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Resumen 
 

La función esencial de los materiales llamados imanes permanentes (PM) 

es crear un campo magnético H en un espacio libre de aire. Este campo 

es proporcional al volumen del imán Vm y la densidad del producto de 

energía almacenada (BmHm), por lo tanto, los imanes con alta (BH)max 

son altamente deseables. Además del producto energético, la remanencia 

Mr, relacionada con la magnetización intrínseca del material, y la coerci-

tividad Hc, relacionada con la anisotropía magnética del material, son 

necesarias para caracterizar un imán permanente, siendo importante tam-

bién la temperatura de Curie TC para su uso en entornos industriales. La 

remanencia Mr determina el campo máximo H dentro del espacio libre 

de aire, mientras que la coercitividad Hc determina la "dureza" contra la 

demagnetización por campos magnéticos externos. Los valores altos de 

Hc requieren una alta anisotropía magnética cuyo origen puede ser mag-

netocristalino o de forma. 

El último informe europeo sobre materias primas críticas (CRM) identi-

ficó 20 CRM y los clasificó en relación a su riesgo de provisión e impor-

tancia económica para Europa. La mayoría de ellos son tierras raras (RE). 

Por otra parte, el mercado global de imanes permanentes (PM) tiene una 

proyección de consumo de $18,800 miles de millones para el año 2018. 

El riesgo número uno para la industria de los imanes permanentes es su 

dependencia de elementos de RE y, por tanto, debe reducirse o eliminarse 

mediante la búsqueda de nuevos materiales. En relación a los PM, el 

ejemplo más crítico de un mercado que está dominado y restringido por 

China es el encontrado en los PM más poderosos que hay disponibles; 

mediante la adición de Dy los clásicos imanes de Nd-Fe-B presentaron 

alta remanencia y coercividad (µ0Hc > 2 T) hasta 200 ºC. Dependiendo 

de la aplicación los PM utilizan un nivel de dopaje de Dy, que va desde 

el 4% para aplicaciones en turbinas (PM de 1 tonelada) hasta el 12 % 

para motores de vehículos eléctricos (PM de 2 kg). Esta demanda hace 

que se agote rápidamente las RE poniendo en peligro el límite de sumi-

nistro para las necesidades existentes, en particular el disprosio que subió 

siete veces su valor entre 2011-2012. 

Para todas las aplicaciones basadas en PM el aumento en la densidad de 

energía magnética del imán ((BH)max) incrementa inmediatamente la efi-

ciencia de todo el dispositivo (por ejemplo la relación volumen/potencia 
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de un motor eléctrico). En otras aplicaciones (como instrumentos de ima-

gen por resonancia magnética (IRM)) el alto (BH)max permite evitar el 

uso de electroimanes robustos y de alto consumo energético. 

Considerando que un PM debe tener alto (BH)max y que el consumo de 

RE eleva sus costes de producción, se ha iniciado recientemente una 

campaña internacional para el desarrollo de PM libres/reducidas de RE. 

En imanes con reducción de RE los esfuerzos se han centrado en nano-

compositos spring magnets que consisten en una mezcla fina de una fase 

magnéticamente dura (Sm-Co, Nd-Fe-B) y otra fase blanda o semidura 

(Fe, Co, Fe3B) con interacciones acopladas a la fase dura. Sin embargo 

el único resultado se ha reportado en multicapas epitaxiales pero no en 

partículas o en polvos los cuales pueden ser usados para hacer PM masi-

vos. En el caso de los PM libres de RE, los trabajos se han enfocado en 

MnBi pero el mejor (BH)max reportado (65 kJ/m3) es mucho más bajo 

que el limite teórico de 130 kJ/m3. 

El objetivo general de esta tesis es la mejora en el rendimiento de fases 

existentes o de imanes comerciales con una cantidad reducida de RE y el 

desarrollo de nuevas fases sin RE con las propiedades magnéticas reque-

ridas para ser utilizadas en aplicaciones de PM, como la remanencia, 

coercividad y densidad de energía magnética del imán ((BH)max), además 

de temperaturas de Curie suficientemente altas para su utilización en en-

tornos industriales. Con este objetivo, los resultados obtenidos se han di-

vidido en tres secciones: i) la reducción del uso de RE, principalmente 

RE pesadas, en aleaciones basadas en Nd-Fe-B, ii) la búsqueda de nuevas 

aleaciones que cristalizan en la estructura de tipo ThMn12 (1:12) y iii)  

la búsqueda de nuevas fases sin RE con anisotropía magnética uniaxial  

en el sistema de Fe-Co-Ta. 

Las aleaciones utilizadas en esta tesis se han producido mediante la téc-

nica de horno de arco para el estudio de las propiedades intrínsecas y una 

selección de las muestras con las mejores propiedades se han utilizado 

para desarrollar coercitividad obteniendo cintas microcristalinas o con 

alto desorden cristalográfico mediante la técnica de melt-spinning. Las 

muestras obtenidas han sido caracterizadas por diversas técnicas para ob-

tener sus propiedades térmicas, cristalográficas, estructurales y magnéti-

cas. Estas técnicas incluyen análisis térmico diferencial (DTA), análisis 

termogravimétrico (TGA), difracción de rayos X y de neutrones, micros-
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copía electrónica de barrido y de transmisión (SEM y STEM), espectros-

copia Mössbauer, magnetometría de muestra vibrante (VSM) y disposi-

tivo superconductor de interferencia cuántica (SQUID). 

En relación a los estudios sobre la reducción del uso de RE en aleaciones 

basadas en Nd-Fe-B, estos han sido basados en el uso de elementos do-

pantes para controlar la microestructura durante la cristalización de alea-

ciones de Nd-Fe-B con una disminución del contenido de Nd y en el pro-

ceso de infiltración de una aleación eutéctica de RE ligera así como su 

efecto en las aleaciones de Nd-Fe-B microestructuradas con diferentes 

cantidades de Nd en su composición. 

Respecto al proceso de cristalización de las aleaciones de Nd-Fe-B, se 

muestra como la microestructura de cintas producidas por melt-spinning 

puede controlarse por la velocidad de rotación de la rueda, permitiendo 

la obtención de cintas muy desordenadas (a velocidades altas) o nano-

cristalinas (a velocidades bajas), lo que permite una reducción en la tem-

peratura de recocido para obtener las propiedades deseadas. En el pro-

ceso de cristalización durante tratamientos térmicos, las aleaciones mos-

traron la formación de dos fases magnéticas, la fase dura 2:14:1 a tem-

peraturas del orden de 280-400 ºC, y la fase blanda α-Fe alrededor de los 

600 ºC. En estas aleaciones se han utilizado dos elementos dopantes para 

controlar el crecimiento de granos durante los tratamientos térmicos, el 

Nb y el Cu. El dopaje con Nb muestra un aumento de las temperaturas 

de cristalización, lo que sugiere la inhibición del crecimiento de granos 

en presencia de este elemento. Por otro lado, el dopaje con Cu reduce la 

temperatura a la cual comienza el proceso de cristalización de la fase 

dura, lo que sugiere la ayuda en el proceso de nucleación en presencia de 

este elemento. De todas formas, la pronta formación de la fase 2:14:1 con 

tratamientos térmicos ayuda a la cristalización de la fase secundaria de 

α-Fe. Se puede concluir que la formación de esta segunda fase también 

es promovida por el dopaje de elementos y, además, es perjudicial para 

el acoplamiento de intercambio en los imanes nanoestructurados estudia-

dos. 

En relación al proceso de difusión en frontera de grano (GBDP), la infil-

tración de Pr3(Co,Cu) en aleaciones de Nd-Fe-B mejora la coercitividad 

en casi cinco veces de su valor inicial en cintas microestructuradas, al-

canzando un valor de 2.5 T, comparable con los mejores valores alcan-

zados en aleaciones con Dy. Previa infiltración, las cintas estaban com-

puestas de dos fases, granos nanocristalinos de la fase dura Nd2Fe14B y 
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precipitados de la fase blanda α-Fe. El análisis de difracción de rayos X 

(XRD) y de espectroscopia Mössbauer muestra que la cantidad de α-Fe 

es ampliamente reducida tras la infiltración. Este hecho, junto con la falta 

de mejora de coercitividad en la muestra estequiométrica, sugiere un rol 

importante la presencia de esta fase blanda durante el proceso de infiltra-

ción. Pero este efecto no explica el aumento de la coercitividad en la 

muestra con exceso de Nd, cuya cantidad de α-Fe en un principio era 

incluso menor. 

Una de las muestras infiltradas con reducción de contenido de Nd fue 

analizada con un microscopio electrónico de transmisión (TEM) de alta 

resolución para obtener mayor información del efecto de la infiltración 

en la microestructura de la muestra. Las imágenes obtenidas a partir de 

rayos X característicos (EDS) muestran una fase intergranular de Pr(Nd)-

Fe rica en Pr y un gradiente de composición en los granos, lo que puede 

describirse como una estructura core-shell, con un núcleo de Nd2Fe14B 

puro y una capa externa de gradiente de (Pr,Nd)2Fe14B. Estos granos es-

tán desacoplados por la fase no magnética de Pr(Nd)-Fe localizada en las 

fronteras. Esta fase intergranular puede fijar las paredes de dominio ra-

lentizando su movimiento, lo que, junto a los nanogranos de Nd2Fe14B 

con pocos defectos, ayuda a incrementar la coercitividad de las muestras. 

En la búsqueda de nuevas aleaciones con la estructura 1:12 y propiedades 

magnéticas útiles para su uso en aplicaciones de imanes permanentes,  

varias aleaciones han sido estudiadas utilizando Ti y Si como elementos 

estabilizantes de la estructura. 

En la primera aleación se ha estudiado el efecto de la sustitución de Sm 

por Ce en Ce1-xSmxFe9Co2Ti. El campo de anisotropía de la aleación 

CeFe9Co2Ti es muy bajo para obtener una coercitividad útil, habiendo 

alcanzado un máximo de µ0Hc = 0.08 T en las cintas con mejor trata-

miento térmico. La sustitución de Ce por Sm mejora el campo de aniso-

tropía magnético de 2.6 T a 8.7 T para la aleación de SmFe9Co2Ti. Este 

aumento de la anisotropía muestra un salto entre x = 0.25 y x = 0.5. El 

análisis de los espectros Mössbauer indica una redistribución del Co en 

los sitios 8f y 8j cuando aumenta la concentración de Sm. Esta va de 

50/50 en los sitios 8j y 8f respectivamente a 70/30 para concentraciones 

de Sm por encima de x = 0.25. Esto coincide con el aumento del campo 

hiperfino en el sitio 8j mientras que este disminuye en el sitio 8f. El des-

plazamiento isomérico también sufre cambios para concentraciones de 

Sm superiores a x = 0.25. La redistribución de Co podría ser responsable 
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del comportamiento de la anisotropía. Debido a la mejora del campo de 

anisotropía con la sustitución de Sm, la coercitividad desarrollada en cin-

tas tras un tratamiento térmico también aumenta, logrando 0.44 T para la 

aleación de SmFe9Co2Ti. Este es un valor prometedor para el desarrollo 

de imanes de grado medio, aunque la formación de α-Fe durante el trata-

miento térmico restringe la coercitividad a un valor relativamente muy 

bajo comparado con su campo de anisotropía. 

Como previamente fue teoréticamente predicho, la aleación de 

Nd0.5Y0.5Fe11Ti muestra un mayor campo de anisotropía (1.75 T) que su 

homólogo NdFe11Ti (1 T). Los parámetros de la mejor nitrogenación ob-

tenida en este compuesto fueron 420 ºC durante 4 horas. Este proceso 

resultó en el aumento de los parámetros de red de la estructura cristalina 

así como de la temperatura de Curie, de 270 ºC hasta 390 ºC, y del campo 

de anisotropía, del mencionado 1.75 T hasta más de 5 T. Se ha realizado 

un estudio preliminar en la nitrogenación de cintas de esta aleación. Estas 

cintas necesitaron un recocido de 4 horas a 1100 ºC para estabilizar la 

estructura 1:12 y presentaban una coercitividad de 0.055 T. Tras varios 

intentos de nitrogenación, la mejor muestra fue obtenida tras un proceso 

de 4 horas a 380 ºC, y presentaba una coercitividad de 0.1 T, pero se 

incrementó considerablemente la cantidad de α-Fe. Es necesario conti-

nuar el estudio de nitrogenación en cintas para lograr encontrar la tem-

peratura y tiempo idóneos para evitar la formación de α-Fe y aumentar 

más aún la coercitividad. 

Se ha realizado un estudio en el efecto de la sustitución de Zr por Ce en 

Zr1-xCexFe10Si2. Se ha encontrado un aumento de la anisotropía magné-

tica al aumentar la concentración de Ce (de µ0Ha = 2.0 T para x = 0 hasta 

2.5 T para x = 0.6) que se correlaciona con el aumento del volumen de la 

celda cristalina y la distorsión tetragonal (a/c) al incrementar el Ce. Sin 

embargo, no se aprecia ningún cambio en la magnetización. La espec-

troscopia Mössbauer muestra que el Ce desplaza los átomos de Fe del 

sitio 8i al 8j e incrementa el gradiente del campo cristalino en el sitio 8f, 

dejando el campo hiperfino sin variación en todos los sitios del Fe. El 

llenado completo por Fe de los sitios 8j, para x ligeramente por debajo 

de 0.6, lleva a la inestabilidad de la fase 1:12 al aumentar más aún la 

concentración de Ce, como en x = 0.6, llevando a la formación de la fase 

2:17. El análisis de la expansión térmica muestra una anomalía en el pa-

rámetro c por debajo de la temperatura de Curie, la cual se puede asignar 

a una magnetostricción gigante de alrededor de 1500 ppm a temperatura 
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ambiente en todos los compuestos. La dependencia de esta magnetostric-

ción con M3 revela un origen puro de ión sinple (o de campo cristalino) 

tanto de la magnetostricción como de la anisotropía. Estos resultados in-

dican un origen puramente geométrico de la anisotropía magnética. 

Finalmente, se presenta la nitrogenación de la aleación de 

Zr0.4Nd0.6Fe10Si2. Se logró la nitrogenación parcial de una muestra al so-

meterla a un proceso de nitrogenación a 550 ºC durante 18 horas con una 

presión de nitrógeno de 20 bares. Esta muestra presentaba dos fases muy 

diferenciadas con la estructura 1:12, una con los mismo parámetros de 

red que la original y otra con una expansión de la celda. La gran defini-

ción de las reflexiones en XRD de ambas fases sugiere que la nitrogena-

ción incompleta se debe a un efecto superficial, como la oxidación, que 

evita el comienzo de la nitrogenación en parte de los granos, y no una 

falta de tiempo para completar el proceso. Las propiedades magnéticas 

de la muestra nitrogenada aumentaron considerablemente, incremen-

tando al temperatura de Curie de 295 ºC hasta 380 ºC y el campo de 

anisotropía de 2.85 T hasta 5.31 T. La imanación de saturación se man-

tiene constante con un valor de 131 Am2kg-1. El comportamiento a alta 

temperatura de esta muestra, sin mostrar signos de degradación por de-

bajo de 550 ºC, abre una vía al desarrollo de imanes sinterizados basados 

en la fase 1:12 nitrogenada por medio de procesos alternativos como la 

técnica de spark plasma sintering. 

Por último, se muestra el intento por conseguir una aleación sin RE y 

anisotropía magnética uniaxial  en el sistema de Fe-Co-Ta. Este estudio 

está motivado por los resultados obtenidos por otros participantes del 

proyecto NOVAMAG, que mostraron la existencia de potenciales fases 

en el sistema de Fe-Co-Ta por predicciones teóricas y por métodos de 

high throughput synthesis (HTS) como la síntesis combinatorial en pelí-

cula delgada y el crisol reactivo de fusión. 

Las aleaciones fueron preparadas por horno de arco y recocidas a 1175 

ºC durante 15 horas. La única fase presente en el sistema (Fe,Co)70Ta30, 

con diferentes ratios de Fe/Co, es la fase de Laves C14. Esta fase es es-

table a temperatura ambiente pero muestra una magnetización muy baja, 

de 6 Am2kg-1, y ninguna anisotropía útil. Reduciendo la cantidad de Ta 

en las aleaciones, y cerca del compuesto predicho: Co0.25Fe0.5Ta0.25, se 

logra aumentar la temperatura de Curie en casi 100 K y se encuentra un 

indicio de una tercera fase, a parte de la C14 y el α-Fe(Co), que es ferro-

magnética a temperatura ambiente y tiene algo de anisotropía. De todas 
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formas, la baja magnetización que muestran estas muestras las descartan 

para su uso como imanes permanentes. 

Las conclusiones generales obtenidas en esta tesis son las siguientes: 

i)  Reducción del uso de RE, principalmente RE pesadas, en alea-

ciones basadas en Nd-Fe-B: 

 La microestructura de las cintas de aleaciones de NdFeB puede 

controlarse mediante la adición de dopantes, teniendo el Nb un 

efecto de inhibición en el crecimiento de granos, aumentando 

la temperatura de cristalización, y el Cu promueve la nuclea-

ción temprana de granos, reduciendo la temperatura de crista-

lización. 

 La infiltración de una aleación eutéctica de Pr(Co,Cu) produce 

un aumento de la coercitividad llegando a un valor de 2.5 T, 

hasta cinco veces el inicial, el cuál es comparable con imanes 

comerciales que contienen Dy en su composición. 

 La fase de α-Fe se reduce considerablemente tras el proceso de 

infiltración, formándose una estructura core-shell, con 

Nd2Fe14B en el núcleo y una capa superficial con un gradiente 

de (Pr,Nd)2Fe14B con un campo de anisotropía ligeramente su-

perior.  

 Estos granos core-shell están desacoplados por una fase no 

magnética de Pr(Nd)-Fe localizada en la frontera de los granos. 

Esta fase puede tener un efecto de retardo sobre el movimiento 

de las paredes de dominio. Junto con el alto campo de nuclea-

ción de los nanogranos de Nd2Fe14B, los cuales tienen pocos 

defectos, estos dos mecanismos ayudan a un aumento de la 

coercitividad de las muestras. 

ii)  Nuevas aleaciones que cristalizan en la estructura de tipo 

ThMn12 (1:12): 

 La sustitución de Ce por Sm en el sistema Ce1-xSmxFe10Co2Ti 

mejora el campo de anisotropía, de 2.6 T hasta 8.7 T, y la tem-

peratura de Curie, de 382 ºC hasta 489 ºC, con un salto cuando 

la concentración de Sm es superior al 25%. El campo hiperfino 

sufre una evolución similar en el sitio del Fe 8j, probablemente 

debido a la redistribución del Co en la estructura. 
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 Las cintas de SmFe10Co2Ti alcanzan una coercitividad de 0.44 

T tras un tratamiento térmico óptimo, un valor prometedor para 

imanes permanentes de grado medio. 

 La nitrogenación de aleaciones de Nd0.5Y0.5Fe11Ti aumenta su 

anisotropía magnética de 1.75 T hasta más de 5 T y la 

temperatura de Curie de 270 ºC hasta 390 ºC. En el caso de 

cintas microcristalinas de la misma composición, la 

coercitividad aumenta de 0.055 T hasta 0.1 T, un valor bajo 

debido al efecto perjudicial sobre la coercitividad de la gran 

cantidad de α-Fe en la muestra. 

 El campo de anisotropía del sistema Zr1-xCexFe10Si2 aumenta 

de 2.0 T hasta 2.5 T cuando el Zr es susttuido por Ce. Este au-

mento se relaciona con el aumento del tamaño de celda y de la 

distorsión tetragonal (a/c) de la red cristalina. 

 La espectroscopia Mössbauer muestra un desplazamiento de 

los átomos de Fe del sitio 8i al 8j, saturándose este último sitio 

con x = 0.6, lo que explica la formación de la fase 2:17 para 

mayores concentraciones de Ce. 

 Estas aleaciones muestran una magnetostricción de unos 1500 

ppm a temperatura ambiente. 

 Se ha logrado nitrogenar por primera vez la aleación 

Zr0.4Nd0.6Fe10Si2 utilizando una presión de N2 de 20 bares a una 

temperatura de 550 ºC durante 18 horas.  

 La muestra nitrogenada en un 63% muestra una mejora del 

campo de anisotropía de 2.8 T hasta 5.3 T, y de la temperatura 

de Curie de 295 ºC hasta 380 ºC. 

