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Synopsis 

 

 In recent years rare earth metals have hit the headlines due to supply restrictions of 

neodymium (Nd) and dysprosium (Dy) from the main supplier China. Many authors have 

addressed the so-called ‘rare earth crisis’ by reducing rare earth usage, especially dysprosium 

content in rare earth magnets. Other research institutes have investigated the possibility of 

recycling scrap NdFeB-type magnets.  

The work in this thesis is aimed at investigating the possibility of recycling sintered 

NdFeB-type magnets using a combination of hydrogen decrepitation (HD) and the HDDR 

process (Hydrogenation Disproportionation Desorption and Recombination). Uncoated blocks 

of scrap sintered NdFeB were exposed to hydrogen at room temperature to break them down 

into a powder. The powder was then heated under vacuum and exposed to hydrogen at 

temperatures exceeding 800 ºC to initiate disproportionation. The pressure in the system was 

subsequently reduced to initiate recombination of sub-micron Nd2Fe14B grains surrounded by 

a fine network of Nd-rich grain boundary phase, before quickly cooling to prevent grain 

growth. The resulting powders were then tested on a vibrating sample magnetometer (VSM) 

to measure the magnetic properties and their microstructures analysed using various scanning 

electron microscopes (SEMs).  

 The development of microstructure was analysed throughout the process, which 

identified a rod-like disproportionated structure resulting in good anisotropy in the 

recombined powder. However, oxidation at grain boundaries and triple points prevented 

complete disproportionation of triple points, leaving large pools of Nd-oxide in the final 

microstructure. It was found that the microstructure and magnetic properties are greatly 

affected by processing temperature, disproportionation pressure and recombination reaction 
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time. The best magnetic properties were produced using 20 g of sintered 

Nd13.4Dy0.7Fe78.6Al0.7Nb0.4B6.2, in-situ hydrogen decrepitation followed by HDDR with a 

reaction temperature of 880 ºC, disproportionation pressure of 1500 mbar, recombination 

under vacuum and then quick cooling. The resultant powder were tested using a VSM and 

was found to exhibit a remanence of 1.08 T, coercivity of 840 kA m
-1

and a maximum energy 

product of 178 kJ m
-3

.  

Sample batches up to 100 g could be HDDR processed with only small amounts of 

variation of magnetic properties. 400 g sample batches, however, resulted in large variations 

due to the effect of the endothermic recombination reaction altering the reaction kinetics, 

leading to incomplete recombination. It was also shown that by increasing the 

disproportionation pressure, samples of mixed composition input feeds can be processed 

simultaneously, however, there was also a large variation of magnetic properties. Production 

of bonded magnets from the resultant powder samples has given evidence that the HD and 

HDDR processes can be combined successfully as a method of recycling scrap NdFeB-type 

sintered magnets. However, the HDDR process parameters required vary depending on the 

composition or compositions of the input feed.   
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Chapter 1 

 
INTRODUCTION 

1.1. History of Magnetism 

 Western scientists and historians are generally of the belief that the Greeks were the 

first to report the magnetic properties exhibited by the magnetic ore FeO-Fe2O3 known as 

Lodestone or Magnetite (also referred to as leading stone or compass stone). Lucretius Carus 

(1
st
 Century B.C.) was quoted as saying “The magnet’s name the observing Grecians drew 

from the Magnetick region where it grew”, whereas Pliny’s account in De Magnete by 

William Gilbert (1600) was that the magnet stone was named after its discoverer, the 

Shepherd Magnes, “the nails of whose shoes and the tip of whose staff stuck fast in a 

magnetick field while he pastured his flocks”.   

Other reports believe that magnetism was first discovered in China around 4000 BC in 

the same form of magnetite, which was then described as a ferrous oxide stone that had the 

ability to attract iron. It was also said that meteoric iron was discovered and utilised in the 

period 3000-2500 B.C. as a primitive compass consisting of a spoon-shaped magnetite object 

with a smooth bottom, resting on a polished surface, the handle of which would always come 

to rest pointing south, an example of this can be seen in figure 1.1.1 below. A similar device 

employed a floating fish with a head made of magnetised iron which would also point south. 

In old Chinese encyclopaedias there is information suggesting that magnetic needles were 

used on ships in 400 B.C. for orientation.  
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Although the origin for the discovery of magnetism is widely disputed, it is evident 

that there were many locations worldwide where lodestones were used. Lodestones were also 

found in Arabia, Norway, Germany and many other places. Some of the lodestones were very 

weak, however some were very powerful and highly sought after, these were mainly found in 

Norway and were dusky blue in colour. The main comparisons between lodestones were 

whether they were hard or soft, heavy or light, porous or solid and strong or weak, however 

there were no defined units of measurement at this time. 

 

Figure 1.1.1. A typical lodestone compass consisting of a spoon-shaped lodestone on a 

polished surface. Image from: http://library.thinkquest.org/23062/compass.html accessed 

05/08/2012 

 

Humanity’s understanding of magnetism was furthered by the work of William 

Gilbert for his work in “De Magnete” (~1600) which led to him being widely accepted as “the 

father of magnetism”. Gilbert pioneered the first fundamental studies of magnetism and 

introduced the idea of the existence of magnetic forces, magnetic field lines and magnetic 

poles. It was Gilbert who made the link between the distribution of magnetic field from a 

http://library.thinkquest.org/23062/compass.html
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spherical magnet and that of the Earth and therefore concluded that the Earth is essentially a 

giant magnet itself. Further work led to the discovery of the Curie Temperature, by heating 

lodestone to a point at which it lost its magnetisation.  

The next major reported advancement in the behaviour of magnets was over two 

centuries later when Hans Christian Ørsted discovered that there was a relationship between 

electrical current and magnetism. As with many great discoveries this relationship was found 

by accident when an electrical current passing through a wire affected the behaviour of a 

nearby compass needle. This discovery prompted a boom in research into the relationship 

between magnetism and electricity by historical figures such as Andre-Marie Ampere, Carl 

Friedrich Gauss and Michael Faraday.  

 As new magnetic materials were discovered and developed during the 20
th

 century 

their magnetic properties improved rapidly and by the turn of the 21
st
 century the useful 

amount of work which could be performed by these materials (maximum energy product) had 

increased by a factor of 400.  

 The first man-made magnetic material was that of steel. Several magnetic steels were 

developed, including steel containing iron, carbon, tungsten and chromium named KS steel 

developed in the year 1917 by Kotaro Honda. These KS steel magnets had a low maximum 

energy product (<10 kJ/m
3
). In the 1930s a new magnet was discovered in the form of an 

iron-based alloy containing aluminium, nickel and copper [Mishima et al. (1932)] and was 

aptly named Alnico. In their early days Alnico magnets were able to produce a maximum 

energy product of around 40 kJ/m
3
, however later developments in the 1950s led to the 

production of anisotropic columnar Alnico with maximum energy products closer to 88 kJ/m
3
 

[Lutejin et al. (1956)]. Along with the columnar Alnico, a very important material was 
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developed when ferrite magnets were produced, again in the 1950s. Although they had a 

lower maximum energy product than the columnar Alnico magnets, ferrites were very cheap 

to produce as they contained iron oxides (typically strontium hexaferrites, SrO.6Fe2O3) as 

their main component and can be processed in air, which resulted in them being used in many 

cost-driven applications. Ferrites are still very widely used.  

In 1966 the first Rare-Earth (RE) Transition Metal (TM) magnets were discovered 

based upon an alloy of yttrium and cobalt, YCo5. Within just a few years the yttrium was 

replaced with samarium to produce SmCo5 type magnets with the ability to produce a 

maximum energy product of around 160 kJ m
-3

 [Strnat et al. (1967)]. Further work on 

samarium cobalt with additions such as iron, copper and zirconium gave birth to a new 

compound based on Sm2Co17 in the 1970s with an increased maximum energy product in the 

region of 240 kJ m
-3

 as reported by Tawara & Strnat (1976). These SmCo-type magnets are 

well known for having high Curie temperatures and excellent resistance to demagnetisation, 

making them ideal for use in high temperature applications such as aero engines. SmCo-type 

magnets became very expensive to produce in the 1980s due to a sharp increase in the price of 

cobalt. This acted as a driver to produce non-cobalt-containing magnetic materials. 

The next generation of rare-earth magnets was based upon neodymium iron boron 

(NdFeB) magnets which exhibit higher (BH)max than any other magnets produced with a 

maximum energy product of 300 kJ m
-3

. Continued work on NdFeB has led to further 

improvements in magnetic performance with (BH)max now being reported in excess of 

400 kJ m
-3

. NdFeB magnets are limited in their usable temperature range due to the fact that 

they have a low Curie temperature, however it has been demonstrated that additions of other 

rare-earth materials such as dysprosium can increase the coercivity leading to improved 

thermal stability. In the last 5 years there has been considerable concern over the supply and 
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demand of rare-earth metals including neodymium and dysprosium which has caused price 

hikes as previously observed for cobalt in SmCo type magnets. This has led to research into 

minimising the rare earth content of magnets and into alternative non-rare earth magnets. 

More recent studies on samarium-based magnets occurred in the 1990s with the development 

of Sm2Fe17N3 magnets capable of producing a similar maximum energy product to Sm2Co17 

but with better resistance to corrosion and the ability to be used at higher temperatures. Coey 

& Sun (1990) heated Sm2Fe17 up to temperatures between 460-650 ⁰C alloys under 1 bar 

ammonia or 1 bar nitrogen to form these Sm-Fe-N alloys. These magnets exhibit excellent 

anisotropy and Curie temperatures over 150 ⁰C but they cannot be formed into sintered 

magnets. These magnets are generally metal bonded rather than polymer bonded due to the 

low thermal stability of polymers. It has been reported by Otani et al. (1991) and Suzuki & 

Miura (1992) that the best metal for bonding Sm-Fe-N magnets is Zn where up to 5 wt% can 

be added. The Zn has been shown to substitute for Fe in the surface layers of the fully 

processed magnet, causing an increase in coercivity. 

This evolution of permanent magnets is graphically represented in figure 1.1.2, 

comparing the maximum energy product of each material. It can be observed that the (BH)max 

of the magnetic materials has increased with time, with major increases occurring with the 

introduction of SmCo-type magnetic materials and NdFeB-based sintered magnets. 
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Figure 1.1.2 Improvements of permanent magnets throughout the 20
th

 century comparing 

development of maximum energy product of each type of magnet with advancing time 

[Hadjipanayis (2012)] 
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1.2. Magnet Market and Applications 

Permanent Magnet Production 

 The production capacity for different types of permanent magnet and the locations 

where those materials have been produced has changed dramatically over the past 30 years. 

Figure 1.2.1 below shows the quoted worldwide production of all permanent magnets in 2007 

by Sugimoto (2010). It can be seen from this table that China produced over 63% of all 

permanent magnets in that year whereas the second and third placed producers, Europe and 

Japan only produced around 8%. The majority of magnets, by quantity, are sintered ferrites. 

China produced 95% of these and a significant percentage of all other magnets, including 

rare-earth based materials. Since 2007 China have increased this share and it is predicted to 

maintain this level in the near future.  

Figure 1.2.1. Worldwide production of permanent magnets in 2007 (ton/year) [Sugimoto 

 (2010)] 

 

There are wide ranging figures for the worldwide market for NdFeB. For example 

Sagawa (2010) quoted the overall output of sintered NdFeB as around 60,000 tons (figure 

1.2.2), whereas Sugimoto quoted the market for both bonded and sintered NdFeB in 2007 as 

33,080 tons. Sagawa forecasts that between 2010-2020 there will be an annual increase in 
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demand of around 10%, with 100,00 tons of sintered NdFeB being produced in 2015 and 

160,000 tons in 2020.  

 

Figure 1.2.2. Estimated worldwide demand for sintered NdFeB over the period 2010-2020 

[Sagawa (2010)] 

 

Hatch (2012) suggested figures for worldwide rare earth oxide production solely for 

use in permanent magnet manufacture, which are shown in table 1.1. Hatch estimated an 

output of 21,000 tons in 2011, and forecasts an increase of 15,000 tons per year by 2016 to 

36,000 tons, which represents an annual increase of just over 10% on a linear scale or an 

overall increase of ~71% in 5 years. This agrees with the rate of increase of permanent 

magnet production estimated by Sagawa (2010).   

 

Table 1.1. Estimated global demand of rare earth oxides for use in permanent magnets from 

2011 with forecast growth in 2016 [Hatch (2012)]. 

 China Japan & SE Asia USA Other Total 

2011 estimated 16,500 3,500 500 500 21,000 

2016 forecast 28,000 4,500 2,000 1,500 36,000 
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Permanent Magnet Applications 

 Permanent magnets have a very wide range of applications and have become a large 

part of everyday life; so much so that almost everywhere you look there will be an item or 

device containing a magnet of some description.  The type of permanent magnet used for any 

given application is carefully selected depending on the device it is being used in and the most 

important driving force, i.e. cost, magnetic strength, corrosion resistance, temperature of 

application etc. The main applications for permanent magnets today are shown in Table 1.2 

with a breakdown of the rare-earth permanent magnet market for 2012 shown in figure 1.2.3.  

Table 1.2. List of major applications of permanent magnets and the magnet type associated 

with that application. 

 Applications Magnets 

Aerospace Frictionless bearings, Navigation, Engine 

motors, Generators, Actuators 

SmCo-type 

Automotive Actuators, Motors, Speedometer, Anti-lock 

Breaking System (ABS), Electric windows 

Ferrites, NdFeB, 

Alnico 

Electronics Hard Disc Drives, Loudspeakers, Magnetic 

recording media, Personal Computers (PC) 

NdFeB, Ferrites 

Household Fridge magnets, Refrigerators,   Ferrites,  

Medicine Magnetic Resonance Imaging (MRI), 

Pacemakers, Hearing aids, Magnet therapy, 

Dentures, Surgical tools 

NdFeB, SmCo-type 

Motors & Generators DC motors for tools, Stepping motors, 

Magnetic bearings,  

SmCo-type, NdFeB, 

Ferrites 

Telecommunications Loudspeakers, Microphones, Switches and 

relays, Mobile phones 

AlNiCo, NdFeB. 

Ferrites 
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Figure 1.2.3. Rare-Earth permanent magnet market share in 2012 [Shaw & Constantinides 

presentation (2012)] 

 

It can be observed from figure 1.2.3 that the largest use of rare-earth magnets is in 

motors and generators, which has recently overtaken the hard disk drive (HDD) market. This 

shift has occurred due to recent improvement in magnetic performance and their increased use 

in clean technologies such as hybrid and electric motor vehicles as well as in large scale 

offshore wind turbines (requires between 0.5-1.0 tonne of NdFeB per megawatt). Du and 

Graedel (2011) found that audio systems, such as loudspeakers contribute around a quarter of 

rare earth permanent magnet production, which is not in keeping with figure 1.2.3, however 

their findings were based on analysing the 2007 market and studying electronics scrap.  
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Rare-Earth Magnet Resources 

In recent years there have been increasing problems with the supply of rare-earths. 

Hatch (2012) discussed the shift in production over the last century, stating that up until the 

1940s, rare earth oxides were predominantly produced in India and Brazil until Australia, 

Malaysia and South Africa became involved in the industry. Soon after this, the Mountain 

Pass bastnaesite mine in California started production and became the largest producer of 

rare-earths in the world. In the 1980s China began to produce rare earth oxides from ion-

adsorption clays and mineral ore deposits and this region has become increasingly dominant. 

Today China produces over 95% of the world supply of rare earth oxides.  

The Chinese Ministry of Commerce have imposed quotas and taxes on exports of rare 

earth oxides, metals and alloys since 2008-2009. In July 2010 this quota was cut by 40% 

compared to the previous year, leading to supply problems for non-Chinese producers and 

users, which resulted in volatile prices for rare earth metals. The rare earth metals are also 

roughly double the price if purchased outside of China. Figure 1.2.4 below shows how rare 

earth prices have changed over the last few years. For example Nd metal rose from ~40 $ kg
-1

 

to ~460 $ kg
-1

 between July 2010 to July 2011, and Dy rose from ~350 $ kg
-1

 to ~3200 $ kg
-1

 

over the same period. These prices have since reduced, as shown in figure 1.2.5. 
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Figure 1.2.4. Price changes of Nd metal and Dy metal between April 2009 and April 2012 

(data from www.metal-pages.com) 

 

 

Figure 1.2.5. Current prices of Nd metal and Dy metal between March and September 2013 

(data from www.metal-pages.com, accessed 02/09/2013) 

 

In 2012 the American Physical Society (APS) and the Materials Research Society 

(MRS) together created a list of the critical materials for clean energy technologies which 

were at risk of supply issues. Simultaneously the US Department of Energy created a similar 

list and on both lists the rare-earth elements appeared at the top. The same materials featured 

on an EU Critical Materials list, also published in 2012. This has further highlighted the 

importance of these materials for the advancement of clean energy, giving extra support to the 

argument for recycling rare-earth magnets. Figure 1.2.6 below shows the elements included in 

http://www.metal-pages.com/
http://www.metal-pages.com/


Chapter 1 Introduction 

13 

 

the critical materials lists in the form of the periodic table of elements, where the coloured 

elements are on the APS and MRS list, and the elements with thick black borders are on the 

US Department of Energy list. 

 

 

Figure 1.2.6. Adapted periodic table of the elements highlighting the elements on the list of 

critical materials for clean energy technologies devised by APS and MRS. Image taken from 

http://earthfix.tumblr.com/image/32356153181 accessed 15/01/2014 

 

Although China has dominated the rare earth market in recent years, there are many 

other deposits around the world and rare earths are therefore not as ‘rare’ as their name 

suggests. Many previously closed or not fully explored deposits are now undergoing 

feasibility studies and coming back on-line. Some of the largest known deposits are shown 

below in figure 1.2.7. 

 

  

http://earthfix.tumblr.com/image/32356153181
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Figure 1.2.7. Global locations of known rare-earth deposits (Hatch 2012) 
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To overcome any potential resource issues there are many possible solutions. It would 

be possible to change the application to remove or reduce the amount of rare-earth magnetic 

material used; this could include changing the design of products or using alternative 

magnetic materials such as ferrites. However, this is likely to result in a drop in efficiency of 

these devices. More rare-earth metals could be extracted from new sources shown in figure 

1.2.7 to create a supply less dependent on China. Another option could be to recycle NdFeB 

magnets contained in scrap electrical equipment. This could provide a constant supply of rare-

earth material that will have many advantages over primary mined sources of material. For 

example NdFeB magnet scrap will only contain 3 or 4 rare earth elements (Nd, Dy, Pr, Tb), 

they will not contain radioactive thorium which can be found in rare earth ores and it could be 

cheap and clean to extract in comparison to mined sources of material. In order for recycling 

to be a viable option then efficient and cost-effective recycling processes need to be 

developed for these materials.  

The main sources of electrical scrap containing NdFeB-type magnets today include 

hard disk drives and loudspeakers. If the magnets could be harvested from these products then 

this could act as a feedstock for producing new magnets using a number of different routes.  

However today less than 1% of rare earths are recycled [Binnemans et al., (2013)]. 
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The Magnetic Triangle 

 The magnetic triangle, shown in figure 1.2.8 describes the three important stages of 

producing an ideal magnet for a given application. The three stages link together and have a 

great effect on the extrinsic properties of a magnet, e.g. remanence and coercivity. To produce 

the ideal magnet it is imperative to get the processing right, the processing greatly affects the 

microstructure of the final magnet, the microstructure then determines the magnetic properties 

of the magnet.  

 

 

Figure 1.2.8 The magnetic triangle used to describe the three important characteristics when 

producing a magnet for a given application. 
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1.3 Scopes and Aims of the Project 

The aim of this project is to investigate a possible method of recycling NdFeB-based 

magnets using a combination of HD (Hydrogen Decrepitation) and HDDR (Hydrogenation 

Disproportionation Desorption Recombination) to produce high energy product, anisotropic 

powders suitable for use in bonded magnets. Previous work at the University of Birmingham 

has utilised hydrogen as a tool for breaking down NdFeB magnets into a powder using the 

HD process and compacting and sintering the powder to produce new magnets [Zakotnik et 

al. (2004), Zakotnik et al. (2006), Zakotnik et al. (2008), Zakotnik et al. (2009) and Walton et 

al. (2012)]. In this project the HD processed powder is further processed using a high 

temperature hydrogen processing route called HDDR. The starting magnets are scrap sintered 

NdFeB alloys of known composition which will be processed using different HDDR 

treatment conditions. The variables will include for example processing temperature and 

pressure. The main aim of this project is to optimise the processing conditions for HDDR 

treatment in order to produce the highest energy product anisotropic material suitable for 

bonded magnets.  

