders 

The spherical morphology is a typical characteristic of inert gas-atomized powders [143]. 
This was confirmed by the SEM micrographs shown in Figure 6.3, which are representative for all 
the powders. Besides, it is observed that the fine particles are more spherical than the coarse ones, 
since the latter have generally satellites attached on the surface. Satellites are a direct consequence 
of collisions between solidified small particles and large semisolid droplets during the atomization 
process. The presence of satellites causes an irregular morphology that is deleterious for packing 
and flow attributes [143]. Irregular particles are commonly observed in Nd-Fe-B powders atomized 
at high pressures [36]. 

   

   

Figure 6.3 Particle shape of 28.5Nd-bal.Fe-1.034B alloy (AG17-24) for different fractions: (a) 0-
20 µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm and (f) 106-150 µm. 

6.4. Microstructure of as-atomized powders 

Figure 6.4, Figure 6.5, and Figure 6.6 illustrate the effect of composition on the 
microstructure of as-atomized powders for different size fractions. It is observed that the content of 
metastable α-Fe phase increases when the concentration of Nd is reduced or the particle size is 
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increased. For a Nd concentration of 28.5 wt.% (Figure 6.4) or lower, the amount of α-Fe is 
important above 45 µm, which agrees with previous results (chapter 4). On the other hand, powder 
AG18-07, with Nd = 31.06 wt.%, exhibits a negligible amount of α-Fe in all size fractions (Figure 
6.5). Rising the concentration of Nd over the stoichiometric one is a well-known practice to 
minimize the formation of α-Fe in casting methods [59]. Powder AG17-62 (28.3Nd-bal.Fe-1.159B-
0.337Nb wt.%), with low Nd and with Nb, also exhibits a negligible amount of α-Fe in all size 
fractions (Figure 6.6). The reason is that Nb combines preferentially with free Fe to form Nb-Fe-
containing compounds and makes available more Nd to form Nd-rich phase. The increase of the 
amount of α-Fe with particle size is due to the decrease of the cooling rate, which allows more 
precipitation of γ-Fe during solidification. Finally, there is a significant amount of particles < 5 µm 
that do not exhibit any microstructural feature even at high magnification, which indicates that they 
are amorphous and explains the exothermic crystallization peaks observed in differential scanning 
calorimetry experiments (chapter 4). 

   

   

Figure 6.4 Microstructure of gas-atomized powder AG17-24 (28.5Nd-bal.Fe-1.034B wt.%) for 
different size fractions: (a) 0-20 µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm 

and (f) 106-150 µm. 
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Figure 6.5 Microstructure of gas-atomized powder AG18-07 (31.06Nd-bal.Fe-1.126B wt.%) for 
different size fractions: (a) 0-20 µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm 

and (f) 106-150 µm. 

   

   

Figure 6.6 Microstructure of gas-atomized powder AG17-62 (28.3Nd-bal.Fe-1.159B-0.337Nb 
wt.%) for different size fractions: (a) 0-20 µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-

106 µm and (f) 106-150 µm. 
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Previous chapter has showed the formation of intergranular Nb-Fe-containing precipitates 
in the size fraction 45-63 µm of composition AG17–62 (28.3Nd-bal.Fe-1.159B-0.337Nb). Now, 
TEM analysis of this size fraction have allowed confirming the formation of intragranular 
precipitates (Figure 6.7a) with nanometric size (between 2 and 10 nm). Additionally, this 
nanometric precipitation, with slightly larger size (between 15 and 20 nm), was also observed inside 
the intergranular Nd-rich phase (Figure 6.7b). Nevertheless, the precipitates were not evenly 
distributed either inside the Nd2Fe14B grains or in the grain boundary phase, which has also been 
remarked in other works [99,172]. 

  

Figure 6.7 Transmission electron micrographs of the as-atomized powder AG17-62 (28.3Nd-
bal.Fe-1.159B-0.337Nb wt.%), particle size fraction 45-63 µm: (a) Intragranular precipitates (i.e. 

inside a Nd2Fe14B grain) and (b) Intergranular precipitates (i.e. inside the Nd-rich phase). 
 
Figure 6.8e demonstrates the presence of Nb segregated in the intergranular phase in the size 

fraction 20-45 µm, but precipitates were not found. On the other hand, Figure 6.8b confirms that 
intergranular precipitates form as well in the size fraction 106-150 µm. Consequently, it can be said 
that the increasing cooling rate when the particle size is reduced prevents the intergranular 
precipitation for particle sizes < 45 µm. Since intragranular nucleation requires a higher activation 
energy than the intergranular one, intragranular precipitation can also be excluded in particle sizes 
< 45 µm. The non-uniform distribution of both inter- and intragranular precipitation in the size 
fraction 45-63 µm suggests that this is actually the particle size limit separating the retention of Nb 
into solution from the formation of Nb-Fe-containing precipitates. 
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Figure 6.8 Nb detected in the intergranular phase (indicated with arrows) of composition AG17-
62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%). Left images: Presence of Nb without precipitation in 
the fraction 20-45 µm; (a) Backscattered electrons image; (c) Secondary electrons image of the 

same zone as "a"; (e) Spot EDS analysis in the area encircled in figure "c". Right images: Nb-Fe-
containing precipitates in fraction 106-150 µm; (b) Backscattered electrons image; (d) Secondary 
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electrons image of the same zone as “b”; (f) Spot EDS analysis on the particle encircled in figure 
"d". 

 
Figure 6.9 displays the initial grain size of the gas atomized powders as a function of the 

average particle size for each size fraction. In agreement with a previous measurement [36], the 
initial grain size increases linearly with the particle size. As cooling rates are so high, the nucleation 
of Nd2Fe14B is taking place in a high undercooled liquid. The undercooling will decrease when the 
melt droplet diameter increases, since cooling rate is inversely proportional to the square of droplet 
size. A lower undercooling will promote the formation of a smaller density of nuclei that will grow 
at a higher rate in the surrounding liquid. Consequently, the final number of grains per volume unit 
will be lower and their average size larger, thus explaining the positive slope of the straight lines in 
Figure 6.9 for all compositions. 