 La presencia de dos fases bien diferenciadas, una nitrogenada 

y otra sin nitrogenar, sugiere que algunos granos no lograron 

nitrogenarse. Esto puede ser debido a una anomalía superficial 

en algunos granos, como la oxidación. 

 Estas muestras no muestran signos de degradación por debajo 

de 550 ºC, lo que da pie a un posible desarrollo de imanes sin-

terizados por técnicas como el spark plasma sintering. 

iii)  Nuevas fases sin RE con anisotropía magnética uniaxial  en el 

sistema de Fe-Co-Ta 
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 No se ha logrado encontrar nuevas fases con anisotropía unia-

xial en el sistema Fe-Co-Ta. La fase de Laves C14 no presenta 

las propiedades necesarias para su uso en aplicaciones de ima-

nes permanentes. 
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1 Introduction 

1.1 Permanent magnets fundamentals 

The magnetic properties of permanent magnets are mainly described by 

two different concepts; i) those that are related to the intrinsic material 

and its crystalline structure and ii) the extrinsic properties developed by 

a specific microstructural modification of the material 

1.1.1 Definitions, intrinsic magnetic properties. 

Intrinsic magnetic properties refer to those inherent to a specific material 

that emanates from the atomic origin of magnetism. In this section, three 

key intrinsic properties of ferromagnetic materials are explained; the 

magnetic moment, the magnetic anisotropy and the Curie temperature 

(Tc). 

The nearly exclusive responsible of the moment in magnetic solids is the 

partially filled inner electron shells of transition-metal atoms. The two 

most important series of elements to produce magnetic materials with a 

large magnetic moment are the 3d iron-series transition-metals elements 

Fe, Co and Ni and the rare-earth, or 4f elements, as Nd, Sm and Dy. The 

magnetic moment m of a material is produced by the inner-shell electrons 

of the magnetic elements and is usually measured in Bohr magnetons per 

formula unit (µB = 9.2740·10-24 Am2). Another widely used way to char-

acterise a material’s net moment is the spontaneous magnetisation, de-

fined as the magnetic moment per unit volume or mass of the material 

and it is measured in Am-1 or Am2kg-1, respectively. 

The atomic magnetic moment m comes from two different sources; i) the 

currents associated to the orbital motion of the electrons (orbital moment 

l) and ii) the electron spin (spin moment s), and for free atoms or ions it 

is governed by Hund’s rules, but in a solid, the ions of the different ele-

ments are affected by the electric field of the neighbour ions. For rare-

earths, as the 4f shell is much smaller than the atomic radius (0.5 Å 

against 1.8 Å), the electrons are shielded by the external electron shells 

as the 5d, and the magnetic moment is well defined by the Hund’s rules 

as shown in Figure 1.1. For the 3d transition-metals (Fe, Co and Ni), as 

the partially filled shell is more external, it is greatly affected by the crys-

tal field and there is a quenching of the orbital moment, and only the spin 
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contributes to the magnetic moment as can be seen in Figure 1.1. In ad-

dition, when the material is a conductor, the magnetism is itinerant, and 

it is caused by delocalised electrons. This kind of magnetism is charac-

terised by non-integer moments, for example, the magnetic moments of 

Fe, Co and Ni at 0 K, which by Hund’s rules would be 4 µB, 3 µB and 2 

µB; are 2.2 µB, 1.7 µB and 0.6 µB per atom. The reason for these non-

integer values is the band-structure character of the itinerant magnetism. 

Three magnitudes are derived from the magnetic moments of the atoms: 

The spontaneous magnetisation (Ms), defined as the magnetisation 

within each magnetic domain of a ferromagnetic material in the absence 

of magnetic field and has a dependence on the temperature; the saturation 

magnetisation (M0), defined as the maximum magnetisation of a ferro-

magnetic material, equal to the sum of the magnetic moment of all the 

atoms present in the material; and the technical saturation magnetisation 

(Ms), defined as the maximum magnetisation reached applying an exter-

nal magnetic field, getting the magnetic moments almost completely 

align but for the thermal agitation effects, so it equals the spontaneous 

magnetization. Both Ms are used indistinctly as the same quantity. 

When the magnetic properties of a material depend on the direction in 

which they are measured it can be said that magnetic anisotropy exists. 

This property can be intrinsic to the material (magnetocrystalline anisot-

ropy) or induced; like the shape anisotropy.  

Magnetocrystalline anisotropy is the tendency of the magnetisation to 

align itself along a preferred crystallographic direction, called the “easy” 

axis, since it is easiest to magnetise a demagnetised sample to saturation 

Figure 1.1- Calculated (lines) and experimental (dots) values of the paramagnetic effective 

moment of the 3d (top) and 4f (bottom) ions. Magnetic moment: 𝒎𝒆𝒇𝒇 =

𝒈 𝑱(𝑱 + 𝟏) 𝒐𝒓 𝒎𝒆𝒇𝒇 =  𝒈 𝑺(𝑺 + 𝟏). Values from J.M.D. Coey, “Magnetism and Magnetic 

Materials”, Cambridge University Press, 2009. 
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if the external field is applied along a preferred direction. The crystal 

energy is higher when the magnetisation points along the hard direction 

than along the easy direction, and the energy difference per unit volume 

between samples magnetised along easy and hard directions is called the 

magnetocrystalline anisotropy energy.  

Phenomenologically, the anisotropy energy, Ean, in a material with uni-

axial symmetry (i.e. hexagonal and tetragonal) can be described by a se-

ries expansion. For instance, for a tetragonal symmetry, the lower order 

terms are given by [1]: 

𝐸𝑎𝑛(𝜃, 𝜑) = 𝐾1 𝑠𝑖𝑛
2 𝜃 + 𝐾2 𝑠𝑖𝑛

4 𝜃 + 𝐾3 𝑠𝑖𝑛
4 𝜃 𝑐𝑜𝑠 4𝜑        ( 1.1 ) 

where K1, K2 and K3 are the anisotropy constants and where the direction 

of the spontaneous magnetisation relative to the single uniaxial (c-axis) 

direction and the a-axis is given by the polar and azimuthal angles θ and 

φ respectively. In most cases, it is enough to consider the first two terms. 

In tetragonal and hexagonal structures, the easy axis will be along the c-

axis when K1 is predominant and positive, while it will be perpendicular 

to the c-axis when it is negative, and it will point in other directions if it 

is not the predominant term, being conic when K1 < 0 and K2 > |K1/2|. 

For materials containing rare-earth elements, the anisotropy is mainly 

driven by the sublattice of these elements. The anisotropy constants Ki 

have a relation with the crystal-field parameters 𝐴𝑛
𝑚 in this rare-earth-

based compounds [1] 

𝐾1 = −
3

2
𝛼𝐽〈𝑟

2〉𝑁𝑅𝐴2
0〈𝑂2

0〉 − 5𝛽𝐽〈𝑟
4〉𝑁𝑅𝐴4

0〈𝑂4
0〉        ( 1.2 ) 

𝐾2 = −
35

8
𝛽𝐽〈𝑟

4〉𝑁𝑅𝐴4
0〈𝑂4

0〉                         ( 1.3 ) 

the terms 〈𝑂𝑛
𝑚〉 are the thermal averages of the Stevens operators 𝑂𝑛

𝑚 

(angular momentum operators) [2], 𝛼𝐽 and 𝛽𝐽 are the Stevens coefficients 

(which describe the shape of the 4f shell), r is the 4f shell radius and 

𝑁𝑅 = (3𝐽𝑧
2 − 𝐽(𝐽 + 1)). 

At room temperature is possible to consider only the terms up to second-

order as the strong temperature dependence makes the higher order terms 

negligibly low. With this consideration, the value of 𝐴2
0 will define the 

sign of the K1 anisotropy parameter, and thus, the type of anisotropy that 

a material will present. 
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The Curie temperature (Tc) of a ferromagnetic material is defined as the 

temperature at which this material loses the ferromagnetic order and be-

gins to behave like a paramagnetic material. This temperature can be de-

rived from the Weiss model of ferromagnetism [3] and is defined as  

𝑇𝐶 =
𝑔𝐽𝜇𝐵(𝐽+1)𝜆𝑀𝑠

3𝑘𝐵
                               ( 1.4 ) 

where 𝑔𝐽 is the Landé g-value, J the orbital angular moment, kB the 

Boltzmann constant, Ms is the saturation magnetisation and λ is a con-

stant which parametrises the strength of the molecular field as a function 

of the magnetisation (the Weiss constant). 

1.1.2 Extrinsic properties 

The extrinsic properties of a ferromagnetic material are those resulting 

from the hysteresis loop and their value can be tuned by changing the 

microstructure. The two main properties that are explained in this section 

are the remanent magnetisation, or remanence (Mr) and the coercive 

field, or coercivity (Hc). Hysteresis loops can be represented in two ways, 

the M-H loops where the evolution of the volume-averaged magnetisa-

tion M with the applied external field H is represented, and the B-H 

loops, where the magnitude represented is the flux density 𝐵 = 𝜇0𝐻 +

𝜇0𝑀. 

The remanence is defined as the magnetisation remaining in a ferromag-

netic material when the applied field is removed after a saturation 

magnetisation state, and will depend on the geometry and the microstruc-

ture of the material. For a material with uniaxial anisotropy with an iso-

tropic distribution of easy axes, in the demagnetised the distribution of 

Figure 1.2- Typical hysteresis loop (left) and the magnetic moments orientation along the pro-

cess of magnetisation (right). [Chikazumi, S. and Charap, S. (1964). Physics of Magnetism, 

New York: John Wiley and Sons]. 

Wiley and Sons] 



   Introduction 

 

5 
 

domains is isotropic. When an external field is applied, all domains tend 

to move towards the direction of the field, ending nearly aligned with it 

at the saturation. Once the field is removed, the domains align with the 

nearest easy axis of magnetisation, with a net distribution in the direction 

of the previously applied field. In this way, the remanence of the afore-

mentioned isotropic material can be estimated as 

𝑀𝑟 = ∫ 𝑀𝑠𝑐𝑜𝑠𝜃𝑠𝑒𝑛𝜃𝑑𝜃
𝜋/2

0
=
𝑀𝑠

2
                    ( 1.5 ) 

A higher remanence can be obtained when the grains constituting the 

material are single domain and are aligned. Thus, for a perfect alignment, 

the remanence would have a value equal to the saturation magnetisation. 

The coercivity is defined as the external magnetic field at which the sum 

of the magnetic domains of a material that has been previously magnet-

ised is zero. The value of the coercivity is used to classify materials in 

hard magnetic materials (permanent magnets), semi-hard materials (stor-

age media) and soft magnetic materials (flux multipliers) [4]. This prop-

erty of ferromagnetic materials is significantly dependent on the imper-

fections of the material, as the metallurgical inhomogeneity, grain 

boundaries and surface irregularities, as well as the size of the crystalline 

grains. The coercivity is defined by two types of mechanisms; nucleation 

and pinning.  

Figure 1.3- Size dependence of the coercivity [G.C. Hadjipanayis, J. Magn. Magn. 

Mater. 200 (1999) 373–391]. 
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When a region of a single crystal presents a less perfect magnetic-mo-

ment arrangement or a higher demagnetisation factor (as in sharp edges 

of a crystallite), a Bloch wall can be nucleated in such a point. This Bloch 

wall can freely spread across all the crystal until it fully reverses its mag-

netisation. As the motion of the walls within the grains is relatively easy, 

in order to get higher coercivities the wall motion has to be obstructed by 

grain boundaries. Materials which coercivity is nucleation-driven present 

two properties measurable from the demagnetised state; a very large low-

field susceptibility, and a magnetic saturation state reached in relatively 

low fields. 

The presence of inhomogeneities in the grains can act as pinning sites for 

the propagation of the domain walls, and thus, prevent further magneti-

sation reversal. In this case, the coercivity is determined by the pinning 

field strength. A homogeneous distribution of this pinning sites produces 

very weak low-field susceptibility, requiring a high field applied in order 

to reach the saturation magnetisation state. This process of magnetisation 

is irreversible and dominates over other reversible processes as the nu-

cleation and movement of domain  

The coercivity is also grain size dependent. The coercivity of powdered 

hard magnetic phases increases with the reduction of particle size up to 

a maximum, at the single domain size limit, followed by a decrease due 

to thermal effects for lower sizes, ultimately reaching zero at the super-

paramagnetic particle size as shown in Figure 1.3 [5] 

1.1.3 What makes a good permanent magnet? (BH)max, the 

key figure of merit 

A permanent magnet is a ferromagnetic material with a coercivity big 

enough to overcome the demagnetizing fields produced inside the mate-

rial when this is magnetised, once the externally applied field is removed. 

Some ferromagnetic materials, as some steels and AlNiCo alloys, need 

to have a shape (as the classical horseshoe-type magnets) that minimise 

the internal demagnetisation fields to maintain their remanent magneti-

sation, while others, as rare earth-based magnets, can have any shape due 

to their very high coercivity. 
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The usability of a magnet is defined by its capacity to provide a magnetic 

field in a particular volume of space, as in the air gap of volume Vg that 

is shown in Figure 1.5. The area of the B-H hysteresis loop is propor-

tional to the amount of energy stored in the magnet, and the BH product 

at any point of the demagnetisation curve is called the energy product of 

the magnet. This energy product changes with B over the demagnetisa-

tion curve, going through a maximum value, (BH)max, as it is shown in 

Figure 1.4. 

Taking as a reference the toroidal magnet of Figure 1.5, the application 

of Ampere’s law along the closed magnetic induction lines gives, 

𝐻𝑔𝑉𝑔 = 𝐻𝑚𝑉𝑚                                       ( 1.6 ) 

Figure 1.4- The demagnetisation and B versus BH curves for a magnet [G.J. Long and F. 

Grandjean, Supermagnets, Hard Magnetic Materials]. 

Figure 1.5- An open magnetic circuit [G.J. Long and F. Grandjean, Supermagnets, Hard Mag-

netic Materials]. 
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If Gauss’ law is applied to the same magnetic induction line, 

𝜇0𝐻𝑔 = 𝐵𝑚                                       ( 1.7 ) 

If both equations are combined 

𝜇0𝐻𝑔
2𝑉𝑔 = (𝐵𝑚𝐻𝑚)𝑉𝑚                               ( 1.8 ) 

where Hg is the magnetic field strength in the air gap of the magnet, Bm 

and Hm are the magnetic induction and the magnetic field strength in the 

magnet, and Vm is the volume of the magnet. Thus, for a given magnetic 

field in the working air gap, the volume of the magnet needed is inversely 

proportional to the BmHm product, which is the previously defined energy 

product. 

Due to this property of the energy product, (BH)max has become a figure 

of merit of great importance for the permanent magnet industry, as it is 

directly related to the amount of material that is needed for a specific 

application. A comparison of the size and shape needed for different ma-

terials to generate a 1000 G field at 5 mm from the pole surface is illus-

trated in Figure 1.6.  

Figure 1.6- Relative magnet size and shape of various permanent magnet materials to gen-

erate 1000 G at 5 mm from the pole face of the magnet [L.H. Lewis and F. Jiménez-Vil-

lacorta, Metall. Mater. Trans.A, (2013), Vol. 44, Supp. 1]. 
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Over the last century, the maximum energy product has increased by a 

factor of 100 as is shown in Figure 1.7. There are two improvement steps 

that are worth mentioning. The first step was at the 60s with the devel-

opment of the first rare earth permanent magnet based on SmCo and later 

with the SmTM magnets, reaching maximum energy product up to 255 

kJ/m3 (≈32 MGOe). The second big step happened in the 80s with the 

development of the NdFeB magnets, reaching maximum energy product 

close to 477 kJ/m3 (≈60 MGOe) with the addition of some Dysprosium. 

1.2 Motivation 

1.2.1 Permanent magnets market: Nowadays and a future 

perspective 

The global permanent magnet market size was estimated at USD 19.35 

billion in 2016, and the compound annual growth rate for the 2018-2024 

period is of a 9% [6], with a forecast size of USD 30.4 billion by 2024 

[7]. This huge market is dominated by NdFeB magnets, whose produc-

tion has been steadily increasing since 1996 from 6000 tons to about 

63000 tons by 2008 and has around the 63% share of the sales market 

(Figure 1.8) [8]. 

Figure 1.7- Development of the maximum energy product over the last century [A. Yan, 

“R&D Trends of Rare Earth Permanent Magnets”, 2013]. 



Chapter 1 

 
 

10 
 

Permanent magnets applications are widely spread across several areas 

as medical applications, e.g. surgical drills, saws and other medical tools 

and in a higher amount on magnetic resonance imaging systems (MRI); 

consumer appliances, e.g. air conditioning, refrigerators, hard disk drives 

(HDD) and acoustic transducers; and electric motors and generators. 

These last two are of great importance due to the environmental im-

portance of wind power generation and electrical vehicles. 

Between the years 2000 and 2011, the wind power industry experienced 

a growth rate of 27% per year, doubling the wind power capacity every 

three years on average. By the end of 2011, the total (in and offshore) 

wind power capacity installed worldwide reached 238 GW, by 2013 it 

reached 318 GW and it is estimated to reach 700 GW by 2020. On a 

global basis, a 15% of the power installed is produced with permanent 

magnet type generators, a value that is estimated to grow up to 20% by 

2020. Each of these permanent magnet type generators uses around 500 

kg of permanent magnets per MW summing up to 8000 tons of perma-

nent magnets in 2015 destined to wind power generation and predicted 

to grow over 11000 tons by 2020 [9–11] 

Regarding the electrical vehicles (EVs), after reaching the mark of 1 mil-

lion electric cars in 2015, in 2016, after a sales record of 750 thousand 

worldwide, the threshold of 2 million electric cars has been surpassed 

[12]. The EVs market is expected to grow in the forthcoming years 

thanks to the governments initiatives to substitute internal combustion 

vehicles by EVs, e.g. by 2025 Norway wants to have 100% of its new 

car sales to be battery EVs while California, France, and the United King-

Figure 1.8- Output of NdFeB permanent magnets during the past ten years (left) and predicted 

percentage sales (USD) for 2010 of the major permanent magnets in the world (right).[O. 

Gutfleich et al., Adv. Mater. 2011, 23, 821–842] 
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dom have proclaimed that they will end sales of internal combustion ve-

hicles by 2040 [13]. This increment of the EVs demand will be corre-

sponded with the consequent increase of the car manufacturers’ offer, 

with a similar compromise to increase the EVs sales share, e.g. 15-25% 

of BMW group sales by 2025, 13 new EV models by 2020 from Ford 

and 2-3 million annual electric car sales by 2025 from Volkswagen. Un-

like wind power generators, the predominant traction motor used in EVs 

makes use of permanent magnets [14] against the counterpart induction 

motors. Recently, one of the most known electric cars manufacturer, 

Tesla Motors, decided to change the motor for their accessible model, 

the Tesla Model 3, and use a permanent magnet based motor instead of 

an AC induction motor as in their previous models. This change was “be-

cause for the specification of the performance and efficiency, the perma-

nent magnet machine better solved their cost minimisation function, and 

it was optimal for the range and performance target of the car” [15]. 

1.2.2 Dominance of rare earth-based permanent magnets 

and its criticality 

As it has been shown previously, rare earth permanent magnets (REPMs) 

dominates the PM market due to their better properties compared with 

Alnico and ferrite based magnets. The rapidly growing behaviour of the 

PM market has arisen concerns about the availability of the raw materials 

needed for the production of REPMs.  

While the reserves of rare earths (REs) are distributed around the world, 

with China having around 50% [16], the production of REs is dominated 

Figure 1.9- 2015 REE demand estimate by application in the world [Z. Weng, Wind Energy 

Engineering, Chapter 24]. 
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by this country, with over 75% [17]. This production dominance by one 

country and the increasing use of REs has led to an unstable market, in 

2011, rare earth metal prices increased by a factor of 15-25, followed by 

a later reduction of the price staying at a relative value of between 2-17 

times the price of 2001 [18].  

Due to the behaviour of the RE market and the importance of these ele-

ments, the government of the U.S. as well as the European Union have 

classified the REs, especially heavy rare earths, as critical raw materials 

[19,20], and are encouraging research based on the reduction or elimina-

tion of these elements in the different applications in which they are used 

(Figure 1.9). 