The results and findings from these investigations will be applied to a range of 

compositions and mixed input feeds to demonstrate the use of these processes for recycling of 

mixed composition, ‘real’, scrap sintered NdFeB.  
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Chapter 2 

 
PRINCIPLES OF MAGNETISM  

2.1 Origin of Ferromagnetism 

A magnetic field is produced when an electrical charge is in motion; this can be achieved 

either by: 

 Passing an electrical current through a copper coil (electromagnetism) or 

 Spinning electrons orbiting a nucleus within a given material 

When passing an electrical current through a copper coil it has been shown that a 

magnetic field will be produced within the coil which will be maintained until the electrical 

current is removed. Therefore, it can be said that a magnetic field can only exist in the 

presence of moving electrical charge.  

An atom consists of a nucleus surrounded by completely full and partially filled 

electronic shells, the electrons within these shells orbit the nucleus of the atom as observed in 

figure 2.1.1. In a magnetic material the moving electrical charge is in the form of spin from 

the electrons orbiting in partially filled electronic shells and the orbital motion itself. The 

filled electronic shells do not contribute to the magnetic field produced as all electrons are 

paired up and cancel each other out, resulting in a net zero spin. Magnetism is only exhibited 

in materials with the optimal set of conditions and electronic configuration which requires 

unpaired electrons to generate a net spin within each atom.  
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Figure 2.1.1. The spin of an electron as it orbits its nucleus within a material. Image from 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/intro.htm Accessed 

15/01/2014. 

 

The net spin of each atom is termed the magnetic moment and it is the sum of these 

magnetic moments that creates the magnetic field that is exhibited by the material as a whole. 

If a material does contain unpaired electrons that exhibit magnetic moments, that material 

may still not produce a magnetic field as each of the magnetic moments will be randomly 

oriented, effectively cancelling each other out. It is only in specific cases where these 

magnetic moments line up spontaneously (or by placing the material in a magnetic field) that 

a total net magnetic field can be produced by the material. 

 The magnetic field or induction of a material, B, incorporates the magnetisation of the 

material in terms of orbital motion and electron spins, M and the flow of charge from an 

external magnetising force, H in the following equation: 

        [Equation 2.1.] 

where µ0 is the permeability of free space = 4π x 10
-7

 N A
-2

 

 The magnetisation of a material is dependent on the magnetic field acting upon it with 

relation to its magnetic susceptibility, χ. Magnetic susceptibility is a dimensionless intrinsic 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/intro.htm
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property that indicates the magnetisation of a material in response to an applied magnetic 

field. This relationship can be show as:  

  M = χ H       [Equation 2.2.] 

  All materials respond to an applied magnetic field to a degree although very sensitive 

equipment is required to measure this reaction in some materials, the result of these 

interactions allow us to categorise every material into one of five main groups, depending on 

their magnetic behaviour. 
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2.2 Magnetic Behaviour 

There are five major categories of magnetic behaviour into which any material can be placed:  

 Diamagnetism 

 Paramagnetism 

 Ferromagnetism 

 Antiferromagnetism 

 Ferrimagnetism 

 The following periodic table of elements in figure 2.2.1 is colour coded to show the type of 

magnetic behaviour exhibited by each element at room temperature (21 ºC):  

 

Figure 2.2.1. Colour coded periodic table of elements showing the characteristic magnetic 

behaviour of each element. http://www.birmingham.ac.uk/research/activity/metallurgy-

materials/magnets/background/magnetic-materials-types.aspx Accessed 14/02/2013 

 

As observed from figure 2.2.1, the most common types of magnetism at room 

temperature are paramagnetism and diamagnetism whereas there are only three ferromagnetic 

elements and only two antiferromagnetic elements. Only ferrites can exhibit ferrimagnetism, 

all of which are compounds, hence why none of the elements in the table appear as 

http://www.birmingham.ac.uk/research/activity/metallurgy-materials/magnets/background/magnetic-materials-types.aspx
http://www.birmingham.ac.uk/research/activity/metallurgy-materials/magnets/background/magnetic-materials-types.aspx
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ferrimagnetic. These types of magnetic behaviour are described below and summarised in 

schematic form in figure 2.2.4. 

 

Diamagnetism 

Diamagnetism is a behaviour that opposes any applied magnetic field and is present in 

all materials; however, its effects are very weak and can easily be masked by other magnetic 

behaviours. This behaviour follows Lenz’s Law which states that the external applied 

magnetic field affects the orbits of the electrons and hence the spins will change and realign to 

oppose the external field, effectively displaying negative magnetic susceptibility. For this 

reason, diamagnets are not permanent magnets as this behaviour relies on the application of 

an external field, and diamagnetism is therefore a transient state.  

For diamagnets, typical susceptibility, χ ≤ 10
-5

 

 

Paramagnetism 

Unlike diamagnetism, paramagnetism is only present in materials where the atoms 

have a permanent magnet dipole moment due to the existence of unpaired electrons. Where no 

external field is present, these magnetic dipoles orient themselves randomly within the 

material, in effect cancelling each other out to produce zero net magnetic field. When placed 

in an external magnetic field, these dipoles will align along the direction of the applied field; 

however, there is little to no interaction between neighbouring dipoles and so thermal 

agitation of the atoms easily disrupts the ordering, leading to weak magnetisation. The 
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temperature dependence of magnetic susceptibility of paramagnets can be classified by the 

Curie law: 

 χ =         [Equation 2.3.] 

where C is the Curie constant of the material and T is the temperature in Kelvin. 

For paramagnets, typical susceptibility, χ ≈ 10
-4

 

 

Ferromagnetism 

Like paramagnetism, ferromagnets have partially filled electronic shells containing 

unpaired electrons that form magnetic dipoles. Unlike paramagnetism, in ferromagnets there 

is a strong interaction between neighbouring dipoles that causes them to align themselves in a 

parallel formation to reduce the overall energy state in the material allowing the alignment to 

remain after an external field has been removed. Ferromagnets can however, lose this 

alignment when heated to a temperature specific to each material known as the Curie 

temperature (Tc) where the thermal energy is high enough to disrupt the strong alignment in 

the magnet, leading to misaligned magnetic moments and zero net magnetisation and the 

material effectively becomes paramagnetic.  

 The material would then need to be placed in an external magnetic field at a 

temperature below Tc again to realign the magnetic dipoles and recreate a permanent magnet. 

At zero Kelvin the ferromagnet dipoles will align perfectly and hence the magnetic field 

reaches saturation, this magnetisation will decrease with increasing temperature until reaching 
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Tc. Figure 2.2.2 shows the effect of temperature on the saturation magnetisation of a 

ferromagnet from zero Kelvin up to the Curie temperature.  

 

 

 

 

 

 

Figure 2.2.2. Variation of saturation magnetisation of a ferromagnet with temperature 

 There is an exchange force between neighbouring atoms which was proposed by 

Heisenberg in 1927, this exchange force allows electrons to swap or exchange places with 

electrons on neighbouring atoms. These electrons maintain alignment information about 

dipole moment direction, which can be either positive (ferromagnetic) or negative 

(antiferromagnetic). The exchange forces reduce with increasing distance, leading to 

ferromagnetism being sensitive to inter-atomic distance and the diameter of the unfilled 

electron subshell. Figure 2.2.3 shows the Bethe-Slater curve, which plots the ratio of atomic 

radius to the radius of the 3d subshell against the exchange integral for ferromagnetic and 

antiferromagnetic materials. It can be observed that Co has the highest exchange integral, 

closely followed by Fe and then Ni which are all ferromagnetic, whereas Mn and Cr exhibit a 

negative exchange integral and are therefore antiferromagnetic. 

 

Ms 

0 T 

Tc 
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Figure 2.2.3. Bethe-Slater curve describing the exchange integral against the ratio of the 

atomic radius to the ratio of the 3d subshell. [Walton Undergraduate Lecture (2013)] 

Ferromagnetism exhibits the strongest magnetic force out of all five behaviour types 

and can be physically felt when holding a ferromagnet in each hand and holding them close to 

each other. The temperature dependence of the susceptibility of a ferromagnet can be 

described using the Curie-Weiss law in the form of  

 χ =        [Equation 2.4.] 

For ferromagnets, typical susceptibility, χ ≈ 50 to 10
5
 

 

Antiferromagnetism 

Antiferromagnets contain magnetic dipoles that align with their neighbours; however, 

they have a tendency to point in the opposite direction to their neighbour. For example, the 

dipoles will all align vertically within the material but if one dipole is pointing up, the next is 

pointing down, then up, then down etc. throughout the entire lattice. Due to the anti-alignment 
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of the magnetic dipoles pointing in opposite directions, antiferromagnets exhibit zero net 

magnetic field. When heated to a specific temperature called the Néel Temperature (TN), 

antiferromagnets will lose their order and become paramagnetic. These magnet types appear 

on the negative part of the Bethe-Slater curve as previously demonstrated with Mn and Cr. 

Antiferromagnetic materials follow a modified Curie-Weiss law in the form of 

  χ =   T > TN     [Equation 2.5.] 

For antiferromagnets, typical susceptibility, χ ≈ 10
-5

 to 10
-3

 

 

Ferrimagnetism 

Ferrimagnetism is only present in certain compounds with complex crystal structures. 

Like ferromagnets, ferrimagnets also retain their magnetisation when removed from an 

external magnetic field and become paramagnetic above the Curie Temperature. Their 

magnetic dipole structure is similar to antiferromagnets where they have opposing direction 

within the same alignment; however, the magnetic moments in one direction is larger than in 

the opposite direction, resulting in a net magnetisation.  

For ferromagnets, typical susceptibility, χ ≈ 50 to 10
4
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Figure 2.2.4. Table showing the magnetic behaviour of magnetic domains in permanent 

magnets and the relationship between magnetisation and applied magnetic field. Adapted 

from http://www.birmingham.ac.uk/Documents/college-eps/metallurgy/research/Magnetic-

Materials-Background/Magnetic-Materials-Background-4-Classification-of-Magnetic-

Materials.pdf Accessed 15/01/2014 

 

 

 

 

 

 

 

 

http://www.birmingham.ac.uk/Documents/college-eps/metallurgy/research/Magnetic-Materials-Background/Magnetic-Materials-Background-4-Classification-of-Magnetic-Materials.pdf
http://www.birmingham.ac.uk/Documents/college-eps/metallurgy/research/Magnetic-Materials-Background/Magnetic-Materials-Background-4-Classification-of-Magnetic-Materials.pdf
http://www.birmingham.ac.uk/Documents/college-eps/metallurgy/research/Magnetic-Materials-Background/Magnetic-Materials-Background-4-Classification-of-Magnetic-Materials.pdf
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2.3 Intrinsic Properties 

As well as magnetic properties that are controlled by microstructure, there are also 

properties of magnetic materials that are solely influenced by the material itself and hence are 

not affected by the processing route used to manufacture the magnet or the resultant 

microstructure. 

Saturation Magnetisation 

 The saturation magnetisation, or Ms, of a magnet is the maximum amount of field that 

can be exerted by a magnet on its surroundings. This is greatly affected by the alignment of 

the magnetic moments within the magnet, the crystal structure of the magnet and the presence 

of non-magnetic elements within the system. Any misalignment of magnetic moments will 

cause a reduction in overall magnetic saturation, as will an increase in non-magnetic elements 

being present within the material.  

 

Anisotropy 

 Anisotropy is observed when the properties of a material differ depending on the 

direction of testing. 

 

Magnetocrystalline Anisotropy 

 The magnetic properties of the material are affected by the orientation that the 

magnetic dipoles are aligned in, i.e. magnetic moment can be higher in one crystallographic 

direction than another. This anisotropy gives rise to ‘easy’ and ‘hard’ directions of 
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magnetisation, where magnetic moments line up preferentially along a certain axis (easy 

direction) when placed in a magnetic field, however, it is possible to align them in a non-

preferred orientation in an applied field, although it takes a larger amount of energy to do so 

(hard direction). Samples that exhibit uniaxial anisotropy are very hard to demagnetise as it 

takes a large amount of energy to rotate the direction of magnetisation, however, some 

anisotropic magnets have multiple easy directions that can exist, such as along a preferred 

crystallographic plane. These magnets are easier to demagnetise.  

 Magnets with high magnetocrystalline anisotropy have one or more preferred 

directions of magnetisation which require low fields to align in these directions, this makes it 

very difficult to magnetise it in any other (hard) directions. Therefore, it is energy intensive to 

demagnetise as it requires high fields in a demagnetising direction to change the direction of 

magnetisation in the domains. The magnetisation behaviour and crystallographic easy and 

hard directions of magnetisation are shown in figure 2.3.1. Magnets that exhibit this 

mechanism usually have very high coercivity, such as rare earth magnets.  

Figure 2.3.1. Magnetisation behaviour in easy and hard directions of magnetisation. Image 

from http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/def.htm 

 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/def.htm
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Shape Anisotropy 

 Shape anisotropy exists when magnetic particles are not perfectly spherical, causing a 

difference of magnetic properties in each direction depending on the morphology in the 

particles. For example Alnico magnets have elongated particles that exhibit higher 

magnetisation along the length of the particle; however, they exhibit very low coercivity as 

the particle morphology does not contribute to the resistance to demagnetisation of the 

material.  
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2.4 Magnetic Domains 

 Magnetic domains are small, spontaneously formed regions of uniform magnetisation 

that exist within a magnetic material below the Curie Temperature. The formation of these 

domains reduces the energy of the internal system by reducing the magnetostatic energy field 

produced by the material. A single region of directional magnetisation would create a 

demagnetising field outside itself which stores a large amount of magnetostatic energy. If this 

region splits into two regions aligned antiparallel the external demagnetising field would be 

reduced, storing lower magnetostatic energy. Further division and rotation of these domains 

could form a closed loop with zero demagnetising field produced, as shown below in figure 

2.4.1, which is very important especially in soft magnets. 

Figure 2.4.1. Schematic representation of the division of magnetisation into domains in a 

magnetic material to reduce internal system energy. Image from 

http://www.birmingham.ac.uk/Documents/college-eps/metallurgy/research/Magnetic-

Materials-Background/Magnetic-Materials-Background-6-Domains.pdf 

 

The theory of magnetic domains was proposed by Pierre-Ernest Weiss in 1906 in 

order to explain the spontaneous alignment of magnetic moments within a ferromagnet. In 

this theory it was determined that the direction of each domain was random although the 

magnetic moments can show a tendency to align in specific crystallographic directions, which 

http://www.birmingham.ac.uk/Documents/college-eps/metallurgy/research/Magnetic-Materials-Background/Magnetic-Materials-Background-6-Domains.pdf
http://www.birmingham.ac.uk/Documents/college-eps/metallurgy/research/Magnetic-Materials-Background/Magnetic-Materials-Background-6-Domains.pdf
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became known as the “easy” directions of magnetisation. Although each domain exhibits 

uniform magnetic directionality, the individual domains themselves are separated by domain 

walls allowing them to point in different directions. The direction of magnetisation changes 

uniformly through the domain wall from one domain to its neighbour. This interaction is 

shown schematically in figure 2.4.2.  

 

Figure 2.4.2. Schematic to show the change of magnetisation direction through a domain wall 

between neighbouring domains. Image from 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/domain.htm Accessed 

15/01/2014 

 

 

 

 

 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/domain.htm
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2.5 Hysteresis Loops 

 The magnetisation exhibited by a hard or permanent magnet varies depending on the 

magnetic field applied to it and the direction in which the field is applied. The relationship 

between applied field and magnetisation in terms of polarisation (red loop) and induction 

(blue loop) produced is shown in the ferromagnetic hysteresis loop in figure 2.5.1. The 

magnetic properties traditionally quoted are calculated from both hysteresis curves, however, 

the loop most commonly used and recognised is the polarisation hysteresis loop. In the 

hysteresis loop the origin is the point at which the material is in a demagnetised state and the 

magnetic domains are randomly oriented, exhibiting zero net magnetisation.  

Figure 2.5.1. Typical ferromagnetic hysteresis loop showing the relationship between applied 

field and magnetisation exhibited by a permanent magnet. Image from 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/hyst.htm Accessed 

15/01/2014 

(Br, Jr) 

((BH)max) 

(iHc) 

(Ms) 

(bHc) 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/hyst.htm
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A magnetic field is then applied to the sample until saturation is complete in terms of 

both polarisation and induction which fully magnetises the sample, in this state the domains 

are all aligned in the direction of the applied field. The applied field is then reduced to zero 

and the hysteresis loop reaches the boundary between the first and second quadrant, this point 

is the y-intercept, also known as the remanence. The direction of magnetisation is then flipped 

to the opposite direction and increased to saturation. During this change in field the magnetic 

domains are rotated by the applied field, at a set value of applied field the domains are 

randomly oriented to the point where the sample exhibits zero magnetisation and the 

hysteresis loop will intercept the x-axis, also known as the intrinsic coercivity of the sample. 

This second quadrant is known as the demagnetisation quadrant, and is the part of the loop 

where the remanence, coercivity and maximum energy product can all be calculated. The field 

is continually increased until the magnetisation is saturated in the reverse direction where all 

the domains will be aligned in the applied field direction. This process is then repeated to 

complete the hysteresis loop and the applied field is reduced back to zero.  

The shape of the hysteresis loop, specifically the magnetisation stage and the 

demagnetisation quadrant differs depending on the material being tested and the direction of 

the applied field (i.e. easy or hard direction of magnetisation). Applying a magnetic field to a 

ferromagnetic material in the easy direction of magnetisation aligns the moments almost 

immediately to reach saturation magnetisation, whereas applying a field in the hard direction 

requires much larger fields to rotate the magnetic moments in the desired direction, as 

previously shown in figure 2.3.1. The magnetisation stage can also be affected by the 

coercivity mechanism, which will be discussed later. For a perfectly square hysteresis loop: 
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The shape of the demagnetisation quadrant can also be affected by the direction of 

magnetisation. In the easy direction the polarisation exhibited remains constant until the 

applied field reaches the coercivity at which point the magnetic moments flip 180º, this 

produces a square loop as seen previously in figure 2.5.1 (red loop). A square loop in the easy 

direction is the desired loop shape for a hard magnet as the magnet will produce the same 

magnetisation on its surroundings until a known applied field is present, so it is very 

predictable, a rounded or curved loop could be unpredictable when the product is in service. 

In the hard direction the demagnetisation loop can be seen as a shallow sloped line as 

different domains and moments will require different applied field to rotate the moments, so 

there is no squareness to the loop. 

Remanence 

 The remanence of a magnet, also referred to as Br or Jr is a measure of the magnetic 

polarisation that a magnet can exhibit without the presence of an external magnetic field. This 

can be measured by reading off the y-intercept from the hysteresis loop as the loop passes 

from the first quadrant to the second quadrant. The S.I. unit of Br is Tesla, T, however, it can 

also be expressed in Gauss, G, using the cgs emu system, where the conversion factor is 1 T = 

10000 G.  

Coercivity 

 The intrinsic coercivity of a magnet, also known as iHc, is a measure of the magnet’s 

resistance to demagnetisation, i.e. it is the amount of external magnetic field required to 

reduce the polarisation of a permanent magnet to zero from saturation. This can be measured 

by reading off the x-intercept from the hysteresis loop as the loop passes from the second 
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quadrant into the third quadrant. The S.I. unit of Hc is kiloAmps per metre, kAm
-1

, however, it 

can also be expressed in Oersteds, Oe, where the conversion factor is 1 kAm
-1

 = 12.6 Oe. 

Maximum Energy Product 

 The maximum energy product, also known as the (BH)max is a measure of the 

maximum amount of energy that can be supplied by a magnet of a finite size to an external 

magnetic circuit, i.e. the amount of useful work that can be done. This is the principle 

characteristic used for comparing magnets with one another, with the higher the maximum 

energy product, the more useful work a magnet can do and therefore the better the magnet is. 

This can be measured by creating the largest square possible in the demagnetisation quadrant 

of the magnetic induction hysteresis loop as shown in figure 2.5.2. 

 

Figure 2.5.2. a) Magnetisation hysteresis loop and b) Induction hysteresis loop showing the square 

used to calculate (BH)max. Image from http://nanopyme-project.eu/background.php?fNumSecc=5 

Accessed 02/08/2013. 

The S.I. unit of (BH)max is kiloJoules per metre cubed, kJ m
-3

, however, it can also be 

quoted in megaGauss Oersteds, MGOe using the cgs emu system, where the conversion factor 

is 1 kJ/m
3
 = 7.9577 MGOe. 

The unit conversions were taken from 

http://www.arnoldmagnetics.com/Unit_Conversions.aspx, accessed 14/02/2013. 

http://nanopyme-project.eu/background.php?fNumSecc=5
http://www.arnoldmagnetics.com/Unit_Conversions.aspx
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2.6 Coercivity Mechanisms 

 Depending on the type and composition of the magnet, the mechanism in which 

coercivity is produced can vary vastly. Each type of mechanism has differing effects on the 

maximum potential value of coercivity for the magnet. There are three main types of 

coercivity mechanism, which are described below. One magnet however, does not necessarily 

have one mechanism that controls the coercivity; hence a mixture of mechanisms can be 

applied depending on the sample’s microstructure. In some cases it is possible to identify the 

main coercivity mechanism in place for each magnet by the initial magnetisation curve in the 

hysteresis loop as the magnetic domains will react differently under varying applied magnetic 

fields in order to align in the direction of the applied field. This can be observed schematically 

in figure 2.6.1. 