 
By comparing composition AG17-62 (with Nb) with AG17-24 (without Nb), it is observed 

that grain size is similar for fine particles (< 45 µm), but AG17-62 has a smaller grain size when 
the particle size is > 45 µm, and this difference becomes more noticeable as the particle size 
increases. The reason is likely the precipitation of Nb-Fe containing compounds in particles larger 
than 45 µm during gas atomization. As explained above, these precipitates have been identified by 
SEM and TEM. Figure 6.9 also shows that grain size in gas atomized powders decreased when the 
Nd concentration was raised from 28.5 to 31.06 wt.% in all size fractions. Nb containing precipitates 
and the increase of Nd concentration may reduce the grain size in different ways, either enhancing 
heterogeneous nucleation or reducing the mobility of the solid / liquid interface, but identifying the 
exact mechanism is beyond the scope of this work. 

 

Figure 6.9 Grain size versus particle size for AG17-24 (28.5Nd-bal.Fe-1.034B wt.%), AG17-62 
(28.3Nd-bal.Fe-1.159B-0.337Nb wt.%), and AG18-07 (31.06Nd-bal.Fe-1.126B wt.%) alloys. 
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6.5. Microstructure after annealing 

Figure 6.10 illustrates the particle size's effect on densification for the composition with the 
lowest Nd content (27.3 wt.%). The same trends have been observed in all the studied alloys. The 
micrographs show that densification rate decreases when the particle size rises, in agreement with 
conventional liquid phase sintering theory [110]. Porosity size and shape also evolves with particle 
size from small, spherical, and isolated pores to large, irregular, and interconnected pores, indicating 
a lower degree of sintering when the particle size is raised. Besides, under the same annealing 
conditions and for the same particle size, Figure 6.11 demonstrates that the alloy with the highest 
Nd content (AG18-07, with 31.06 wt.%) exhibits more densification. This is explained by its higher 
volume fraction of liquid, which increases the area of the solid / liquid interface. It is noteworthy to 
remark that pores are spherical in all the particles sizes, indicating as well a higher degree of 
sintering. 

   

   

Figure 6.10 Backscattered electron (BSE) images at low magnification of several size fractions of 
powder AG17-22 (27.3Nd-bal.Fe-1.01B wt.%) after annealing at 1100 ºC for 96 h under Ar: (a) 0-

20 µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm and (f) 106-150 µm. 
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Figure 6.11 Backscattered electron (BSE) images at low magnification of several size fractions of 
powder AG18-07 (31.06Nd-bal.Fe-1.126B wt.%) after annealing at 1100 ºC for 96 h under Ar: (a) 

0-20 µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm and (f) 106-150 µm. 
 
In order to assess the influence of Nb, the microstructure of powders AG17-62 (with Nb) 

and AG17-24 (without Nb) are presented in Figure 6.12 and Figure 6.13, respectively, after 
annealing at 1100 ºC for 24 h under Ar. Under these annealing conditions, the sample with Nb 
exhibits a higher degree of sintering. As explained before, Nb-containing alloy has more Nd-rich 
phase and forms a higher amount of liquid phase at the annealing temperature (see Table 6.1), which 
results in more densification and a faster development of necks between the particles. 

   

Figure 6.12 Backscattered electron (BSE) images at low magnification of several size fractions of 
powder AG17-24 (28.5Nd-bal.Fe-1.034B wt.%) after annealing at 1100 ºC for 24 h under Ar: (a) 

0-20 µm, (b) 45-63 µm and (c) 75-106 µm. 
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Figure 6.13 Backscattered electron (BSE) images at low magnification of several size fractions of 
powder AG17-62 (28.3Nd-bal.Fe-1.159B-0.337Nb wt.%) after annealing at 1100 ºC for 24 h 

under Ar: (a) 0- 20 µm, (b) 45-63 µm and (c) 75-106 µm. 
 
Figure 6.14 to Figure 6.18 show the microstructure of the annealed samples in more detail. 

The different phases have been arrowed in the pictures to make easier their identification. Apart 
from the matrix phase (Nd2Fe14B), all the samples contain a small amount of NdFe4B4, as it is 
typically the case in alloys with an excess of Nd over the stoichiometric of phase Nd2Fe14B [53]. 
The small amount of metastable free Fe observed in the as-atomized powders have been removed. 
The pictures also show the presence at the triple points of Nd oxides, which are discriminated from 
the non-oxidized Nd-rich phase because the oxides have a slightly darker contrast. The number of 
these oxides increases when the particle size decreases or the annealing temperature / time is raised 
due to the increment of oxygen, as shown in section 6.1. The presence of Nd oxides at the triple 
junctions has been reported in the case of sintered magnets [56,91,92]. As expected, raising the 
temperature leads to an overall coarsening of the whole microstructure and constituent phases. 

 
The micrographs also reveal the presence of an intergranular eutectic-like structure 

containing at least free iron and matrix phase. Its amount depends on the Nd content, the particle 
size, and the annealing temperature. It was explained in section 6.1 that this structure can only 
appear when the metallic Nd excess is lost due to oxidation. Table 6.2 displays the Nd excess of 
each alloy and the amount of oxygen required to transform it into Nd2O3, the stable oxide at the 
annealing temperature. In the case of the alloy with the lowest Nd content (AG17-22, with 27.3 
wt.% of Nd), Figure 6.14 shows the presence of the eutectic-like structure in the size fraction 0-20 
μm, whereas it does not appear in larger particles sizes. As shown in Figure 6.1, fine particles 
contain more oxygen and are more easily oxidized during annealing. Consequently, it is very likely 
that the Nd excess has been oxidized in the case of fraction 0-20 μm, whereas it has not in the case 
of coarser particle sizes. When the temperature is raised to 1150 ºC, the amount of eutectic-like 
structure increases and it becomes coarser (Figure 6.15). Although it is more frequently found in 
the smaller particle sizes, it is present in all size fractions for the compositions with low Nd content 
(≤ 28.5 wt.% Nd), as shown by Figure 6.18. These trends correlate well with the highest oxidation 
expected when the temperature is raised and the particle size is reduced. When the Nd content of 
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the alloy rises, the probability of completely oxidizing the Nd excess is lower. The Nd excess of 
alloy AG18-07, with 31.06 wt.% of Nd, is 4.36 wt.% and the oxygen required to oxidize this excess 
completely is 0.7254 wt.%, which is much higher than the oxygen contents in Figure 6.1. 
Consequently, Figure 6.16 demonstrates that this alloy does not exhibit eutectic structure in the 
intergranular phase for any particle size. 