This thesis has been developed in the framework of the European project 

named NOVel, critical materials free, high Anisotropy phases for perma-

nent MAGnets, by design (NOVAMAG). This project is coordinated by 

the Basque Center for Materials, Applications & Nanostructures (BCMa-

terials), and involves 14 other partners around the world: the Uppsala 

University in Sweden; the Danube University Krems in Austria; the In-

ternational Research Center in Critical Raw Materials for Advanced In-

dustrial Technologies (ICCRAM) of the University of Burgos in Spain; 

the Tohoku University in Japan; the Technische Universität Darmstadt, 

the Fraunhofer project Group IWKS and Vacuumschmelze GmbH & Co 

KG in Germany; the University of Delaware in the USA; the National 

Center of Scientific Research “Demokritos” in Greece; Technion in Is-

rael; Cea-leti and ARELEC Magnets and Magnetic Systems in France, 

and MBN nanomateralia and the Fiat research centre in Italy. 

The objective of this project is to develop an automated large computa-

tional screening followed by an experimental screening of new and novel 

intermetallic compounds with uniaxial structures (with high saturation 

magnetisation, magnetocrystalline anisotropy and Curie temperature), 

which can be used for the rapid development of high-performance per-

manent magnets without the use of critical raw materials. 

1.3 Objectives and structure of the thesis 

The general objective of this thesis is the improvement of the perfor-

mance on existing phases or commercial magnets with reduced RE con-

tent and the development of new RE-free phases with the magnetic prop-

erties required for permanent magnet applications. 
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This thesis is structured in 6 chapters. After this introduction (chapter 1), 

Chapter 2 will be focused on the fabrication and characterisation tech-

niques that have been used during the work. 

The next three chapters will move towards the reduction of the rare earth 

used in the candidate alloys for permanent magnets, from the removal of 

heavy rare earths, passing through a reduction of the overall use of rare 

earths to the attempt of complete removal of rare earths. 

Chapter 3 will be focused on the reduction of heavy rare earths in the 

common Nd-Fe-B alloys with an enhanced coercivity. With this purpose, 

two different procedures will be shown; the control of the crystal growth 

on melt-spun ribbons a well as the nanostructure with the addition of 

dopants, and the enhancement of the coercivity by means of a grain 

boundary diffusion process of a eutectic alloy. These two processes are 

done in Nd-lean alloys. 

Chapter 4 will focus on the alloys with the ThMn12-type structure. This 

kind of alloys have been known since the 1980s but recently the had an 

increased interest due to their promising magnetic properties with a re-

duced amount of rare earths (7.7%) compared with typical Nd-Fe-B mag-

nets (11.8%). The properties reported for this kind of compounds makes 

them capable of filling the gap on performance between high-

performance REPMs and the low-performance Alnico and ferrites. Here 

are studied two series of alloys, one of them is stabilised in the ThMn12-

type structure by substitution of Fe by Ti, while in the other Si is used as 

stabilising element. As a procedure to develop coercivity in the alloys, 

amorphous melt-spun ribbons were heat treated to tune the microstruc-

ture. In some of the alloys, a nitrogenation process was done to improve 

the intrinsic magnetic properties. 

Chapter 5 will focus on the screening of the Fe-Co-Ta system looking 

for a new structure with uniaxial anisotropy. This screening is based in 

theoretical calculations performed in collaboration by several groups of 

the NOVAMAG project. 

Finally, in Chapter 6, the conclusions resulted from this work will be 

presented and open perspectives will be pointed out.  
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2 Experimental techniques 

In this section we describe the methodology used to produce the alloys 

(synthesis), to improve their magnetic properties and to develop coerciv-

ity (processing) and to characterize their magnetic and structural proper-

ties in the different steps of the production.  

2.1 Sample preparation 

Figure 2.1 shows a flowchart of the different paths followed to prepare 

samples in this thesis. With any new alloy, the first step is to measure its 

intrinsic properties and check if it is good enough to try to develop coer-

civity. In the case of 1:12 alloys with RE different from Sm, a nitrogena-

tion process must be made in order to improve their intrinsic properties. 

Selected alloys, with good intrinsic properties, are used to develop coer-

civity by a bottom-up approach. To optimise coercivity, highly disor-

dered ribbons are produced by the melt-spinning technique and subse-

quently annealed to obtain a microstructure with crystallite sizes in the 

order of 50-200 nm, i.e. in the range of single domain size. In the case of 

2:14:1 alloys, an infiltration process is made to further improve the coer-

civity. In non-Sm 1:12 alloys, nitrogenation of microcrystalline powder 

is used again.  
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Figure 2.1- Flowchart of the sample preparation paths followed. 
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2.1.1 Arc furnace melting 

Three different arc furnaces have been used during this work; two home-

made at the NCSR Demokritos and at the University of Delaware, and a 

MAM-1 (Johanna Otto GmbH) at the University of Cantabria. 

Arc furnaces operate by applying a high DC-voltage between the elec-

trode and the crucible, being able reach temperature as high as 3500K. 

With this technique, polycrystalline ingots of up to 10g can be produced.  

Starting pure constituents (99.7-99.99%) are melted in the proportions of 

the alloy wanted. As Sm boiling point and vapour pressure are low com-

pared with the other constituents, a charge of 120 weight-% of the nom-

inally required amount of this element is usually employed to compen-

sate the mass loss during the melting and posterior treatments. 

Due to the inhomogeneous cooling rate of the ingot, spurious phases and 

composition gradients can appear after the melting process and a conse-

quent annealing is required to overcome this issue and obtain homoge-

nous single-phase alloys. 

2.1.2 Melt-spinning 

The production of ribbons was performed in the homemade melt-spinner 

at the University of Delaware and a scheme of it is shown in Figure 2.2. 

For this technique, the as-cast alloy obtained by arc-melting is located 

into a quartz crucible previously handmade prepared with an ejection or-

ifice of the wanted diameter, around 0.3-0.6 mm. This crucible is placed 

in the cavity of the induction coil that is used to melt the alloy. All above 

described is under controlled atmosphere inside the chamber of the melt 

Wheel speed
 

Temperature
 

at ejection
 

Overpressure
 

Figure 2.2- Schematic representation of a melt-spinner with the controlled parameters. 
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spinner. The chamber is purged three times and filled with Ar gas once 

the sample has been located inside of it.  

After setting the desired linear wheel speed on the system, an overpres-

sure of Ar, previously set up, is applied to the top of the molten sample 

to eject it. To avoid problems of the sample getting stuck in the crucible, 

the molten state is checked either by measuring the temperature with a 

pyrometer or by visual confirmation, i.e. when the characteristic molten 

meniscus is formed. As the heating method used in this system is an in-

duction furnace, it is important to use big chunks of the sample to get an 

optimal heating. With this kind of system, cooling rates in the order of 

104-107 K/s can be reached, allowing the production of amor-

phous/highly disordered ribbons. 

2.2 Characterization techniques 

2.2.1 Differential thermal analysis (DTA) 

DTA is a thermo-analytic technique in which identical thermal cycles are 

applied to the material under study and an inert reference, while record-

ing any temperature difference between sample and reference. Exother-

mic and endothermic processes can be detected. The enthalpy change of 

these processes can be obtained with the area under the DTA peak, and 

it is not affected by the lattice contributions on the heat capacity. There-

fore DTA provides information on the transformations that have oc-

curred on the sample during heating/cooling such as glass transitions, 

crystallization, melting and sublimation. In our case we can identify the 

crystallization of the desired phases as well as other processes like phase 

separation, helping to select a range of temperatures to anneal melt spun 

ribbons in order to crystallize them in the desire phase and other heat 

treatments. The instrument used is a SETARAM 92-16.18 located at 

BCMaterials. The experiments were done under Ar atmosphere with a 

heating rate of 10K/min and using alumina crucibles. 

2.2.2 Thermogravimetric analysis (TGA) 

TGA is a technique in which the mass of a sample is measured as a func-

tion of time while it is subjected to a defined temperature profile and in 

a controlled atmosphere. Under the influence of an external magnetic 

field,  by a magnet located outside the TGA furnace, the microbalance of 

the system can measure the effect of the magnetic force experimented in 
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the sample, and its influence on the thermogravimetric balance. By this 

way, if the mass of the system is tared at room temperature, the loss of 

magnetisation with temperature will be seen as a gain on the mass de-

tected by the TGA instrument, having a huge change at the Curie tem-

perature of the sample that can be easily seen in the derivative of the 

mass curve. As the displacement of the microbalance arm is very small, 

the applied magnetic field on the sample can be considered continuous 

over all the measurement.   

2.2.3 Diffraction techniques for the crystal and magnetic 

structure 

X-ray and Neutron Diffraction (XRD and ND respectively) are two very 

common techniques used to characterise the structure of a material. 

These techniques are based on the diffraction produced when a X-ray or 

neutron beam is scattered by a material following the Bragg’s law: 

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆                                     ( 2.1 ) 

where d is the distance between the crystallographic planes, n is the in-

terference order, λ is the incident wavelength and θ is the angle between 

the incident beam and the scattering planes. The main difference between 

XRD and ND is the interaction between the incident beam and the mate-

rial. 

In XRD, the beam is scattered due to the interaction with the electrons of 

the atoms, and thus, the intensity of the scattered beam is proportional to 
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Figure 2.3- Schematic representation of the assembly to measure the Curie temperature. 
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the number of electrons, Z, within the electronic cloud. A consequence 

of this dependence is the difficulty to evaluate the structure of materials 

with atoms of similar Z (as Fe and Co) or with small values of Z (as N). 

The intensity of the reflections is variable and depends on the form factor 

f(θ) which decreases with the angle θ (Figure 2.4). 

For ND, as neutrons do not have any electrical charge, they can penetrate 

further into the sample and only scatters with the nucleus of the atoms. 

The diffraction of the neutrons can be due to two interactions, the nuclear 

and the magnetic interaction, the latter as a consequence of the magnetic 

moment of neutrons. 

The interaction of neutrons with the nucleus of atoms is characterised by 

the diffusion amplitude or Fermi length, b, which is independent of the 

scattering angle θ (Figure 2.4), and thus it present constant peak intensity 

for all the scattering angles. Another difference with XRD is the depend-

ence of the cross section with Z. As neutrons do not interacts with elec-

trons, the cross section is dependent on the nucleus characteristics. In this 

way, with ND it may be easier to differentiate between atoms with simi-

lar Z and with low Z, as well as between isotopes of the same element, 

for example 1H and 2H [1–3]. 

As a consequence of the electronic origin of the magnetic interactions of 

neutrons with atoms, the variation of the magnetic form factor with the 

angle, fmag(θ), is similar to the XRD f(θ), with a more pronounced reduc-

tion (Figure 2.4). The consequence of this behaviour of the magnetic 

form factor is the appearance of magnetic reflections only at very low 

angles. 

Figure 2.4- Magnetic, nuclear and X-ray form factors evolution with θ. 

nuclear 
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In this work, three X-ray diffractometers have been used; Philips X’Pert 

Pro diffractometer, at the Advanced Research Facilities (SGIker) of the 

University of the Basque Country, a Rigaku Ultima IV diffractometer at 

the University of Delaware, and a SIEMENS D500 diffractometer at the 

NCSR “Demokritos”, all of them in the Bragg-Brentano geometry, with 

Cu-Kα radiation (λ = 1.5418 Å). 

The D20 high-intensity two-axis diffractometer with variable resolution 

at the Institut Laue-Langevin was used with a wavelength of λ = 2.41 Å. 

Diffraction data obtained in this work was fitted by a least square method 

using the FullProf suit software [4] 

2.2.4 Electron microscopy 

In optical microscopy the real limit of resolution is about of 200 nm be-

cause of the wavelength of the visible light. 

Electrons can reach wavelengths of 4 pm at an energy of 100 keV. Im-

proving the electromagnetic lenses used to guide the beam of electrons, 

electronic microscopes are nowadays able to detect single atoms with a 

spatial resolution of 0.05 nm [5].  

2.2.4.1 Scanning electron microscopy (SEM) 

The SEM scans the surface of the sample with a focused beam of elec-

trons to generate an image. It is a powerful instrument to analyse the 

morphology, topology and composition of a wide range of samples. It is 

possible also to make a quantitative analysis of the chemical composition 

in a point of the surface of the samples by analysing the X-rays emitted 

by the atoms excited by the impinging electrons (Energy-dispersive       

X-ray spectroscopy or EDS technique).  

In a typical SEM instrument, represented in Figure 2.5, an electron beam 

is accelerated and focused by a series of electromagnetic lenses. The po-

sition of the beam over the surface of the sample is controlled by scan-

ning coils. 
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When the electron beam interacts with the sample, three different out-

going radiation signals are produced, as seen in Figure 2.6, and detected 

by different sensors; characteristic X-rays (used in EDS as mentioned on 

the first paragraph of this section), backscattered electrons (BSE) and 

secondary electrons (SE). BSE are high energy electrons result of the 

elastic backscatter of the electrons by atoms of the sample. As the 

backscattering is proportional to the atomic number, the number of BSE 

detected on regions with atoms of high Z is greater, helping on the dif-

ferentiation of phases. SE, on the other hand, are low energy electrons 

produced when electrons are ejected from the K-orbitals of the sample 

atoms. Thanks to the wide depth of field that can be achieved while meas-

uring SE, the image obtained have a characteristic three-dimensional ap-

pearance useful to understand the surface structure of the sample. 

The interaction volume, i.e. the region of interaction between the sample 

and the electron beam, depends on the applied accelerating voltage and 

the atomic composition of the sample. Due to the low-energy character-

istic of SE, only those produced very near to the surface can be detected, 

with a depth below 50 nm. In the case of BSE and characteristic X-rays, 

the interaction depth can reach 1-5 µm [6].  

In this work, three commercial SEMs with EDX have been used; a JEOL 

JSM-6335F at the University of Delaware, a Phenom ProX at the NCSR 

Demokritos and a Hitachi TM3000 at the University of the Basque Coun-

try.  

Figure 2.5- Basic arrangement of a scanning electron microscope. 
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2.2.4.2 Scanning transmission electron microscopy (STEM) 

The STEM is a type of transmission electron microscope that generates 

images from electrons passing through a thin sample. This image, similar 

to the SEM, is generated by scanning the sample with a focused electron 

beam. An additional objective system is needed below the sample com-

pared with SEM in order to get the image from the samples (Figure 2.7). 

In addition to the signals explained in the previous section (EDS, SE and 

EDS), the transmission operation of these microscopes allows to obtain 

other signals as bright field images (BF), electron energy loss spectros-

copy (EELS) and high-angle annular dark-field imaging (HAADF). 

EELS is based on the identification of the energy loss process undergone 

by inelastic scattered electrons that go through the sample. This tech-

nique is capable of identify atomic composition, chemical bonding and 

surface properties among other properties of the sample. The main dif-

ference compared to the EDS is the energy resolution, being ~1 eV for 

the EELS and higher than 10 eV for EDS. 

HAADF method is capable of generating images with atomic resolution 

and strongly dependent on the Z number of the elements, by means of 

Figure 2.6- Schematic of electron beam interaction. 
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Rutherford-scattered electrons, i.e. electrons scattered by the interaction 

with the atomic nuclei of the sample.  

In this work, two commercial STEMs have been used, the high resolution 

FEI TITAN Low-base at the Advanced Microscopy Laboratory (LMA) 

in Zaragoza, with a spatial resolution down to 0.09 nm in image mode, 

and a JEOL JEM-3010 at the University of Delaware. 

2.2.5 Magnetometry 

2.2.5.1 Vibrating sample magnetometer (VSM) 

The VSM is a scientific instrument used to measure the magnetization of 

materials that was developed by S. Foner in 1959 [7] after the develop-

ment of the Vibrating-Coil Magnetometer by D.O. Smith in 1956 [8]. 

The Figure 2.8 shows the schematic basic operation of this system: a 

sample is placed within a uniform magnetic field (H) generated by a elec-

tromagnet (or by a superconducting coil) which induces a magnetic mo-

ment (m) in the sample, while a perpendicular oscillation movement is 

Figure 2.7- Schematic representation of a scanning transmission microscopy. 
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applied to the sample. This uniform oscillating movement of the magnet-

ized sample induces a voltage in the pickup coils proportional to the mag-

netic moment of the sample, and independent of the applied magnetic 

field. The obtained signal is amplified and recorded by standard tech-

niques. 

Within this work, field and temperature dependant magnetization curves 

have been made with two different VSMs. The first is a commercial Mi-

croSense EZ7 with a maximum magnetic field of 2 T and a temperature 

range from 90 K to 1000 K. The last system is a high field VSM           

(HF-VSM) that has a He closed circuit refrigerated superconductor mag-

net that allow measurements between 2 K and 325 K with an applied 

magnetic field up to 14 T. 

2.2.5.2 Superconducting quantum interference device (SQUID) 

The operation of a SQUID magnetometer is based on the influence of 

magnetic flux on a Josephson junction. The basic component of a SQUID 

is a superconducting ring with one or two weak links. There are two dif-

ferent types of SQUIDs: 

The dc SQUID is built with two Josephson junctions and a dc current is 

applied to this device. The effect of a radio frequency (RF) field on the 

critical current is used to detect quasi-static flux variations. 

Figure 2.8- Schematic basic operation of a VSM. 
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The RF SQUID is a simple ring with only one Josephson junction. Var-

iation of the flux in the ring results in a change of impedance. This 

change in impedance results in detuning of a weakly coupled resonator 

circuit driven by an RF current source. Therefore, when a magnetic flux 

is applied to the ring, an induced current flows around the superconduct-

ing ring. In turn, this current induces a variation of the RF voltage across 

the circuit. With a lock-in amplifier this variation is detected. A feedback 

arrangement is used to minimize the current flowing in the ring, the size 

of the feedback current being a measure of the applied magnetic flux. 

The sensitivity of the SQUID magnetometer ranges in 10-10-103 Am2 with 

accuracies of 1% for typical commercial systems. In this work a Quan-

tum Design SQUID magnetometer was used at the NCSR Demokritos. 

2.2.5.3 Magnetometry data analysis. 

While the coercive field is obtained directly from the hysteresis loop, 

other properties of the material are not so straight forward to obtain. 

The technical saturation magnetisation of the materials can be estimated 

by the “law of approach” to saturation [9]. In the high-field region, the 

magnetisation can be defined as  

𝑀 = 𝑀𝑠 (1 −
𝑎

𝐻
−

𝑏

𝐻2
) + 𝜒𝐻                          ( 2.2 ) 

Figure 2.9- Example of fitting using the law of approach to saturation for the SmFe9Co2Ti 

alloy with a saturation magnetisation Ms ≈ 114 Am2kg-1. 
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Where the term 𝜒𝐻 represents the field-induced increase in the sponta-

neous magnetisation of domains, which for temperatures well below Tc 

can be neglected, and a and b are constants. When the magnetisation of 

the material is represented as function of 1/H2 at high values of H, and 

fitting M(1/H2) to a linear equation, the value of M at 1/H2 = 0 is equal 

to Ms (Figure 2.9).  

In order to calculate the value of the anisotropy field and the anisotropy 

constants (K1 and K2) of a material, magnetisation curves of field ori-

ented powders are measured parallel and perpendicular to the easy axis 

of magnetisation. A fast and less accurate way to calculate the anisotropy 

field in this kind of measurements is by linearly prolonging the perpen-

dicular curve, taking as the anisotropy field the value at which this pro-

longation intersects the parallel curve (Figure 2.10). 

Another way to obtain the anisotropy field and the anisotropy constants 

is by fitting the experimental values of the magnetisation of the perpen-

dicular curves (Figure 2.11) to the equation [9] 

𝐻𝑀𝑠 = 2𝐾1 (
𝑀

𝑀𝑠
) + 4𝐾2 (

𝑀

𝑀𝑠
)
3
                        ( 2.3 ) 

Figure 2.10- RT isotherms for field-oriented powders in parallel (‖) and perpendicular (⊥) 

directions to the easy axis of magnetisation. The prolongation of the curves is used to estimate 

the anisotropy field. 
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Where H is the applied field, Ms is the saturation magnetisation, M is the 

magnetisation and K1 and K2 are the anisotropy constants. The anisot-

ropy field can be defined as the field where Ms is reached, and can be 

calculated as  

𝐻𝑎 =
2𝐾1+4𝐾2

𝑀𝑠
                                      ( 2.4 ) 

2.2.6 Mössbauer spectroscopy (MS) 

MS is based on the recoilless gamma ray emission and absorption known 

as Mössbauer effect, discovered in 1957 by Rudolf Mössbauer [10]. In 

this technique, an absorption spectra is obtained by detecting the gamma 

radiation that goes through a sample exposed to a gamma bean produced 

by a source, typically of 57Co to detect 57Fe atoms, as shown in Figure 

2.12. When the emitting and absorbing nuclei are in identical chemical 

environment, the nuclear transition energies are exactly equal and reso-

nant absorption would be observed with both materials at rest. When 

there is a difference in the chemical environment, the nuclear levels are 

slightly shifted and the resonant absorption would disappear. In order to 

Figure 2.12- Schematic representation of the Mössbauer spectroscopy system. 