 

Nucleation 

 Nucleation control mechanism of coercivity utilises the ability of a magnetic material 

to prevent the nucleation of reverse domains when a demagnetising field is applied. These 

reverse domains can nucleate at triple points and defects in the magnet microstructure and 

have their magnetisation facing antiparallel to the direction of the domain onto which it has 

nucleated, effectively diluting the overall magnetisation in the initial direction. These reverse 

domains can then grow at their will and engulf the initial domain, leading to demagnetisation 

of the material. Materials such as sintered NdFeB contain a Nd-rich grain boundary phase 

which smoothes triple points and prevents the nucleation of reverse domains. The initial 

magnetisation of magnets with this type of coercivity mechanism is rapid as there is no 

hindrance to domain growth.  
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Domain Wall Pinning 

 Domain wall pinning utilises the ability of defects such as dislocations to prevent the 

movement of domain walls and also prevent the growth of any reverse domains that nucleate 

with the application of a demagnetising field. The hindrance to domain growth and movement 

prevents the reverse domains from engulfing the original magnetic domains to prevent 

demagnetisation. The initial magnetisation of domain wall pinning type materials is very slow 

as it requires a high field to overcome the pinning of domain walls. The initial magnetisation 

quadrant of the hysteresis loops for nucleation controlled and pinning controlled coercivity 

mechanisms can be observed below in figure 2.6.1. 

 

Figure 2.6.1. First quadrant magnetisation curves for magnetic materials exhibiting 

nucleation-type and pinning-type coercivity mechanisms. [Walton Undergraduate Lecture 

(2013)] 

 

Single Domain Particle 

 There is a compromise between reduction of internal system energy by division of 

large domains and the increase in system energy related to the introduction of domain walls. 
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As particle size decreases there is a critical size below which it becomes energetically 

unfavourable for the introduction of a domain wall caused by domain division. For the single 

domain particle mechanism of coercivity to be applicable the particle size must be less than 

this critical size. The critical size is dependent on the specific material, for example 0.3 µm 

for NdFeB. In this mechanism the individual domains resist the demagnetising fields from 

flipping or rotating the domains in the direction of the applied field, each domain will have to 

rotate or flip to demagnetise the material. In the initial magnetisation it is very slow as high 

energy is required to flip and rotate the domains. 

 

Table 2.1. Table of Units 

Quantity Symbol S.I. Units Cgs. Units Conversion (cgs/S.I.) 

Magnetic Flux F Weber (Wb) Maxwell (Mx) 10
-8 

Magnetic Induction  B Tesla (T) Gauss (G) 10
-4 

Magnetic Field H Amps/metre (A m
-1

) Oersted (Oe) 10
3 

/ 4π 

Magnetic Moment m Wb m Wb m 4π x10
-10 

Magnetisation M A m
-1

 G 10
3 

Polarisation J T G 4π x10
-4 

Energy Product (BH)max kJ m
-3

 MG Oe 100 / 4π 
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Chapter 3 

   
LITERATURE REVIEW 

3.1 Neodymium Iron Boron Magnets 

NdFeB-type magnets were simultaneously discovered in 1984 by Sumitomo Special 

Metals [Sagawa et al. (1984)] who were responsible for the production of NdFeB in the form 

of fully dense sintered magnets, and General Motors [Croat et al. (1984)] who produced the 

material by melt-spinning, which led to nanocrystalline ribbons suitable for bonded magnets 

and hot-pressed magnets.  

Figure 3.1.1. The tetragonal crystal structure of Nd2Fe14B [Herbst et al. (1984)] 
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Commercially available Neodymium Iron Boron (NdFeB) type magnets of Neomax 

composition (Nd15Fe77B8) are rare-earth permanent magnets containing three different phases: 

the hard magnetic Nd2Fe14B phase (matrix phase), a Nd-rich grain boundary phase that 

smoothes the surface of the matrix grains and aids with liquid-phase sintering, and finally, a 

NdFe4B4 boride phase which pins grain boundaries and grain junctions [Schneider et al. 

(1986)]. The tetragonal structure of the Nd2Fe14B phase exhibits excellent magnetocrystalline 

anisotropy, leading to the potential for high coercivity and hence strongly resisting 

demagnetisation. The crystal structure of Nd2Fe14B is shown in figure 3.1.1.  
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3.2 Production of NdFeB 

There are many production routes that can be used to produce NdFeB magnets, 

depending on the required microstructure, magnetic properties and intended application of the 

magnet. The main processing routes for producing the final magnet include sintering, 

hydrogenation disproportionation desorption and recombination (HDDR) and melt spinning. 

Both sintered and HDDR processed NdFeB magnets are traditionally made from a cast 

NdFeB alloy. 

 

Book mould casting and strip casting 

There are two methods for producing cast NdFeB material; book mould and strip cast, 

both of which are performed under an inert atmosphere to prevent oxidation of the melt 

during the casting process. Book mould casting involves melting of the individual constituent 

elements or alloys such as neodymium and ferro-boron in a furnace, pouring into a mould and 

cooling to form an ingot. This method has the disadvantage that free-iron is precipitated on 

casting [Bernardi (1998)], which affects the crushability of the ingot and hence reduces the 

ease of processing. It also produces relatively coarse grained material (~300 µm). This free-

iron containing ingot can however undergo a standard homogenisation treatment at 

temperatures around 1000 ºC for many hours or cyclical homogenisation at higher 

temperatures for shorter time periods to remove the free iron [Zhang et al. (1995)]. However a 

Nd-rich composition is required to react with the iron during homogenisation. The free iron 

forms during solidification due to a peritectic reaction which can be clearly observed in the 

isopleth in figure 3.2.1. The microstructure of book mould NdFeB can be observed in figure 

3.2.2a below. 
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Figure 3.2.1. Nd-Fe-B isopleth showing the formation of free-iron upon solidification during 

the casting process. [Jinghua et al (1987)] 

 

Alternatively the elements and alloys can be melted in an induction furnace and 

poured through a series of ceramic tundishes onto a water cooled copper wheel which cools 

the material at 10
4
 K s

-1
 in a process called strip casting. During strip casting the NdFeB 

solidifies into flakes containing homogenous fine columnar grained Nd2Fe14B separated by a 

Nd-rich grain boundary phase. This process suppresses the formation of free iron as it does 

not have time to form which means that a costly homogenisation treatment is not required 

[Bernardi et al. (1998)]. On subsequent hydrogen processing the fine grained strip cast 

material breaks down into a finer powder than book mould material. The strip cast 

microstructure can be observed below in figure 3.2.2b. 
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Figure 3.2.2. Backscattered SEM images of a) book mould cast NdFeB and b) strip cast 

NdFeB. Image from Pei et al. (2002). 

 

Pei et al. (2002) compared the sintering process with regards to using conventional 

cast and strip cast starting materials. It was found that the strip cast powder had a small mean 

particle size (~3μm) and homogenised microstructure with a high density of 7.56 g cm
-3

, and 

improved coercivity, remanence and maximum energy product compared to that of the 

magnet formed from conventional cast NdFeB. 
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Hydrogen Decrepitation 

Hydrogen decrepitation (HD) is a process that was initially designed and patented by 

Harris et al. (1979) as a means of breaking down SmCo5 and Sm2(Co,Fe,Cu,Zr)17 alloys. The 

HD process was modified by Harris et al. (1985) to decrepitate the newly developed NdFeB-

type alloys. During the HD process NdFeB alloys are typically exposed to H2 at 1 bar 

pressure at room temperature. In this reaction the hydrogen is absorbed preferentially by the 

Nd-rich grain boundary phase forming neodymium hydride (NdH2.7) [Moosa & Nutting 

(1988)] and then absorbed into the matrix phase forming a Nd2Fe14B-hydride [Williams et al. 

(1991), Book and Harris (1995)]. The hydrogenation process results in a 5% volume 

expansion, resulting in intergranular and transgranular cracking which causes the brittle 

material to break into pieces, which is accompanied by a characteristic popping sound [Saje et 

al. (1992), Yartys et al. (1996)]. This expansion takes place throughout the whole magnet, 

forcing it to decrepitate and to form a hydrogenated alloy powder. McGuiness et al. (1994) 

studied the effect of the HD process on isotropic and anisotropic sintered magnets which 

showed that anisotropic magnets absorb preferentially from their poles, hence decrepitation 

works its way from the ends of the magnets to the middle, whereas isotropic magnets absorb 

hydrogen from all surfaces towards the middle of the bulk.  

The hydrided samples contain neodymium hydride in the form of ~neodymium 

trihydride (NdH2.7), which is unstable in air and reacts to form neodymium hydroxide. It is 

possible to desorb hydrogen from neodymium trihydride by heating above 250 ºC to form 

neodymium dihydride, which increases the stability of the sample in air [Nakagawa & 

Onitsuka (1990), Verdier et al. (1994)]. The desorption behaviour of the hydrogen in the 

above reactions was further investigated by Yartys et al. (1997) where it was shown that upon 
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heating, the neodymium trihydride decomposed to neodymium dihydride at 220-380 ºC and 

was completed at 450 ºC. The second desorption reaction of neodymium dihydride to 

neodymium started at 550 ºC, peaked at 720 ºC and finished at 800 ºC. A desorption trace of 

HD-treated Nd15.5Fe77.5B7 is shown below in figure 3.2.3. It can be observed that the initial 

peak associated with the desorption of hydrogen from the Nd2Fe14B matrix phase and the 

decomposition of neodymium trihydride to neodymium dihydride is a two stage process as 

there is a shoulder at ~200 ºC [Williams et al. (1991)]. The second, narrow peak demonstrates 

complete desorption of hydrogen from NdH2 to Nd.  

 

 

 

 

 

 

Figure 3.2.3. Desorption trace for an Nd15.5Fe77.5B7 alloy with three distinct desorption 

characteristics [Williams et al (1991)]. 

 

The hydrogen decrepitation process can be performed on NdFeB-type magnets at 

room temperature providing there is a Nd-rich grain boundary phase as in Nd16Fe76B8 alloys. 

However single-phase stoichiometric Nd2Fe14B can be decrepitated at pressures of 50 atm 

(~50 bar) [Oesterreicher and Oesterreicher (1984)] or at elevated temperatures ~160⁰C [Harris 

et al. (1987)]. Above 150 ºC the hydrogen simultaneously absorbs into the Nd-rich phase and 
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the Nd2Fe14B phase which increases the rate of reaction. The resulting powder must be 

handled in an inert atmosphere e.g. under argon, due to its high reactivity with oxygen.  

After HD processing the intrinsic coercivity is reduced, therefore it needs to undergo 

further processing, such as sintering or HDDR to regain its magnetic properties, although it is 

still capable of c-axis alignment [Harris & McGuiness (1991)]. Wiesinger et al. (1987) 

suggest that the (BH)max is significantly reduced by the presence of hydrogen in the material 

and so a heat treatment is required to remove the hydrogen and to regain the magnetic 

properties. Rupp et al. (1988) proposed “The hydrided powders should be milled, aligned and 

sintered under vacuum in order to completely desorb the hydrogen from the material”, which 

has been clarified by Williams et al. (1991). 

  It was found by Moosa et al. (1990) that the HD process differed from the 

conventional technique for magnet manufacture by separating the Nd-rich phase from the 

matrix phase, whereas the conventional method simply crushes the as-cast alloy in a hydraulic 

mill under cyclohexane leaving Nd-rich particles within the matrix phase and yields lower 

magnetic properties. The incubation or initiation period for the HD process to occur (time 

taken for hydrogen to penetrate the thin oxide layer on the sample surface) is strongly affected 

by process temperature as well the time the sample has been exposed to atmospheric 

conditions [Saje et al. (1992)].  
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Sintered NdFeB 

To produce a sintered NdFeB magnet from a cast ingot there are many important steps 

that need to be followed, which can be seen in the schematic in figure 3.2.4. The first step is 

to expose the cast ingot to hydrogen to initiate the hydrogen decrepitation reaction described 

previously. The particle size of HD powder however is too large for use in sintered magnets in 

its current form so it is jet milled to produce a fine powder by firing the particles at each other 

using jets of nitrogen gas in a sealed vessel. This milled powder is then aligned and pressed in 

the presence of a magnetic field to produce green compacts with a density of around 60% of 

the finished product.  

 

 

 

 

 

 

 

 

Figure 3.2.4. Schematic showing the steps required to produce a sintered magnet. Image from 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/hard.htm Accessed 

18/01/2014 

This green compact is then transferred inertly into a vacuum furnace and sintered at 

temperatures around 1000-1200 ºC for one hour [McGuiness et al. (1986)]. The time and 

http://www.gitam.edu/eresource/Engg_Phys/semester_2/magnetic/hard.htm
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temperature of sintering are crucial in determining the microstructure and hence magnetic 

properties of the final product. The microstructure of a typical sintered NdFeB-type magnet is 

shown below in figure 3.2.5, where it is possible to observe an Nd2Fe14B grain structure with 

Nd-rich phase at grain boundaries and triple points along with small angular regions of 

Nd1Fe4B4. The temperature must be high enough to allow liquid phase sintering by melting of 

the Nd-rich phase which in turn increases density. The hold time will affect grain growth 

during the sintering process. The Nd-rich phase undergoes a transformation from a double 

h.c.p structure in the green compact to an f.c.c. phase in the sintered magnet due to oxygen 

entering the system and changing it from a ternary to a quarternary system. The f.c.c. phase 

absorbs the oxygen, which then acts as a sintering aid at high temperatures by forming a 

second liquid phase [Weizhong et al. (1988)]. Davies et al. (2001) showed that by increasing 

the processing temperature the density of the sintered magnet increases, with 98% of the 

theoretical density being achieved when sintered at 1100 ºC.  

 

Figure 3.2.5. Backscattered SEM micrograph of a typical NdFeB-type sintered 

microstructure with Nd2Fe14B grains surrounded by Nd-rich grain boundary phase and small 

angular regions of Nd1Fe4B. [Zakotnik et al. (2008)]. 
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A small grain size (<10 µm) will encourage growth of a finer network of Nd-rich grain 

boundary phase which will prevent the movement of domain walls, hence increasing 

coercivity. For this reason the hold time must be as short as possible, however it needs to be 

long enough to allow the Nd-rich phase to surround the grains and reach full density. 

McGuiness & Harris (1988) and then McGuinness et al. (1989) found that sintering between 

980 ºC-1040 ºC produced high coercivity magnets, however higher temperatures resulted in 

excessive grain growth and hence lower coercivity values. Sintering can be followed by an 

annealing heat treatment stage that can be used to increase the quantity of the hard magnetic 

Nd2Fe14B phase by reacting excess iron with the Nd-rich phase and contained borides by 

holding at temperatures of 600-650 ºC for one hour under vacuum or a helium atmosphere 

[Holc et al. (1990)], thus improving the magnetic properties of the sample. 

More recently, Kim et al. (2012) trialled the use of cyclic sintering in an attempt to 

increase the magnetic properties of sintered Nd13Dy2Fe79B6 alloys. The authors presented the 

effect of thermal expansion that occurs during cyclically sintering where the samples were 

heated and cooled from 950 ºC to 1050 ºC cyclic forming a Nd-rich phase at triple points that 

contained Nd2O3 and grain boundaries consisting of an amorphous Nd-rich phase. It was 

found that the Nd2O3 contributed to an increase in coercivity and the amorphous Nd-rich 

phase gives high coercivity and increases thermal stability, thus, cyclic sintering is an 

effective route for processing NdFeB.  

The NdFeB magnets with the highest magnetic properties are fully dense anisotropic 

sintered NdFeB, boasting coercivity values >2000 kAm
-1

, remanence values >1.4 T and 

maximum energy products >450 kJm
-3

 [Sugimoto (2011)].  
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Corrosion of sintered NdFeB 

After sintering is complete the magnets are sliced and ground to the desired shape and 

size as the sintering process is not a net-shape manufacturing process. This form of NdFeB is 

highly susceptible to corrosion, hence the magnets require a coating such as electroplated 

nickel, a triple layer nickel-copper-nickel or an epoxy resin-based coating. The most common 

coating is a single layer of electroplated nickel, which is used extensively on magnets used in 

electronics. Figure 3.2.6 shows how a sintered magnet can corrode when left in open air for a 

prolonged period of time, emphasising the need for a protective coating. There are two 

commonly used protective coatings for NdFeB magnets in electronic materials, these are 

electroplated nickel and a triple layered nickel-copper-nickel, the cross-sections of which are 

shown in figure 3.2.7. Once coated, the magnets are pulse magnetised in the preferred 

direction of magnetisation using a high (> 6 T) field and tested for final magnetic properties.  

 

Figure 3.2.6. Corroded uncoated NdFeB magnet exposed to air for prolonged period of time 
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Figure 3.2.7. Cross section images of of NdFeB with a) electroplated nickel coating and b) 

nickel-copper-nickel triple layered coating. [Walton (2012)] 
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Curie temperature and additions 

The applications for NdFeB magnets are limited by a relatively low Curie temperature 

(320 ºC) in comparison to SmCo magnets (800 ºC). The effect of increasing temperature on 

the remanence and coercivity of sintered magnets was studied using a field mapping system 

and a heat stage by Williams et al. (2002). It was found that as the temperature was increased, 

the coercivity decreased, however the rate of decrease was higher at the centre of the samples 

than around the edges, which could be due to inhomogeneities within the sample. This is 

shown in figure 3.2.8 below, where at 90 ºC the z component of magnetic field is much lower 

in the centre of the magnet than at the edges, and at 150 ºC shows very little magnetisation 

throughout the whole sample. 

 

Figure 3.2.8. Effect of temperature on the magnetisation exhibited by NdFeB magnets after 

treatment at a) 90 ºC and b) 150 ºC using a field mapping system. [Williams et al. (2002)] 
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The Curie temperature, Tc, can be improved by substituting some of the Fe with Co 

which has a higher Tc and substituting some of the Nd with Dy increases the coercivity of the 

magnet by increasing the anisotropy energy of the sample [Tenaud et al. (1991)]. There are 

two major downsides to using Dy however, one of which is that the magnetic moment of Dy 

couples antiparallel to that of Fe in NdFeB alloys, leading to a reduction of remanence and 

maximum energy product. Secondly Dy is a very expensive metal which is much lower in 

abundance than Nd and is at much higher risk of supply due to the so-called “rare-earth 

crisis”. 

To reduce the dependence on Dy, hence lowering costs, cheaper alloying additions 

have been investigated for use in sintered NdFeB. Kim (1988) investigated the effect of using 

Dy and Al simultaneously to improve the magnetic properties. In this paper the author found 

that using equal atomic amounts of Dy and Al provides superior magnetic properties 

compared to samples containing similar amounts of only Dy or Al. These Dy and Al 

containing alloys had a much higher coercivity than the single addition samples and the 

reduction of remanence associated with these additions was markedly less resulting in 

excellent hysteresis loop squareness. Beseničar et al. (1992) studied the influence of ZrO2 as a 

potential replacement for Dy by adding 1 wt% ZrO2 in place of 1 wt% Dy. The ZrO2 formed a 

lamellar structure within the existing microstructure which prevented grain growth and 

subsequently increased the coercivity of the sample, even with a lower Dy content.  
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Melt Spinning of NdFeB 

Melt-spinning of NdFeB alloys was originally adopted by Croat et al. (1984). In this 

process cast alloy ingots or individual constituents are melted in an induction furnace before 

being fired at a water-cooled copper wheel using high argon pressure to produce a very fine 

ribbon [Liebermann & Graham (1976)] as shown schematically in figure 3.2.9. 

Figure 3.2.9. Schematic showing the melt spinning process used to produce fine isotropic 

NdFeB powder. Image from: http://www.birmingham.ac.uk/research/activity/metallurgy-

materials/magnets/background/magnetic-materials-hard-magnets.aspx Accessed 02/08/2013 

 

This ribbon is then milled into isotropic powder for use in the production of bonded or 

hot pressed and die-upset magnets, the microstructure of which is shown in figure 3.2.10, 

where the grain size is around 50 nm in diameter. These ribbons are isotropic due to the 

incredibly rapid solidification not allowing for time for the grain to grow in a particular 

direction or orientation. This process differs from the strip cast method which is a similar 

design in that the melt is pressurised through a specially designed nozzle using high pressure 

argon and the cooling rate is much higher (10
6
 K s

-1
) by using a greatly increased wheel speed 

http://www.birmingham.ac.uk/research/activity/metallurgy-materials/magnets/background/magnetic-materials-hard-magnets.aspx
http://www.birmingham.ac.uk/research/activity/metallurgy-materials/magnets/background/magnetic-materials-hard-magnets.aspx
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[Liebermann & Graham (1976)]. The nozzle is designed to produce a ribbon of a specific 

thickness and also aids the pressurising of the melt. The desired wheel speed for melt spinning 

is an order of magnitude faster than that of strip casting (2-3 ms
-1

), where wheel speeds of 20-

30 ms
-1

 are not uncommon. With these rapid cooling rates it is possible to make amorphous or 

nanocrystalline microstructures, the latter of which uses the single grain domain mechanism 

of coercivity.  