   

   

Figure 6.14 Backscattered electron (BSE) images of several size fractions of powder AG17-22 
(27.3Nd-bal.Fe-1.01B wt.%) after annealing at 1100 ºC for 96 h under Ar: (a) 0-20 µm, (b) 20-45 

µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm and (f) 106-150 µm. 
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Figure 6.15 Backscattered electron (BSE) images of several size fractions of powder AG17-22 
(27.3Nd-bal.Fe-1.01B wt.%) after grain growth annealing at 1150 ºC for 24 h under Ar: (a) 0-20 

µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm and (f) 106-150 µm. 

   

   

Figure 6.16 Backscattered electron (BSE) images of several size fractions of powder AG18-07 
(31.06Nd-bal.Fe-1.126B wt.%) after annealing at 1100 ºC for 96 h under Ar: (a) 0-20 µm, (b) 20-

45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm and (f) 106-150 µm. 
 
In the case of the alloy with Nb (AG17-62), Figure 6.17 shows that the size of the Nb-Fe-

containing compounds after annealing depends on the particle size. As the particle size increases, 
the total number of precipitates decreases and their size rises. As explained in section 6.4, the initial 
size of the precipitates in the as-atomized particles decreases when the particle size is smaller due 
to the higher cooling rate during solidification and precipitation is even suppressed for particles < 
45 µm. Obviously, the precipitates formed upon annealing from the supersaturated solid solution in 
particles < 45 µm will be finer than those observed in larger particle sizes. For a given mechanism 
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of coarsening and equivalent annealing conditions (time and temperature), it is anticipated that the 
finer initial population of precipitates will be also the finer one after the heat treatment, in agreement 
with the micrographs in Figure 6.17. At 1150 ºC (Figure 6.18), Nb-Fe-containing compounds grow 
faster than at 1100 ºC, attaining larger sizes in each particle size fraction, which is logical since 
coarsening is a thermally activated phenomenon. The eutectic-like structures observed in Figure 
6.17 and Figure 6.18 have the same characteristics and evolve in the same way as in the 
compositions without Nb that have been previously discussed. 

   

   

Figure 6.17 Backscattered electron (BSE) images of several size fractions of powder AG17-62 
(28.3Nd-bal.Fe-0.337Nb-1.159B wt.%) after annealing at 1100 ºC for 96 h under Ar: (a) 0-20 µm, 

(b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm and (f) 106-150 µm. 
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Figure 6.18 Backscattered electron (BSE) images of several size fractions of powder AG17-62 
(28.3Nd-bal.Fe-1.159B-0.337Nb wt.%) after grain growth annealing at 1150 ºC for 24 h under Ar: 

(a) 0-20 µm, (b) 20-45 µm, (c) 45-63 µm, (d) 63-75 µm, (e) 75-106 µm and (f) 106-150 µm. 

6.6. Grain growth 

It has been explained previously that densification and grain growth are explained by the 
conventional theory of LPS [110,113,217], being dissolution-reprecipitation the common 
mechanism of mass transport. It has been shown in section 6.4 (Figure 6.9) that the initial grain size 
of the atomized powders increases with the particle size following a linear relationship. We could 
expect that grain growth during annealing should follow a general law as 𝐺𝐺𝑛𝑛 − 𝐺𝐺𝑜𝑜𝑛𝑛 = 𝐾𝐾𝑡𝑡, where G 
is grain size, Go is the initial grain size, n is a constant depending on the grain growth mechanism, 
K is another constant depending on temperature according to an Arrhenius equation, and t is time. 
If two size fractions of a given powder (i.e. with identical composition), namely 1 and 2, are 
annealed under the same conditions, we can write 𝐺𝐺𝑖𝑖𝑛𝑛 − 𝐺𝐺𝑜𝑜𝑖𝑖𝑛𝑛 = 𝐾𝐾𝑡𝑡, with i = 1, 2. If the grain growth 
mechanism is identical in both size fractions (i.e. if n and K do not change with the particle size), 
the grain size of both samples will fulfill 𝐺𝐺2𝑛𝑛 − 𝐺𝐺1𝑛𝑛 = 𝐺𝐺02𝑛𝑛 − 𝐺𝐺𝑜𝑜1𝑛𝑛 . In other words, if the initial grain 
size of the sample 2 is larger than that of sample 1 (𝐺𝐺02𝑛𝑛 > 𝐺𝐺𝑜𝑜1𝑛𝑛 ), then the grain size of sample 2 will 
be always larger than that of sample 1 (𝐺𝐺2𝑛𝑛 > 𝐺𝐺1𝑛𝑛). Indeed, the curve of grain size after annealing as 
a function of particle size should always be a line with positive slope. 

 
Figure 6.19 presents the evolution of grain growth with the particle size after annealing. It 

is evident that the traces do not follow the trend anticipated in the previous paragraph, no matter the 
composition or the annealing temperature. In general, the curves peak at intermediate particle size 
fractions (20-45 μm or 45-63 μm) and subsequently decrease with a gentle slope. This means that, 
in our general grain growth model, the coefficients n and K do not only depend on composition and 
temperature, but also on the particle size fraction, i.e. the initial particle size is affecting the mobility 
of grain boundaries. 
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Figure 6.19 Grain size as a function of particle size after grain growth annealing under Ar in the 
following conditions: (a) 1100 ºC for 96 h and (b) 1150 ºC for 24 h. 

 
As explained in section 6.5, the density reached by the sample during annealing decreases 

when the particle size rises. The solid / vapor interface (or free surface) is more prevalent when the 
particle size rises. The grain boundaries tend to be perpendicular to the free surfaces. At high 
annealing temperatures, grooves develop by surface diffusion where the grain boundary intersects 
with the free surface due to the tendency to stablish an equilibrium dihedral angle (𝜙𝜙𝑉𝑉), whose value 
is determined by the corresponding surface energies (𝜙𝜙𝑉𝑉 = 2 cos−1 𝛾𝛾𝐺𝐺𝐺𝐺

2𝛾𝛾𝑆𝑆𝑆𝑆
). Grooves anchor the grain 

boundaries to the surface [230], which delays grain growth for particle sizes larger than 20-45 μm 
or 45-63 μm, depending on the composition. 