Figure 2.11- Experimental magnetisation and fitted curve of ZrFe10Si2. 
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obtain this resonance, the energy of the gamma rays has to be slightly 

change, for which the relativistic Doppler effect is used by having a lin-

ear accelerated movement of the source, going through a range of veloc-

ities typically of ±11 mm/s. Three main parameters related with the mod-

ified environment can be obtained:  

 The Isomer Shift (IS), is related to the non-zero volume of the nucleus 

and the electron charge density due to s-electrons within it. This leads to 

a monopole (Coulomb) interaction, altering the nuclear energy levels. 

The difference between the s-electron environment of the source and the 

absorber produces a shift in the resonance energy of the transition, which 

shifts the whole spectrum positively or negatively, and sets the centroid 

of the spectrum relative to a known absorber, usually α-Fe at room tem-

perature. This effect allows to know the chemical state of the atoms. 

 The Quadrupole Splitting (QS), appears as a consequence of the pres-

ence of an asymmetrical electric field due to the non-spherical charge 

distribution of nuclei states with an angular momentum quantum number 

l > 1/2. In the case of an isotope with l = 3/2 excited state as 57Fe, the 

excited state is split into two substates giving a two line spectrum or 

“doublet”. The value of the crystalline electric field gradient in each 

atomic position can be obtained from this parameter, and thus, the ani-

sotropy of each position, which is related to the magnetic anisotropy by 

the S-O coupling. 

 The Magnetic Hyperfine field (Bhf). The nuclear spin moment expe-

riences a magnetic dipolar interaction (Zeeman splitting) with the mag-

netic field produced by its own atom (Fermi contact term), the surround-

ing ones (dipolar field) and with external applied fields, the sum of all 

these fields is the Magnetic Hyperfine field (Bhf). This magnetic field 

splits the nuclear levels with a spin l into (2l + 1) substates, which for 
57Fe is translated to six possible transitions for a 3/2 to 1/2 transition, 

giving a sextet. The line positions are related to the splitting of the energy 

levels and give information about the magnetic moment of the atoms in 

each position. In case of a paramagnetic material, the atomic field fluc-

tuation gives a Bhf = 0. In polycrystalline samples, without applied field, 

the intensity of the sextet lines follow the ratio 3:2:1:1:2:3.  

In this work, MS was performed at room temperature in the transmission 

geometry using a conventional constant-acceleration spectrometer with 

a 57Co-Rh source and the spectra were fitted by a least square method 

with the NORMOS software package developed by Brand [11].  
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3 Dy free, Nd lean NdFeB magnets 

3.1 Introduction 
As it has been previously explained, the most powerful and predominant 

permanent magnet used nowadays is that based on Nd2Fe14B, crystalliz-

ing in a tetragonal structure with space group P42/mnm as shown in Fig-

ure 3.1. The crystal structure of this phase can be described as a layer 

structure with an alternate stacking sequence of a Nd-rich layer and a 

sheet formed only by Fe atoms [1]. Nd atoms are distributed in two crys-

tallographic sites, 4f and 4g, and Fe is distributed between 6 sites (16k1, 

16k2, 8j1, 8j2, 4c and 4e) 

As an attempt to reduce the use of rare earths, mainly the more scarce 

heavy rare earths, two approaches are of great interests regarding this 

type of magnets; exchange-coupled nanocomposites and grain boundary 

diffusion process (GBDP). 

a a 

Figure 3.1-Tetragonal structure of the Nd2Fe14B. Nd atoms are represented by shades of 

red, B atoms are green and the different sites of Fe have different shades of blue. 

c 
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In 1989, Coehoorn et al. [2] discovered that the exchange coupling be-

tween phases in rapidly quenched Nd2Fe14B−Fe3B two-phase ribbons 

with very fine grain size enhanced the remanent magnetisation and the 

energy product. After this work, in 1991, Kneller and Hawig [3] pro-

posed a theoretical treatment of an exchange-coupled hard/soft nano-

composite magnet based on the previous work of Coehoorn et al. This 

model showed a new approach to obtain high energy products in perma-

nent magnet materials.  

In their work, Kneller and Hawig used a one-dimensional model with 

alternation hard and soft regions. Figure 3.2 shows the schematic 

hard/soft/hard trilayer structure with inter-phase exchange-coupling. 

When the soft layer is thin enough, magnetic moments of the three layers 

will be switched coherently. 

The general shape of the hysteresis loop of an exchange-coupled nano-

composite with the optimum microstructure (fine mixture) should be 

similar to that for a conventional single-phase permanent magnet, while 

if there is no exchange coupling it would be a constricted loop formed by 

individual contributions from the soft and the hard phase (coarse mix-

ture) as shown in Figure 3.3. 

H 

Figure 3.2- Schematic one-dimensional model of the microstructure and the micromagnetic 

structure of the exchange-coupled composite magnet demagnetisation. The blue arrows rep-

resents the hard phase while the brown represents the soft phase. 

M 

H H 

Hard Phase  

Fine 
mixture 

M 

Soft Phase 
High Ms Hard + Soft 

M 

H 

Coarse 
mixture 

Figure 3.3- Schematic hysteresis loops of the mixture of the hard phase and the soft phase. 
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Another feature of this kind of magnets is that the demagnetisation curve 

after previous saturation will be reversible in reverse fields 𝐻 < 𝐻𝑛0, i.e., 

before the magnetisation of the hard phase begins to switch as illustrated 

schematically in Figure 3.4. Is because of this typical magnetic behav-

iour, resembling a mechanical spring, that such magnets have been 

named exchange-spring magnets. Their unusual reversibility in conjunc-

tion with a high remanence and a high coercivity distinguishes them 

uniquely from the conventional single ferromagnetic phase permanent 

magnets, where the demagnetisation curves reflect essentially the distri-

bution of the critical switching fields and are, therefore, mainly irreversi-

ble. 

Schrefl et al. [4] used a finite element method to analyse a hard-soft com-

posite structure with soft phase grains embedded in the hard phase matrix 

and concluded that in order to introduce magnetic hardness from the hard 

phase into the soft magnetic regions, a size of the soft phase region 

smaller than twice the domain wall width of the hard phase is required. 

Another result of their calculations was a value above 0.5 on the satura-

tion remanence ratio (𝑚𝑟 = 𝑀𝑟/𝑀𝑠). 

(b) 

(a) 

Figure 3.4- (a) Schematic demagnetisation curves for an exchange spring magnet and a con-

ventional magnet and (b) schematic representation of the reversibility of the magnetic mo-

ments. 
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Skomski and Coey [5] obtained a similar conclusion about the soft phase 

critical dimension and calculated that in an ideal Sm2Fe17N/FeCo mul-

tilayer nanocomposite structure could be possible to archive an energy 

product of 120 MGOe. 

After the work of Kneller and Hawig, a great theoretical and experi-

mental effort was done to obtain systems based on exchange-coupled 

nanocomposites, obtaining remarkable results in remanent magnetisation 

enhancement and energy product enhancement [6–15].  

A potential candidate for the development of this kind of magnets are 

melt-spun Nd-lean Nd-Fe-B alloys. The amount of amorphous/disor-

dered phase obtained with this method can be controlled using different 

wheel speeds [16] and tuned by small substitutions of Nb [17,18] avoid-

ing any further treatments, but it leads to a high structural inhomogeneity 

compared with heat treated samples. The use of non-conventional an-

nealing processes has been greatly useful to obtain a more uniform mi-

crostructure, such as flash annealing, which allows heat rates of 25 K/s. 

With this method, Nd(Pr)-lean exchange coupled magnets where ob-

tained with a grain size of 20 nm [19]. 

Another way to face this issue has been to study the influence of doping 

on the crystallisation behaviour (microstructural engineering). Zhang et 

al. [20] found that the exchange-coupling could be improved, leading to 

a noteworthy rise of the coercivity with a minor decrease of remanence, 

by small Nb substitutions (Nb is a grain growth retarder) as it made the 

grains smaller and more homogeneous. Other compositions of Nd-lean 

based (Nd-Fe-Co-B) were studied with Nb and Cu substitution (Cu is 

immiscible and acts as nucleation points) by Wu et.al. [21], who found 

that the amorphous phase at the grain boundaries is enriched with Nb and 

B, making this phase more stable. This amorphous phase controls the 

grain growth during the fabrication process. Nb plays an important role 

during annealing, controlling the sample microstructure while Cu does 

not show a substantial influence on microstructure nor on magnetic prop-

erties of these alloys because their significant amount of Co may enlarge 

the solubility of Cu, inhibiting the clustering of Cu atoms. 

The main problem of NdFeB permanent magnets is the rapidly decreas-

ing coercivity with temperature. Addition of heavy rare earths (especially 

Dy and Tb) is commonly used by the industry to increase the coercivity 

at room temperature and to improve its temperature dependence, making 
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possible to use these magnets in applications that require a high-

temperature operation, like electric motors and generators. However, this 

increase of the coercivity comes with a reduction of the remanent mag-

netisation as shown in Figure 3.5 [22]. 

In the search to avoid the use of these critical materials, GBDP through 

infiltration of eutectic alloys is emerging as an efficient technique to en-

hancing Hc and at the same time keeping the total RE content relatively 

low [23–25]. Most of the current work has been done using Dy-based 

eutectic alloys, developing Dy-rich shells in the GB. During the GBDP, 

the Dy is partially consumed forming Nd-Dy-O precipitates close to the 

flake boundary, leaving less Dy for the GBD and limiting the enhance-

ment of the coercivity [23]. 

Other interesting eutectic alloys, based on the more abundant light rare 

earths, have also been used as infiltration material. Among these other 

alloys, an emphasis has been made on Pr as it is more abundant and 

cheaper than the normally used Dy and Tb [26]. For example, using 

Pr68Cu32, the coercivity was enhanced from 1.3 to 1.8 T by GBDP on Nd-

Fe-B powders made by hydrogenation-disproportionation-desorption-re-

combination (HDDR) [27]. Another recent work made on Nd-rich hot-

deformed magnets using a similar eutectic alloy (Pr90Cu10) reported a 

higher coercivity enhancement (2.6 T) after GBDP [28], their analysis 

on the microstructure studied by 3DAP show the formation of a           

Figure 3.5- Coercivity (HcJ) and Residual Induction (Br) as a function of dysprosium content. 

In white circles, grade of the magnet; on top, applications for each grade. 
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(Nd1-xPrx)2Fe14B (x = 0-0.5 at.%) shell at the surface of hard grains. Re-

cently, the latter eutectic alloy and the Nd3(Co0.75Cu0.25) have been used 

to demonstrate their applicability in hard bonded magnets produced by a 

combination of additive manufacturing (binder jetting) and GBDP [29]. 

The experimental results on the development of coercivity presented in 

this chapter are divided in two sections, a first section in which the effect 

of Cu and Nb on the crystallisation process is studied, and a second sec-

tion in which a GBDP is done on Nd-Fe-B ribbons with a 

Pr25(Co0.75Cu0.25)25 alloy. These results have been already published at    

D Salazar et al 2017 J. Phys. D: Appl. Phys. 50 015305 [30] and                

D. Salazar et al Appl. Phys. Lett. 113, 152402 (2018) [31] respectively. 

3.2 Developing coercivity on Nd-lean NdFeB phases by 

grain boundary diffusion 

3.2.1 Effect of Nb and Cu on the crystallisation behaviour 

In this section of the work, I report the effect of small additions of Nb 

and Cu on Nd-lean Nd-Fe-B samples. A total of 4 compositions were 

prepared by arc-melting the pure constituents: Nd12Fe81B6Nb1, 

Nd10Fe84B6, Nd9Fe84B6Nb1 and Nd9Fe84B6Nb0.5Cu0.5 (Table 3.1). These 

alloys were consequently melt-spun at wheel speeds of 15-40 m/s under 

Ar atmosphere. In order to induce the crystallisation of the amorphous 

ribbons obtained, the samples were annealed in quartz tubes under vac-

uum at a temperature between 600 ºC and 800 ºC for times from 15 to 

120 minutes. 

A first DTA and XRD study to identify the thermal processes that the 

alloys undergo as a function of temperature was done to choose the an-

nealing temperatures. 

The XRD spectra and the DTA measurements for the different alloys are 

shown in Figure 3.6. The XRD spectra show that for wheel speeds of 26 

and 40 m/s, the ribbons are found in an amorphous state, while for a 

wheel speed of 15 m/s a crystalline order is observed (Figure 3.6 a). The 

analysis of this data shows that the crystalline phases present on 

9NFBNC_15 as-spun ribbons correspond to the 2:14:1 hard magnetic 

phase (•) and the secondary α-Fe phase (§), formed by the excess of Fe 

present in the alloy.  
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As it was expected, the DTA data (Figure 3.6b) shows two exothermic 

peaks corresponding with the crystallisation of two phases, a first broader 

peak at temperatures around T1 (~350 ºC) which corresponds with the 

crystallisation of the Nd2Fe14B phase (as can be seen in Figure 3.7), and 

a second sharper peak at the higher temperature T2 (~600 ºC) that can be 

associated with the crystallisation of the α-Fe phase. Table 3.2 shows a 

summary of the crystallisation temperatures for each sample, from which 

values the effect of Nb and Cu addition on their behaviour can be ex-

tracted. The addition of Nb in the samples affects mainly to the crystal-

lisation temperature of the secondary α-Fe phase, increasing its crystal-

lisation temperature from 577 ºC, in samples without Nb, to 611 ºC in 

samples with 1 at% Nb. Regarding this crystallisation process, the larger 

Figure 3.6- a) X-ray diffraction of selected as-spun samples and b) DTA analysis of crystalli-

sation processes in amorphous Nd-Fe-B-based samples 
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heat flow shown on samples made with lower wheel speed (26 m/s) can 

be associated with the presence of α-Fe nuclei in the as-spun ribbons, 

which would act as facilitators for the crystal growth. This is corrobo-

rated with the smaller heat flow at T2 shown by more disordered samples 

made at higher wheel speeds. The onset of the T1 peak is associated with 

the nucleation of the 2:14:1 phase, in which the addition of Cu has a clear 

influence, decreasing this temperature. In that way, the nucleation occurs 

before in the sample with Cu (9NFBNC_40), T1 ≈ 265 ºC than in the one 

without Cu (9NFBN_40), T1 ≈ 351 ºC. These results suggest that the 

Figure 3.7- X-ray thermodiffraction profiles of amorphous ribbons: a) 10NFB_26, b) 

9NFBNC_40 and c) 9NFBN_40. Inset. Evidence of splitting of diffraction peak correspond-

ing to Pt at 2θ=45º due to the crystallisation of α-Fe phase. 
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crystallisation temperatures of both phases, 2:14:1 and α-Fe, are mainly 

influenced by the addition of Nb and Cu, rather than by the initial struc-

tural state of the sample. 

The thermal processes described previously are related with the nuclea-

tion of stable phases and can be associated with the formation of their 

corresponding crystalline structures, which can be quantitatively identi-

fied by X-ray diffraction experiments on annealed amorphous samples at 

the crystallisation temperatures.  

Once the different crystallisation processes have been identified, thermal 

annealing of the amorphous ribbons are done at temperatures between 

the two identified temperatures T1 and T2 looking for the optimum grain 

size and hard/soft phase ratio. The crystal structures and the amount of 

each crystallised phase in the samples can be obtained by XRD experi-

ments. 

X-ray thermo-diffraction spectra for a) 10NFB_26, b) 9NFBNC_40 and 

c) 9NFBN_40 are shown in Figure 3.7. In the setup of this experiment, 

the sample-holder is made of Pt, which has its main diffraction peaks at 

2θ ~ 39º and 45º, overlapping with the characteristic peak of the α-Fe 

phase around 45º (see Figure 3.6a). For this reason, the X-ray spectra are 

presented with a gap between 37º-47º. A huge drawback comes with the 

quantitative analysis of these spectra due to this sample-holder contribu-

tion as it denies the possibility to quantify the amount of α-Fe on the 

samples, except for the 10NFB_26 sample, where a peak appears slightly 

below 45º corresponding to the α-Fe phase as observed in the inset of 

Figure 3.8. The appearance of this peak occurs around 600 ºC, close to 

the temperature observed by DTA. In contrast, the crystallisation of the 

2:14:1 structure is well detected in all the samples spectra at temperatures 

around 350 ºC. The temperatures of crystallisation obtained from XRD 

are higher than those found by DTA as shown in Table 3.1. This discrep-

ancy occurs because the peaks of XRD appears when there is a minimum 

of crystalline order in the sample, which occurs some time after the crys-

tallisation starts, and so, as the temperature is sweeping continuously, at 

higher temperature. 
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By means of a sequential Rietveld refinement of the X-ray thermo-

diffractions, it is possible to quantitatively calculate the amount of the 

different phases appearing along the annealing process and the tempera-

ture at which they are formed. However, due to the problem with the Pt 

contribution, only relative values of the phases concentration obtained 

from these refinements are shown in Figure 3.8.  

The results presented up to now give a deep vision of the crystallisation 

behaviour of these alloys, allowing a better procedure planning to obtain 

an optimised microstructure. The heat treatments that these samples have 

to undergo must lie between the temperatures of both crystallisations, 

with the intention to obtain Nd2Fe14B grains with an optimal size but 

without an excessive growth of the α-Fe phase in order to obtain the max-

imum coercivity [32]. In Figure 3.9 are shown the representative results 

for the 9NFBN_40 and 9NFBNC_40 samples. The inset shows the max-

imum coercivity that was obtained for each annealing temperature. 

The as-spun ribbons present a very small coercivity as expected for an 

amorphous/highly disordered alloy. This coercivity increases sharply 

with the annealing temperature up to a critical temperature at which the 

amount/size of the α-Fe phase is too large, promoting easy nucleation of 

reversed domains, which leads to low coercivity. As previously dis-

cussed, to obtain a good exchange-coupling between the hard and the 

soft phases, the later should have, at most, double the size of the domain 

Figure 3.8- Evolution of phases obtained from X-ray thermodiffraction profiles fitted by 

the Rietveld method. 
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wall of the hard magnetic phase, which for Nd-Fe-B is around 5 nm, and 

this would lead to an increased remanence and a minor decrease of coer-

civity. The hysteresis loops in Figure 3.9 show the typical shapes that can 

be found in these systems. The samples heat treated at the lowest tem-

perature (650 ºC) present a clearly constricted shape, indicating the pres-

ence of two uncoupled phases. In the case of the most disordered sam-

ples, 9NFBN_40 and 9NFBNC_40, the maximum Hc was obtained after 

annealing at 750 ºC for 120 and 60 minutes, showing a reduced rema-

nence 𝑚𝑅 = 𝑀𝑅/𝑀𝑠 of 0.64 and 0.57 (the Ms of these samples was esti-

mated by the law of approach to saturation) respectively, which, together 

Figure 3.9- Hysteresis loops of samples a) 9NFBN_40 and b) 9NFBNC_40 heat treated be-

tween 650 and 800 ºC at different times. 
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with a smooth single-phase like hysteresis loop, indicates a good ex-

change-coupling between both magnetic phases. Samples that were an-

nealed at higher temperatures and for longer times showed a reduced co-

ercivity together with a constricted hysteresis loop, showing again the 

decoupling of both magnetic phases present at the sample due to an ex-

cessive growth of the soft magnetic phase. 

The results of the coercivity obtained for all the heat treatments per-

formed to the different samples are summarised in Figure 3.10. The sam-

ples containing Nb were annealed at higher temperatures to overcome 

the inhibition of grain growth effect of this element [21]. On the other 

hand, it was found that Cu facilitates the early appearance of the hard 

magnetic phase, because early nucleation can promote grain growth at 

lower temperatures. Such an effect disagrees with the results obtained by 

Wu’s group [21], where no increase of the crystallization of the hard 

phase at low temperatures was observed. In their case, however, the pres-

ence of Co in the alloy increased the solubility of Cu in the amorphous 

region of the ribbons, which neutralise the effect of Cu on the nucleation 

of the hard phase. Due to the effect of these two elements in the crystal-

lisation behaviour, it is possible to obtain samples with different micro-

structure at the same annealing conditions. 