 

Figure 3.2.10. TEM micrograph of 50 nm Nd2Fe14B grains in a melt spun ribbon. [Hua et al. 

(1988)] 

 

Early work by Hua et al. (1988) using wheels speeds of approximately 24 ms
-1

 on 

Nd13.5Fe81.74B4.76 alloys suggested that by using high resolution electron microscopy it could 

be seen that the resultant ribbon consisted solely of near-perfect Nd2Fe14B with no 

intergranular phases. Ahmad et al. (1996) however used a constant wheel speed of 20 ms
-1

 to 

investigate the effect of neodymium content on the magnetic properties of NdFeB powders 
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produced using the melt spinning technique. It was discovered that as the Nd content 

increased from 13-15 at% there was a significant increase in coercivity with a corresponding 

decrease in remanence, as the Nd content increased from 15-19 at% the increase in coercivity 

and reduction of remanence were much less significant. These changes in magnetic properties 

are attributed to the increasing volume fraction of paramagnetic Nd-rich phase around the 

Nd2Fe14B matrix phase, which is well known to increase intrinsic coercivity of NdFeB 

magnets and is shown in figure 3.2.11 below. 

 

Figure 3.2.11. Variation of magnetic properties associated with increasing Nd content in melt 

spun NdFeB ribbons with a wheel speed of 20 m s
-1

. [Ahmad et al. (1996)] 
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Hydrogenation Disproportionation Desorption and Recombination of NdFeB 

Hydrogenation Disproportionation Desorption and Recombination is a process that 

utilises the ability of NdFeB to absorb and desorb hydrogen readily at elevated temperatures, 

which was discovered by Takeshita and Nakayama (1989). The main aim of HDDR is to 

create a fine microstructured, highly coercive powder for use in the production of bonded 

magnets, the current major manufacturer of which is Aichi Steel, Japan. HDDR can be 

described by the reversible reaction shown in equation 1 below, followed by figure 3.2.12, the 

schematic of the HDDR reaction as originally proposed by Takeshita and Nakayama (1989). 

The left hand side of the schematic represents the hydrogenation and disproportionation part 

of the reaction, and the right hand side representing the desorption and recombination part of 

the reaction. 

 

 

 

 

 Where x approaches 1.0 at elevated temperatures 

[Equation 1] 
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Figure 3.2.12. Schematic to show the original HDDR reaction as proposed by Takeshita and 

Nakayama (1989). 

 

The HDDR process is typically used to convert the coarse grained structure of a cast 

ingot into a fine grained structure as shown below in the HDDR schematic, figure 3.2.13. This 

shows the step by step alteration of the structure of the material throughout the reaction; 

starting with the cast ingot containing multiple Nd2Fe14B grains (~300 µm in size) separated 

by an Nd-rich grain boundary phase. Hydrogenation of the Nd-rich phase is followed by 

hydrogenation of the matrix phase which leads to disproportionation. The Nd2Fe14B then 

dissociates into NdH2 and Fe2B in an α-Fe matrix. Reversing the reaction leads to 

recombination of fine Nd2Fe14B grains separated by redistributed NdH2 from the grain 

boundary phase. The hydrogen is then desorbed from the grain boundary phase, leading to a 

microstructure consisting of matrix phase grains ~0.3 µm surrounded by a fine network of 

Nd-rich phase.   

There have been many amendments to the HDDR process since its discovery, which will be 

discussed in more detail throughout the sections below.  
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Figure 3.2.13. Schematic showing the change in microstructure of the NdFeB magnet during 

each of the stages of the HDDR process from cast ingot to recombined powder. [Harris et al. 

(1995)] 

 

Figure 3.2.14. SEM micrograph of NdFeB HDDR processed at 850 ºC. [Kawashita et al. 

(2003)] 
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Disproportionation Reaction 

During the disproportionation reaction, the sample is exposed to hydrogen gas at 

atmospheric pressure at room temperature and heated to temperatures between 750-900 ºC 

and typically held for up to 3 hours. At this temperature the Nd2Fe14B breaks down and forms 

a mixture of neodymium hydride, iron and ferroboron. A high resolution SEM micrograph of 

which is shown in figure 3.2.15. It was shown that the neodymium from the grain boundaries 

in the cast material reacts with the matrix phase during the disproportionation stage; evidence 

of this is labelled as D in the micrograph [Gutfleisch et al. (1994)].  

 

Figure 3.2.15. The fully disproportionated mixture consisting of A) neodymium hydride, B) 

Fe2B and C) α-Fe. Also visible are D) white lines of NdH2 extending from E) Nd-rich grain 

boundary phase. [Gutfleisch et al. (1994)] 

The process of hydrogen absorption during disproportionation was investigated by 

Cadogan and Coey (1985) by exposing cast Nd15Fe77B8 samples to hydrogen through a range 

of pressures and temperatures. It was shown that hydrogen is absorbed by the Nd-rich and 

Nd2Fe14B phases to cause decrepitation between 200-300⁰C, followed by degassing and a 
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further hydrogen absorption associated with disproportionation above 720 ºC. The system was 

then opened to vacuum during cooling and it was shown that hydrogen desorption occurs 

around 650 ºC and below 300 ºC, which was later confirmed by Bulyk et al. (2004). 

Gutfleisch et al. (1994) and then Book and Harris (1995) showed in cast Nd16Fe76B8 

alloys that the hydrogen absorbs initially along the grain boundaries and then into the 

Nd2Fe14B bulk, which suggests that the grain boundaries act as hydrogen diffusion pathways 

during disproportionation. The disproportionation stage of the reaction dissociates the 

Nd2Fe14B into its constituents to leave the particle as a mixture of neodymium-hydride rods 

and ferro-boride embedded in an α-Fe matrix [Gutfleisch et al. (1995)]. The material is held in 

this state for a specified period until full disproportionation is complete [Gutfleisch et al. 

(2000), Gutfleisch et al. (2002)]. The fully disproportionated structure is shown in a high 

resolution image, figure 3.2.16, where the white NdH2 rods are clearly visible in a matrix of 

grey α-Fe along with finely dispersed black Fe2B regions. 

 

Figure 3.2.16. High Resolution SEM image of the disproportionated structure clearly 

showing A) NdH2 rods, B) α-Fe matrix and C) Fe2B . [Gutfleisch et al. (2000)]. 
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There are two methods of disproportionation for HDDR processing, the conventional 

HDDR route (c-HDDR) and the vacuum HDDR route (v-HDDR) which are shown in figure 

3.2.17 below. The c-HDDR route starts with the sample under a partial pressure of hydrogen 

and is then heated to temperatures up to 990⁰C to encourage the disproportionation reaction, 

whereas the v-HDDR route heats the sample under vacuum to the desired processing 

temperature and then hydrogen is introduced to encourage disproportionation. It can be 

observed from figure 3.2.17 that the disproportionated microstructure differs between the two 

disproportionation routes, where the c-HD results in spherical NdH2 embedded in α-Fe, and 

the v-HD route results in course and fine lamellae. 

 

Figure 3.2.17. Schematic showing the difference between c-HD and v-HD disproportionation 

routes for use in the HDDR process. [Sugimoto et al. (1999)] 
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Recombination 

The desorption recombination stage then recombines the constituents to form the 

ultrafine Nd2Fe14B grains with an approximate size of 0.3μm diameter in two main steps. 

Firstly the NdH~2.2 desorbs to form Nd as the pressure in the system is reduced, the Nd then 

recombines with the iron and ferro-boron to form the thermodynamically stable Nd2Fe14B 

phase. These two recombination steps were identified by Gutfleisch et al. (1993) using 

electrical resistivity measurements as shown in figure 3.2.18 below, where the first reaction 

results in a drop in resistivity (f) and the second, the recombination of the constituents vastly 

increases the resistivity of the sample. Once recombination is complete, the furnace tube is 

quenched in air which prevents excessive grain growth of the Nd2Fe14B to maintain the fine 

grain structure. The coarse grains in the original structure are large and contain multiple 

magnetic domains; however the fine grains are thought to be single domain due to their 

submicron size [Ragg et al. (1997)]. It is the vast change in microstructure that is accredited to 

the increased magnetic properties from the cast magnet block to the fine HDDR powder.  
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Figure 3.2.18. Change in electrical resistivity associated with every step during the HDDR 

reaction. The recombination stage showing two clear reactions, f and g. [Gutfleisch et al. 

(1993)] 

 

Sugimoto et al. (1999) described two separate desorption recombination reactions. The 

first being a conventional recombination reaction (c-DR) where the hydrogen pressure was 

maintained until recombination was complete before evacuation of the reaction vessel. The 

second type is a slow desorption recombination (s-DR) reaction. In the s-DR reaction the 

sample is flushed with argon before evacuation which causes much slower evacuation rates 

than the c-DR reaction. When running this s-DR recombination process with the vacuum 

hydrogenation disproportionation (v-HD) greatly enhanced remanence was achieved at a 

recombination time of 20 minutes at 950 ºC. The remanence was 1.4 T, which shows the s-

DR process produces highly anisotropic NdFeB powder; however the coercivity was 

sacrificed. A schematic showing the effect of recombination reaction on the orientation of 

recombined Nd2Fe14B grains is shown in figure 3.2.19. It can be observed that the s-DR 
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reaction results in oriented hard magnetic grains, allowing for anisotropic magnetic properties 

whereas c-DR results in misorientation of these grains, leading to reduced magnetic 

properties. 

 

Figure 3.2.19. Schematic to show the effect of the two different types of recombination 

reaction on the orientation of the recombined hard magnetic Nd2Fe14B grains [Sugimoto et 

al. (1999)]. 
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Isotropic / Anisotropic HDDR 

Initial work on HDDR processing of NdFeB led to isotropic powder for use in bonded 

magnets. The HDDR reaction has been studied in vast detail to improve the understanding of 

the kinetics of the process, leading to specific changes to the process that encourage the 

development of anisotropy. The actual source of anisotropy in HDDR processing for NdFeB 

magnets has however long been debated, early work proposed  that a combination of the α-Fe 

and NdH2 rods were responsible for nucleating the tetragonal Nd2Fe14B hard magnetic grains. 

This is in stark contrast to work on the anisotropy of NdFeB during HDDR by Choi et al. 

(1995) & Tomida et al. (1996) who determined that fine regions (~50 nm) of Nd2Fe14B fail to 

decompose during disproportionation and it is these areas that retain the tetragonal form and 

hence nucleate new tetragonal Nd2Fe14B grains upon recombination, shown schematically in 

figure 3.2.20.  

Figure 3.2.20. Schematic showing the undecomposed Nd2Fe14B retaining the anisotropy 

during the HDDR process [Choi et al. (1995)] 
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The most recent suggestion is that the ferro-boron phase retains the tetragonal 

structure of the Nd2Fe14B phase and act as nucleation sites for the new Nd2Fe14B nuclei to be 

formed as shown schematically by Honkura et al. (2005) in figure 3.2.21. This phenomenon 

has been termed the texture memory effect (TME). Gutfleisch et al. (2002) produced TEM 

samples of fully disproportionated material allowing for clear identification of each phase 

present, this is shown in figure 3.2.22. It can be observed that there is clear alignment in the 

Fe2B regions, which is thought to provide the texture described above. The inducement of 

anisotropy within HDDR treated NdFeB has allowed for higher remanence in aligned resin 

bonded magnets, increasing potential range of applications for these materials. 

 

Figure 3.2.21. Schematic showing the ability of the Fe2B to retain the tetragonal texture 

during disproportionation and recombination [Honkura et al. (2005)] 
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Figure 3.2.22. Bright field (left) and dark field (right) TEM images showing alignment of 

Fe2B grains within the disproportionated mixture in an Nd12.5FebalGa0.3Nb0.3B6.3 alloy. 

[Gutfleisch et al. (2002)] 

 

Gutfleisch et al. (1999) performed the conventional HDDR reaction on two ternary 

NdFeB alloys and an NdFeCoGaB alloy, producing isotropic powders in the two ternary 

alloys and anisotropic powder for the sample containing Co and Ga. It was found by x-ray 

diffraction (XRD) that the a coexistence of the disproportionated structure and nano-scale 

Nd2(Fe,Co,Ga)14B grains was not possible and that the rod-like structure of the 

disproportionated phase resulted in highly anisotropic material. The authors modified the 

HDDR process by heating in vacuum to 900 ºC then introducing 0.8 bar hydrogen for 30 

minutes to encourage solid-disproportionation as in the v-HDDR processing route before 

reducing the pressure to 0.1 bar and held for 30 minutes to encourage recombination. These 

processing conditions produced anisotropic powder from both ternary alloys with good 

magnetic properties, whereas the NdFeCoGaB alloy had reduced coercivity compared to the 

c-HDDR processing route. Further examination of the disproportionation stage for all 

materials and processes in this work concluded that a rod-like disproportionated structure of 

NdH2 is vital for the inducement of magnetic anisotropy. 
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HDDR Processing Parameters 

To achieve optimal magnetic properties requires careful control over the processing 

conditions and parameters. The main variables are temperature, pressure and time, which can 

be observed in the standard HDDR processing schematic, as shown in figure 3.2.23.  

 

Figure 3.2.23. A typical HDDR schematic, showing the main variables as temperature, time 

and pressure 

 

Many workers have investigated the variation of magnetic properties with each of the 

variables in all stages of the process in order to optimise the performance of the final product. 

Rybalka et al. (2003) determined that although hydrogen pressure is important for the 

conventional HDDR reaction, the kinetic controlling factor is the processing temperature. 

Kwon and Kim (2006) discovered that there was a trade-off between certain properties, such 

as anisotropic alignment and coercivity as a result of processing conditions. They found that 

low disproportionation pressure produced a low coercivity due to possible non-

disproportionated regions; however these particles still had high anisotropy, whereas a high 
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disproportionation pressure gave improved coercivity but poor alignment. This was later 

shown using electron backscatter diffraction (EBSD) techniques by Güth et al. (2011) where 

samples treated with a hydrogen pressure of 0.3 bar showed low angular deviation from the 

normal plane with good anisotropic magnetic properties, whereas samples treated with a 

hydrogen pressure of 1.0 bar exhibited large angular deviation, hence very poor anisotropy, as 

shown in figure 3.2.24. 

 

Figure 3.2.24. EBSD mapping of {001}, {100} and {111} pole figures showing local texture in 

HDDR processed NdFeB powder particles at various pressures: (a) biaxial texture at a 

hydrogen pressure of 0.3 bar; (b) weak biaxial texture at a hydrogen pressure of 0.5 bar; (c) 

no texture at a hydrogen pressure of 1.0 bar. The colour scale is in multiples of uniform 

(pole) density (m.u.d.). [Guth et al. (2011)]. 
 

Didus et al. (2003) studied the effects of pressure and temperature on the c-HDDR 

reaction as shown in figure 3.2.25. This work showed that increasing processing temperature 

sped up the disproportionation reaction from 360 minutes at 670 ºC to 90 minutes at 750 ºC. 

Varying processing pressure produced differing levels of disproportionation completion such 
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that holding at 1 bar for 360 minutes at 670 ºC achieved 62 % transformation, whereas 

increasing the pressure to 3 bar allowed full transformation within 320 minutes. Gao et al. 

(1997) investigated the recombination pressure during c-HDDR and determined that lower 

recombination pressures increase the coercivity of the sample however they reduce the 

anisotropy to a point where the sample is almost isotropic, and higher recombination 

pressures give good anisotropy but poor coercivity.  

 

Figure 3.2.25. Isothermal kinetic diagrams to show levels of completion of the 

disproportionation stage in NdFeB at different processing temperatures: a) 670 ºC, b) 710 ºC 

and c) 750 ºC. [Didus et al. (2003)] 
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Effect of Starting Microstructure 

The starting microstructure of the alloy can have a large effect on the processing 

conditions required for HDDR processing of NdFeB alloys, for example Liu et al. (2009b) 

applied the s-DR reaction during the HDDR process to produce anisotropic powder directly 

from strip-cast flakes without a homogenisation step. In this work the authors optimised the 

microstructure of the strip cast flakes by adjusting the wheel speed from 2 ms
-1

, to 3ms
-1

 and 

then 4ms
-1

. A wheel speed of 2 ms
-1

 produced a microstructure containing α-Fe as the cooling 

rate is too slow and resulted in uneven distribution of the Nd-rich phase, the 4 ms
-1

 wheel 

speed led to long narrow grains of Nd2Fe14B and Nd-rich lamella, whereas the 3 ms
-1

 wheel 

speed produced the optimum grain structure of uniform parallel Nd2Fe14B grains separated by 

evenly distributed Nd-rich phase.  

The HDDR process with s-DR recombination at 0.3 bar was then applied to this cast 

material which produced samples with 1.3 T remanence, 954.3 kAm
-1

 coercivity and 259 kJm
-

3
 maximum energy product, which is lower than that of homogenised strip cast starting 

material as shown by Morimoto et al. (2004) but higher than those previously reported by 

Morimoto et al. (2003) on as-cast material of the same composition. This showed that 

processing time, costs and energy can be reduced by avoiding the homogenisation step and 

still produce anisotropic powder with very respectable magnetic properties. Continued work 

in this area by Liu et al. (2011) showed that disproportionation time should be minimised as 

longer hold times reduce the degree of crystallographic alignment in the resulting sample and 

hence lead to reduced remanence by transforming the disproportionated structure from a 

lamella to a columnar microstructure, which agrees with the work by Han et al. (2004).  
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Effect of Nd Content 

Kawashita et al. (2003) investigated the role of the Nd-rich grain boundary phase 

throughout the HDDR process from non-homogenised as-cast alloys containing α-Fe. The 

authors used two compositions, one containing 12.6 at% Nd and the other containing just 

11.0 at% Nd. The HDDR process in this work utilised c-HD followed by the s-DR process 

and the 12.6 at% Nd sample was successfully processed to produce anisotropic powder with 

high coercivity, whereas the 11.0 at% Nd sample exhibited extremely low coercivity and did 

not display significant magnet properties. The hysteresis loops for this material are shown in 

figure 3.2.26. In the latter sample the fully processed microstructure showed a lack of Nd-rich 

phase at grain boundaries and triple points as well as the presence of α-Fe which is 

detrimental to the magnetic properties. Further analysis suggested that “the mechanism for 

coercivity in HDDR processed material is the nucleation type where the Nd-rich regions at 

grain boundaries play a large role in the manifestation of coercivity”.   

 

Figure 3.2.26. Hysteresis loops parallel to and perpendicular to the easy direction of 

magnetisation for a sample with a Nd content of 11.0 at% (left) and a sample with Nd content 

of 12.6 at% (right). [Kawashita et al. (2003)]. 
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The following year Kawashita et al. (2004) explored the importance of the 

homogeneity of the cast ingot with respect to anisotropy and magnetic properties of HDDR 

treated magnet powders. The authors found that when cast alloys were HDDR processed then 

the resulting material was nearly all homogenous with small regions of α-Fe and Nd-rich 

phases. The samples produced from annealed starting material displayed a finer 

microstructure in the disproportionated phase with rounded pools of NdH2 compared to the 

angular regions observed in the disproportionated as-cast material (non-annealed), as shown 

in figure 3.2.27. Increased levels of homogeneity in the starting material yielded higher 

coercivity powders after HDDR processing although lower anisotropy was achieved. 

 

Figure 3.2.27. Starting and disproportionated microstructures from as-cast and annealed 

alloys. A finer microstructure is visible in the disproportionated microstructure made from 

annealed alloy. [Kawashita et al. (2004)]. 
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The effect of additions on the HDDR process 

Some authors have investigated the effect of different alloying additions on the HDDR 

processing of cast NdFeB alloys and the resulting microstructure and magnetic properties. 

The additions in this section are all used to change the magnetic properties of samples 

produced by the HDDR reaction. The additions will however require different processing 

pressures or temperatures to encourage completion of disproportionation and recombination 

and/or induce anisotropy within the finished sample. 

Early work by Nakayama & Takeshita (1993) suggested that anisotropy could be 

achieved by partial substitution of Fe with Co combined with additions of Ga, Zr, Nb, Hf and 

Ta. Nakamura et al. (1994) found that additions of Co, Ga and Zr induced anisotropy in 

HDDR treated powders, however the increasing Co content was shown to speed up the 

recombination reaction leading to excessive grain growth which is not desirable in HDDR 

processed magnets. Further work by the same authors [Nakamura et al. (1995)] and Sugimoto 

et al. (1997) confirmed the effect of Co and also showed that Ga also speeds up the 

recombination reaction by lowering the optimum process temperature. Gao et al. (1999) 

identified that small additions of Ga can induce strong magnetic anisotropy within HDDR 

powders. Mishima et al. (2001) used the dynamic HDDR (d-HDDR) process to interpret that 

addition of Ga enhances the coercivity of the resulting powder and Nb additions improve the 

remanence. Combined addition of Ga and Nb in NdFeB significantly improved the maximum 

energy product of the sample. Gutfleisch et al. (2003) also used the d-HDDR process to 

eliminate the need for Co to induce anisotropy and proposed that Nb is useful as an addition 

to stabilise the boron phase during disproportionation and Ga is beneficial during the 

initiation of recombination. Rodriguez Torres et al. (2002) confirmed initial results by 
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Nakayama & Takeshita (1993) that Hf additions can also be used to induce anisotropy with 

the best results in terms of anisotropy, coercivity and remanence occurring at 850 ºC. 