 
The curves of the ternary Nd-Fe-B alloys display a similar shape at both annealing 

temperatures (Figure 6.19a and b). Increasing the temperature from 1100 to 1150 ºC rises the 
volume fraction of liquid and accelerates dissolution-reprecipitation. As the temperature has a 
greater influence than the time on the kinetics, the final grain size is larger at 1150 than a 1100 ºC 
despite the shorter annealing time. For particle sizes larger than 45-63 µm, Figure 6.19a and b 
demonstrate that Nd enhances grain growth due to the larger amount of liquid in the system (see 
Table 6.1), higher area of the solid / liquid interface (see section 6.2), and, consequently, enhanced 
dissolution-reprecipitation. For particle sizes smaller than 45-63 µm, this trend is not fulfilled. The 
composition with the lowest Nd concentration (AG17-22) still exhibits a limited grain growth that 
is compatible with a low amount of liquid. However, the composition AG18-07 (31.06 wt.% of Nd) 
exhibits lower grain growth than AG17-24 (28.5 wt.% of Nd) despite that its liquid content is higher. 
It is thought that this trend reversal is related with the effect of oxygen. Figure 6.1 demonstrates that 
the oxygen concentration increases when the particle size is reduced from 0.075 wt.% for the size 
fraction 106-150 µm to 0.23 wt.% for the size fraction 0-20 µm. Thus, the influence of oxygen on 
grain growth can be very relevant in the case of small size fractions. According to the analysis 
conducted in section 6.1, Nd oxides will be present in the material at the annealing temperature. 
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These oxides can reduce the mobility of the solid / liquid interface by a pinning effect, which could 
explain the reversal of the trend observed at high Nd concentrations for the small size fractions. 

 
Regarding the composition with Nb (AG17-62), it has been noticed that abnormal grain 

growth (AGG) occurred at 1100 ºC, while grain growth was inhibited at 1000 and was normal at 
1150 ºC. This behavior was observed in the particle size fraction between 45 and 63 µm. Figure 
6.20 confirms that AGG is a general phenomenon taking place in all size fractions, but with more 
prevalence in the case of particle sizes < 45 µm. AGG was attributed to the evolution of Nb-Fe-
containing precipitates with temperature. Initial precipitation is nanometric and delays grain growth. 
At 1100 ºC, these particles grow slowly with time and lose progressively efficiency to control grain 
size. During this transition, precipitate coarsening can happen unevenly in the sample depending on 
the local environment. As a result, some specific grains start to grow locally faster than the 
surrounding ones, leading to AGG. Due to the formation of abnormally large grains, composition 
AG17-62 has been excluded from the analysis of grain growth at 1100 ºC (Figure 6.19a). 

   

Figure 6.20 Inverse pole figures (IPF) of powder AG17-62 (28.3Nd-bal.Fe-1.159B-0.337Nb 
wt.%) after annealing at 1100 ºC for 24 h. Particle size: (a) 0-20 µm, (b) 45-63 µm and (c) 75-106 

µm. 
 
When composition AG17-62 (with Nb) is compared with composition AG17-24 (without 

Nb and the same concentration of Nd) at 1150 ºC, it is observed that both exhibit a similar grain 
size for particle size fractions > 45 µm, whereas the alloy with Nb exhibits a lower grain growth for 
smaller particle sizes. Before annealing, it has been shown the presence of intergranular Nb-Fe-
containing precipitates with a size ≤ 1 µm (Figure 6.8 and Figure 6.7b) and nanometric precipitates 
inside the matrix phase (Figure 6.7) in the size fractions > 45 µm, whereas Nb was retained in 
solution in particles < 45 µm. During annealing, the supersaturated solid solution in particles < 45 
µm will decompose producing a precipitation finer than the precipitation formed in the larger 
particles during solidification. Moreover, it has been observed in the annealed samples that the total 
number of precipitates decreases and their size rises when the particle size increases (Figure 6.17 
and Figure 6.18). Consequently, Figure 6.19b demonstrates that Nb-Fe-containing precipitation is 
still small enough to allow an efficient control of grain growth in particle sizes below < 45 µm, 
whilst Nb loses its effect as an inhibitor of grain growth in the coarser particles. 
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6.7. Conclusions 

a) The oxygen concentration of gas atomized Nd-Fe-B powders varies with the particle size 
from about 0.16 wt.% for the size fraction 0-20 µm to 0.05 wt.% for the size fraction 106-
150 µm. After annealing at 1150 ºC for 24 h, oxygen concentration increased up to 0.23 
wt.% for the size fraction 0-20 µm and 0.075 wt.% for the size fraction 106-150 µm. 
 

b) It is observed that the fine particles are more spherical than the coarse ones, since the latter 
have generally satellites attached on the surface. 
 

c) In the case of the composition with Nb, Nb-Fe-containing precipitates were observed in 
particles > 45 µm of as-atomized powder, whereas they were not observed in particles below 
this size. 
 

d) The initial grain size in gas atomized powders increased linearly with the particle size from 
2-2.5 μm in the particle size fraction 0-20 μm to 8-10 μm in the particle size fraction 106-
150 µm due to the decrease of the cooling rate in atomization. 
 

e) Grain growth curves at 1100 and 1150 ºC as a function of the particle size peak at 
intermediate particle size fractions (20-45 μm or 45-63 μm) and subsequently decrease with 
a gentle slope. The surface area of solid / vapor interface increases when the particle size 
rises due to a lesser densification. The intersection of the grain boundaries with free solid 
/vapor interface is reducing its mobility, probably due to the formation of thermal grooves. 
 

f) Oxidation plays a substantial role on the final microstructure and grain growth. The number 
of oxides at triple junctions increases when the particle size decreases or the annealing 
temperature / time is raised due to the oxygen pick-up. Due to the low solubility of oxygen 
in the liquid phase, the oxides are already present at high temperature. In the case of the 
particle sizes smaller than 45 µm (i.e. with high oxygen concentration), grain growth is 
delayed in the composition with 31.06 wt.% of Nd (i.e. the most susceptible to oxidation) 
compared to composition with 28.5 wt.% of Nd, despite the higher liquid fraction of the 
former. This delayed grain growth is attributed to a reduction of the mobility of the solid / 
liquid interface by a pinning effect caused by the oxide particles. 
 