The sample with the highest µ0Hc was the near stoichiometric alloy 

12NFBN_26, with a value of 1.1 T, reached after annealing it at temper-

atures between 650 ºC and 700 ºC. The Nd-lean Nd-Fe-B-Nb-Cu ribbons 

obtained at 40 m/s showed a maximum coercivity of 0.37 T after treating 

them for 60 minutes at 750 ºC, showing a dropping of the coercivity 

when annealed at the same temperature for longer times. This coercivity 

obtained is higher than that for the 9NFBN_40 for the same heat treat-

ment (µ0Hc ≈ 0.33 T), but in this case, the coercivity continues growing 

with longer annealing up to 120 minutes. In both cases, the use of higher 

temperatures worsens the coercivity due to the excessive growth of the 

α-Fe phase.  
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In an attempt to get closer to the optimum grain size for the maximum 

coercivity of the hard phase avoiding the formation of large amounts of 

the α-Fe phase, nanocrystalline ribbons of 9NFBNC_15 were prepared 

at wheel speeds of 15 m/s. The as-spun ribbons of this sample had a 

nanocomposite structure with a relatively high coercivity (>0.05 T), due 

to the proper grain size and lack of excess α-Fe phase. In nanocrystalline 

ribbons, a coercivity ≥ 0.6 T could be obtained at lower annealing tem-

peratures (650 ºC – 90 min) or higher temperature, but shorter time      

(700 ºC – 30 min) than those used for amorphous ribbons, like the 

9NFBNC_40 sample.   

XRD was done on the ribbons with the highest coercivity for each com-

position and analysed by the Rietveld method to evaluate the phase ratio 

of the phases present in the samples and the crystallite sizes. The X-ray 

spectra for selected heat treated samples and their refinement are shown 

in Figure 3.11. The lattice parameters of the Nd2Fe14B phase were con-

stant in all samples with values of 𝑎 = 8.80 Å and 𝑐 = 12.21 Å. How-

ever, the phase ratio obtained with these refinements of the XRD spectra 

is not very reliable as most samples display a pronounced texture. If we 

compare the value obtained by this method with the nominal one consid-

ering the excess of Fe present in the composition for the samples melt-

spun at 26 m/s, for the Nd-lean 10NFB_26 a 60% of α-Fe was estimated 

Figure 3.10- Coercive field of ribbons heat treated at different temperatures and times. 
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from XRD, which is much higher than the nominal value of 16.7%, 

whereas for the stoichiometric 12NFBN_26 the estimated value was 5%, 

very close the nominal 0%. These discrepancies led to a different ap-

proach to estimate the amount of each phase by Mössbauer spectroscopy.  

As previously shown, the Nd2Fe14B phase present 6 non-equivalent crys-

tallographic sites for Fe (16k1, 16k2, 8j1, 8j2, 4c and 4e), each of them 

contributing with a magnetic sextet to the Mössbauer spectrum. In order 

to better determine the distribution of the Fe atoms after crystallisation 

among the α-Fe and Nd2Fe14B and to simplify the analysis of the spectra, 

the relative areas of the six sextets of the Nd2Fe14B assumed to have the 

original populations: 16:16:8:8:4:4 for the sites 16k1, 16k2, 8j1, 8j2, 4c 

and 4e respectively. 

The Mössbauer spectra of selected samples are shown in Figure 3.12. 

From these spectra is possible to see that they are composed of seven 

sub-spectra, one sextet for the α-Fe phase and six sextets for the 

Nd2Fe14B phase, which indicates the ferromagnetic behaviour of both 

phases at room temperature. It is worth noticing that in the case of 

9NFBNC_40 it was necessary to include an extra paramagnetic contri-

bution to get a better refinement, but the contribution of this phase was 

estimated to be 1 at% and was not evidenced in the XRD nor in the mag-

netic characterisation. The value of the different phase distribution for 

each alloy obtained by Mössbauer spectroscopy, is close to the nominal 

value, as displayed in Table 3.2. 
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Figure 3.11- Refinement of X-ray powder diffraction for samples 9NFBNC_15, 10NFB_26 

and 12NFBN_26 with maximum Hc with Rietveld refinement. 
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Figure 3.12- Mössbauer spectra (at room temperature) of 9NFBNC_15, 10NFB_26 and 

12NFBN_26 samples with the best coercivities. 

10NFB_26  

9NFBNC_15  

12NFBN_26 
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It is important to see the interrelations between the different parameters 

displayed in Table 3.2. The sample with the highest coercivity (1.1 T) is 

the stoichiometric 12NFBN_26. At the same time it presents the lowest 

value of α-Fe phase content (5.8%) and of saturation magnetisation 

(106.5 A·m2·kg-1); and the best coupling between phases, as deduced 

from the highest mR value of 0.72. On the other hand, the sample 

9NFBNC_40, which has the lowest coercivity (0.37 T), also shows the 

highest amount of α-Fe phase (23.8%) and the largest value of saturation 

magnetisation (169.3 A·m2·kg-1). These values go together with the 

worse exchange coupling represented by a value of mR = 0.57. However, 

the sample with the same composition but melt-spun at lower wheel 

speed, 9NFBNC_15, presents the highest coercivity for the Nd-lean sam-

ples (0.61 T) and a slightly higher mR = 0.64, indicating a better exchange 

coupling. 

To analyse the dependence of the hard magnetic properties of the sam-

ples on the microstructure, the grain size was estimated by SEM and 

XRD. The values obtained by analysis of the X-ray spectra were not very 

accurate, as values near 100 nm fall in the upper limit for their estimation 

by X-rays. Figure 3.13 shows the micrograph of the heat-treated 

12NFBN_26 sample. The values for the grain sizes, summarised in       

Table 3.2, are at the single/multi-domain threshold, which in the case of 

Nd2Fe14B is 77-120 nm [33]. 

Figure 3.13- SEM image of 12NFBN_26 heat treated at 700 ºC for 60 minutes. 
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3.2.2 Coercivity enhancement by grain boundary diffusion 

process 

In this section of the work, I present the study of the effect of the grain 

boundary diffusion of a non-magnetic rare earth-based eutectic alloy in 

the magnetic properties of the Nd2Fe14B/α-Fe nanocomposite was stud-

ied. The eutectic alloy used was arc-melted Pr75(Co0.75Cu0.25)25, having a 

melting point of 560 ºC. Four compositions with different amounts of Nd 

were prepared by arc-melting the pure constituents; Nd10Fe84B6 (Nd10), 

Nd11Fe83B6 (Nd11), Nd12Fe81B6Nb1 (Nd12) and Nd13Fe81B6 (Nd13). All 

these samples were consequently melt-spun at a wheel speed of 26 m/s 

and annealed in quartz tubes under vacuum at a temperature of 700 ºC 

for 60 minutes. This annealing process was selected as it gave the best 

magnetic properties on all samples. For the GBDP, small pieces of the 

eutectic alloy were placed in a quartz tube together with the nanocrystal-

line ribbons with a mass ratio of 5:1 (Nd-Fe-B: Pr-Co-Cu) under con-

trolled Ar atmosphere using a glove box and then sealed under vacuum. 

The samples were afterwards heat-treated at 600 ºC for 1-6 hours. This 

temperature is enough to facilitate the infiltration process in the               

25-30 µm thick ribbons, and not so high that it could lead to excessive 

grain growth. 

Figure 3.14- Hysteresis loops of Nd-Fe-B ribbons infiltrated at 600 ºC during different times. 
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The GBDP produces a continuous enhancement of coercivity as a func-

tion of infiltration time, as can be appreciated in Figure 3.15, while the 

remanence remains nearly constant. The hysteresis loops of the ribbons 

shown in Figure 3.14 show a great enhancement of the coercivity with 

the infiltration time, from 0.53 T for initial nanocrystalline ribbons to   

2.5 T for 4 hours and longer times. For intermediate times (1, 2 and 3 

hours) the ribbons present a hysteresis loop with a constricted shape, ev-

idencing the presence of two phases, an infiltrated phase in the outer re-

gion of the ribbons, and a not-infiltrated phase in the inner part where the 

eutectic alloy couldn’t reach for those times. For 4 hours and more, the 

infiltration is even throughout the ribbon, and the hysteresis loops have 

a uniform single phase like shape. However, as the eutectic alloy is non-

magnetic, a reduction of the magnetisation is expected. The saturation 

magnetisation decreases from 140 A·m2·kg-1 to 130 A·m2·kg-1, while the 

remanence is decreased from 87 A·m2·kg-1 to 74 A·m2·kg-1. The esti-

mated (BH)max for the completely infiltrated sample was 87 kJ·m-3, which 

is a reasonable value for isotropic magnets but could be highly improved 

by texturization. 

In Figure 3.16 can be seen how the XRD intensity that corresponds to 

the α-Fe phase that is formed during the crystallisation of the sample (at 

2θ ≈ 44.7º) decreases with infiltration time, disappearing completely af-

ter 6 hours. This reduction of the α-Fe can be seen as a reaction with the 

Pr2(Co,Cu) alloy, transforming into a new phase containing Fe and Pr. 

Figure 3.15- Coercivity and reduced remanence of Nd-Fe-B ribbons infiltrated at 600 ºC 

during different times 
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As XRD do not show any new peak, it is probable that this new phase is 

a (Pr,Nd)2Fe14B compound. 

In Figure 3.17 can be seen the difference between the samples with dif-

ferent amount of Nd. These values are also summarised in Table 3.3. As 

seen in Table 3.3, the FWHM of the peak corresponding with the [214] 

reflection of the Nd2Fe14B phase remains rather similar for the different 

samples, suggesting a grain size of comparable dimensions for all the 

samples. With this in mind, the variation on the coercivity on the nano-

crystalline ribbons with different compositions before infiltration can be 

associated with the different amount of α-Fe phase. As happened in the 

previous section, values of phase amounts obtained by analysing the 

XRD spectra gave values too far from the nominal ones, so Mössbauer 

spectroscopy was used again as a more reliable analysis of this parame-

ter.  

Figure 3.16- XRD of Nd-Fe-B ribbons infiltrated at 600 ºC during different times. 
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After infiltration, the coercivity is enhanced up to ~2.5 T in all samples, 

except in the stoichiometric Nd12 one, which remains almost unchanged. 

This behaviour gives an insight of the importance of the α-Fe phase in 

order to get an effective GBDP but the behaviour of the Nd13 sample 

cannot be explained with this hypothesis, suggesting a different enabler 

of the infiltration in this sample. 

A suitable tool to give a vision on the structure and composition is STEM 

with EDS. A preliminary study was carried out on a JEOL JSM 6330F, 

showing the most relevant images in Figure 3.18. The STEM image was 

taken on the sample before infiltration shows dark spots of ~15 nm 

diameter that correspond with grains of the segregated α-Fe phase and 

some bright spots that correspond with a Nd-rich phase. The grain size 

estimated of the Nd2Fe14B phase is around 100-150 nm, in the frontier 

between single/multi-domain size as mentioned in the previous section, 

which remains similar after the infiltration. The elemental mapping done 

Figure 3.17- Evolution of coercivity before (black) and after (red) GBDP and amount of       

α-Fe (green) and Nd2Fe14B (blue) phases for compositions with different amount of Nd. 

Figure 3.18- STEM images and elemental mapping for Fe, Pr and Cu on Nd10Fe84B6 ribbons 

infiltrated for 4h. 
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by EDS shows the presence of a Fe-rich phase within the grains and a 

Pr-rich phase at the boundaries. This boundary phase seems to contain 

also the Cu. However, the low resolution of this microscope averts more 

detailed studies. 

In order to have a better understanding of the GBDP and the mechanism 

of coercivity enhancement, a high-resolution STEM, (an FEI TITAN 

equipped with X-Ray (EDS) and Electron Energy Loss Spectroscopies 

Figure 3.19- High-resolution image (a) and compositional profile across a typical Fe-rich 

precipitate (b) obtained by EDS on a Nd10Fe84B6 ribbon before infiltration. 

Figure 3.20- HAADF image and compositional profile obtained by EDS analysis on 

Nd10Fe84B6 ribbons after GBDP. Peaks from the EDS spectrum are Fe-Kα, Pr-Lα and         

Nd-Lα. 
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(EELS)) of the Advanced Microscopy Laboratory (LMA) in Zaragoza 

was used. Figure 3.19 shows the HAADF-STEM image of a ribbon be-

fore infiltration in a region surrounding an α-Fe precipitate. It is clearly 

seen how the α-Fe segregates at the surface and corner junction of hard 

magnetic grains. The size of this particular cubic soft magnetic grain is 

15 nm as estimated from the low-resolution STEM images, and its com-

position can be characterised by Fe-Lα and Nd-Lα EDS profiles. As ex-

pected, the Nd is reduced almost to zero inside the grain while the Fe 

increases, confirming the formation of α-Fe grains due to the Nd defi-

ciency in the initial composition. These soft magnetic grains are possible 

domain wall nucleation sites resulting in low coercivity (~0.53 T, values 

comparable with those obtained previously in similar systems [34]). 

Images obtained from samples after the infiltration are shown in Figure 

3.20 and Figure 3.21. Here it is possible to see an abrupt structural and 

compositional change at the edge of the hard magnetic phase grains, con-

firming that the EDS analysis has enough spatial resolution to determine 

compositional changes at the thin boundary phase. Looking at the evolu-

tion of the Fe-Kα, Pr-Lα and Nd-Lα signals of the EDS profiles it is no-

ticeable the presence of Nd together with Pr in the intergranular phase. 

At the same time, the Fe content is sharply diminished at the edge of the 

Figure 3.21- EDX spectra of a sample infiltrated during 6h at the inter-grain Pr,Nd-rich 

region (1), well inside the grains with pure Nd2Fe14B phase (2) and close to the surface with 

a (Pr,Nd)Fe14B phase  (3). 

1 

2 

3 



Dy free, Nd lean NdFeB magnets 

 

59 
 

grain, confirming the existence of a rare earth-rich PrNd-Fe intergranular 

phase after infiltration. Figure 3.21 shows the results of a semi-quantita-

tive compositional analysis around the edges of the grains. This analysis 

shows that the samples present an outer shell made of a (Pr,Nd)2Fe14B 

phase. This shows that the Pr is diffused inside the grains as well as Nd 

is diffused into the intergranular phase. However, well inside the grains, 

there is no presence of Pr and the hard phase is a pure Nd2Fe14B. Cu and 

Co remain mostly in the intergranular phase.  

In all former studies found in literature, the highest coercivity obtained 

by GBDP was achieved by the infiltration of Nd62Dy20Al18, increasing 

the coercivity from 0.91 to 2.75 [35]. The formation of a thick Nd-rich 

intergranular phase and a Dy-rich shell at the surface of the grains pro-

motes a magnetic isolation of the grains, which increases the nucleation 

field for reversal magnetisation. 

The infiltration made in this work results in the disappearance of the soft 

α-Fe phase and the formation of a non-magnetic Pr-rich intergranular 

phase, which acts as a magnetic isolator for the hard grains [28], together 

with a ferromagnetic (Pr,Nd)2Fe14B shell layer around the grains. This 

shell layer presents an anisotropy field slightly larger than that of 

Nd2Fe14B (7.07 T), like that for pure Pr2Fe14B is 7.93 T [36], which is 

much smaller than that from Dy (15.8 T) [36,37]. The reason for this 

shell layer, with just slightly higher anisotropy, to avoid the nucleation 

of reversed magnetic domains may be due to the formation of hard grain 

surfaces with few defects and homogeneous magnetocrystalline anisot-

ropy during the infiltration, keeping high values of the nucleation field. 

Recent simulations evaluating the effect of the Nd content and the thick-

ness of the grain boundary determined that the magnetisation and the ex-

change interactions decrease to zero with the increasing Nd content at 

the intergranular phase[38]. For that reason, the highest coercivity can be 

obtained only by the formation of a Nd-rich thin (1.5-2 nm) grain bound-

ary phase. In our samples, the non-magnetic Pr(Nd)-Fe phase can be con-

sidered as a defect that might delay the domain wall motion at the same 

time that it decouples the hard grains. 
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3.3 Summary and conclusions 

In this chapter, the results of two main studies looking for the reduction 

of rare earth, and primarily heavy rare earths, in Nd-Fe-B based alloys 

have been shown. These studies were based on the addition of doping 

elements for the control of the microstructure during crystallisation of 

Nd-lean Nd-Fe-B alloys and on the process of infiltration of a light RE 

eutectic alloy as well as its effect on microstructured Nd-Fe-B alloys with 

different amounts of Nd in their composition. 

Regarding the crystallisation process of Nd-Fe-B alloys, it has been 

shown how the microstructure of as-spun ribbons can be controlled by 

the wheel speed allowing the obtaining of ribbons highly disordered (at 

high wheel speeds) or nanocrystalline ribbons (at low wheel speeds) that 

allows the reduction of the annealing temperature to obtain the desirable 

properties. As for the crystallisation process during heat treatments, all 

the alloys showed the formation of two magnetic phases; the 2:14:1 hard 

magnetic phase at temperatures in the range of 280-400 ºC, and the soft 

magnetic α-Fe phase at around 600 ºC. In this alloys, two different do-

pants have been used to control the grain growth during annealing; Nb 

and Cu. The doping of Nb shows an increase in the crystallisation tem-

peratures which suggest an inhibition of grain growth due to the presence 

of this element. On the other hand, doping with Cu shifts to lower tem-

peratures the onset of the hard phase crystallisation temperature, which 

suggests the helping on the nucleation process when this element is pre-

sent. However, the early formation of 2:14:1 phase by heat treatment 

helps the crystallisation of the secondary α-Fe phase. We can conclude 

that the formation of the latter phase is also driven by doping and, fur-

thermore, is detrimental to the exchange coupling in the nanostructured 

magnets studied. 

About the GBDP, the infiltration of Pr3(Co,Cu) in Nd-Fe-B alloys en-

hances the coercivity of microstructured ribbons almost five-fold from 

its initial value, reaching 2.5 T, comparable with the best values reached 

using Dy based alloys. Before infiltration, the ribbons were composed of 

two phases, hard Nd2Fe14B nanocrystalline grains and α-Fe precipitates. 

Analysis of XRD and Mössbauer spectroscopy shows that the amount of 

α-Fe is greatly reduced after the infiltration. This fact, together with the 

lack of enhancement of the coercivity on the stoichiometric sample sug-

gest an important role of this soft phase presence on the infiltration pro-

cess. But this effect does not explain the coercivity enhancement in the 
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Nd-abundant sample, in which the amount of α-Fe at the beginning is 

even lower. 

One of the infiltrated Nd-lean samples was analysed under                     

high-resolution TEM to gain insight of the effect of the infiltration pro-

cess on the microstructure of the sample. The images of EDS showed a 

Pr-rich Pr(Nd)-Fe intergranular phase and a gradient of composition 

within the grains, which can be described as a core-shell structure, with 

a pure Nd2Fe14B core and a (Pr,Nd)2Fe14B gradient layer at the surface. 

These core-shell hard grains are decoupled by the non-magnetic     

Pr(Nd)-Fe phase allocated in the boundaries. This intergranular phase 

might pin the domain wall hindering its motion, which together with the 

single domain Nd2Fe14B nanograins with few defects and nucleation field 

similar to the hard phase, helps to increase the coercivity of the samples.  
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4 New Rare earth lean magnets  

4.1 Introduction 

As has been previously mentioned in chapter 1, the compounds based on 

the ThMn12 tetragonal structure, referred as 1:12 from now on, are good 

candidates for permanent magnets. This structure, shown in Figure 4.1, 

has the space group I4/mmm where two Th atoms occupy the 2a site 

while twenty-four atoms of Mn are evenly distributed between the 8i, 8j 

and 8f sites [1].  