Sugimoto et al. (1997) used resistivity measurements to determine the effects of Co, 

Ga and Zr additions on the kinetics of the HDDR phenomena. It was found that the addition 

of Co leads to a delay in the onset of disproportionation along with longer completion time of 

the reaction, which is enhanced further by Ga. The Co and Ga also have large effects on the 

recombination reaction, increasing the activation energy and hence rate of reaction. Kwon & 

Kim (2006) also sought to discover the effect of alloying additions on hydrogen pressure by 

HDDR treating Nd12.6Fe81.4B6 and Nd12.6Fe68.7B6Co11.0Ga0.1Zr0.1 alloys using a range of 

hydrogen pressures. It was found that the ternary alloy was very sensitive to hydrogen 

pressure in terms of producing alignment within the powder; however the isotropic magnetic 

properties produced were similar at a range of processing pressures. The six component alloy 

however was less sensitive to hydrogen pressure in terms of producing anisotropic powder, 

but the coercivity of the powders varied greatly with hydrogen pressure.  

Jurczyk (1995) produced anisotropic HDDR powders using additions of Zr, with the 

conclusion that samples with at least 0.3 at% (i.e. Nd16Fe75.7Zr0.3B8) are anisotropic with an 

intrinsic coercivity of 971 kAm
-1

. Additions of Co to this alloy resulted in an increase in the 

remanence, however it reduced the coercivity. The hysteresis loops of the NdFeCoZrB alloy 

are shown in figure 3.2.28 where clear anisotropy can be identified between the perpendicular 

and parallel directions, plus the effect of adding Co to the sample. 
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Figure 3.2.28. Hysteresis loops of NdFeCoZrB alloy parallel and perpendicular to the easy 

direction of magnetisation and also no orientation (left). Demagnetisation loops of a) 

NdFeCoZrB alloy, b) NdFeB alloy, and c) NdFeZrB alloy (right). [Jurczyk (1995)]. 

 

Gao et al. (1997) also investigated the effects of Co and Zr as additions to cast NdFeB 

alloys, where 0.1 at% Zr additions were shown to form a Zr-rich minor phase that does not 

disproportionate and results in isotropic material. However by adding Co simultaneously this 

was shown to suppress the effects of the Zr-rich phase and encouraged anisotropic behaviour 

in the resulting magnet. McGuiness et al. (1994) determined that Zr extended the temperature 

at which high coercivity material can be produced during recombination and that it could be 

used to prevent excessive grain growth during the same reaction, Sugimoto et al. (2002) 

showed this to be very similar in the case of Ga additions. McGuiness et al. (2001) found that 

<0.1 at% Zr gave the optimum benefits to processing and also found that substituting up to 

75% of the Nd with Pr caused an increase in coercivity to greater than 1000 kA m
-1

. Bollero et 

al. (2001) also investigated the use of Zr along with Dy in the conventional HDDR processing 

of NdFeB and agreed that the grain growth was retarded by the Zr additions and the coercivity 

was increased by the presence of Dy, which also increased the initiation temperature of 

disproportionation. The Zr was found to form a lamellar ZrB2 phase which can be clearly 
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observed using TEM, as shown in figure 3.2.29. These results were similar to those found by 

Beseničar et al. (1992) in the study of sintered magnets. 

 

Figure 3.2.29. TEM micrograph of a) NdFeB and b) NdDyFeBZr powders recombined at 

820 ºC, displaying features of A) α-Fe precipitates, B) RE2Fe14B phase, C) RE-rich phase and 

D) ZrB2 lamellar phase [Bollero et al. (2001)]. 

 

Zr however, was found to increase the temperature required to complete 

disproportionation. Ahmed et al. (1996) investigated the effect of niobium additions on the 

disproportionation of near-stoichiometric NdFeB alloys. It was found that a Nb26Fe32B42 

phase precipitates throughout the disproportionated microstructure, as shown in figure 3.2.30, 

and a Nd2Fe17 phase was produced which was consistent with work performed by Rodwald 

and Wall (1989). 
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Figure 3.2.30. High resolution image of the solid disproportionated microstructure of a 

NdFeBNb alloy containing A) Nd2Fe14B phase, B) Nb26Fe32B42 phase, C) Nd-hydride, D) α-Fe 

or Fe2B, E) fine disproportionated mix. [Ahmed et al. (1996)]. 

 

Matsuura et al. (1999) used X-ray absorption fine structure (XAFS) and X-ray 

diffraction (XRD) techniques to determine site occupancy of Zr and Ga throughout the HDDR 

process. It was found that Zr forms a ZrB2 phase during homogenisation of the cast starting 

material and remains in this state throughout the HDDR process. This ZrB2 phase was 

previously shown by Matzinger et al. (1996) to be platelet-like in form, which eliminates free 

iron dendrites and remains unchanged throughout the HDDR process. The Ga however 

occupies itself in the an Fe(c) site before recombination, α-Fe region during 

disproportionation, before redistribution into the Nd2Fe14B and Nd-rich phases during 

recombination, however further work by Matsuura et al. (2006) showed that Ga actually 

relocates to an Fe(4c) site straight after reduction of the hydrogen pressure in the 

recombination stage. Sepehri-Amin et al. (2010a) showed by SEM, TEM and 3 dimensional 
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atom probe (3DAP) analysis that Ga additions alter the structure in the grain boundary phase 

from crystalline to amorphous, which increases the pinning force of this phase and 

subsequently increases coercivity.  

Chen et al. (2003) continued where Bollero et al. (2001) left off by investigating the 

simultaneous addition of Co and Dy in the production of isotropic bonded magnets using 

HDDR treated powder. They found that increasing Dy content increases coercivity up to 

0.2 at% at which point it plateaus whereas remanence continues to decrease with increasing 

Dy content. The addition of Co increased the coercivity, however it peaks in remanence and 

maximum energy product at 0.1 at% with a drop either side. 

Sepehri-Amin et al. (2010b) employed a technique where finely crushed melt spun 

Nd-Cu eutectic alloys were mixed with HDDR-treated NdFeB powder. The mixture was 

heated to 700-800 ºC to initiate the diffusion of the Nd-Cu eutectic into the NdFeB followed 

by further heat treatment at 500-600 ºC. In this experiment it was shown that the Nd-Cu 

eutectic caused thickening of the grain boundary phase, as shown in figure 3.2.31, leading to 

coercivity enhancement in the sample, however the composition of this phase is very similar 

to the starting material as the volume fraction of Nd-Cu was consumed into triple points 

within the microstructure. The coercivity enhancement led to coercivity values much higher 

than can be achieved with Dy-free sintered magnets (1552 kAm
-1

 compared to 1000 kAm
-1

 

respectively). Katayama et al. (2012) used the conventional HDDR processing route to 

discover the effect of Si, Al & Cu on the magnetic properties in Dy-free NdFeB. It was found 

that Si and Cu additions resulted in a drastic reduction in all magnetic properties; however Al 

successfully increased the coercivity with only a slight drop in remanence. This was attributed 

to a change in the grain boundary structure where triple point volume was decreased and the 

Nd-rich grain boundary phase was more pronounced in the refined grain structure. Further 
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work showed that changing the amount of Nd and Al in the material could easily modify the 

magnetic properties to increase either the remanence or the coercivity. 

 

Figure 3.2.31. TEM images of NdFeB (left column) and Nd-Cu diffused NdFeB (right 

column). Image d) shows an increase in grain boundary phase around the Nd2Fe14B grains 

from image c), plus high resolution images showing the thickening of the grain boundary 

phase with diffusion of Nd-Cu. [Sepehri-Amin et al. (2010b)].  

 

 

 

The effects of all of the additives have been summarised in Table 3.2.1 below. 
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Table 3.2.1. Summary of the effect of alloying additions on the HDDR reaction with NdFeB 

alloys. 

Element Occupancy Effect of element 

Al Grain boundary 

phase 

Increases wettability and thickness of Nd-rich grain 

boundary phase, increases coercivity  

Dy Substitute with 

Nd 

Improve coercivity and temperature resistance, reduce 

remanence and maximum energy product 

Co Substitute with 

Fe 

Increase temperature stability, remanence, anisotropy and 

recombination reaction rate, reduce coercivity 

Cu (Nd-Cu 

eutectic) 

Grain boundary 

Triple points 

Thickens grain boundary phase, enhance coercivity 

Ga Fe(c) site 

occupancy 

Increase anisotropy, recombination rate. Alter g.b. phase 

structure to amorphous – increases coercivity 

Hf  Induces anisotropy 

Nb Forms 

Nb26Fe32B42 

Stabilise boron phase during disproportionation,  

Pr Substitute with 

Nd 

Increase coercivity 

Zr Forms ZrB2 Induce anisotropy, reduce temperature sensitivity for 

processing, suppress grain growth 
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Coercivity Mechanisms in HDDR 

Many people have studied the coercivity mechanism of HDDR processed NdFeB and 

attempted to link this to the microstructure, but the results are often inconclusive. Kawashita 

et al. (2003) investigated this by running the HDDR process at a range of temperatures on 

alloys containing 11.0 at% and 12.0 at% Nd. It was found that the alloy containing 11.0 at% 

Nd led to a powder that showed little to no coercivity, as was shown in figure 3.2.26. Further 

analysis of the microstructure showed that the 11.0 at% Nd powder contained virtually no Nd-

rich grain boundary phase compared to a very large proportion in the 12.6 at% Nd sample, 

which is shown below in figure 3.2.32. It was also found using XRD and SEM analysis that 

there was a large presence of free iron in the 11.0 at% HDDR-processed sample which would 

also explain the lack of coercivity. From this it was concluded that the coercivity mechanism 

is nucleation controlled during the growth of Nd2Fe14B grains from the Nd-rich grain 

boundary phase during recombination. 

 

Figure 3.2.32. SEM micrographs showing virtually no Nd-rich phase in the HDDR processed 

sample containing 11.0 at% compared to a large amount of Nd-rich phase present in the 

sample containing 12.6 at%. [Kawashita et al. (2003)]. 
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However, Ming et al. (2004) found that the coercivity mechanism was controlled 

largely by the pinning strength of the Nd-rich grain boundary phase. Figure 3.2.33 shows the 

microstructure of the HDDR treated sample in backscattered SEM mode where the Nd2Fe14B 

is black and the Nd-rich grain boundary phase is white. The magnetisation curve of this 

sample is also shown, which follows the pattern of a typical pinning-type coercivity 

mechanism, where the grain boundaries act as the pinning sites to prevent the movement of 

domain walls. Although the two mechanisms have both been found to induce coercivity in 

HDDR powder, they both rely on the Nd-rich grain boundary phase and hence cannot occur 

simultaneously. Liu et al. (2009a) investigated these mechanisms using a theoretical 

anisotropy model and confirmed that both pinning and nucleation can control the 

manifestation of coercivity, but which one is acting in any case depends on structural defects 

and exchange coupling interactions in the material.  

 

Figure 3.2.33. Backscattered SEM image of HDDR NdFeB (left) showing white grain 

boundary phase which acts as pinning sites for preventing domain wall movement, and the 

initial magnetisation curve (right) of the same sample demonstrating a typical pinning-type 

pattern. [Ming et al. (2004] 
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Chen et al. (2003) analysed the unique microstructure of HDDR processed NdFeB and 

determined that the grains with a diameter around 0.3 µm would exhibit the rotation type 

demagnetisation that exists with a single domain particle type coercivity mechanism, leading 

to increased coercivity. However there is also the influence of domain wall motion which is 

associated with lower coercivity values. The grain size in this study was highly dependent on 

the composition of the alloy, with the Nd13Fe81B6 sample having a mean grain size of 1.0 µm 

and the (Nd0.8Dy0.2)13(Fe0.875Co0.125)81B6 sample having a mean grain size of 0.36 µm, the 

microstructures of which are shown in figure 3.2.34. The coercivity of the ternary alloy was 

lower than that of the Dy and Co containing alloy due to a lower proportion of small grains 

(0.3 µm grains) which demonstrated a single domain coercivity mechanism. Liu et al. (2009) 

also demonstrated that more than one mechanism can be responsible for the coercivity of 

HDDR powders.  

 

Figure 3.2.34. Backscattered SEM micrographs of the microstructure of HDDR processed a) 

Nd13Fe81B6 with a mean grain size of 1.0 µm and b) (Nd0.8Dy0.2)13(Fe0.875Co0.125)81B6 with a 

mean grain size of 0.36 µm. [Chen et al. (2003)]. 
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Other studies have investigated coercivity in a similar way to Kawashita et al. (2003) 

by performing HDDR through a range of temperatures and testing the magnetic properties to 

compare the effects of temperature. Jurczyk et al. (1999) found that coercivity decreased with 

increasing temperature and hence has an inverse relationship, which was also found and 

consequently confirmed by Kawashita et al. (2003). Sugimoto et al. (1999) found that 

temperature dependence was different depending on the method of the disproportionation 

stage. They found that when heating the sample in hydrogen (C-HD), good coercivity values 

were maintained up to 950 ºC; however heating in vacuum (V-HD) then adding hydrogen 

when final temperature was achieved showed a vast drop in coercivity above 900 ºC, as 

shown  in the graph below, figure 3.2.35.  

 

Figure 3.2.35. Graphs to show the effect of treatment temperature during disproportionation 

on remanence and coercivity of resultant NdFeB powder, Sugimoto et al. (1999). 
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The investigation carried out by Ragg et al. (1997) discovered that coercivity increases 

with disproportionation time up to 15 hours, although the relationship is exponential and 

levels out after 5 hours. Han et al. (2004) however showed that holding the disproportionation 

pressure for this length of time has detrimental effects on the degree of alignment in the 

HDDR powder and after 14 hours the powder was basically isotropic. Further investigation 

into this phenomena showed that low disproportionation times formed a lamellar-type 

structure, whereas long hold times encouraged the transformation of the initial microstructure 

into a spherical morphology which reduces the degree of alignment in the material. 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 Literature Review 

89 

 

Alternative HDDR Processing 

Liesert et al. (1996) utilised an approach originally designed for use in high 

temperature superconductors such as YBa2Cu3O7 by controlling solidification under a 

magnetic field. In this study the disproportionation was controlled to a point near completion 

where a 7 Tesla field was applied during the recombination stage to encourage directional 

orientation of the nucleated Nd2Fe14B grains. The hysteresis loops of the sample parallel and 

perpendicular to the easy direction of magnetisation shown in figure 3.2.36 exhibit very good 

anisotropy and alignment, which was confirmed using X-ray diffraction in two perpendicular 

directions. The process was further improved by Liesert et al. (1997) using an excess of inter-

granular Nd-rich phase and investigating the effect of recombination time under the 7 Tesla 

applied field where increasing hold time increased the degree of anisotropy. 

 

Figure 3.2.36. Hysteresis loops parallel and perpendicular to the easy direction of 

magnetisation prepared by applying a magnetic field during the recombination process. 

[Liesert et al. (1996)]. 
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Gang et al. (2006) trialled a different approach to HDDR by milling as-cast 

Nd12Fe82B6 in a planetary ball mill for 20 hours under hydrogen to encourage 

disproportionation into nano-structured Nd2H5, Fe2B and α-Fe mixture that was recombined at 

760⁰C for 30 minutes. The fine, milled disproportionated structure and subsequent 

recombined microstructure are shown in figure 3.2.37 below. It can be observed that the 

powder morphology is very fine at both stages of the process due to the planetary ball milling 

removing any agglomeration and causing fractures along grain boundaries. This formed a 

Nd2Fe14B/α-Fe two-phase nanocomposite exhibiting remanence 0.73 T, coercivity 610 kAm
-1

 

and maximum energy product 110.8 kJm
-3

. This work proved that there are other ways to 

initiate the HDDR reaction, however the magnetic properties are lower than those produced 

using the conventional or vacuum HDDR processing routes. 

 

Figure 3.2.37. SEM micrographs showing the powder morphology of theNd12Fe82B6 sample 

disproportionated under hydrogen in a planetary mill after a) disproportionation and b) 

recombination. [Gang et al. (2006)]. 

 

Williams et al. (1996) used cyclic S-HDDR processing to investigate the role of the 

Nd-rich grain boundary phase during the high temperature hydrogen and vacuum process. It 
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was found that on the first cycle of the HDDR process the large regions of Nd-rich phase 

redistributed along the grain boundaries of the newly formed, fine grained Nd2Fe14B structure. 

This redistributed Nd-rich phase then acted as a fast transport route for hydrogen into and out 

of the material on subsequent HDDR processing by increasing the effective area of Nd-rich 

phase. The redistribution of the Nd-rich phase on the first cycle does however leave large 

cavities in the structure where it used to be, which was confirmed by decreasing density of the 

sample after the first cycle of processing and a corresponding drop in resistivity (as shown in 

figure 3.2.38) in comparison, on the second HDDR cycle there was no further drop in density.  

 

Figure 3.2.38. Variation of resistivity throughout the HDDR process on the first and second 

cycle, with a significant drop in resistivity associated with a reduction in density due to 

increased cavitation. [Williams et al. (1996)] 

Martinez et al. (1996) attempted to improve the magnetic properties of c-HDDR 

processed Nd-(Fe,Co,Ga)-B magnetic powders by using an annealing technique similar to that 

used post-sintering. In this case it was found that annealing at 250 ºC, 425 ºC and 630 ºC were 

all unsuccessful at improving magnetic properties, however it was shown that the higher the 

annealing temperature, the lower the coercivity and remanence of the resulting sample.  
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Scaling of the HDDR Reaction 

One issue that can occur in the commercialising of a production route is in scaling up 

the process from small samples in the lab to bulk processing. Manwaring et al. (1994) HDDR 

processed 25 g, 150 g and 15 kg batches of Nd16Fe76B8 to demonstrate the effect of bulk 

processing. It was found that the exothermic disproportionation reaction in the 15 kg batch 

had no deleterious effect on the magnetic properties of the sample; however the endothermic 

reaction in the 150 g batch alone produced a large variation in magnetic properties. This is 

due to the kinetics of the recombination reaction being very sensitive to temperature and 

hence large scale processing requires careful control of the temperature throughout the 

reaction. It was concluded that the two reactions could be separated and so 15 kg batches 

could be disproportionated all together and then split into small batches for recombination.  

When this technique was applied, the variation of magnetic properties with regards to 

position of the sample within the large batch was measured and analysed. The 

demagnetisation curves for multiple samples from central positions and edge positions in two 

separate batches are shown in figure 3.2.39. It can be observed that within each batch of 

samples from each position there is little variation in properties from multiple samples. There 

is also very little change in coercivity between the central and edge samples in each batch, 

however the remanence varies in batch 1 where the edge samples exhibit over 0.1 T higher 

remanence than central samples, although this is not the same for batch 2. When comparing 

the two batches, batch 1 exhibits slightly higher coercivity than batch 2, but batch 2 is much 

more consistent with both remanence and coercivity throughout the range of samples. Overall 

the up scaling of the process in this case was successful, although only isotropic powder was 

produced. 
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Figure 3.2.39. Variation of demagnetisation curves of samples located at the centre (labelled 

figure 9 and 10) and edge (labelled figure 11 and 12) of HDDR processed powder from two 

separate batches. [Manwaring et al. (2004)]. 
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Bonded and hot-pressed Magnets 

Bonded magnets are produced by combining either milled HDDR powders or melt-

spun ribbon with a bonding agent such as PTFE or mixing with a resin such as Epoxy and 

curing to form net-shape magnets with lower magnetic properties than fully dense anisotropic 

sintered magnets. Bonded magnets can be made isotropic using either isotropic powders or by 

pressing uniaxially with no applied magnetic field. Anisotropic bonded magnets can be 

produced by pressing uniaxially or radially in the presence of an applied magnetic field or by 

hot-deformation techniques such as hot-pressing or annealing to encourage the deformation 

and curing of the binding agent in a preferred orientation during the pressing stage.  

Mishra et al. (1988) showed that hot-pressing followed by annealing is best for small 

grained materials such as melt-spun ribbons or HDDR processed NdFeB but not so good for 

large grained materials. Alignment was produced by a combination of plastic deformation, 

grain boundary migration and grain boundary sliding. Lee (1985) utilised the hot-pressing 

technique to produce fully dense, aligned NdFeB magnets from melt-spun ribbons. The 

samples were pressed under argon at 700⁰C before transferring to a second hot press to allow 

deformation parallel to the press direction, introducing a preferred direction of orientation. 