g) Abnormal grain growth was confirmed in the composition with Nb at 1100 ºC, while grain 
growth was normal at 1150 ºC. Nb-Fe-containing precipitates were observed in all size 
fractions after annealing. For equivalent annealing conditions, the total number of 
precipitates decreases and their size rises when the particle size increases. At 1150 ºC, the 
Nb-Fe-containing precipitates are still small enough to allow an efficient control of grain 
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growth in particles below 45 µm, whilst Nb loses its effect as an inhibitor of grain growth 
in the coarser particles. 
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Chapter 7 

7. Development of anisotropic Nd-Fe-B powder from 
isotropic gas atomized powder 

Inert gas atomization is an industrial process with many interesting advantages, as a high 
output (i.e. low cost powder), high solidification rates (i.e. fine microstructures and low 
segregation), low oxygen content and spherical particle shape [43]. The spherical shape reduces the 
viscosity of the feedstock, which allows making intricate geometrical details that are not feasible 
with irregular powders. If a spherical gas atomized powder could be used as the source, it has the 
potential to improve the flowability of the mixture during injection molding, leading to higher 
volume fractions of magnetic material in bonded magnets and greater performance. 

 
The objective of this chapter is to present a new process to obtain anisotropic Nd-Fe-B 

powder from isotropic gas atomized powder by annealing the polycrystalline isotropic gas atomized 
powder and then HDDR treating the powder to produce anisotropic particles. Annealing trial (1100 
ºC – 96 h) were performed on the ternary powders to induce grain growth. The sample with 
composition 31Nd-bal.Fe-1.1B wt.% demonstrated an optimum decrepitating behavior, so the 
resulting powder was submitted to the HDDR cycle. 

7.1. Results and discussion 

Figure 7.1a shows the particle shape of the gas atomized powder. As is characteristic of this 
technology, the powder is spherical in shape and the particle size distribution is relatively broad. 
Figure 7.1b illustrates the microstructure for a cross sectioned sample. The alloy displays a 
negligible amount of metastable α-Fe (dark gray phase), since it has a high Nd content (excess of 
4.3 wt.% over the stoichiometric concentration) and was solidified under a high cooling rate [59]. 
The other phases in Figure 7.1b are Nd2Fe14B (light gray contrast) and the Nd-rich phase (in white 
contrast). The particles are polycrystalline with an average grain size of 3.1 ± 0.1 µm and the grains 
are randomly oriented. Consequently, applying HDDR on this powder would result in poor 
anisotropy of the processed material. 
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Figure 7.1 (a) Secondary electron image showing the particle shape of the gas atomized powder 
and (b) Backscattered electron image showing the microstructure of the gas atomized powder. 

 
To achieve anisotropy in HDDR powder monocrystalline particles are required, as the 

recombined grains inherit the crystallographic texture of the prior grain [231–233]. This is the 
reason why the powder was subjected to a grain growth annealing stage. The microstructure of the 
material after this step is displayed in Figure 7.2a. As for the constituent phases, the main difference 
with the as-atomized powder is the absence of α-Fe and the formation of NdFe4B4 (indicated with 
an arrow in Figure 7.2a). The average grain size reached a value of 108 ± 3 µm, as is apparent in 
Figure 7.2b. In order to induce grain growth, the heat treatment temperature must be high, in the 
range of liquid phase sintering [76,116], where significant densification takes place over a range of 
1000 to 1100 ºC [112]. As a result, annealing also produced the formation of necks between the 
particles. Thus, the loose powder became a sintered block. 

 
Hydrogen decrepitation (HD) of the sintered block was used to return the annealed material 

back into a powder [234]. During this step, the material reacts with hydrogen resulting in volume 
expansion of both the Nd-rich phase, at triple junctions and grain boundaries, and the Nd2Fe14B 
matrix phase [104]. This expansion leads to cracking along the grain boundaries (i.e. intergranular 
cracking) and, to some extent, across the grains (i.e. transgranular cracking). As shown in Figure 
7.2c, the particles are no longer spherical, but equiaxial and faceted. The annealing and subsequent 
HD trials performed on gas atomized powder with varying Nd content showed that the composition 
with at least 31 wt.% Nd was required to enable the block to break up into single crystal powder 
particles; below this Nd concentration, the block did not fully decrepitate. 
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Figure 7.2 (a) Backscattered electrons image and (b) Inverse pole figure (IPF) of the block after 
grain growth annealing; (c) Powder shape and (d) Kerr effect image showing that particles are 

monocrystalline after HD. 
 

The analysis of the microstructure of the 31 wt.% Nd composition shows that the majority 
of the particles are monocrystalline with an average size in the order of ~100 µm (Figure 7.2d), i.e. 
similar to the size of the grains in the sintered block. This suggests that the dominant fracture 
mechanism during HD is intergranular cracking. 

 
The monocrystalline decrepitated powder was finally subjected to the HDDR process shown 

in section 3.4.3. As expected, the particles exhibit a final ultrafine microstructure with a crystallite 
size <1 µm (Figure 7.3a). The demagnetization curves of the initial gas atomized powder and the 
final HDDR powder are compared in Figure 7.3b. The gas atomized powder exhibits a remanence 
of 0.47 T and an intrinsic coercivity of only 144 kA/m. These low properties are a consequence of 
the microstructure of the powder, which is isotropic and has a grain size in the range of microns. In 
contrast, the HDDR powder has a remanence value of 0.97 T and an intrinsic coercivity of 1354 
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kA/m. This high remanence indicates that the powder is anisotropic (i.e. the ultrafine grains are 
oriented in a similar direction inside each particle). The degree of alignment has been estimated 
from magnetic measurements as Mr/Ms = 0.97/1.32 T = 0.7, where Mr is the remanence and Ms the 
saturation magnetization. The good alignment, ultrafine grain size, and presence of the Nd-rich 
intergranular phase explain the high coercivity of the anisotropic powder. 