The ideal compound with this structure and with good properties for per-

manent magnet applications would be RFe12, being R a rare earth, but 

this kind of compounds is not stable and a third non-magnetic element is 

needed in order to stabilise the 1:12 structure, obtaining a ternary com-

pound of the R(Fe,M)12 type. The most common elements used to stabi-

lise this structure are the transition metals (M = Ti, Mo, Nb, V), which 

have a preference to substitute the iron on the 8i sites, characterised by 

the largest Wigner-Seitz cell and hyperfine field. Another possibility to 

a 

a 

c 

2b 

8j 

2a 

8i 

8f 

Figure 4.1- Schematic representation of the ThMn12 type of structure. 
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stabilise the 1:12 structure is the use of sp elements (M = Si, Al) that 

have a preference for the 8f site and allows for a greater saturation mag-

netisation with higher amounts of the M element [2–4]. Recently, it has 

been shown that the substitution of R for Zr can help with the stabilisa-

tion of the 1:12 structure as a consequence of the reduction of the average 

radius of the atoms in the 2a site, even at the full substitution Zr(Fe,M)12 

[5,6]. 

Other elements can be added to these compounds in order to improve 

their properties or reduce their criticality reducing the amount of R. For 

example, the addition of Co can lead to an increase of the Curie temper-

ature as well as the saturation polarisation and the anisotropy constant in 

some alloys [7–12]. In the case of the substitution of R, aside of the al-

ready mentioned Zr, Ce has attracted particular attention due to its rela-

tive abundance and low cost compared with other rare earths and in spite 

of its mixed-valence behaviour, which leads to a decreased Curie tem-

perature and lower saturation magnetisation and anisotropy [7,13–17]. 

These compounds with the 1:12 structure are characterised by a negative 

value of the crystal field parameter (𝐴2
0) and they present the strongest 

uniaxial magnetocrystalline anisotropy for the rare earths R with a posi-

tive Stevens coefficient (𝜗2). In this way, Sm compounds shows the 

greatest uniaxial anisotropy, while the use of Nd or Ce leads to magne-

tocrystalline anisotropy that is not completely uniaxial [18]. The modifi-

cation of the crystal lattice with interstitial nitrogen (which is allocated 

in the 2b site shown in Figure 4.1) reverses the sign of the 𝐴2
0 parameter, 

therefore it favours the uniaxial magnetocrystalline anisotropy in com-

pounds with 𝜗2 negative (i.e. Nd, Pr, Ce) while it makes it planar in com-

pounds with 𝜗2 positive as Sm. This interstitial modified compounds pre-

sent an enhanced Curie temperature and can show an increase of the sat-

uration magnetisation [19–21]. 

The results shown in this chapter are divided in two sections depending 

on the non-magnetic element used to stabilise the 1:12 structure, Ti or Si. 

The intrinsic properties of each alloy are studied to evaluate their stability 

and capability as candidates for permanent magnet applications. The 

most promising alloys are then selected to develop coercivity.  
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4.2 Ti stabilised 1:12 alloys 

In this section I report the results obtained synthesising two families of 

compounds; (Ce,Sm)Fe9Co2Ti and (Nd,Y)Fe11Ti, both of them stabilised 

in the 1:12 structure with Ti. The advantage of using Ti as stabilising 

element is that just 1 atom per formula unit is needed, minimizing the 

effect of the substitution of Fe and thus obtaining better magnetic prop-

erties compared with other stabilising elements [2]. 

For the first compound, a series of compositions Ce1-xSmxFe9Co2Ti         

(x = 0, 0.25, 0.5, 0.75 and 1) were prepared by arc-melting the pure con-

stituents with a purity better than 99.7 at.% and annealing at 1100 ºC for 

48 hours to stabilise the 1:12 structure. The samples with Sm had to be 

charged with 18-20 weight-% excess of this element to compensate the 

evaporation loses during the melting process [16,17]. To fabricate rib-

bons, these alloys were subsequently melt-spun at a wheel speed of         

35 m/s and heat treated in order to tune the microstructure to develop 

coercivity. 

Recent theoretical predictions (H.C. Herper, personal communication, 

September 30, 2017) indicate that substituting Y for Nd in                        

Nd1-xYxFe11Ti will greatly improve the magnetic anisotropy. In collabo-

ration with Onur Tosun, from the University of Delaware, the 

Nd0.5Y0.5Fe11Ti alloy was prepared by arc-melting the pure constituents 

with a purity better than 99.7 at.% and annealed at 1175 ºC for 3 days to 

stabilise the 1:12 structure. Afterwards, this compound was ground under 

45 µm and nitrogenated to improve its magnetic properties. In addition, 

melt-spun ribbons were made from the as-cast alloy at 35 m/s and an-

nealed at 850 ºC for 4 hours to obtain the 1:12 structure for its posterior 

nitrogenation following the same procedure as with the bulk samples. 

4.2.1 (Ce,Sm)Fe9Co2Ti 

4.2.1.1 Intrinsic properties 

Figure 4.2 shows the X-ray diffractograms of the Ce0.5Sm0.5Fe9Co2Ti al-

loy randomly and field oriented. From this diffractograms can be seen 

that the alloy is composed of two phases, the 1:12 and the cubic                  

α-Fe(Co,Ti). The amount of this secondary phase was determined by 

Mössbauer spectroscopy to be below 5% of the total in all cases. The 
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lattice parameters for all the Sm substitution are summarised in               

Table 4.1. The lattice parameter a remains constant through all the com-

positions while parameter c is slightly reduced by a 0.3% from the pure 

Ce (x = 0) to the pure Sm (x = 1) alloy. The diffractogram of the oriented 

powders shows only the [002] plane reflection, which indicates the ex-

istence of a uniaxial magnetocrystalline anisotropy in the c-axis direc-

tion. 

In Figure 4.3 are shown the magnetisation measurements performed to 

field oriented powders along the parallel and perpendicular direction to 

the c-axis. The saturation magnetisation obtained from this measure-

ments, using the law of approach to saturation, is ~115 Am2/kg, without 

significant variations with the amount of Sm. On the other hand, the an-

isotropy field increases from 2.6 T for x = 0 up to 8.6 T for x = 1. It is 

possible to see also that this anisotropy field remains constant for                

x = 0 and x = 0.25, while it increases linearly for higher concentrations 

of Sm. The Curie temperature also increases with the substitution of Ce 

by Sm, increasing from 382 ºC for x = 0 up to 489 ºC for x = 1. All the 

intrinsic properties are summarised in Table 4.1 

Figure 4.2- XRD patterns for random oriented microcrystalline powder (a) and field-ori-

ented microcrystalline powder (b) with composition Ce0.5Sm0.5Fe9Co2Ti.  
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Table 4.1- Summary of magnetic properties for Ce1-xSmxFe9Co2Ti. 

x 
Ms 

(Am2/kg) 

µ0Ha 

(T) 

Tc 

(ºC) 

Lattice parameters 

a (Å) c (Å) 

0.00 127 2.6 382 8.527 4.797 

0.25 113 2.8 417 8.505 4.791 

0.50 117 5.6 453 8.499 4.799 

0.75 128 6.6 489 8.520 4.785 

1.00 112 8.7 489 8.517 4.779 
 

4.2.1.2 Melt-spun ribbons 

As-spun ribbons of these alloys present a highly disordered 1:12 phase 

to which are related the broad reflections shown in Figure 4.4.a. These 

as-spun ribbons present very low coercivity, always below 0.02 T for all 

compositions, as can be seen in Figure 4.5 for x = 0.5. After optimal heat 

treatments, the XRD patterns of Figure 4.4.b shows a sharp peak around 

2θ = 45º for x = 0.5, which corresponds to the [110] reflection of a cubic 

Figure 4.3- Magnetisation curves of field-oriented powders for different compositions of 

Ce1-xSmxFe9Co2Ti alloys parallel (black) and perpendicular (blue) to the easy axis of mag-

netisation. Inset: evolution of the anisotropy field with the concentration of Sm 



Chapter 4 

 
 

72 
 

α-Fe(Co,Ti) that is formed during the annealing. At the same time, the 

reflections of the 1:12 phase get sharper, suggesting the growth of crys-

tals with this structure. 

The inset of Figure 4.5 shows the evolution of the coercivity obtained for 

Ce0.5Sm0.5Fe9Co2Ti heat-treated at different times and temperatures. This 

evolution is related to the growth of crystals with the 1:12 structure. The 

coercivity initially increases but, after reaching a maximum, it decreases. 

This behaviour can be due to a mixture of two effects, the growth of the 

1:12 crystals above the single-domain critical size of 100-200 nm        

[22–25] and the formation of un-coupled α-Fe grains, evidenced by the 

two-step demagnetisation process in the hysteresis loops. The crystalline 

grains of this samples were estimated to be ~35-60 nm from XRD anal-

ysis. 

The optimal heat treatment for each sample, summarised in Table 4.2 

together with the coercivity reached in each case, is considered for the 

highest coercivity reached without presenting a step-like hysteresis loop.  

Figure 4.4- XRD patterns for as-melt-spun ribbons (c) and Rietveld refinement of optimally 

heat treated ribbons (d) with composition Ce0.5Sm0.5Fe9Co2Ti. 
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Table 4.2- Summary of magnetic properties and optimal heat treatments for                     

Ce1-xSmxFe9Co2Ti ribbons. µ0Ha values are obtained from microcrystalline powdered 

samples 

x 
Optimal treatment 

(ºC-min) 

Ms 

(Am2/kg) 

µ0Ha 

(T) 

µ0Hc 

(T) 

Tc 

(ºC) 

0.00 800-3 127 2.6 0.08 382 

0.25 800-5 113 2.8 0.12 417 

0.50 750-40 117 5.6 0.26 453 

0.75 800-10 128 6.6 0.37 489 

1.00 850-10 113 8.7 0.44 489 

      

Figure 4.6 a and b show the Mössbauer spectra obtained at RT of the as-

spun and heat treated SmFe9Co2Ti ribbons. The as-spun spectrum pre-

sents wider lines than the crystallised one. Such a broadening is due to 

chemical and structural disorder. For the heat-treated ribbons spectrum, 

Figure 4.5- Magnetisation curves for as-spun and heat treated ribbons with composition 

Ce0.5Sm0.5Fe9Co2Ti. Inset: evolution of the coercivity for different annealing times and tem-

peratures 
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the black circles correspond to the experimental data, the coloured lines 

to the contribution of each environment, 8i, 8j and 8f from the ThMn12 

phase and one site from the α-Fe. Each site from the ThMn12 phase cor-

responds to the sum of three environments. The black line is the super-

position of all the sextets of each environment. The resonant area of the 

α-Fe phase (purple thicker curve) is much smaller than that of the ThMn12 

phase, which indicates a low amount of free α-Fe in the sample, under 

5%. 

The parameters obtained from the Mössbauer spectra of the optimally 

heat treated ribbons are summarised in Table 4.3. The Fe content for each 

site obtained from the value of the resonant areas allows deducing the 

occupation of Co atoms for each site. For concentrations of Sm below    

x = 0.5, the Co is evenly distributed between the 8j and the 8f sites, while 

for concentrations above x = 0.5 there is a preference for Co to locate in 

the 8j site, having a distribution of 70% in the 8j site and 30% in the 8f. 

The redistribution of Co between 8j and 8f sites can be seen when com-

paring the fitted sub-spectra of these sites for the compositions with           

x = 1 and x = 0. As seen in Figure 4.6 c and d, the area of the 8j site is 

larger for x = 0 while the area of the 8f site is smaller for x = 0. Along 

with the change of the area, there is also a change in the shape due to the 

different environments. This is in agreement with the decrease of the hy-

perfine field in the 8j site while the hyperfine field of 8f site increases. 

The isomer shift also shows a clear change for concentrations below         

x = 0.5.  
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Table 4.3- Mössbauer parameters for Ce1-xSmxFe9Co2Ti heat treated ribbons, IS: iso-

mer shift, Bhf: hyperfine field, QS: quadrupole splitting and the resonant area. nCo 

corresponds to the Co occupation. 

x Site 
<IS> 

(mm/s) 

<Bhf> 

(T) 

<QS> 

(mm/s) 

<AREA> 

(%) 
nCo 

0.00 

8i -0.18 28.3 -0.02 36.4 0.0 

8j -0.12 25.4 0.03 31.2 0.9 

8f -0.15 26.7 0.10 28.3 1.1 

α-Fe 0.00 33.0 0.00 4.2  

0.25 

8i -0.19 28.8 0.02 35.3 0.0 

8j -0.11 26.1 0.05 30.0 1.0 

8f -0.17 27.0 0.10 29.8 1.0 

α-Fe 0.00 33.0 0.00 4.8  

0.50 

8i -0.14 30.7 0.07 31.3 0.0 

8j -0.10 29.4 -0.03 28.2 1.4 

8f -0.20 26.4 0.09 36.0 0.6 

α-Fe 0.00 33.0 0.00 4.4  

0.75 

8i -0.12 30.4 0.09 34.2 0.0 

8j -0.11 28.8 -0.10 27.7 1.4 

8f -0.19 26.4 0.09 36.2 0.6 

α-Fe 0.00 33.0 0.00 1.8  

1.00 

8i -0.12 30.5 0.07 34.3 0.0 

8j -0.15 28.6 0.09 26.6 1.5 

8f -0.16 26.4 0.08 36.1 0.5 

α-Fe 0.00 33.0 0.00 3.1  
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Figure 4.6- Mössbauer spectra of as-spun (a) and optimally heat treated ribbons with the 

fitted sub-spectra (b) for the SmFe9Co2Ti alloy. Comparison of the fitting of sites j (c) and f 

(d) for the compositions with x = 0 and x = 1. 
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4.2.2 (Nd,Y)Fe11TiNx 

4.2.2.1 Intrinsic properties 

The alloy with Y substitution was confirmed to have a greater anisotropy 

field as predicted, going from 1 T of the pure Nd alloy to 1.75 T for a 

substitution of 50% of the Nd by Y as evidenced in Figure 4.7. Together 

with this increment of the anisotropy field, the saturation magnetisation 

is slightly reduced from 130 Am2kg-1 to 127 Am2kg-1 and the Curie tem-

perature was diminished from 300 ºC down to 270 ºC. 

In order to further improve the magnetic properties of this newly synthe-

sised alloy, several nitrogenation processes were carried out at different 

temperatures. In Figure 4.7 is possible to see the enhancement of the an-

isotropy field of the sample before and after nitrogenation, increasing up 

to over 5 T. The magnetisation curves of two different nitrogenation pro-

cesses show the effect on the sample of an excessive temperature during 

the process. The best process parameters found were 4h at 420 ºC with a 

nitrogen pressure of 1 bar. The increase of the saturation magnetisation 

can be mostly attributed to the free α-Fe phase formation during the pro-

cess as can be verified from the increase in the intensity of the [110] 

reflection on the XRD pattern shown in Figure 4.8. 

// 

⊥ 

Figure 4.7- Room-temperature isotherms for field-oriented powders in parallel (//) and per-

pendicular (⊥) directions 
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From this XRD patterns is possible also to see how the reflections corre-

sponding with the 1:12 structure are shifted to lower 2θ angles, suggest-

ing an expansion of the lattice parameters as was expected for an inter-

stitially modified 1:12 compound [26]. As above, Figure 4.8 also shows 

the XRD pattern of a sample nitrogenated at a too high temperature      

(500 ºC). From this diffractogram is possible to see how while the 1:12 

structure still exists with similar lattice parameters as the best nitrogen-

ated one, a huge reflection appears around 2θ = 45º. At first, this reflec-

tions could be assigned to a cubic α-Fe as there are no other new reflec-

tions appearing, but the broadness can suggest that a new phase is formed 

which has only one reflection seen in the scanned 2θ range and overlap-

ping with the α-Fe one.   

From the thermogravimetric analysis curve under magnetic field shown 

in Figure 4.9, it is possible to see that the Curie temperature of the nitro-

genated samples is enhanced after the process reaching a value of          

390 ºC. The broad peak, corresponding with the Curie temperature of 

these samples, suggests that there is a gradient of nitrogen concentration 

on the sample, which can be due to different grain sizes needing different 

time to become fully nitrogenated. This effect can be also seen compar-

ing the width of the XRD reflections of the nitrogenated sample with the 

parent sample.  

Figure 4.8- X-ray diffractograms the Nd0.5Y0.5Fe11Ti alloy before and after the nitrogenation 

process. 
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4.2.2.2 Melt-spun ribbons 

After the successful improvement of the magnetic properties of this alloy 

upon nitrogenation, a preliminary study was done on the nitrogenation of 

melt-spun ribbons. 

Figure 4.10- Magnetisation curves of ribbons. Inset: Detail of the coercive field. 

Figure 4.9- Thermo-magnetic curve of a nitrogenated sample.  
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As can be seen from the hysteresis loops shown in Figure 4.10, the crys-

talline ribbons with the 1:12 phase present quite a low coercivity of just 

0.055 T. Trying to nitrogenate them with similar parameters as the bulk 

sample, a reduction on the coercivity was found, reaching just   ~0.04 T. 

A reduction of the temperature of the process was done in order to get a 

better nitrogenated sample. The best sample obtained, after 6 hours at 

380 ºC in a pressure of 1 bar of nitrogen, presented an enhancement of 

an 80% of the coercivity, reaching a value of 0.1 T. In all the nitrogenated 

samples the saturation magnetisation was increased, which indicates the 

formation of α-Fe during the process as confirmed by XRD (Figure 4.11). 

From the XRD patterns shown in Figure 4.11 is possible to see again the 

shift of the reflections corresponding to the 1:12 structure to lower 2θ 

angles, indicating the expansion of the lattice parameters. Together with 

this displacement, a broadening of the reflections indicates either that the 

sample loses part of the crystallinity or that there is a gradient on the 

nitrogenation of the structure. The huge increase of the intensity for the 

α-Fe reflection confirms that the reduction on the coercivity for the sam-

ple nitrogenated at 420 ºC was due to the formation of this soft phase. In 

the best-obtained sample is possible to see also a big increment of the     

α-Fe phase, which suggests that better nitrogenation parameters can be 

achieved for these samples, which could lead to a better enhancement of 

the coercivity. 

Figure 4.11- X-ray diffractograms of the ribbons before and after the nitrogenation process. 
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A summary of the properties obtained for this samples in bulk and rib-

bons are shown in Table 4.4. 

Table 4.4- Summary of the properties of the Nd1-xYxFe11Ti + N2 system (Nitrogenation 

parameters: T = 420 ºC, P = 1 bar, Powder size <45 µm, t = 4 hours). * This value is 

affected by the α-Fe present at the sample 

Sample 
Ms 

(Am2kg-1) 

μ0Ha 

(T) 

Tc 

(ºC) 

μ0Hc 

(T) 

NdFe11Ti ~130 ~1 300 - 

Nd0.5Y0.5Fe11Ti ~127 ~1.75 270 ~0.055 

Nd0.5Y0.5Fe11Ti + N2 ~142* >3 390 ~0.1 

     

4.3 Si stabilised 1:12 alloys 

In this section, I report the results obtained for two families of com-

pounds that have been stabilised in the 1:12 structure substitution Fe by 

Si; (Zr,Ce)1.1Fe10Si2 and (Zr,Nd)Fe10Si2. In these samples, two atoms of 

Si are used to stabilise the structure as it yields better properties than 

other substitutions [27,28].   

For the first compound, a series of compositions (Zr1-xCex)1.1Fe10Si2         

(x = 0, 0.3 and 0.6) were prepared by arc-melting the pure constituents 

with a purity better than 99.7 at.%. One advantage of these samples is 

that they crystallise directly in the 1:12 structure from the melt. Anyway, 

they were annealed at 1000 ºC for 24 hours in order to ensure the homo-

geneity.  