The demagnetisation curves, figure 3.2.40, of the samples after the first and the second hot 

pressing stage show that the alignment is achieved solely during the second hot press step.  
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Figure 3.2.40. Demagnetisation curves of melt spun bonded magnets before and after hot-

pressing, showing slight variation in magnetic properties between the parallel and 

perpendicular directions. [Lee (1995)] 

 

Doser et al. (1991) replicated this process by consolidating melt-spun ribbons to full 

density using a hot-pressing technique followed by die-upsetting at 750 ºC with a maximum 

energy product of 15.8 MGOe (~125 kJ m
-3

). Esteviez et al. (1994) used hot-pressing at 

1023 K (750 ºC) on HDDR powder to produce bonded magnets with remanence around 0.7 T 

and coercivity in the range of 1200 kAm
-1

. Yang et al. (1997) simplified the conventional hot-

pressing and subsequent die-upsetting into a single step process, as shown in figure 3.2.41. In 

this work the authors compressed melt-spun ribbons in a copper tube and induction heated to 

200-800 ºC and pressed between two punch pieces with one stroke to a height reduction of 

0.75 ratio, producing anisotropic NdFeB magnets.   
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Figure 3.2.41. Single step process developed by Yang et al. (1997) for production of 

anisotropic hot-pressed NdFeB magnets. 

 

Gutfleisch et al. (1998) attempted to take this one step further, where HDDR treated 

NdFeB was hot pressed, die upset and then backward extruded to produce radially oriented 

ring magnets. This process produced remanence of 1.07 T in the radial direction with a 

coercivity of 575 kAm
-1

 and good anisotropy, which can be observed in figure 3.2.42, 

however a bigger reduction in grain size during the HDDR process could reduce the 

deformation resistance during the backward extrusion and increase the degree of alignment, 

and hence, magnetic properties of the finished ring magnets. More recently, Nozawa et al. 

(2011) used SEM and TEM to analyse hot-pressed HDDR powders and determine the cause 

of increase in coercivity when full density is reached. It was found that the hot-pressing 

technique redistributed the Nd along grain boundaries to form thin, continuous Nd-rich phase 

grain boundary phase as with sintered NdFeB magnets. 
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Figure 3.2.42. Demagnetisation curves in easy and hard direction of magnetisation 

comparing backward extruded ring magnets with die-upset magnets. [Gutfleisch et al. 

(1998)] 

 

Liesert et al. (1998) took NdFeB alloys with Nd contents of 12, 14 and 16 at% in an 

attempt to improve hot pressing and die-upsetting of HDDR powders to reduce cracking that 

usually occurs during the process. It was found that the 14 at% Nd samples contained a large 

amount of cracks and produced a magnet with 1.2 T remanence and 0.7 T (560 kA m
-1

) 

coercivity, whereas the 16 at% sample was completely crack-free with an increased coercivity 

of 0.95 T (760 kA m
-1

) however the remanence was reduced to 1.0 T. Recent work by Suresh 

et al. (2009) used the spark plasma sintering method in an attempt to consolidate HDDR 

treated Nd-Fe-Co-Zr-B-Ga alloys. The samples were sintered at temperatures between 550-

600 ºC at a pressure of 80 MPa for 20 minutes. The sample sintered at 500 ºC produced the 

best magnetic properties, displaying 928 kAm
-1

 coercivity, 1.22 T remanence and 210 kJm
-3

 

maximum energy product which are very respectable magnetic properties. 
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Tattam et al. (1996a) looked at possible binding methods for uncoated melt-spun 

NdFeB bonded magnets in the form of Epoxy resin, zinc and PTFE (as-forged and heat 

treated). The corrosion behaviour in a humid environment (100 ºC saturated with water 

vapour) was studied and measured by means of mass change and magnetic property 

degradation over periods up to 80 hours, as shown in figure 3.2.43. The best binding agent 

was found to be the PTFE when heat treated as an adherent PTFE layer coated the particles 

forming an impenetrable barrier, meaning the compacts are only susceptible to corrosion at 

the surface, this sample was closely followed by Epoxy resin, which also coats the particles. 

The zinc binding agent formed white corrosion products on the surface and was by far the 

worst for corrosion protection. Further work by the same authors [Tattam et al. (1996b)] 

showed that doing the heat treatment on the PTFE bonded magnets can be improved by 

performing them under vacuum rather than in air vastly improved the mechanical properties 

and removed surface corrosion that can otherwise occur. 

 

Figure 3.2.43. Magnetic properties of bonded melt spun NdFeB magnets before 

environmental testing and after 80 hours exposure to a water saturated, 100 ºC temperature. 

[Tattam et al. (1996a)] 
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Tian et al. (2006) investigated the effect of applied magnetic field in the fabrication 

process of anisotropic bonded NdFeB magnet powders from d-HDDR processing as observed 

in figure 3.2.44. It was found in this work that warm compaction is necessary to lower the 

viscosity of the binding agent, which increases the alignment ability of the powder during the 

compaction process and aids with densification. The magnets are pressed using warm 

compaction under an electromagnetic field of 2 T, before cooling and solidifying under a 

pulse field of 4 T. Powder blending the samples without the presence of a magnetic field 

yielded a (BH)max of 6.25 MGOe (49.7 kJ m
-3

), which is increased by blending the samples 

under a magnetic field to 6.875 MGOe (53.7 kJ m
-3

). The authors proposed that the applied 

field magnetises the particles, which excluded and separated them from each other and made 

alignment easier during subsequent compaction. 

 

Figure 3.2.44. Warm compression of bonded NdFeB magnet under the application of a 

magnetic field to encourage anisotropy. [Tian et al. (2006)]. 
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Overall it can be observed from the literature that the magnetic properties of HDDR 

materials are very sensitive to the processing conditions. Simple alterations to the 

disproportionation or recombination conditions or to the magnet compositions can have a 

dramatic effect on the magnetic properties of the HDDR material. In order to use the HDDR 

process for magnet scrap then large variations in composition are likely to occur which are 

likely to have a big impact on processing conditions, the resulting microstructure and on 

magnetic properties.  
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3.3 Recycling rare earth magnets 

 There are several challenges with regards to the potential recycling of end-of-life 

NdFeB type magnets. The first challenge is associated with the identification and collection of 

used magnet-containing devices, i.e. urban mining. The main short-term sources of scrap 

NdFeB include electronic scrap, loudspeakers and hard disk drives (HDDs) which are all 

currently available as waste products. Longer term sources of rare earth magnet scrap include 

motors from electric and hybrid vehicles that are presently in service or going into service 

with an estimated service life of ~10-15 years. Even longer term sources will be provided by 

magnets from MRI scanners and in off-shore wind turbines, both of which have a predicted 

lifetime of >15 years. These sources of scrap and their predicted lifetimes are shown in table 

3.3.1. Hard disk drives are an ideal form of scrap in many respects. They are already collected 

in large numbers in order to protect confidentiality by destroying data stored on the disk. They 

are also very easy to identify and are already separated from the rest of the computer system. 

The magnets used in these systems are all of a similar shape and are in the same position in 

every hard drive.   

Table 3.3.1. Possible sources of NdFeB scrap and their estimated lifetimes. [A. Walton 

Presentation (2012)] 

Scrap source Service life 

Hard disk drives  5-10 years  

Loud speakers  5-10 years  

Mixed electronics 5-10 years 

Motors and generators in hybrid & electric vehicles  15 years 

Generators in wind turbines 20 years 

MRI scanners 15 years 
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The second challenge is to identify NdFeB magnets within electrical waste. Standard 

methods of material identification include identifying the shape of certain components and the 

use of X-ray fluorescence (XRF) for elemental analysis. Scrap NdFeB magnets are brittle and 

are usually still magnetised, meaning that when they are broken they will attract to ferrous 

scrap within the waste stream. Therefore if the magnets are broken during processing of the 

scrap then they can no longer be identified by shape and XRF analysis will identify ferrous 

scrap coated in magnet pieces, not just the whole magnets. 

The next major challenge is the separation of the magnets from the waste stream, 

which was highlighted as a major challenge in a tri-lateral meeting in Washington between 

the UK, USA and Japan [Binnemans et al. (2013)]. If magnets are mixed in with ferrous metal 

scrap for example, standard magnetic separation will not suffice as the magnet scrap will stick 

to the other ferrous materials. In electronic scrap there may be more than just sintered NdFeB 

magnets, for example there could be bonded magnets and ferrites present within the stream 

depending on the source of the scrap.  

Currently HDDs are shredded to destroy any data remaining on the disk. The voice 

coil motor magnets also get shredded in this process, which are still permanently magnetic. 

On shredding the magnets break up into small magnetised pieces that stick to the ferrous scrap 

in the waste stream and also to the shredder itself, as shown in figure 3.3.1, causing damage to 

the machinery as well as making separation difficult. Due to these and other issues, less than 

1% of rare earth scrap is currently recycled [Binnemans et al. (2013)]. 
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Figure 3.3.1. Shredded hard disk drives containing magnetic powder (left), industrial 

shredder with magnetised scrap powder trapped in and around the device (right). Image 

provided by  Rene Kleijn, University of Leiden, Van Gansewinkel Group. 

 

One alternative option for separation of magnets from electronic scrap is manual 

disassembly, however this is very time consuming and labour intensive. In the case of hard 

disk drives for example there are multiple security screws that need to be removed to open the 

casing. The sintered magnets are also permanently magnetic, nickel coated and glued into a 

soft iron core assembly as shown in figure 3.3.2. 

Another option is using mechanical force, such as tumbling the magnet-containing 

device to break apart the components, and then manually remove the magnets, which are still 

magnetised. This method is currently used by Hitachi for separating voice coil magnet 

assemblies from hard disk drives [Hitachi site visit, UK-Japan rare earth mission, Tokyo, 

Japan, December 2012].  
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Figure 3.3.2. Manually disassembled hard disk drive containing two main types of NdFeB 

magnets, a bonded NdFeB magnet in the spindle motor and two sintered NdFeB magnets in 

the voice coil motor. [Walton et al. (2012)]. 

 

Another alternative option has been developed at the University of Birmingham, 

where the NdFeB magnets are exposed to hydrogen in order to initiation decrepitation. The 

magnets in end-of-life products will be in their magnetised state, so they are attracted to the 

casing in which they are embedded and to each other if more than one is present. 

Demagnetisation by heat using temperatures over 320 ºC may cause decomposition of glues 

and would require a lot of energy.  
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Hydrogen Processing  

Zakotnik et al. (2004) investigated the use of the HD process to produce a powder 

from sintered NdFeB magnets for further processing and possible recycling. In this work the 

effect of HD processing temperature was studied in terms of particle size distribution of the 

hydrogen treated powder, which is shown in figure 3.3.3. It can be seen that HD processing at 

room temperature (25 ºC) contains more fine powder than samples processed at higher 

temperatures, which would be ideal for subsequent processing. The sample treated at 450 ºC 

exhibited very few particles < 1000 μm, hence could be very difficult to align in subsequent 

sintering or recycling processes. 

Figure 3.3.3. Particle size distribution of sintered magnets hydrogen decrepitated at a range 

of temperatures [Zakotnik et al. 2004]. 

 

The HD process has also been utilised in the removal of magnets from hard disk 

drives without the need for it to be disassembled or shredded, as shown by Walton et al. 

(2012). In this work HDDs were sectioned using an industrial cropper to selectively remove 

the corner containing the voice coil motor (VCM). The VCM was then distorted in a uniaxial 

press to break the NdFeB magnets and pierce the electroplated nickel coating to reveal a fresh 
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surface. These distorted sections of the HDD were loaded into a porous rotating drum and 

exposed to hydrogen at atmospheric pressure to decrepitate the magnets. The HD process not 

only breaks the magnet into a powder but also the powder is demagnetised by the process. 

The demagnetisation occurs as the hard magnetic matrix lattice is expanded by the presence 

of hydrogen, thus modifying the exchange interactions of the electrons, leading to a loss of 

magnetisation. This demagnetisation effect allows the powder to be more easily separated 

from the assembly without sticking to the ferrous components. By rotating the porous drum 

the powder can be liberated from the assemblies for collection. The collected powder consists 

mainly of large particles of NdFeB along with small impurities such as small plastic particles, 

electronic components and nickel flakes from the magnet coating. This powder can then be 

sieved and mechanically agitated to remove the nickel coating and plastic particles or small 

electronic components that have passed through the porous drum.  

Following extraction and separation of the material, the next stage of recycling is to 

choose the subsequent processing technique to either extract specific elements from the waste 

stream or reprocess the magnet into a new magnet for re-use. There are many ways of doing 

this. Walton and co-workers state that the hydrogen recycled powder can be reprocessed in a 

number of ways including: 

 Refining the powder to extract the rare-earth elements for use as a feedstock for cast 

alloys. This has the advantage that the feedstock will be ~30% rich in rare earths, there 

will only be three rare earths present (Nd, Pr and Dy) and there will be no radioactive 

thorium which is present in raw mined materials. Disadvantages include the use of 

acids and organic solvents such as hydrofluoric acid in the extraction process and that 

this would require a lot of energy to re-produce a final magnet. 
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 Melting and re-casting to form new alloy ingots. The main advantage is that the 

oxygen content of the alloy could be reduced by removing the slag layer. A 

disadvantage is that the new cast alloy will have a composition highly dependent on 

the input feed. 

 Milling, aligning, pressing and sintering into new magnets. This reprocessing route 

would have a large energy saving compared to refining, however the final magnet 

composition is dependent on the input feedstock and the sintered magnet could have a 

high oxygen content due to the relatively high oxygen content exhibited by scrap 

sintered magnets (typically 4000-5000 ppm). 

 Degassing the powder and pressing into bonded magnets is a very cheap process 

however the corrosion resistance and stability of these magnets will be poor. 

 Degassing the powder and melt spinning for use in bonded magnets, however the final 

magnet composition and magnetic properties are highly dependent on the input feed. 

 HDDR processing of the powder for use in bonded magnets, however the final magnet 

composition and magnetic properties are highly dependent on the input feed. A scrap 

HDDR powder could be powder blended into a primary HDDR powder without 

having an effect on the overall microstructure of the mixture. 

All of these potential recycling routes are shown schematically in figure 3.3.4. These re-

processing techniques are currently used in magnet production with cast alloys as the input 

feed as previously mentioned. A more detailed explanation of how each of these processes 

have been or could be adapted from the current specifications to enable re-processing of 

NdFeB alloys with a sintered microstructure follows figure 3.3.4. 
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Figure 3.3.4. Schematic showing multiple processing routes for the hydrogen recycled NdFeB 

powder [Walton et al. (2012)] 
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Pyrometallurgy 

 Pyrometallurgy or high temperature processing of rare earth elements has been used 

for around twenty years to reprocess ‘clean’ scrap generated during magnet production. Some 

of these pyrometallurgical processes have now been tailored to enable recycling of magnetic 

materials from waste streams and end-of-life consumer products on a laboratory scale. 

Pyrometallurgy currently used on an industrial scale includes processes such as direct melting 

of the rare earth alloy and liquid metal extraction to separate rare earths from transition metals 

in the metallic state. There are two main processes that have been developed for use in 

recycling of scrap magnet alloys, and these are electroslag refining and the glass slag method. 

 The electroslag refining method was first introduced as a method of upgrading rare 

earth scrap such as NdFeB-type or SmCo-type magnets by Ellis et al. (1994). This process 

involves melting the scrap material and adding a reactive flux, made from CaCl2 and CaF2, to 

remove carbon, hydrogen, nitrogen, oxygen and metallic impurities. The material is either 

then poured into a water cooled mould through a slag layer containing which traps the 

impurities, or the melt is held at temperature in a liquid state and a slag layer is added to react 

with the impurities and then separated by cooling. This process works best with clean magnet 

scrap containing little impurities, i.e. not for swarf containing fine particulates or high levels 

of contamination. It must also be noted that the electroslag refining method cannot be used to 

separate rare earths, so it produces an alloy which is dependent on the input feed. A schematic 

of the electroslag refining apparatus is shown in figure 3.3.5, where the scrap material ingot is 

surrounded by a sea of molten slag which reacts with the impurities. 



Chapter 3 Literature Review 

110 

 

 

Figure 3.3.5.Schematic showing the apparatus used for the electroslag refining method of 

rare earth scrap. [Ellis et al. (1994)]. 

 

 This method has been further improved to a liquid metal extraction process where a 

wide variety of scrap feed materials including swarf can be processed to produce a clean final 

alloy with little to no intermetallic impurities [Ellis et al. (1994)]. This process works by the 

dissolution of a rare earth alloy in an alloy system by which the rare earth elements and other 

transition metals distribute themselves between liquid phases and can be separated by density 

or distillation/sublimation. For NdFeB alloys, the separation is performed by liquid 

magnesium. This is because Nd freely reacts with Mg to form an alloy which can be separated 

by vacuum distillation of Mg whereas Fe is completely immiscible in all portions with Mg 

and hence only the Nd reacts with Mg. Each type of rare earth scrap will require a different 

liquid alloy system to separate the rare earth element from the transition metals depending on 

the miscibility of each element with the alloy system.  
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 The glass slag method for recycling was first utilised for separation of neodymium 

from NdFeB alloys by Saito et al. (2003). In this technique a rare earth alloy is brought into 

contact with a specially selected molten flux. This flux then selectively dissolves the rare 

earths from the alloy and supercools to form a glass. In the work by Saito et al. (2003), a 

molten boron trioxide was used as the flux which left behind α-Fe and Fe2B with a Nd content 

of less than 0.01 wt%. An SEM micrograph and X-ray mappings of Nd, Fe and B of the alloy 

after removal of Nd are shown on figure 3.3.6, from which it can be observed that the 

resulting alloy is rich in Fe and B and lean in Nd, signifying successful separation.  The rare 

earth containing glass is then dissolved in sulphuric acid followed by precipitation of the rare 

earths as hydroxides or as sulphate double salts, however it was found that this method 

produced large quantities of unspecified inorganic waste.   

 

Figure 3.3.6. SEM micrograph and X-ray mappings of Nd, Fe and B in alloy after removal of 

Nd using the glass slag method [Saito et al. (2003)]. 
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Hydrometallurgy  

 Although already used in primary production, hydrometallurgy was the traditional 

route used for recovery of rare earths from permanent magnets in the form of pre-consumer 

production scrap in sintered magnet production [Ellis et al. (1994)]. In this process, the rare 

earth alloys are dissolved in strong mineral acids in order to precipitate the rare earth elements 

as double sulphates, as with glass slag production, or oxalates or fluorides. Some impurities 

such as nickel, copper and boron are present in these precipitates and require further 

separation. Lyman and Palmer (1992) created a procedure where the Nd can be separated 

from NdFeB scrap using an aqueous H2SO4 solution which encourage complete dissolution of 

NdFeB. This forms a strong acidic solution, which has sodium or potassium hydroxide added 

to form a neodymium alkali metal or salt, which can be converted to neodymium trifluoride 

using hydrofluoric acid solution, and then reduced using calcium.  

 Another possible method of recycling NdFeB is to dissolve the scrap into HNO3 then 

add hydrofluoric acid to form a neodymium-iron double salt, which can be reduced with 

calcium to form a neodymium-iron master alloy for use in production of new NdFeB magnets 

[Ellis et al. (1994)].  
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Sintering  

A possible route for producing coercive powder from sintered NdFeB magnets is the 

HD process, as proposed by Rivoirard et al. (2000) where sintered precursors were exposed to 

hydrogen for absorption at controlled rates before heating under vacuum to desorb the sample 

and finally annealing to recover the bulk magnetic properties for use in bonded magnets. This 

process of producing anisotropic powder from waste sintered NdFeB magnets was further 

investigated in more detail by Zakotnik et al. (2006) to produce ‘new’ or recycled sintered 

magnets from clean, uncoated blocks of scrap sintered 

Nd13.98Pr0.06Dy0.63Fe77.81Nb0.36Al0.69B6.44. This highly reactive powder can only be used as a 

building block for recycling however as its intrinsic coercivity is significantly reduced by the 

hydrogen absorption and hence requires further processing. The authors milled the HD-treated 

powder for 30 minutes in a roller-ball mill to reduce the particle size, before aligning, pressing 

and vacuum sintering at 1080 ºC for one hour. The magnetic properties of the recycled 

magnet showed a decrease in (BH)max of 15%, remanence of 10% and coercivity of 20%, 

these reductions in properties were attributed to increased grain size and reduced density of 

the recycled magnet due to oxidation. 

Zakotnik et al. (2008) investigated methods to recover the magnetic properties of the 

recycled samples further by altering the preparation techniques and processes. In this work the 

authors varied both the milling and the sintering conditions. It was found that increasing the 

milling time from no milling up to 20 hours greatly improved the density of the recycled 

magnet by creating a uniform distribution of particle sizes through the green compact, 

however with the lower milling times (<3 hours), increasing the sintering time recovered a 

degree of density. Thirty minutes and 1 hour milling, along with sintering for 3 hours greatly 
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improved the density to ~7.5 g cm
-3

 compared to 6.4 g cm
-3

 with no milling and only sintered 

for 1 hour. Although 20 hour milling and 1 hour sintering showed the greatest density 

(>7.6 g cm
-3

) for the sintered magnet, the optimum processing conditions in terms of magnetic 

properties were found to be by milling for thirty minutes and sintering at 1080 ºC for 1 hour 

where the maximum energy product was only 15% lower than that of the starting material.  