  

Figure 7.3 Microstructure and magnetic properties of the HDDR processed powder: (a) 
Secondary electron image of the surface of a particle after HDDR process showing the final 

ultrafine grains and (b) Demagnetization traces of gas atomized and HDDR processed powders. 
 

It has been presented a route to develop anisotropic Nd-Fe-B powder from isotropic gas 
atomized powder. The initial proof of concept was performed with a small batch size of 2 g and, 
subsequently, work was carried out to scale this up to larger batch sizes. This presented several 
challenges because the hydrogenation and disproportionation stages are exothermic processes, 
whereas the recombination is an endothermic process, which makes temperature control difficult 
for larger batch sizes [128]. Significant optimization of the processing temperatures, pressures, and 
holding times was required. For the HDDR process route, careful control of the reaction rate during 
disproportionation is required to obtain the right conditions to produce anisotropy. This becomes 
more challenging as the influence of the exothermic and endothermic reactions increase. 

 
Table 7.1 shows the VSM data obtained from various batch sizes of HDDR processed gas 

atomized powder. It was demonstrated that HDDR powder with good coercivity and remanence 
values (>800 kA/m and 1 T) could be obtained for batches up to 200 g in size. However, using a 
500 g batch size, it was found that temperature control was a lot more difficult, since there was a 
larger thermal mass. In particular, microstructural analysis of the 500 g batch HDDR powder found 
the presence of faceted/explosive grain growth (shown in Figure 7.4), which results from the 
material being held at recombination temperatures for too long. The presence of these large, faceted 
grains explains the poor magnetic properties found for the 500 g batch size (63 kA/m and 0.10 T). 
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Further optimization of the recombination and quenching stage would, therefore, be required to 
avoid explosive grain growth in order to enhance the coercivity in the larger batch sizes [235]. The 
scale up of the process up to pilot plan or industrial levels will be addressed in future projects. 

 
Table 7.1 VSM data showing coercivity and remanence values for different batch sizes of HDDR 

processed gas atomized powder. 
 

Batch size (g) Coercivity (kA/m) Remanence (T) 

20 537 1.10 

100 467 0.99 

200 877 1.10 

500 63 0.10 

 

  

Figure 7.4 SEM images showing explosive grain growth which occurred during the HDDR 
processing of 500 g batch. 

7.1. Conclusions 

The transformation of an isotropic polycrystalline powder produced by gas atomization into 
an anisotropic ultrafine powder has not been reported before. It resulted in a significant 
improvement of the magnetic properties. In the initial work, the remanence was increased from 0.47 
to 0.97 T and coercivity rose from 144 to 1354 kA/m on a 2 g sample. Further optimization resulted 
in the production of 200 g batches of gas atomized HDDR powder with coercivity and remanence 



Development of anisotropic Nd-Fe-B powder from isotropic gas atomized powder 

 
130 
 

values of 877 kA/m and 1.10 T, respectively. It is worthy to point out that these results were obtained 
with a Nd-Fe-B ternary alloy, i.e. without expensive heavy rare earths, cobalt or gallium. 
Optimization of the rare earth content could reduce the transgranular cracking and doping with other 
elements (e.g. niobium or gallium) could lead to additional improvements. Although the heat 
treatment and subsequent hydrogen processing did not result in completely spherical particles, it is 
anticipated that it may be possible to limit the transgranular cracking to aid this with optimization 
of the hydrogen decrepitation process. In contrast with casting methods, the process does not require 
any milling step. The gas atomization is presented as a viable alternative to book mold or strip 
casting in order to produce powders for anisotropic bonded magnets. 
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Chapter 8 

8. Conclusions and future work 
Spherical Nd-Fe-B powders were successfully produced by gas atomization obtaining high 

yields. Compositions have been controlled within the conventional intervals for industrial alloys 
and resulted in low oxygen contents. The maximum particle size of 150 µm was chosen since the 
powder exhibited a substantial quantity of splats above this size, which are not convenient for further 
processing. However, the median particle was controlled for alloy AG18-07 by adjusting the 
atomization variables (gas pressure and GMR). 

 
The magnetic behavior depends strongly on the microstructure of the material, which in turn 

is determined by the Nd content, Nb addition and the particle size. The rise in magnetization due to 
SRT at low temperatures in isotropic gas-atomized powders makes these powders suitable for 
cryogenic applications. 

 
Nb addition leads to the formation of Nb-Fe-containing precipitates, which reduces free Fe 

while increasing the amount of Nd-rich phase. Annealing between 1000 and 1150 ºC promotes the 
formation of both intergranular and intragranular precipitates. Initial intragranular precipitates are 
nanometric. The density of precipitates decreases, their size increases and they move toward grain 
boundaries when the temperature is risen or the time is extended. The precipitation slows 
densification and grain growth at 1000 ºC, but promotes abnormal grain growth at 1100 ºC. 
Precipitates coarsen very fast at 1150 ºC, so they only delay grain growth for a short time. 

 
It was observed the formation of necks between the particles, densification, and grain growth 

due to liquid phase sintering. Grain growth and densification occur in parallel by a dissolution-
reprecipitation mechanism. The degree of sintering increases with Nd content, as this element 
enhances the formation of the liquid phase. After annealing at temperatures above 1100 ºC, ternary 
alloys containing less than 28.5 wt.% of Nd show free Fe in the intergranular phase due to the loss 
of some metallic Nd by oxidation. 

 
Concerning the particle size, finer particles are more spherical than the coarse ones due to 

the presence of satellites attached to the large particles. In the case of the composition with Nb, the 
precipitates only were found in particles larger than 45 µm of as-atomized powder. The initial grain 
size increased linearly with the particle size due to the decrease of the cooling rate in the atomization 
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process. The oxygen concentration of the powders depends strongly on the particle size and 
increases significantly during annealing, particularly in the case of small particle sizes. 

 
A high concentration of oxygen promotes the formation of oxides. These oxides are present 

at high temperature due to the low solubility of oxygen in the liquid phase. Oxidation reduces grain 
growth rate and its effect is more evident for particles sizes below 45-63 μm and high Nd 
concentrations. When the particle size rises, the degree of sintering decreases and the higher solid / 
vapor surface area reduces the mobility of grain boundaries. Consequently, grain growth curves at 
1100 and 1150 ºC peak at particle size fractions 20-45 or 45-63 µm and then gradually diminish 
with a gentle slope.  