Regarding the Zr1-xNdxFe10Si2 compounds, following the research of     

M. Gjoka et al. [18], a single composition was used to attempt to nitro-

genate; Nd0.6Zr.04Fe10Si2. This sample was prepared by arc-melting the 

pure constituents with a purity better than 99.9 at.%, obtaining an alloy 

with over 95% of the 1:12 without needing further annealing. This alloy 

was ball milled to obtain powder with a grain size of ~10 µm for nitro-

genation. At the time this research was started (January 2017), no report 

was available about the nitrogenation of the 1:12 compounds stabilised 

with Si. Thus, the nitrogenation attempts on this sample were performed 

at high pressures of nitrogen to see if this parameter has an effect on the 

process. Soon after, a patent was granted related to the nitrogenation of 

Ce-Fe-Si compounds at high N2 pressures [29]. 
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4.3.1 Intrinsic properties of Zr1-xCexFe10Si2 

From the magnetisation curves shown in Figure 4.12 is possible to see 

that the saturation magnetisation of the alloys, calculated by the law of 

approach to saturation from magnetisation curves of the parallel oriented 

powders, remains constant with the addition of Ce at a value of             

~120 Am2kg-1. On the other hand, the anisotropy field is enhanced as the 

concentration of Ce increases from 2.03 T for x = 0 up to 2.5 T for               

x = 0.6. The anisotropy constants K1 and K2 were calculated from the 

magnetisation curves perpendicular to the easy axis of magnetisation by 

the equation 𝐻𝑀𝑠 = 2𝐾1 (
𝑀

𝑀𝑠
) + 4𝐾2 (

𝑀

𝑀𝑠
)
3
, where M is the magnetisa-

tion at H applied field. The values of K1 remained constant for all com-

pounds at a value of 0.51±0.02 MJ·m-3 while the K2 parameter increased 

from 0.24 MJ·m-3 for x = 0, to 0.38 MJ·m-3 for x = 0.3 and up to             

0.42 MJ·m-3 for x = 0.6. 

The XRD patterns shown in Figure 4.13 show that the samples present a 

pure 1:12 phase. With the addition of Ce to the alloy, the reflections of 

this phase are shifted to lower 2θ angles, which indicates an expansion 

of the lattice due to the presence of Ce. Table 4.5 shows a summary of 

the magnetic and structural parameters of each sample. From the values 

calculated by Rietveld analysis, the lattice parameter a increases twice as 

Figure 4.12- RT isotherms for field-oriented powders in parallel (׀׀) and perpendicular (⊥) 

directions to the easy axis of magnetisation. 
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much as the lattice parameter c, 1% vs. 0.5%, which results in an increase 

of the tetragonal distortion of the structure (a/c ratio) of about 0.5%, 

which can be related to the 25% increase of the anisotropy. 

Table 4.5- Summary of magnetic and structural parameters of (Zr1-xCex)1.1Fe10Si2 at RT: 

Ms: saturation magnetisation, Ha: anisotropy field, a,c: lattice parameters 

Ce content Ms (A·m2 kg-1) μ0Ha (T) a (Å) c (Å) a/c 

x = 0.0 120 2.03 8.274 4.701 1.760 

x = 0.3 120 2.31 8.303 4.707 1.764 

x = 0.6 120 2.50 8.354 4.724 1.768 

Normally, the introduction of a third element on this kind of alloys alter 

the neighbours of the Fe atoms in the structure, resulting in a complex 

mix of Mössbauer subspectra. In this case, the analysis of the spectra 

shown in Figure 4.18.a shows the evolution with temperature of the [301] 

and [002] reflections, which are closely related with the lattice parame-

ters a and c respectively. While the [301] reflection shifts linearly with 

temperature, the [002] reflection displacement is more complex. In order 

to study the evolution of the lattice parameters with temperature, a se-

quential refinement of the NDP patterns was done with the FullProf suite. 

The values of the a and c lattice parameters obtained by this refinement 

are shown in Figure 4.18.b and Figure 4.18.c respectively. The lattice 

Figure 4.13- XRD at RT for (a) Zr1.1Fe10Si2, (b) (Zr0.7Ce0.3)1.1Fe10Si2 and (c) 

(Zr0.4Ce0.6)1.1Fe10Si2 samples 
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parameter a presents a linear behaviour in agreement with  can be carried 

out assuming wider sextets for each Fe position, as Si atoms do not in-

duce large changes in the hyperfine field values. The results of this anal-

ysis are summarised in Table 4.6. In order to obtain an optimal fitting, a 

paramagnetic phase should be considered, having a contribution below 

2% for all samples and with different hyperfine parameters. As the 

amount of these paramagnetic phases is too low, their hyperfine param-

eters are but a rough estimation, but still we can assign it to traces of the 

cubic Zr6Fe16Si7 structure, which has been observed to coexist with 

Zr1.1Fe10Si2, or to the CeFe2Si2 for the Zr1.1Fe10Si2 alloy, which is para-

magnetic at RT [6,30]. These paramagnetic phases are also detected at 

the neutron powder diffraction (NPD) patterns shown in Figure 4.14. 

Note that the maximum Fe occupancy at any crystallographic site of the 

1:12 structure is 4 atoms, i.e. 40% of the 10 Fe atoms per formula unit. 

Table 4.6 shows that the preferred Si occupancy is the 8f site for all sam-

ples, but for x = 0 there is also Si in the other two positions. Ce progres-

sively displaces Fe from the 8i to the 8j positions, so Si is in turn dis-

placed from the 8j to 8i sites. For x = 0.6, there is no Si in 8j position. 

Such preferential atomic occupancy has an influence on the magneto-

crystalline anisotropy, as confirmed by the increase of the quadrupole 

splitting (QS) in position 8f. Moreover, the tendency of Ce to displace Fe 

to the 8j position can lead to instability of the 1:12 phase since, although 

the displacement of Fe from 8i is linear, it is not linear for 8j, leading to 

a formation of a secondary phase when x is slightly below 0.6. Once such 

positions are fully occupied, at some x above 0.3 and below 0.6, a further 

Figure 4.14- Magnified NPD patterns for all samples at RT. 
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increase of Ce cannot be accommodated by the same crystal structure, 

because no more Fe can be displaced to the 8j position, leading to a for-

mation of a secondary phase. 

Figure 4.15.a shows clear differences on M(T) depending on the field 

orientation for all samples. In particular for x = 0.6, and only for this 

composition, when the field is applied along the a-axis, the magnetisation 

shows two transitions; the first one around 450 K that can be associated 

with a secondary magnetic phase at this temperature. The second transi-

tion is the Curie temperature of the 1:12 phase (~560 K). The transition 

at 450 K was not clearly evidenced when the field was applied along the 

c-axis. We can explain this behaviour in terms of a small amount of a 

secondary magnetic phase, probably a 2:17 hexagonal phase, which has 

been reported to appear for x > 0.6 [6], and having Tc ~ 473 K. Some of 

the 2:17 phase diffraction peaks can be distinguished in the NPD pattern 

shown in Figure 4.14. This phase could be hidden in the Mössbauer spec-

tra since its contribution is small and, once distributed into several sex-

tets, can be blurred in the background noise. However, the WID of the 8j 

sub-spectrum for x = 0.6 is larger (0.52 mm/s) than in the others, hinting 

for an extra ferromagnetic contribution at RT in this compound.  

Figure 4.15- M(T) curves for all oriented samples with the magnetic field (10 mT) applied 

along the a- and c-axis. 
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Figure 4.16- Mössbauer spectra at RT for (a) Zr1.1Fe10Si2, (b) (Zr0.7Ce0.3)1.1Fe10Si2 and (c) 

(Zr0.4Ce0.6)1.1Fe10Si2 samples 
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NPD patterns at temperatures between 300 and 800 K were recorded for 

all samples. In Figure 4.17 is shown the diffraction patterns for x = 0.3 

at 320 K, in the ferromagnetic state, and at 650 K, in the paramagnetic 

state. The difference between the high-temperature pattern and the low-

temperature one reveals the magnetic contribution of the sample which 

appears at the [110] and [220] reflections. This magnetic contribution 

indicates that the magnetic moment lies along the direction perpendicular 

to these diffraction planes, i.e., along the c axis, confirming the uniaxial 

anisotropy of the sample. The magnetic moments of the atoms were not 

possible to be calculated accurately by the refinement of these patterns 

due to the insufficient magnetic contribution. This magnetic contribution 

decreases monotonously up to Tc, and therefore the easy direction is un-

changed in all the temperature range. 

Figure 4.18.a shows the evolution with temperature of the [301] and 

[002] reflections, which are closely related with the lattice parameters a 

and c respectively. While the [301] reflection shifts linearly with temper-

ature, the [002] reflection displacement is more complex. In order to 

study the evolution of the lattice parameters with temperature, a sequen-

tial refinement of the NDP patterns was done with the FullProf suite. The 

values of the a and c lattice parameters obtained by this refinement are 

shown in Figure 4.18.b and Figure 4.18.c respectively. The lattice pa-

rameter a presents a linear behaviour in agreement with  

Figure 4.17- Neutron powder diffraction for x = 0.3, at the ferromagnetic (320 K) and the 

paramagnetic state (650 K).The difference show the magnetic peaks are only [110] and [220]. 
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Figure 4.18.a, on the other hand, the lattice parameter c remains almost 

constant up to ~550 K. From this point, c starts to increase linearly. This 

change of behaviour occurs at the Curie temperature of the samples. 

Linear thermal expansion coefficients (αL) were estimated from high-

temperature data, in the paramagnetic state (above 600 K). Extrapolated 

to RT, αL along the a-axis are 1.69x10-5, 1.45x10-5 and 1.48x10-5 K-1 for 

x = 0.0, 0.3 and 0.6 respectively, and along c-axis 0.98x10-5, 1.00x10-5 

and 1.00x10-5 K-1. Although the αL values are quite similar for different 

compositions, they depend considerably on the crystalline orientation, 

being around a 50% higher along the a- than along the c-axis. These val-

ues are close to those reported in similar systems (Y(Fe,Mo)12) [31] 

which show a mainly linear thermal expansion.  

Extrapolating the linear behaviour of c at high temperatures below Tc 

(solid line in Figure 4.18.c), we can obtain the difference on the c lattice 

parameter (Δc) due to the anomaly. These differences are represented in 

Figure 4.19 and follow a clear M3 law. 

As the anomalous behaviour of the c-axis appears below the Curie tem-

perature it can be considered as a magnetic one. It is directed along the 

a) 

b) c) 

a-lattice c-lattice 

Figure 4.18- a) Neutron powder thermodiffraction for the sample with x = 0.3. b) a- and              

c) c-lattice parameters as a function of temperature for all samples 
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magnetic moment direction and, hence, can be assigned to a large posi-

tive spontaneous magnetostriction of λ = Δc/c ≈ 1500 ppm at RT. This is 

of the same order of magnitude of the (Tb-Dy)Fe2 (TERFENOL-D) with 

λ ≈ 2000 ppm at RT, the highest magnetostrictive compound known to 

date [32,33]. The direct dependence of Δc vs. (Ms)3 shown in Figure 4.19 

indicates a pure single ion contribution to the magnetostriction, indicat-

ing also the same origin for the uniaxial anisotropy, for all the com-

pounds. Such analysis of the thermal dependence of the magnetostriction 

was proposed by O'Handley [34,35] in the 80's and successfully used for 

studying magnetostriction in amorphous ferromagnets [36]. The single 

ion term is due to the interaction between the Fe electron orbitals and the 

crystal electric field and scales as M3, while a possible two ions contri-

bution, which could arise from an anisotropic exchange between differ-

ent magnetic atoms, like Fe and Ce, will follow an M2
 law[35].  

Figure 4.19- Evolution of Δc for x = 0.6 as a function of temperature compared with the 

corresponding M3(T) curve. The inset shows the M3 dependence of ∆c for all the alloys 
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4.3.2 Nitrogenation of Zr0.4Nd0.6Fe10Si2 

Unlike Ti-based nitrogenated alloys, several nitrogenation attempts were 

required for the Zr0.4Nd0.6Fe10Si2 at different temperatures, nitrogen pres-

sures and times in order to get the nitrogenated sample. The processes 

carried out are summarised in Table 4.7. The range of temperatures used 

was 400-550 ºC, the pressure range was 6.7-20 bar and the time em-

ployed in the process varied from 4 to 18 hours. 

Figure 4.20- Rietveld refinement (up) of the best nitrogenated sample and the comparison 

between the random oriented and field oriented XRD pattern of the same sample (bottom). 
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In the thermo-magnetic curve of the best-nitrogenated sample (at 550 ºC 

with a pressure of 20 bar for 18 hours) shown in Figure 4.21 is possible 

to see two magnetic transitions under 550 ºC. The first one, at 295 ºC, 

corresponds with the base 1:12 structure [18] while the second one, at 

380 ºC can be associated to the nitrogenated 1:12 structure. When the 

temperature reaches values above 550 ºC, the signal of the TGA starts to 

decrease, which indicates either a reduction of the magnetic signal or a 

loose of mass. This process can be assigned to the degradation of the 

nitrogenated sample at such high temperatures, either releasing the nitro-

gen or forming new phases more stable than the nitrogenated 1:12.  

Figure 4.21- Thermo-magnetic curve of the best nitrogenated sample (top) and RT iso-

therms for field-oriented powders in parallel (//) and perpendicular (⊥) directions to the 

easy axis of magnetisation (bottom). 
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The XRD patterns refined by the Rietveld method shown in Figure 4.20 

effectively show that the samples are composed of two well-

differentiated 1:12 phases, a 27.5% in volume with the same crystal 

structure as the base 1:12 alloy and a 63.8% in volume with an expansion 

of the lattice parameters. The amount of α-Fe present in the sample is 

increased after the nitrogenation process in all cases, reaching a value of 

8.7%. This expansion of the crystal structure was calculated to be of a 

2.65% in volume, but with a different behaviour between the c-lattice 

parameter, which increases a 0.23%, and the a-lattice parameter, which 

increases in a 1.21%. This different expansion of the lattice parameters 

increases the tetragonal distortion of the structure, which can lead to the 

increase of the anisotropy as shown previously for Zr1-xCexFe10Si2.  

The appearance of the XRD pattern and the good fitting achieved by the 

use of two differentiated 1:12 structures, with one of them remaining 

with the original lattice parameters, suggests that the partial nitrogena-

tion of the sample is not due to the time of the process but to the presence 

of a superficial effect on some grains which impedes the starting of the 

nitrogenation. 

The comparison of the XRD patterns of field-oriented powders and iso-

tropic powders shows an enhancement of the [002] reflection indicating 

a uniaxial magnetocrystalline anisotropy along the c-axis. The reflections 

appearing together with this one, as the [202], can be related to the mis-

orientation of the base 1:12, which presents a conical anisotropy [18], as 

deduced from Mössbauer spectroscopy in oriented powder samples. 

From the magnetisation curves shown in Figure 4.21, it was possible to 

calculate the saturation magnetisation by the law of approach to satura-

tion on the measurement parallel to the c-axis. This value, after being 

corrected for the presence of α-Fe, remained constant with the nitrogena-

tion process at a value of 131 Am2kg-1. At the same time, the anisotropy 

field was greatly enhanced by an 86% from 2.85 T up to 5.31 T.  
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4.4 Summary and conclusions 

In this chapter, several R-Fe 1:12 alloys have been studied to obtain mag-

netic properties worthy for application to permanent magnets. In order to 

get the 1:12 structure, Ti and Si have been used as stabilising elements. 

For the first alloy, a study on the effect of Sm substitution for Ce in       

Ce1-xSmxFe9Co2Ti has been done. The anisotropy field of the 

CeFe9Co2Ti alloy is too low to obtain a practical coercivity in the best 

heat treated melt-spun ribbons, achieving a value of just µ0Hc = 0.08 T. 

Substitution of Ce by Sm largely improves the magnetic anisotropy field, 

from 2.6 T up to 8.7 T for the SmFe9Co2Ti alloy. This increment of the 

anisotropy shows a step between x = 0.25 and x = 0.5. Analysis of the 

Mössbauer spectra indicates a redistribution of cobalt in the 8f and 8j 

sites as the samarium concentration increases. It goes from 50/50 in the 

8j and 8f sites respectively to 70/30 for Sm concentrations higher than    

x = 0.25. This coincides with the rise of the hyperfine field in the 8j site 

while the hyperfine field of 8f site decreases. The isomer shift also shows 

variations for Sm concentrations above 0.25. The redistribution of Co 

could be responsible for the behaviour of the anisotropy seen in these 

samples. Because of the improvement of the anisotropy by Sm substitu-

tion, the coercivity developed on the melt-spun ribbons after heat treat-

ments is also increased up to 0.44 T for the SmFe9Co2Ti alloy, which is 

a promising value for the development of medium-grade permanent mag-

nets. However, the formation of α-Fe during heat treatments of these rib-

bons restricts the coercivity to a very low value relative to its anisotropy 

field. 

The alloy Nd0.5Y0.5Fe11Ti shows a higher anisotropy field (1.75 T) than 

its counterpart NdFe11Ti (1 T) as theoretically predicted. The best nitro-

genation process found for this sample was at 420 ºC for 4 hours. This 

process resulted in an increase of the lattice parameters of the crystal 

structure as well as the Curie temperature, from 270 ºC up to 390 ºC, and 

the anisotropy field, from the mentioned 1.75 T up to over 5 T. This en-

hancement of the magnetic properties upon nitrogenation was expected 

from the previous results on nitrogenation of the 1:12 structure found in 

the literature. A preliminary study was performed on the nitrogenation of 

melt-spun ribbons of this alloy. The as-melt-spun ribbons needed an an-

nealing process of 4 hours at 1100 ºC to stabilise the 1:12 structure and 

presented a coercivity of 0.055 T. After three test of nitrogenation, the 

best sample obtained by a nitrogenation at 380 ºC for 4 hours presented 
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an enhanced coercivity of 0.1 T, but the amount of α-Fe was greatly in-

creased. Further nitrogenation processes must be done in order to find 

the optimal temperature and time to avoid the formation of α-Fe while 

enhancing the coercivity. 

The effect of Zr substitution for Ce in Zr1-xCexFe10Si2 has been studied. 

It was found that the increase of magnetic anisotropy in Zr1-xCexFe10Si2 

(from µ0Ha = 2.0 T, for x = 0, up to 2.5 T for x = 0.6) correlates with the 

increase of the cell volume and the tetragonal distortion (a/c) of the lat-

tice produced by the Ce substitution of Zr. However, no change in the 

magnetisation is observed. Mössbauer spectroscopy has shown that Ce 

displaces Fe from the 8i to the 8j position in the 1:12 structure and in-

creases the crystal electric field gradient in the 8f position of Fe, leaving 

the hyperfine field unchanged in all Fe positions. The complete filling of 

8j positions by Fe, for x slightly below 0.6, leads to the instability of the 

1:12 phase upon a further increase of Ce, as when x = 0.6, more Fe cannot 

be accommodated by the same crystal structure, facilitating the for-

mation of the 2:17 phase. An analysis on the thermal expansion was also 

carried out observing a c-lattice anomaly below Tc, which is assigned to 

a giant magnetostriction of about 1500 ppm in all the compounds at RT. 

The M3 dependence of the magnetostriction reveals a pure single ion (or 

crystal field) origin of both the magnetostriction and the anisotropy in 

these compounds. The results so far indicate a pure geometric origin of 

the magnetic anisotropy. 

Finally, the nitrogenation of Zr0.4Nd0.6Fe10Si2 has been presented. A par-

tially nitrogenated sample was obtained after a nitrogenation process at 

550 ºC with a pressure of nitrogen of 20 bar for 18 hours. This sample 

presented two differentiated structures, one 1:12 structure with the same 

lattice parameters as the original one and a second 1:12 structure with 

expanded lattice parameters. As this two structures were well-defined in 

the XRD patterns, the incomplete nitrogenation can be due to a surface 

effect on some of the grains of the sample, like oxidation, rather than a 

lack of time on the process. The magnetic properties of the nitrogenated 

sample were greatly enhanced, increasing the Curie temperature from 

295 ºC up to 380 ºC and the anisotropy field from 2.85 T up to 5.31 T. 

The saturation magnetisation remained constant at a value of                   

131 Am2kg-1. The behaviour of the sample at high temperatures, not 

showing signs of degradation below 550 ºC, opens a door to the devel-

opment of sintered magnets based on nitrogenated 1:12 alloys by means 

of alternative sintering processes as the spark plasma sintering technique.  
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5 Fully Rare earth free magnets 

5.1 Introduction 

In previous chapters, the results obtained in phases with a reduction of 

rare earths (RE) were shown, but the ideal material for a permanent mag-

net with no critical raw materials would be a totally RE-free one. In this 

chapter, we show the attempt to obtain a new RE-free phase based on the 

theoretical work done by some partners of the H2020 European project 

NOVAMAG. 

As commented before, the project has used a “bottom-up” theoretical ap-

proach has been used to look for new uniaxial ferromagnetic phases, pre-

dict their magnetic properties and their potential for developing advanced 

permanent magnets.  

The first step of the theoretical work was the calculation of the crystal 

structure of many possible compounds, for what an Adaptive Genetic 

Algorithm (AGA) [1,2] is used with the software Universal Structure 

Predictor: Evolutionary Xtallography (USPEX) [3] combined with the 

Vienna Ab initio simulation package (VASP) [4–6]. With this procedure, 

the crystal phase space of Fe-rich binary and ternary phases was explored 

searching for new non-cubic structures with high stability and high satu-

ration magnetisation.  