Further studies by the same authors [Zakotnik et al. (2009)] determined the effect of 

multiple re-sintering cycles. In this work the scrap sintered magnet was broken down in 

hydrogen, milled, pressed and aligned, then re-sintered before testing the magnetic properties. 

Then each consecutive cycle broke the magnet down in hydrogen, milled, blended with 

neodymium hydride, aligned and pressed, sintered and tested. It was found that after every 

cycle the density dropped and the squareness of the demagnetisation loop was reduced as 

determined by permeameter measurements, density measurements and SEM analysis of the 

microstructure showing significantly increased porosity. ICP analysis after each cycle showed 

a reduction in Nd content due to volatilisation during sintering and Leco oxygen analysis 

showed an increase in oxygen content after each cycle. The oxidation led to a reduction in 

magnetic properties of the sintered sample both by reducing the density and the formation of a 

non-magnetic oxidation phase presumed to be Nd2O3. The recycling process was adapted to 

cope with the loss of Nd by powder blending in an extra 1 at% neodymium hydride after the 

1
st
, 2

nd
 and 3

rd
 cycles. The blending of Nd hydride was successful in recovering much of the 

magnetic properties and demagnetisation loop squareness towards that of the starting material 

after the first cycle. The demagnetisation quadrants of the samples sintered 4 times both with 

and without Nd additions are shown below in figure 3.3.7. 
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Figure 3.3.7. Demagnetisation loops of samples cyclically sintered both without (a) and with 

(b) additons of neodymium hydride [Zakotnik et al. (2009)]. 
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Recycling using HDDR 

Zakotnik et al. (2004) used two different processes to investigate recycling of NdFeB 

sintered magnets to produce a powder for use in bonded magnets. The two processes were 

HD-degassing and c-HDDR. In this case the c-HDDR process utilised a hydrogen 

disproportionation pressure of 0.4 bar and reaction temperatures up to 800 ºC, followed by 

recombination under vacuum before quenching. 

The HD-degassed powder exhibited good anisotropy and a high remanence when 

tested straight after processing, however it was found that after just 3 hours of exposure to air 

the sample showed a downward trend of magnetic properties resulting from its poor stability 

against oxidation and lack of corrosion resistance. The HDDR process stabilised the powder 

by altering its microstructure, however the treatment in this work produced isotropic powder 

exhibiting greatly reduced remanence and slightly increased coercivity, as expected from 

isotropic material. The stability of the HDDR treated powder was much better than that of the 

HD-degassed powder. After 120 hours of air exposure there was no significant change in 

magnetic properties. The demagnetisation curves for HD-degassed and HDDR processed 

powders and the variation in magnetic properties with respect to air exposure time are shown 

in figure 3.3.8.  
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Figure 3.3.8. Demagnetisation curves of HD and HDDR powder immediately after process 

completion (left) and variation of magnetic properties with sample exposure to air (right). 

[Zakotnik et al. (2004)]. 

 

Luo et al. (2009) investigated the hydrogen absorption and desorption characteristics 

of (NdDy)15(FeCoNbCu)79B6 sintered magnets, not as a method of recycling but as a method 

of characterisation. In this study it was concluded by differential scanning calorimetry (DSC) 

that there are three main reaction exotherms as the sintered magnet is heated from room 

temperature to 1000 ºC under a mixed argon and hydrogen atmosphere. The first exotherm 

peak occurred between 40-185 ºC which is associated with the hydrogenation of the Nd-rich 

phase, the second exothermic peak in the region 185-220 ºC relates to the hydrogenation of 

the Nd2Fe14B tetragonal phase and finally the disproportionation of the Nd2Fe14B phase 

between 500-800 ºC. This hydrogenation DSC trace for this work is shown below in figure 

3.3.9. In 2011, Luo et al. (2011) continued this work to gain a finer understanding of the 

procedure and determined that the sintered NdDyFeCoNbCuB-type magnets can be HDDR 

treated with very careful control over the process parameters to produce anisotropic powder 

that recovers 68% of the maximum energy product displayed by the starting bulk magnet. 
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Figure 3.3.9. Hydrogenation DSC curve for a sintered NdDyFeCoNbCuB-type magnet clearly 

identifying the main hydrogen absorption reactions upon heating under H2/Ar flowing gas. 

[Luo et al. (2009)] 

 

Perigo et al. (2012) adopted the HDDR process to recycle sintered N42 grade NdFeB 

magnets. In this work the authors determined that processing temperatures outside the range 

840-900 ºC were deleterious to the magnetic properties of the resulting powder. Samples 

recombined at temperatures lower than 840 ºC showed a kink in their demagnetisation 

quadrant which was attributed to the presence of soft magnetic phases within the material due 

to incomplete recombination. The best recycled magnet powders produced in this study were 

processed at 860 ºC and were magnetically isotropic with 0.58 T remanence and 1.15 T 

(920 kA m
-1

) coercivity, the demagnetisation curve of which is shown below in figure 3.3.10. 

The bonded magnets made from these powders were superior to any commercially available 

ferrite magnets with a lower cost than primary production of HDDR bonded magnets and 

without the need for Dy.  
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Figure 3.3.10. Demagnetisation curve of the isotropic recycled magnet powder produced by 

Perigo et al. (2012). 

 

Da Silva et al. (2012) produced hybrid bonded magnets consisting primarily of melt-

spun NdFeB mixed with either isotropic HDDR recycled NdFeB (similar to that produced by 

Perigo et al. (2012)) or strontium ferrite powders. The goal of this work was to produce 

bonded magnets with better magnetic properties than standard ferrites but at a lower cost than 

primary processing of melt-spun NdFeB bonded magnets. It was found that adding up to 

5 wt% of either powder had no negative effect on the intrinsic coercivity of the bonded 

magnet however the remanence was reduced. Increasing the amount of additive caused further 

reductions in magnetic properties, with greater reductions witnessed in strontium ferrite 

containing magnets than those containing recycled HDDR powder. These reductions can be 

observed in figure 3.3.11, which shows that adding recycled NdFeB has a much lower effect 

on remanence than adding ferrite powder, however both additions greatly affect the 

coercivity. Although the additives lowered the overall properties of the bonded magnets 

produced, they also lowered the cost of the magnet, offering cheaper alternatives for low-end 

applications. 
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Figure 3.3.11. The effect of adding ferrite or HDDR-recycled NdFeB powder on coercivity 

(left) and remanence (right) to melt spun ribbon based NdFeB bonded magnets. [da Silva et 

al. (2012)] 

 Guth et al. (2012) utilised the d-HDDR route for recycling sintered NdFeB magnets to 

produce anisotropic powder for resin bonded magnets. In this work a Dy-lean alloy 

(Nd21.92Pr6.3Dy1.72Fe67.13Co0.35B0.95 (wt%)) and a Dy-rich alloy (Nd22.35Dy8.94Fe64.66Co0.98B0.9 

(wt%)) were processed at a set temperature of 840 ºC using a variation of hydrogen pressures. 

It was observed that the Dy-rich alloy required higher hydrogen pressure (70 kPa (0.7 bar) 

compared to 25 kPa (0.25 bar)) to fully disproportionate the sample due to the presence of Dy 

and Co in large quantities stabilising the Nd2Fe14B phase against disproportionation. The 

recovery of magnetic properties in the recycling of the Dy-lean alloy were very acceptable for 

use in a bonded magnet, however an alloy containing Ga and Nb that was specifically 

designed for HDDR processing showed even better recovery of magnetic properties on 

HDDR processing at a pressure of 30 kPa (0.3 bar). The change in microstructure from the 

starting low-Dy sintered magnet to the fully HDDR processed sample is shown in figure 

3.3.12. It was observed that the grain size was reduced from around 10 µm in the sintered 

specimen to less than 1 µm in the HDDR powder to form a very fine microstructure. This 
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work also stated that the d-HDDR process can be adapted depending on the composition of 

the input feed for optimum processing by increasing or decreasing the hydrogen pressure 

during disproportionation or recombination. The authors compared the magnetic properties of 

the Dy-lean recycled powder to those of commercial HDDR powder produced from an 

unspecified NdFeBGaNb-type alloy. It was found that the recycled Dy-lean powder had a 

similar remanence and coercivity to the commercial powder but with much less loop 

squareness which was assumed to be due to oxidation during the recycling process. 

 

Figure 3.3.12. Backscattered SEM micrographs of a low-Dy containing sintered starting 

microstructure (labelled ‘(a)’) and the fully HDDR processed fine microstructure (labelled 

‘(f)’). [Guth et al. (2012)]. 
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Chapter 4  

 
MATERIALS AND METHODS 

4.1. Material Selection 

The compositions of the three scrap sintered magnets investigated during this thesis 

are shown in table 4.1. Pictures of the materials in their as-received form are shown below in 

figure 4.1.1. 

Table 4.1. Compositions of the three starting materials (atomic % unless stated otherwise). 

Sample Nd Dy Pr Fe Co Al Nb Cu B Oxygen (ppm) 

Composition A 13.4 0.7 Nil 78.6 Nil 0.7 0.4 Nil 6.2 2665 

Composition B 12.5 1.8 0.2 72.6 5.0 0.9 0.6 Nil 6.4 4130 

Composition C 11.6 0.6 1.6 77.9 1.4 0.7 Nil 0.1 6.1 5080 

 

 

Figure 4.1.1. Starting materials in the as-received form of Compositions A, B and C from left 

to right.  
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The compositions of these starting materials were obtained using Ion Coupled Plasma 

(ICP) analysis on an Optima 5300V ICP machine and the oxygen contents were obtained 

using a LECO oxygen analyser, accurate to 1ppm (manufacturers specification). This analysis 

was all performed by Less Common Metals Ltd. Composition A was chosen as the material to 

be used during the investigation of the key processing variables for HDDR.  
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4.2 Production of HDDR Material 

Initial Sample Preparation 

The uncoated scrap blocks of composition A and composition B were cracked and 

broken into pieces using a 10 ton press and an angled metal bar to reduce sample size and 

create fresh surfaces to react with the hydrogen during the decrepitation process. The nickel 

coating on magnets of composition C was removed using a scalpel; the sintered magnet was 

then broken in half using a vice to create a fresh surface to initiate hydrogen reaction during 

decrepitation. Images of the starting materials in both the as-received form and prepared ready 

for hydrogen decrepitation are shown below in figure 4.2.1. 

 

Figure 4.2.1. The starting materials of Compositions A,B and C from top to bottom in the as-

received form and prepared ready for hydrogen decrepitation, with the removed nickel 

coating evident for Composition C.  

Nickel coating 
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Hydrogen Decrepitation (HD) 

100 g of the fragmented sintered magnet block or voice coil motor magnet was placed 

in the decrepitation chamber of the HD rig and sealed. The mass was restricted to prevent 

large temperature deviations during the exothermic HD reaction. The decrepitation chamber 

was then placed in a large, hollowed cast iron block to act as a heat sink during the process 

and attached to the system shown in figure 4.2.2 using a quick-fit connector. The system was 

then evacuated to ~10
-2

 mbar before backfilling with hydrogen to 4 bar gauge pressure. The 

pressure level was monitored until it dropped to signify the activation of the decrepitation 

reaction. As the hydrogen pressure decreased more hydrogen was introduced to maintain a 

pressure of 4 bar until the pressure remained stable for 20 minutes, signalling the end of the 

reaction. The system was then evacuated and the decrepitation chamber was sealed and 

transferred to an argon filled glove box where the HD powder was handled and stored under 

an inert argon atmosphere containing <50 ppm oxygen. 

 

Figure 4.2.2. A schematic showing the setup for the HD process used to turn the scrap 

magnets into a powder ready for further processing. [Mottram (1998), p. 53] 
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Alternatively the material was hydrogen decrepitated in the HDDR system, as shown 

in figure 4.2.3 to limit the oxidation of the HD powder as discussed in further detail in chapter 

8. 20 g of the fragmented sintered block was placed into a stainless steel canister which was 

inserted into the HDDR furnace tube and evacuated. Upon reaching full vacuum (~10
-2

 mbar), 

hydrogen was introduced to 2 bar dynamic pressure, controlled using mass flow controllers 

and held until full decrepitation had occurred. The reaction was monitored by assessing the 

hydrogen flow required to keep the pressure constant. When the flow slowed to zero the 

reaction was deemed to be complete.  
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Hydrogenation Disproportionation Desorption Recombination (HDDR) 

Either 20 g of the HD powder was removed from the glove box in a sealed glass 

sample tube before transferring into a stainless steel canister in air which was then placed in 

the HDDR furnace tube as quickly as possible to minimise the HD powders exposure to 

oxygen; or 20 g of the fragmented sintered block was hydrogen decrepitated in the HDDR rig. 

Once the HD material was in the HDDR rig (as seen in figure 4.2.4) the system was fully 

evacuated using a rotary vacuum pump (~10
-2

 mbar) before being heated to the desired 

processing temperature (800-950 ºC). During the heating process the hydrogen stored in the 

HD-treated NdFeB is degassed which can be observed by the loss of vacuum, and recorded 

using an arduino data logger. A schematic of the HDDR rig set up is shown below in figure 

4.2.3. 

 

 

Figure 4.2.3. Schematic representation on the HDDR system set up. 
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Figure 4.2.4. HDDR rig and furnace (top right and bottom) used throughout this project for 

the processing of the NdFeB including mass flow control system (top left).  

Once the processing temperature was achieved and the vacuum had recovered to a 

level of ~10
-2

 mbar, the disproportionation stage was started by introducing hydrogen at a rate 

of 16 mbar min
-1

 up to the desired processing pressure (1000-2000 mbar). This rate was 

previously determined within the Magnetic Materials Group at The University of Birmingham 

[Sillitoe (2009)]. The hydrogen pressure was held at this pressure for between 0-60 minutes to 

allow full disproportionation of the material.  
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After this hold time the recombination reaction was started by lowering the hydrogen 

pressure to 0-350 mbar at a rate of 100 mbar/min and held for 0-30 minutes before complete 

hydrogen removal using a rotary vacuum pump (~10
-2

 mbar). At pressures below 300 mbar 

the mass flow controllers cannot accurately control the removal of hydrogen so they are 

assisted by the vacuum valve being manually opened until full vacuum (~10
-2

 mbar) is 

achieved. At full vacuum the recombination reaction is complete and the sample is quickly 

cooled by rolling the furnace off the furnace tube and/or placing a water-cooled copper coil 

over the tube to increase the cooling rate. A representative schematic diagram of the heating 

and hydrogen profiles is shown below in figure 4.2.5. The pressures, temperatures and hold 

times for the reaction were changed depending on the investigation in progress to optimise the 

overall HDDR processing conditions. 

 

Figure 4.2.5. Representative schematic showing the heating and hydrogen pressure profile of 

the HDDR reaction 
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4.3 Production of Bonded Magnets 

 Powders created using the HDDR processing route were pressed using either poly-

tetra-fluro-ethylene (PTFE) or epoxy resin as binding agents to produce either isotropic or 

anisotropic bonded magnets. The HDDR powder was ground using a pestle and mortar prior 

to mixing with the binder. The PTFE bonded magnets were produced by mixing the ground 

HDDR powder with PTFE in a 80:20 volume ratio NdFeB:PTFE, before pressing at 10 tons 

and curing at 360 ºC for 5 minutes followed by a slow cool to room temperature. To produce 

the epoxy bonded magnets the epoxy had to be prepared first; the epoxy resin and hardener 

were melted on a hot plate in a carrier fluid (industrial methylated spirit or cyclohexane). The 

ground HDDR powder was then added in an 85:15 volume ratio of NdFeB:epoxy and mixed 

to coat every particle in the binding mixture. The mixture was then transferred into a vacuum 

port to evaporate the carrier fluid thus leaving the powder coated in resin. The resin coated 

HDDR powder was then ground and pressed to 10 tons and finally cured at 125 ºC for 2 hours 

to set.  

For isotropic magnets the powder and binder mix were poured into a 10 mm diameter 

die and pressed to 10 tons pressure using an automatic Specac 30 ton press; the press and die 

are shown in figure 4.3.1. For anisotropic bonded magnets the powder and binder mix was 

poured into a specially designed cuboid die (10 mm x 20 mm x 20 mm) lined with PTFE 

lubricant before pressing to 10 tons pressure under an applied magnetic field of 1 Tesla in a 

Redcliffe alignment press; the press and die are shown in figure 4.3.2. 
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For a 10 mm tall bonded magnet with a diameter of 10 mm, the overall volume is determined 

by the equation: 

V = π r
2
 h  where, V = volume (cm

3
), r = radius (cm) and h = height (cm) 

V =  * 0.5
2
 * 1.0 = 0.785 cm

3
 

The mass of sample and binder to be used in each bonded magnet is determined by the 

equation: 

 m = Vf * V * D where, m = mass (g), Vf = volume fraction and D = density (g cm
-3

) 

For PTFE bonded magnets a ratio of 80:20 NdFeB:Binder is used 

m = 0.8 * 0.785 * 7.5 = 4.71 g NdFeB 

m = 0.2 * 0.785 * 2.2 = 0.35 g PTFE 

 

For Epoxy resin bonded magnets a ratio of 85:15 NdFeB:Binder is used: 

0.85 * 0.785 * 7.5 = 5.00 g NdFeB 

0.15 * 0.785 * 1.1 = 0.13 g Epoxy 

 

N.B. For Epoxy resin bonded magnets general practice is to make enough for at least 5 

magnets for each run as some of the mixture can be lost during the drying process and 

removal from the mixing vessel. The mass of anisotropic magnets was double that of the 

isotropic magnets due to dimensions of the die. 
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Figure 4.3.1. Equipment used for the production of anisotropic epoxy resin and PTFE based 

bonded magnets A) Specac uniaxial press and B) Isotropic die for use in the uniaxial press 

 

 

 

 

 

 

 

 

Figure 4.3.2. Equipment used for the production of anisotropic epoxy resin and PTFE based 

bonded magnets A) Redcliffe alignment press, B) Specially made die for use with the 

alignment press. 

 

 

 

A B 

Die main 

body 

Punch 

piece 

Pressure ram 

Alignment 

pole pieces 

Field 

control unit 

B A 

Die main 

body 

Punch 

pieces 

Pressure 

control panel 

Pressure ram 



   Chapter 4 Materials and Methods 

133 

 

4.4 Characterisation Techniques 

Permeameter 

 The starting materials and bonded magnets were magnetically characterised using a 

closed loop permeameter. The permeameter requires a uniform sample with two parallel flat 

faces with a minimum depth of 3 mm and maximum diameter of 22 mm in order to fit 

between the measurement coils. The uncoated blocks of Compositions A and B were cut and 

sliced using a diamond cutting saw to create cuboids to fit within the constraints of the system 

and measured 5 times in each direction and an average taken to enter into the calculation 

spread sheet. Cylindrical bonded magnets with parallel faces also had their diameter measured 

five times and an average taken. The surface area of the sample is required to calculate the 

polarisation and the energy product of the sample in question.  

 The system, as shown in figure 4.4.1 comprises of two electromagnet poles connected 

to a power supply, with a pair of concentric coils connected to two Hirst Magnetics 

integrators. One of the coils measures the polarisation of the sample with the change in 

applied magnetic field; the other coil measures the applied field across the sample that is 

produced by the electromagnets. The software then performs a calculation (equation 4.1.1) to 

determine the magnetic induction associated with the sample. The integrators are zeroed 

before use to exclude the effect of any stray fields within the vicinity of the sample and to 

increase the accuracy of the measurement. 

    Equation 4.1.1 

where µ0 is the permeability of free space = 4π x 10
-7

 N A
-2
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 The sample was then magnetised in the testing direction and placed between the pole 

tips at the centre with the measurement coils around it. The pole tips were moved so that they 

were in contact with the sample to form a closed loop. The applied field was gradually 

increased to 1.5 T before lowering to zero. The direction of the field was then reversed and 

increased to apply a demagnetising field up to 1200 kA m
-1

. The field was then reduced to 

zero, the direction of applied field reversed and increased to 1200 kA m
-1

 to complete the 

hysteresis loop. The field was then lowered back to zero. The measurement uncertainty 

associated with the permeameter were found to be remanence ±2.30%, coercivity ±2.50% and 

maximum energy product (a combination of remanence and coercivity) ±4.80% at a 

confidence level of 95%. The uncertainty analysis can be found in the appendix (Figure App. 

4.4). 

 

 

 

 

 

 

 

 

Figure 4.4.1. Permeameter used for measuring solid magnet samples such as sintered and 

bonded magnets, consisting of A) electromagnet assembly, B) measuring coils in between the 

electromagnet poles, and C) computer control unit, integrators and power supply. 
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Vibrating Sample Magnetometer (VSM) 

Before measurement the samples were ground down to remove agglomeration using a 

pestle and mortar. Between 50-100 mg was added to the cylindrical sample holder (figure 

4.4.2) along with enough candle wax to fill the sample container after the sample has been 

added, before sealing with standard electrical insulating tape. The sample holder was then 

placed in boiling water for 2 minutes to melt the wax, then transferred to an electromagnet to 

align the magnetic particles whilst the wax solidified in a 1.5 T aligning field, thus holding the 

particles in the ‘easy’ direction which was marked on the sample holder. The sample was then 

magnetised using a capacitor discharge pulse magnetiser, producing a 4 Tesla alignment field. 