 
Abnormal grain growth was confirmed in the composition with Nb at 1100 ºC, while grain 

growth was normal at 1150 ºC. After annealing, Nb-Fe-containing precipitates were found in all 
size fractions. The overall number of these precipitates decreases and their size increases with the 
particle size for equivalent annealing conditions. At 1150 ºC, Nb loses its effect as an inhibitor of 
grain growth in the particle size fractions larger than 45-63 μm. 

 
Finally, it was demonstrated an innovative procedure to transform an isotropic 

polycrystalline powder produced by gas atomization into an anisotropic ultrafine powder. The 
process improved the magnetic properties of the gas atomized powder significantly. The coercivity 
was enhanced from 144 to 1354 kA/m and the remanence was increased from 0.47 to 0.97 T on a 2 
g sample. The production of 200 g batches of gas atomized HDDR powder resulted in coercivity 
and remanence values of 877 kA/m and 1.10 T. These results were achieved using a Nd-Fe-B ternary 
alloy, i.e.  no heavy rare earths, cobalt or gallium were used. Unlike casting methods (book mold or 
strip casting), the new process does not require any milling step, which typically is expensive, and 
produces significant material loss and oxidation. Thus, gas atomization is considered a feasible 
alternative to casting methods as a first step to produce powders for anisotropic bonded magnet. 
 

Based on the results of this thesis, the following research tasks are proposed as future work: 
a) Study the kinetics of crystallization of amorphous and metastable phases in fine 

particles of gas atomized powders.  
b) TEM study of sintered samples of the Nb-containing alloy to identify the Fe-Nb 

containing precipitates. 
c) Improve the process to convert the isotropic gas atomized powder into a HDDR 

anisotropic powder:  
- Optimization of the grain growth annealing process. It is interesting to explore 

the possibility of increasing the annealing temperature and reduce the length of 
this heat treatment. 



Chapter 8 

 
133 

 

- Optimization of the hydrogen decrepitation conditions to maximize intergranular 
cracking and minimize transgranular cracking in order to obtain a powder that is 
more monocrystalline and have a more equiaxial particle shape. 

- Scale-up of the HDDR process. Further optimization of the recombination and 
quenching stage would be required to avoid explosive grain growth in order to 
enhance the coercivity when the batch size is increased. 

- Study of additional chemical compositions. Modification of the rare-earth 
content could reduce the transgranular cracking. Doping with other elements 
(e.g. niobium or gallium) could lead to a higher anisotropy after HDDR. 

- Improvement of the facilities to handle the powder always under inert 
atmosphere, thus minimizing oxygen pick-up. 
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10. Appendix A: Review of Nb precipitation in Nd-Fe-B alloys 
 

Alloy (wt.%) Thermal history 
Nb solubility in Nd2Fe14B 

phase (wt.%) Description of precipitation Ref. 

Fe-(19.2-19.1)Nd-
(14.4-14.3)Dy-

1.0B-(0-2.05)Nb 

Sintered 1047-1107ºC/ 2 h and 
annealed 900ºC/ 1 h + 600ºC/ 2 h - NbFe compound, intergranular in the range of µm 

and intragranular <100 nm [174] 

Fe-36Nd-1.2B-
1.0Nb 

Sintered 1082ºC/ 1 h and annealed 
602ºC/ 1 h + 552ºC/ 1 h+ 502ºC/ 1 

h+ 452ºC/ 1 h+ 402ºC/ 1 h 
~0.1 FeNbB, intergranular in the range of µm [150] 

Fe-(26.8-26.0)Nd-
1.0B-(0-7.1)Nb Homogenized 1000ºC/ 0-300 h (0.45-0.63) ±0.42 Nb26Fe32B42 in the range of µm [58] 

Fe-26.4Nd-1.0B-
2.89Nb 

As cast 0.76 ±0.29 
Nb26Fe32B42 in the range of µm inside 

interdendritic free Fe, hexagonal or rounded in 
shape 

[100] 

Homogenized 1000ºC/ 40 h 0.52 ±1.39 

Intergranular Nb26Fe32B42 in the range of µm, 
hexagonal or acicular in shape 

 
Intragranular Nb26Fe32B42 <1 µm 

Fe-34.6Nd-1.2B-
0.42Nb 

Sintered 1050ºC/ 1 h and annealed 
650ºC/ 0.5 h 0.25 ±0.29 Intragranular Nb26Fe32B42 of 1-3 µm and finer 

precipitates <1 µm, hexagonal in shape [100] 

Fe-30.6Nd-2.5Dy-
1.3B-1.41Nb Sintered 1080ºC/ 2 h - 

FeNbB, intergranular in the range of µm 
 

Intragranular of ~50 nm (1021 precipitates/m3 in 
density), inhomogeneous distribution of 

[172] 
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Alloy (wt.%) Thermal history Nb solubility in Nd2Fe14B 
phase (wt.%) Description of precipitation Ref. 

precipitates due to chemical segregation in 
powder 

Fe-34.3Nd-1.1B-
1.38Nb As cast 

0.2 inside the grain and 0.6 
near the phase boundary due to 

segregation during slow 
cooling 

- [172] 

Fe-30.9Nd-1.2B-
1.42Nb 

Annealed 1000ºC/ 40 h + 600ºC/ 
800 h 

<0.58 Intergranular Fe3Nb3B4 or FeNbB in the range of 
µm 

[101] 

[101]Fe-30.9Nd-
1.2B-1.42Nb 

As cast 0.5-0.7 Primary FeNbB precipitates of 2-3 µm 

[99] 
Homogenized 1080ºC/ 50 h 0.2 

Partial dissolution of primary FeNbB precipitates 
 

Intragranular incoherent FeNbB precipitates of 
~100 nm inhomogeneously distributed (with 

precipitation free zones next to the grain 
boundaries) 

Sintered 1050-1100ºC and 
annealed 630-930ºC/ 1 h <0.1 

Primary FeNbB precipitates of ~1 µm from ingot 
 

Intragranular FeNbB precipitates of ~100 nm 

Fe-31.0Nd-3.6Dy-
1.1B-1.38Nb 

Sintered 1080ºC and annealed 
630ºC/ 1 h - 

Intragranular Fe2Nb precipitates of 2 µm 
 

Intragranular coherent precipitates of 20-50 nm 
(1021 precipitates/m3 in density) 

[177] 

 
 



 

 
151 

 

11. Publications and contributions 
Publications 
G. Sarriegui*, J. M. Martín, M. Ipatov, A. P. Zhukov and J. González, Magnetic properties 

of NdFeB alloys obtained by gas atomization technique, IEEE Trans. Magn., 54 (2018) 2103105, 
doi: 10.1109/TMAG.2018.2839906. 