Several Fe-rich binary phases were theoretically predicted within the 

project and experimental efforts were made to actually produce them. 

For instance Fe3Sn was synthesised but did not presented uniaxial ani-

sotropy as predicted. Diluting it with Mn and Sb, should produce uniaxial 

anisotropy, but it generated the segregation of other phases or remained 

having a planar anisotropy. The predicted hexagonal structure of Fe5Sn 

was not possible to achieve by different non-equilibrium techniques as 

melt-spinning, mechanical alloying or solid state reaction. Another two 

theoretically predicted phases, Fe2Ge and Fe5Ge, were not possible to 

obtain by any of the three techniques mentioned before. 

As part of the project, the Co-Fe-Ta system was assigned to BCMaterials 

and the University of Delaware, and part of the research was designated 

to be part of this work. This system was theoretically predicted to exhibit 

an increased magnetic anisotropy with a Curie temperature much larger 

than other Fe-Co-M (M = Hf, Zr) [7,8]. The systematic crystal structure 
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calculation of this system yielded around 40 metastable non-cubic struc-

tures with interest for their use as permanent magnets. Among these crys-

tal structures, some of them stand out for being very close to the ground 

state and have a rhombohedral structure (space group 160), with a stoi-

chiometry CoFe4Ta, CoFe6Ta and CoFe8Ta. Another interesting phase 

was the CoFe6Ta with tetragonal (space group 115) structure, which had 

the lowest enthalpy of formation of all the Co-Fe-Ta systems predicted 

by AGA. 

The second step is the study of the magnetic properties of the newly pre-

dicted phases by first-principles methods using spin-polarised density 

functional theory (DFT). The full calculation comprises the determina-

tion of the saturation magnetisation, the magnetocrystalline anisotropy 

energy (MAE), and temperature dependent properties such as the Curie 

temperature TC as well as the magnetisation M(T). In addition,            

CALPHAD simulations have been carried out to study metastable 

phases. To get insight into the temperature dependent properties (M(T), 

TC) the exchange coupling parameters Jij had to be calculated. These cou-

pling parameters Jij have been derived from the Liechtenstein approach 

[9], which allows one to calculate magnetic interactions for an arbitrary 

arrangement of magnetic moments. This approach is implemented in 

several DFT codes and lately, it also became part of the RSPt code main-

tained in the University of Uppsala [10]. These calculations showed that 

the two phases with the lowest energy of formation for CoFe6Ta fulfilled 

the minimum criterion for the hardness factor κ > 0.5. 

As these theoretical methods give many possible phases with potential 

properties for permanent magnet application, a first experimental ap-

proach to check their existence is the use of high-throughput synthesis 

Figure 5.1. - Schematic representation of combinatorial thin film deposition. 
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(HTS). The working principle of the high-throughput methods is the 

complete compositional mapping of the multiple material systems [11]. 

One of the most common HTS techniques is the combinatorial thin film 

deposition using sputtering, shown in Figure 5.1. It was used to look for 

phases in the Fe-Co-Ta system by NCSR Demokritos. The sputter 

sources are tilted, thus resulting in a graded deposition: areas of the wafer 

closer to the source receive more deposited materials, whereas areas far-

ther from the source receive less deposited material. With this technique, 

a high coercivity Co-rich phase was found but the anisotropy was deter-

mined to be planar which is not useful for permanent magnet applica-

tions.  

A second technique is the reactive crucible melting (RCM), used by the 

Technische Universität Darmstadt (TUDA) to study the FeCoTa system 

within NOVAMAG. RCM was first introduced in 2001 by Lüdtke who 

used the method in order to search for new hard magnetic phases [12]. In 

the RCM technique, represented in Figure 5.2, the crucibles are made 

from one of the elements in the system under investigation. The other 

elements in the examined system are added into the crucibles in the form 

of crushed pieces or powders with high purity. The filled crucibles are 

then closed under argon atmosphere, wrapped in metal foils, sealed in an 

evacuated quartz tube and then heat treated at a desirable temperature. 

During the annealing, added elements in the crucible should be melted 

and diffused into the solid-state crucible element and therefore the inter-

mediate phases between the liquid and the crucible element form. By the 

formation of the concentration gradient and depending on the composi-

tion range between the melt and crucible element, the intermetallic 

phases according to thermodynamically guided diffusion processes 

Figure 5.2- Schematic representation of production procedure for reactive crucible melting 



Chapter 5 

 
 

106 
 

would form. The existence of liquid phases in this method enhances the 

diffusion speed. With this technique, three new phases were found in the 

Fe-Co-Ta system, TaFe3, Ta(Fe,Co)3, and Co(TaFe)6 by researchers of 

TUDA. However, to the best of our knowledge, no data on the structure 

and magnetic properties of these phases have been disclosed. 

With all these results in mind, a first attempt of synthesising some of 

these new phases was done by melt-spinning at the University of Dela-

ware by Aleksandar Gabay. After preparing ribbons in several composi-

tions on the Co-rich region of the Fe-Co-Ta system, some coercivity was 

found at room temperature, but XRD showed that the only non-cubic 

phase present in the ribbons had the C14 Laves structure. This led to the 

systematic study of the region near the reporting C14 Laves phase exist-

ence for this alloy. 

* All results presented in this introduction are private communications 

and produced by the following partners of the NOVAMAG project: Uni-

versidad de Burgos / ICCRAM, Uppsala University, National Centre of 

Scientific Research “Demokritos”, Technische Universität Darmstadt 

and the University of Delaware. 

5.2 C14 Laves non-cubic phases in Fe-Co-Ta system 

There are few reports on the magnetic properties of the (Fe,Co)2Ta laves 

phase [13–17], and all of them report a paramagnetic behaviour above 

room temperature. In order to see the evolution of the properties on this 

Figure 5.3- SEM image of Fe50Co20Ta30 before annealing showing the presence of at least 

two phases. 
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system, a number of different compositions were synthesised by arc-

melting of the pure constituents and later annealed at 1175 ºC for              

15 hours in order to homogenise the sample: Fe70Ta30, Fe60Co10Ta30, 

Fe50Co20Ta30, Fe40Co30Ta30, Fe30Co40Ta30, Fe20Co50Ta30, Fe10Co60Ta30, 

Fe54Co21Ta25 and Fe57Co23Ta20. These compositions were selected to see 

the evolution on the composition of the samples of the C14 Laves phase 

from the lowest amount of Ta to crystallise in this structure at low tem-

perature (30 at.%), as reported in the phase diagram of Fe-Ta, Figure 5.4, 

as Fe was substituted by Co, and afterwards, to see the effect of the re-

duction of Ta in the alloy.  

SEM image shown in Figure 5.3 indicates the presence of three phases, 

a dark phase corresponding with α-Fe(Co), a bright one, which corre-

sponds with the Laves C14 phase, and an intermediate phase that was not 

identified. Due to the limitations of the electron microscope used (a 

JEOL JSM-6335F), the atomic percentage of the bright and intermediate 

region could not be accurately estimated. 
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C14 

Figure 5.4- Phase diagram of the Fe-Ta system (top) and the Co-Ta system (bottom) [Oka-

moto, H. J Phs Eqil and Diff (2004) 25: 571.]. 

C36 
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The evolution of the phases present at the samples with the content of Co 

can be appreciated from the XRD shown in Figure 5.5. There are several 

aspects worth mentioning about these results. First, the sample with the 

larger amount of Co shows a predominant component of the C15 Laves 

phase, which agrees with the expected phase from a pure Co2Ta alloy 

according to the Co-Ta phase diagram. Secondly, the Fe20Co50Ta30 sam-

ple shows a reflexion of an unknown phase at 36º after annealing, while 

the intensity of the reflexion at 41º decreases, suggesting the formation 

of another phase at the expense of the C14 Laves one. Regarding the 

other samples, all of them show the typical pattern of the C14 Laves 

phase, with a small reduction of the width of the peaks after annealing. 

 

Figure 5.5- XRD patterns for the different samples with constant Ta amount. On the top 

left corner are the theoretically calculated patterns for the Laves phases C14 and C15. The 

black solid lines are the patterns for the as-cast samples and the green dashed lines are the 

annealed samples patterns 
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The samples with 30% or less content of Co present a ferromagnetic be-

haviour that is lost after annealing, excluding the sample without Co as 

shown in Figure 5.6. It is worth noticing that the sample without Co has 

a room temperature magnetisation of 6 Am2kg-1 at the most, which is a 

very low value for any practical application. 

 

Figure 5.7- M(T) curves at 0.05 T for the different samples with the C14 Laves phase as-cast 

(solid lines) and after annealing (dashed lines). 

Figure 5.6- M(H) curves at RT for the different samples with the C14 Laves phase as-cast 

(solid lines) and after annealing (dashed lines). 
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Regarding the M(T) curves shown in Figure 5.7, the as-cast alloys pre-

sent a nearly monotonous decrease of the magnetisation with the temper-

ature, which, together with the wider peaks in XRD patterns, suggest the 

existence of a chemical inhomogeneity. After annealing, the transition 

from a ferromagnetic to a paramagnetic state is more abrupt. The Curie 

temperature for these alloys is around 100-150 K. At a higher tempera-

ture, a small magnetisation remains in the samples, indicating that a small 

amount of a ferromagnetic phase is present. The small incrustations of  

α-Fe(Co) shown on SEM images contribute to the magnetisation by less 

than 0.2 Am2kg-1. 

The SEM images of the non-stoichiometric samples with 25 at.% and    

20 at.% of Ta after annealing are shown in Figure 5.8. The sample with 

the lowest amount of Ta presents a higher concentration of Fe than the 

one with higher Ta amount. As before, the atomic composition of the 

bright regions of the images could not be properly estimated due to the 

characteristics of the electron microscope used. 

 

Figure 5.8- SEM images of  Ta 25 at.% at 100x (top left) and  1000x (top right), and Ta 20 

at.% at  50x (bottom left) and 1000x (bottom right). The black region corresponds with          

α-Fe(Co) while the grey regions could not be calculated the exact atomic percentage of the 

elements. 
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From the XRD shown in Figure 5.9 is possible to see that both samples 

present the C14 Laves phase. It is also possible to see the excess of           

α-Fe(Co) on the sample with a lower amount of Ta by the difference of 

height between the peaks with higher intensity. As with the stoichio-

metric samples, after annealing, a reduced width on the reflexions of the 

XRD patterns can be appreciated. 

The reduction of the amount of Ta in the alloy produces a huge increase 

in the magnetisation as can be seen in Figure 5.10. In the alloy with         

20 at.% of Ta this increase is mostly due to the presence of Fe, but in the 

alloy with 25 at.%, the intrinsic saturation magnetisation reaches            

15-20 Am2kg-1, which is actually still a very low value for applications. 

The behaviour of both samples before and after annealing is also inter-

esting. The sample with lower Ta amount does not show any change, 

suggesting that the lower limit of Ta concentration in the C14 Laves 

phase has been reached. On the other hand, the sample with a higher 

amount of Ta presents a reduction of the magnetisation after annealing, 

Figure 5.9- XRD patterns of the non-stoichiometric samples before (solid black lines) and after 

(red dashed lines) annealing and the theoretical patterns for the C14 and C15 Laves phases. 

The green line and orange arrow shows the difference on intensity between two of the reflex-

ions. 
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which suggests a homogenisation of the sample with the consequent re-

duction of the α-Fe(Co) content. In both cases, a ferromagnetic behaviour 

with some anisotropy is present before and after the annealing process. 

The M(T) curves of Figure 5.11 show an increase of the Curie tempera-

ture reaching values of 220 K after annealing. In these samples we can 

see the same effect as before, the smooth transition of the magnetisation 

Figure 5.10- M(H) curves at RT of the non-stoichiometric samples before (solid lines) and 

after (dashed lines) annealing. 

Figure 5.11- M(T) curves for the non-stoichiometric samples before (solid lines) and after 

(dashed lines) annealing. 
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before the annealing sharpens after the heat treatment. The residual mag-

netisation on both samples suggests that there is a ferromagnetic phase 

at room temperature. Some of the residual magnetisation can be associ-

ated with the presence of α-Fe(Co), especially in the sample with a lower 

amount of Ta, but, the great anisotropy found at room temperature in the 

M(H) curves gives some insight about the existence of a third phase, 

however unidentified. 

5.3 Summary and conclusions 

In this chapter, the attempt for finding a RE-free alloy with uniaxial ani-

sotropy in the Fe-Co-Ta system has been shown. This study was moti-

vated by the reports of other partners on the NOVAMAG project who 

suggested the existence of potential phases in the Fe-Co-Ta system by 

theoretical predictions and HTS methods like combinatorial synthesis in 

thin film and reactive crucible melting. 

The alloys have been prepared by arc-melting and annealed at 1175 ºC 

for 15 hours. For different Fe/Co ratios in the (Fe,Co)70Ta30 system, there 

is no other ferromagnetic phase aside from the C14 Laves phase. This 

phase is stable at room temperature but shows a very low magnetisation 

of 6 Am2kg-1 and no useful anisotropy. Reducing the amount of Ta on 

the alloys, and near the predicted composition: Co0.25Fe0.5Ta0.25, the Curie 

temperature is increased by almost 100 K and we found a hint of a third 

phase aside from the C14 and α-Fe(Co) that is ferromagnetic at room 

temperature and has some anisotropy. Anyway, the low magnetisation 

shown by these samples discards them for permanent magnet applica-

tions. Multiple preparation approaches should be taken in order to try to 

get the theoretically predicted phases, which if really exist, will be highly 

metastable ones. The unsuccessful trial with melt spinning at the Univer-

sity of Delaware is, however, discouraging. 

We can conclude that, in spite of the theoretical predictions of new mag-

netic phases in the (Fe,Co)Ta system, strong experimental efforts should 

be made to find a new compound suitable for permanent magnets appli-

cations. The same happens in other explored Fe rich binary and ternary 

phases. 
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6 General conclusions and open perspectives 

6.1 General conclusions 

This thesis proposes three different lines of work, to overcome the criti-

cality of rare earths in the area of permanent magnets: From the reduction 

of heavy rare earths in the widely known Nd-Fe-B type of magnets 

(Chapter 3), passing through the search of rare earth reduction with 

promising ferromagnetic phases in the ThMn12-type structure           

(Chapter 4), to the complete removal of rare earth by searching ferro-

magnetic alloys with uniaxial anisotropy in the Fe-Co-Ta system (Chap-

ter 5). 

The main conclusions obtained for each line of work are as follow: 

Chapter 3:  

- Magnetic properties of Nd-Fe-B based magnets can be improved 

without heavy rare earths as Dy or Tb, by using Nb and Cu to control 

the crystallisation process on melt-spun ribbons of Nd-lean alloys.  

- Nb increase the crystallisation temperature of the 2:14:1 phase, by 

inhibition of the grain growth  

- Cu reduces the crystallisation temperature of the 2:14:1 phase, by 

promoting early nucleation, as well as helps the crystallisation of the 

secondary α-Fe phase. The latter is detrimental to the exchange cou-

pling. 

- Infiltration of a eutectic alloy (Pr3(Co,Cu)) in Nd-Fe-B alloys by 

Grain Boundary Diffusion Process (GBDP) enhances the coercivity 

five-fold, reaching a value of 2.5 T, comparable to commercial mag-

nets used in motors and wind generators applications containing Dy.  

- α-Fe was greatly reduced after the GBDP, and a core-shell structure 

was formed, with pure Nd2Fe14B in the core and a (Pr,Nd)2Fe14B gra-

dient layer at the surface with an anisotropy field slightly higher.  

- The core-shell hard grains are decoupled by the non-magnetic 

Pr(Nd)-Fe phase allocated in the boundaries.  

- The intergranular phase Pr(Nd)-Fe might delay the domain wall 

motion. The single domain Nd2Fe14B nanograins with few defects 
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have also high nucleation field. Together these two mechanisms help 

to increase the coercivity of the samples. 

Chapter 4:  

- The substitution of Ce by Sm in the system Ce1-xSmxFe10Co2Ti im-

proves the anisotropy field, from 2.6 T up to 8.7 T, and the Curie 

temperature, from 382 ºC up to 489 ºC, with a step when the concen-

tration of Sm in the alloy is greater than 25% 

- A parallel evolution is found in the hyperfine field of the Fe 8j site, 

probably due to the redistribution of Co atoms in the structure.  

- The optimally heat treated melt-spun ribbons of SmFe10Co2Ti reach 

a coercivity of 0.44 T. The coercivity of these samples is a promising 

value for the development of medium-grade permanent magnets.  

- Nitrogenation of bulk Nd0.5Y0.5Fe11Ti greatly improves its intrinsic 

magnetic properties. The anisotropy was increased from 1.75 T to 

over 5 T and the Curie temperature from 270 ºC up to 390 ºC.  

- Nitrogenation of melt-spun ribbons of Nd0.5Y0.5Fe11Ti improves the 

coercivity from 0.055 T up to 0.1 T. These nitrogenated ribbons, 

however, present a big amount of α-Fe, which is unfavourable to the 

coercivity. 

- The system Zr1-xCexFe10Si2 increase the anisotropy field when Zr 

was substituted by Ce, from 2.0 T up to 2.5 T for x = 0.6.  

- This improvement of the anisotropy is correlated with the increase 

of the cell volume and the tetragonal distortion (a/c) of the lattice. 

- Mössbauer spectroscopy reveals a displacement of Fe atoms from 

the 8i to the 8j site in the 1:12 structure, reaching a saturation at           

x = 0.6, which explain the instability of the 1:12 phase and the for-

mation of 2:17 phase for higher Ce concentration.  

- These alloys present a giant magnetostriction of about 1500 ppm at 

room temperature. 

- Zr0.4Nd0.6Fe10Si2 was successfully nitrogenated for the first time un-

der a N2 pressure of 20 bar at 550 ºC for 24 hours.  
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- A sample with 63% of the nitride phase presented an enhancement 

of the anisotropy field from 2.8 T up to 5.3 T, while the Curie tem-

perature increased from 295 ºC up to 380 ºC.  

- In the partially nitride sample, it is possible that some grains were 

fully nitrogenated while others were not nitrogenated at all. This can 

be due to a superficial anomaly of some of these grains.  

- These samples show no signs of degradation below 550 ºC, which 

opens a door to the development of sintered magnets based on nitro-

genated 1:12 alloys by means of alternative sintering processes as 

the spark plasma sintering. 

Chapter 5: 

- The attempt to find a RE-free alloy with uniaxial anisotropy in the 

Fe-Co-Ta system has been unsuccessful.  

- No new ferromagnetic phase was found in the system and the 

known C14 Laves phase is unsuitable for its use in permanent mag-

nets applications. 

6.2 Open perspectives 

Some of the materials shown in this work have good enough properties 

to be candidates as permanent magnets, but the main issue to overcome 

in the near future is the process to make a dense magnet out of them: 

 The Nd-lean Nd-Fe-B alloys infiltrated with a eutectic alloy 

showed very good properties compared with the actual commer-

cial magnets, but in order to compete with them, it is needed to 

make a sintered anisotropic magnet. The main problem in this 

process is the lack of a low melting alloy (which in common    

Nd-Fe-B magnets is present) that helps on the orientation of the 

grains during the sintering process.  

In a more elemental approach, two main questions remain to be 

answered; the effect of the Nd excess in the infiltration process, 

and the role of the (Pr,Nd)2Fe14B layer at the grain surface 

 The Sm-based 1:12 alloy presents the same problem as men-

tioned before when a sintered magnet is wanted. In order to get 

an anisotropic magnet, a molten phase is needed during the pro-

cess. This topic is already being studied at the University of Del-

aware by partners of the NOVAMAG project. 



Chapter 6 

 
 

120 
 

 In the case of Nd-base 1:12 alloys, they need to be nitrogenated 

to get good properties, but these nitride phases are not stable at 

high temperatures, making them unviable for sintered magnets. 

They are, however, a good promise for bonded magnets, once a 

good coercivity is reached. 

 In the special case of Si-stabilised nitride alloys, some experi-

ments using SPS has already been done within the group, obtain-

ing promising results, but on samples which coercivity was not 

optimised. In order to get a better understanding of this newly 

nitride alloys an in-situ neutron diffraction experiment has been 

done, with the results yet to be analysed. This experiment can 

give an insight of the nature of the nitrogenation process and the 

degradation process at high temperature in order to tune the pa-

rameters of the nitrogenation process and to know the limits that 

can be reached during the processing of these alloys to get a per-

manent magnet. 
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