G. Sarriegui*, J. M. Martín, N. Burgos, M. Ipatov, A. P. Zhukov and J. González, Effect of 
neodymium content and niobium addition on grain growth of Nd-Fe-B powders produced by gas 
atomization, Mater. Charact. 172 (2021) 110844, doi: 10.1016/j.matchar.2020.110844. 

G. Sarriegui*, J. M. Martín, N. Burgos, M. Ipatov, A. P. Zhukov and J. González, Effect of 
particle size on grain growth of Nd-Fe-B powders produced by gas atomization, Mater. Charact. 
(2021). Under review. 

 
Conferences and seminars 
G. Sarriegui, J. M. Martín*, M. Ipatov, A. P. Zhukov and J. González, Magnetic properties 

of NdFeB alloys obtained by gas atomization technique, IEEE International Magnetic Conference 
INTERMAG 2018, 23-27 April 2018, Singapore (Asia). 

G. Sarriegui, J. M. Martín*, Processing of new magnetic powders produced by gas 
atomization, EPMA Functional Materials Seminar, 3-4 April 2019, Bremen (Germany). 

G. Sarriegui*, N. Burgos, J. M. Martín, M. Ipatov, A. P. Zhukov and J. González, Cinética 
de crecimiento de grano en polvos de Nd-Fe-B producidos mediante atomización con gas, CEIPM 
2019, 24-26 June 2019, Madrid (Spain). 

G. Sarriegui, M. Degri, M. Ipatov, L. Pickering, B. L. Checa, N. Burgos, M. Awais, R. 
Sheridan, A. Walton, J. M. Martín* and J. González, Recent developments in the manufacturing of 
Nd-Fe-B magnets for energy applications, EPMA Functional Materials Seminar (Online), 1-2 June 
2021, San Sebastián (Spain). 

 
Patent 
Inventors: Gabriela Carolina Sarriegui Estupiñán, José Manuel Martín García, Nerea Burgos 

García and Blanca Luna Checa Fernández 
Title: Procedimiento de obtención de un material precursor de NdFeB y material precursor 

así obtenido, procedimiento de obtención de un imán que comprende tal material precursor e imán 
así obtenido 

Request number: PCT/ES2020/070513 
Priority country: International PCT application  Priority date: 14-08-2020 
Owner entity: Asociación centro tecnológico CEIT 
 
 
* Corresponding author or speaker 


	1. Introduction
	2. Literature review
	2.1. Introduction to magnetic materials
	2.2. Nd-Fe-B-based alloys
	2.2.1. Nd2Fe14B phase
	2.2.2. Nd-rich phase
	2.2.3. NdFe4B4 phase
	2.2.4. α-Fe phase

	2.3. Types of Nd-Fe-B-based magnets
	2.3.1. Nd-Fe-B-Based sintered magnets
	2.3.1.1. Strip casting
	2.3.1.2. Hydrogen decrepitation (HD)
	2.3.1.3. Liquid phase sintering

	2.3.2. Nd-Fe-B-Based bonded magnets
	2.3.2.1. Melt spinning
	2.3.2.2. Hydrogenation disproportionation desorption recombination (HDDR)
	2.3.2.3. Gas atomization


	2.4. Effect of alloying additions to the ternary Nd-Fe-B system
	2.4.1. Nb addition

	2.5. Current Nd-Fe-B magnets and their applications

	3. Material and methods
	3.1. Alloy compositions
	3.2. Inert gas atomization
	3.3. Sieving
	3.4. Heat treatments
	3.4.1. Annealing
	3.4.2. Hydrogen decrepitation (HD)
	3.4.3. Hydrogenation disproportionation desorption recombination (HDDR)

	3.5. Chemical composition
	3.5.1. Analysis of content of metallic elements
	3.5.2. Analysis of content of non-metallic impurities
	3.5.2.1. Measurement of oxygen and nitrogen content
	3.5.2.2. Measurement of carbon and sulfur content


	3.6. Particle size distribution (PSD)
	3.7. Bulk properties
	3.7.1. Flow rate
	3.7.2. Angle of repose
	3.7.3. Apparent density
	3.7.4. Tap density
	3.7.5. True density

	3.8. Differential Scanning Calorimetry (DSC)
	3.9. Thermodynamic calculations
	3.10. Particle shape
	3.11. Microstructural characterization
	3.11.1. Metallographic preparation
	3.11.2. FEG-SEM
	3.11.3. EBSD
	3.11.4. Optical microscope
	3.11.5. FIB
	3.11.6. TEM

	3.12. Grain size measurements
	3.13. Magnetic properties

	4. Structural and magnetic properties of Nd-Fe-B powders
	4.1. Powder characterization
	4.2. Magnetic properties
	4.3.  Conclusions

	5. Effect of Nd content and Nb addition on grain growth
	5.1. Differential scanning calorimetry (DSC)
	5.2. Microstructure of as-atomized powders
	5.3. Microstructure after annealing
	5.4. Grain growth
	5.5. Mechanism of densification and grain growth
	5.6. Conclusions

	6. Effect of particle size on grain growth
	6.1. Influence of the oxygen content on the microstructure
	6.2. Contact and dihedral angles
	6.3. Morphology of as-atomized powders
	6.4. Microstructure of as-atomized powders
	6.5. Microstructure after annealing
	6.6. Grain growth
	6.7. Conclusions

	7. Development of anisotropic Nd-Fe-B powder from isotropic gas atomized powder
	7.1. Results and discussion
	7.1. Conclusions

	8. Conclusions and future work
	9. References
	10. Appendix A: Review of Nb precipitation in Nd-Fe-B alloys
	11. Publications and contributions