The sample was then positioned centrally in the VSM before measuring magnetic properties 

in the easy direction. The sample was then pulse aligned perpendicular to the easy direction, 

i.e. the hard direction, and measured again using the same settings on the VSM to determine 

the anisotropic nature of the powder.  

 

Figure 4.4.2. Cylindrical two-piece sample holder for VSM powder samples 

The VSM used is shown below in figure 4.4.3, along with a schematic showing the 

set-up of a typical VSM connected to a user interface, figure 4.4.4. The sample is vibrated 

sinusoidally perpendicular to the applied field using the vibration unit in the head, which 

causes an induced voltage in the pickup coils that is proportional to the magnetic moment of 

the sample along with signal received by the hall probe measuring the applied field. These 
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signals are transferred to the computer interface to produce a magnetic hysteresis loop which 

can be used to calculate the remanence, coercivity and energy product of the sample. The 

uncertainty analysis associated with the VSM were found to be remanence ±0.7%, coercivity 

±0.7% and maximum energy product ±1.4%, the uncertainty analysis can be found in the 

appendix (Figure App. 4.4). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.3. Lakeshore vibrating sample magnetometer used in this project and close up of 

pick up coils 

 

Vibrating head drive 

Pole tips 
Pole pieces 

Close up of pole tips, 

pick up coils and foot 

of sample rod 

Sample rod 



   Chapter 4 Materials and Methods 

137 

 

 

 

 

 

 

 

 

 

Figure 4.4.4. VSM schematic showing the internal setup of the VSM. Schematic from: 

http://www-users.york.ac.uk/~phys18/vsm.htm Accessed: 15/01/2013 

 

 

 

 

 

 

 

 

 

http://www-users.york.ac.uk/~phys18/vsm.htm
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MagScan 

 The MagScan, supplied by Redcliffe Magtronics, is a field mapping system that can 

determine the orientation and variation of magnetic field strength within a sample or across a 

batch of samples. The magnetic field exhibited by the sample(s) is measured by three 

orthogonal hall probes situated within a probe head, allowing a resolution of 0.2 x 0.2 mm. 

The probe head is set at a specific distance above the sample (~2-10 mm) and scans a set area 

within a maximum limit of 300 x 300 mm which is controlled by the computer. The MagScan 

produces an image showing contrasting colours depending on the strength and direction of the 

field detected by the hall probes. A set-up of the MagScan is shown below in figure 4.4.5. 

 

 

Figure 4.4.5. Entire MagScan set up including computer, power supply and scanning system 

(top) and close up on the probe head and scanning area (bottom). 

Computer control 

system 

Power supply 

Scanning system 

Probe head 

Scanning motion 

system 

Scanning Area 

(300x300 mm) 



   Chapter 4 Materials and Methods 

139 

 

Microscopy Sample Preparation 

The samples were prepared for microscopy by grinding the HDDR powder in a pestle 

and mortar gently to remove agglomeration. The HDDR powder was then mixed with 

conductive thermohardenable Bakelite and heated and pressed using an Opal 400 mounting 

press (figure 4.4.6) to produce a level sample. Solid samples of the sintered starting materials 

were mounted using coarse particle Bakelite, however, for the powdered samples the Bakelite 

was ground using a pestle and mortar to produce a fine powder that can be mixed with the 

sample powder to create a layer of sample containing Bakelite thus preventing powder pull-

out during the subsequent grinding and polishing.  

These samples were then ground and polished using a combination of SiC grinding 

papers (P120, P240, P400, P800 and P1200 grit for solid samples or P800 and P1200 grit for 

powdered samples) to remove deep scratches followed by polishing using nylon and selvyt 

cloths with 6μm, 1μm and 1/4μm diamond paste suspended in an oil based lapping fluid to 

remove light scratches and leave a flat, polished surface.  

 

Figure 4.4.6. Opal 400 mounting press for mounting samples in Bakelite 
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The samples were then inspected using a standard laboratory optical microscope 

before being analysed using an Olympus LEXT OLS 3100 laser microscope, a Jeol 6060 

scanning electron microscope (SEM) or a Jeol 7000 high resolution scanning electron 

microscope (HR-SEM).  

 

Optical Microscopy 

The bakelite-mounted samples were placed under a Laborlux 12 HL optical 

microscope fitted with Leitz lenses ranging from 10x-400x zoom and an AxioCam ICc 1 

camera linked to J-Microvision imaging software to study the surface of the sample.  

 

Scanning Electron Microscopy 

Samples mounted in conducting Bakelite were examined using the Jeol 6060 Tungsten 

filament SEM, a Hitachi TM 3000 desktop SEM and the high resolution Jeol 7000 field 

emission gun SEM (FEG-SEM). Secondary electron imaging was used for analysis of surface 

topology of the samples and backscattered electron imaging was used for phase identification 

within the samples. The Jeol 6060 and Hitachi TM 3000 were used for most imaging, 

however, the Jeol 7000 was required for clearly viewing the disproportionated structure due to 

its superior resolution. 
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Density Measurements 

 The density of the bonded magnets was calculated using measurements from an Ohaus 

Galaxy densitometer, shown in figure 4.4.7. The sample was weighed in the air chamber and 

then in a fluid chamber filled with diethyl phthalate of known density. The density of the 

sample was then calculated by: 

Sample Density (g cm
-3

) = Sample Mass in Air (g) x Fluid Density (g cm
-3

) 

         Sample Mass in Air (g) – Sample Mass in Fluid (g) 

 

 

Figure 4.4.7. Ohaus Galaxy densitometer showing air and fluid measurement chambers. 
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Chapter 5 

 
RESULTS & DISCUSSION - STARTING MATERIALS 

Material of composition A originating from UGIMAG was supplied by Arnold 

Magnetics as blocks of uncoated sintered NdFeB-type material measuring 45 mm x 70 mm as 

shown in figure 5.1.1a. The composition of these blocks was determined to be  

Nd13.4Dy0.7Fe78.6Al0.7Nb0.4B6.2 (atomic %) with an oxygen content of 2665 ppm and traces of 

Pr 0.04 at%, Cu 0.04 at%, Mn 512 ppm, Si 427 ppm and N 90 ppm. The Dy and Pr are likely 

to be mostly located in the matrix phase having substituted with Nd and small amounts in the 

rare earth rich grain boundary phase [Tenaud et al. (1991)]. The Al and Nb are likely to be 

located in the grain boundary phase and triple points, along with the trace amounts of Cu, Mn, 

Si and N as shown by Schneider et al. (1999), Ahmed et al. (1996) and Katayama et al. 

(2012). Small cubes ~1 cm
3
 were cut from the block and measured in the easy direction of 

magnetisation using a permeameter, the remanence was found to be 1200 mT and coercivity 

was measured at 1180 kA m
-1

. The demagnetisation curve is shown in figure 5.1.1b, which 

shows a very square loop, signalling excellent alignment within the block. 

The microstructure of this sample, figure 5.1.2, shows the typical microstructure of a 

sintered magnet, consisting of (Nd,Dy,Pr)2Fe14B grains, with an average grain size of 6.2 µm 

(with an estimated standard deviation of 2.3) surrounded by Nd-rich grain boundary phase 

containing Al, Nb, Cu, Mn, Si, N and O, with only small amounts of porosity, evidenced by 

the black regions, which gives rise to a high density sintered magnet.     
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Figure 5.1.1. a) Uncoated block of sintered NdFeB magnet of composition A, b) 

Demagnetisation curve of 1 cm
3
 sample measured in easy direction of magnetisation using a 

permeameter. 

 

Figure 5.1.2. SEM micrographs of sintered material of composition A at x500 zoom (top) and 

x1000 zoom (bottom)  

a) b) 
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Material of composition B was supplied by Arnold Magnetics as blocks of uncoated 

sintered NdFeB-type material measuring 60 mm x 60 mm as shown in figure 5.2.1a. The 

composition of these blocks was determined to be  Nd12.5Dy1.8Pr0.2Fe72.6Co5.0Al0.9Nb0.6B6.4 

(atomic %) with an oxygen content of 4130 ppm and traces of Cu 0.04 at%, Ga 0.05 at%, C 

671 ppm, Si 596 ppm, Mn 464 ppm, Ni 232 ppm and N 222 ppm. The Co additions are likely 

to be located in the matrix phase having substituted with Fe as shown by Nakayama and 

Takeshita (1993). The Ga, C and Ni are likely to be located within the grain boundary phase 

as they do not react with the matrix phase during the sintering process as shown by Matssura 

et al. (1999) and Sepehri-Amin et al. (2010a). Small cubes ~1 cm
3
 were cut from the block 

and measured in the easy direction of magnetisation using a permeameter, the remanence was 

found to be 1100 mT and the coercivity was not able to be measured as it requires a field 

larger that exceeds the current system limitations, so in this case it can be quoted at 

>1500 kA m
-1

. The partial demagnetisation curve is shown in figure 5.2.1b, which shows that 

the magnetisation is maintained up to 1500 kA m
-1

 the maximum field of the permeameter. 

  

Figure 5.2.1. a) Block of sintered starting material of composition B, b) Partial 

demagnetisation curve of 1 cm
3
sample in easy direction of magnetisation. 

a) 

b) 



   Chapter 5 Starting Materials 

145 

 

The microstructure of this sample, figure 5.2.2, shows the typical microstructure of a 

sintered magnet, consisting of slightly smaller (Nd,Dy,Pr)2(Fe,Co)14B grains than 

composition A with an average grain size of 6.1 µm (with an estimated standard deviation of 

2.5) surrounded by Nd-rich grain boundary phase containing Al, Nb, Ga, C, Cu, Si, Mn, Ni, N 

and O with only similar levels of porosity, which gives rise to a high density sintered magnet.   

 

Figure 5.2.2. SEM micrographs of sintered material of composition B at x500 zoom (top) and 

x1000 zoom (bottom) 
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Material of composition C was supplied by Philips as individual demagnetised voice 

coil motor magnets with a single layer nickel coating as shown in figure 5.3.1a. After removal 

of the nickel coating the composition of these blocks was determined to be 

Nd11.6Dy0.6Pr1.6Fe77.9Co1.4Al0.7Cu0.1B6.1 with an oxygen content of 5080 ppm and traces of Ga 

0.05 at%, C 1779 ppm, Mn 474 ppm, Si 398 ppm and Ni 325 ppm. The additional elements 

outside of Nd, Fe and B are likely to occupy the same sites as in the sintered blocks of 

compositions A and B. A small slither cut vertically down the middle of the sample was cut 

from the magnet and measured in the easy direction of magnetisation using a vibrating sample 

magnetometer (VSM), the remanence was found to be 850 mT and coercivity was measured 

at 1200 kA m
-1

. The demagnetisation curve is shown in figure 5.3.1b, which is not as square 

in loop shape, which is due to the self-demagnetisation effect that occurs with open-loop 

hysteresis loop measurements. 

 

Figure 5.3.1. Two individual voice coil motor magnets of composition B in as-received form 

with an electroplated nickel coating, b) Demagnetisation curve of slither of sample in easy 

direction of magnetisation. 
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The sample of composition C has to be measured using a VSM due to the thickness of 

the sample being lower than the thickness of the measuring coils of the permeameter. This 

means that the electromagnet poles of the permeameter would be unable to form a closed loop 

with the parallel surfaces of the sample. The direction of magnetisation is perpendicular to the 

flat surface however the poles exist in an arc from the left hand edge to the right hand edge of 

the magnet, as shown using a field mapping system called MagScan. The magnetic field of 

the scanned magnet is shown below in figure 5.3.2. It can be observed that the left hand side 

is effectively the south pole showing negative field values and the right hand side is the north 

pole showing positive field values.  

 

Figure 5.3.2. MagScan image showing the north and south poles of the voice coil motor 

magnet. 

 

The microstructure of this sample, figure 5.3.3, shows the typical microstructure of a 

sintered magnet, consisting of larger (Nd,Dy,Pr)2(Fe,Co)14B grains than compositions A and 
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B, with an average grain size of 7.2 µm (with an estimated standard deviation of 2.8) 

surrounded by Nd-rich grain boundary phase containing Al, Cu, Ga, C, Mn, Si, Ni and O with 

much larger levels of porosity than compositions A and B, which gives rise to a lower density 

of the sintered magnet.   

 

Figure 5.3.3. SEM micrographs of sintered material of composition B at x500 zoom (top) and 

x1000 zoom (bottom). 
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Chapter 6  

 
RESULTS & DISCUSSION - DEVELOPMENT OF MICROSTRUCTURE 

 

To fully understand the changes that take place during the HDDR reaction it is 

important to look at how the microstructure develops and the effect of hydrogen absorption 

and desorption throughout the process from the sintered starting material to fully HDDR 

processed powder. This whole chapter uses the starting material of Composition A as an 

example to observe these changes. For compositional and phase changes the backscattered 

electron imaging mode is most useful and has been used in all cases in this section unless 

stated otherwise. 
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Sintered NdFeB 

Figure 6.1 shows the microstructure of the sintered starting material, which has been 

previously discussed in chapter 5. The sintered microstructure consists of matrix Nd2Fe14B 

grains (grey) surrounded by Nd-rich grain boundary phase and triple points (white) containg 

various additions as discussed in chapter 5. The typical grain size of sintered NdFeB is 

~10 µm. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1. SEM micrograph of the sintered starting material at x1000 magnification in 

backscattered electron imaging mode. 
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Hydrogen Decrepitation 

The hydrogen decrepitation (HD) process was used to produce a powder from sintered 

magnets of composition A, Nd13.4Dy0.7Fe78.6Al0.7Nb0.4B6.2 (atomic %) with an oxygen content 

of 2665 ppm. It has previously been shown by Harris et al., (1995) that during the HD process 

hydrogen is absorbed by both the Nd-rich grain boundary phase and the Nd2Fe14B matrix 

phase. This leads to the formation of Nd-hydride in the grain boundary phase and absorption 

of hydrogen into the matrix phase lattice which causes an expansion of the matrix and grain 

boundary phases. The difference in volume expansion between the matrix phase and the grain 

boundary phase leads to intergranular cracking and brittle fracture. The HD process in this 

case was carried out at 2 bar and absorption of hydrogen was measured using mass flow 

controllers to maintain the pressure. The hydrogen flow rate which was required to keep the 

pressure at 2 bar was monitored throughout the reaction. This absorption was also 

accompanied by an increase in temperature due to the exothermic nature of the decrepitation 

process which was monitored via a thermocouple.  

Figure 6.2 shows the flow rate of hydrogen and temperature of the sample during the 

HD reaction. The first peak in the hydrogen flow rate is associated with filling the furnace 

with hydrogen up to 2 bar which took 10 minutes. It took 25 minutes for the HD reaction to 

initiate, signified by the narrow absorption peak between 35-55 minutes. This indicated rapid 

hydrogen absorption, with the HD process taking 20 minutes to complete. The time taken for 

initiation is likely to be as a result of a surface oxide which has previously been shown to 

slow the initiation of hydrogen [Meakin et al. (2012)]. 
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Figure 6.2. Flow rate of hydrogen and sample temperature during the hydrogen decrepitation 

process. 

 Figure 6.3 shows the physical appearance of the hydrogen decrepitated powder as 

removed from the HD vessel. It can be observed that the particles in general are quite coarse, 

although there are some fine powder particles within the mixture. 

 

Figure 6.3. Photograph of hydrogen decrepitated powder before HDDR processing. 
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 Backscattered SEM analysis (shown in figure 6.4) revealed that the hydrided 

Nd2Fe14B phase is still intact, separated by small regions of Nd-rich hydride phase. As the 

Nd-rich phase absorbs hydrogen, a neodymium hydride phase (assumed to be NdH2.7) is 

formed which now appears as the white phase. The hydrogen decrepitated powder looks 

similar to the starting sintered microstructure in the way that the grey matrix phase is 

surrounded by angular white phases at triple points and grain boundaries. However it has been 

fractured into large particles due to the decrepitation process and the phases present are 

different as stated previously. Image A shows evidence of intergranular cracking which has 

separated the sintered block into individual particles.  
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Figure 6.4. SEM micrographs of hydrogen decrepitated NdFeB from the sintered block at A) 

x400 magnification and B) x1000 magnification. 
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Heating and Degassing 

 The HD sample was kept under vacuum between decrepitation and the heating stage, 

with no milling or air exposure. During heating of the HD powder under vacuum up to the 

HDDR treatment temperature, the hydrogen contained within the material was desorbed. The 

temperature change and hydrogen desorption rate were measured by a thermocouple and 

vacuum pressure gauge attached to an arduino data logger designed specifically for desorption 

measurements.  

 Figure 6.5. shows the desorption trace of the HD treated sample as it was heated at a 

rate of 15 ºC min
-1

 up to 880 ºC. It can be observed that the desorption occurs in two peaks. 

The initial large absorption peak between 100-550 ºC can be attributed to a combination of 

desorption of NdH2.7 to NdH2 and desorption of hydrogen from the Nd2Fe14B phase, with the 

second, smaller peak between 550-780 ºC attributed to the desorption of hydrogen from NdH2 

to Nd [Williams et al. (1991), Ragg et al. (1997)]. 

 

Figure 6.5.Desorption trace of HD-treated NdFeB upon heating in vacuum at 15 ºC min
-1

. 
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Part-Disproportionated Structure 

The next stage of the overall processing is the HDDR reaction. HDDR is split in to 

two main reactions as described in the literature review; the disproportionation and the 

recombination reactions. The disproportionation reaction is used to dissociate the Nd2Fe14B 

into its constituents by exposing the sample to hydrogen at elevated temperatures as shown in 

equation 6.1. 

 

 

where x approaches 1.0 at elevated temperatures  

Equation 6.1. 

During the disproportionation stage, the pressure was increased at a set rate of 

16 mbar min
-1

 up to the set processing pressure, in this case 1500 mbar. In order to track the 

disproportionation reaction, the temperature and hydrogen flow rate into the reaction vessel 

were measured using a thermocouple and a mass flow controller respectively. Figure 6.6 

shows the hydrogen flow rate into the reaction vessel as the pressure is increased from 0 to 

1500 mbar. It can be observed that there were two clear absorption peaks, one which occurs 

almost instantly and one that occurs between ~500-1000 mbar. The first peak is assumed to be 

associated with the uptake of hydrogen by the Nd-rich phase to create pools of NdH2 at very 

low partial pressures of hydrogen, i.e. completed below 200 mbar. The second peak is 

associated with the reaction that occurs in equation 6.1, where the Nd2Fe14B is dissociated 

into NdH2, αFe and Fe2B. These assumptions are in agreement with the work by Luo et al. 

(2009) where hydrogenation of NdDyFeCoNbCuB-type magnets was studied by differential 
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scanning calorimetry (DSC). The DSC trace showed that there are two clear absorption peaks, 

the first related to hydrogenation of the Nd-rich phase and the second attributed to 

hydrogenation of the tetragonal matrix phase.  

 

Figure 6.6. Measurement of hydrogen flow rate into the system along with pressure during 

the disproportionation reaction, with two clear peaks of hydrogen absorption. 

 

In order to understand the way that the matrix phase disproportionates in more detail 

the reaction was halted by quickly cooling the furnace and switching from hydrogen to 

vacuum during the pressure ramp stage of the disproportionation reaction at ~700 mbar. By 

doing this it was possible to view the route taken by hydrogen during the disproportionation 

reaction. Figure 6.7 shows the point at which the process was halted during the HDDR 

reaction as the thick vertical red line in the reaction schematic. 
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Figure 6.7.Schematic showing the point at which the process is halted during the HDDR 

reaction to image the part-disproportionated structure. 

 

Initial work by Sugimoto et al. (1999) suggests that in a cast starting material, the 

hydrogen will use the Nd-rich grain boundary phase to transport itself throughout the bulk of 

the material during HDDR. Initial assumptions for the sintered material would suggest that 

hydrogen would take the same route through the sintered microstructure, even though the 

grain boundary phase will be thinner than that in the cast microstructure providing more 

narrow channels for hydrogen. 

 

The partly disproportionated structure was imaged using a Jeol 6060 SEM and a Jeol 7000 

HR-SEM as shown in figures 6.8-6.14. 
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Figure 6.8. Backscattered SEM micrographs of a partly disproportionated region of NdFeB 

showing A) multiple particles separated by cracks caused during hydrogen decrepitation at 

x230 magnification and B) a highlighted area around a crack in the particle where the 

disproportionated can be clearly observed at x2000 magnification. 
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 Figure 6.8 shows a region where hydrogen decrepitation induced cracking can be 

clearly observed. In image A there is a clear region (circled in blue) where the crack has not 

propagated completely and dark grey regions can be observed from the crack in towards the 

centre of the particle. One area where this was visible has been expanded to x2000 

magnification and is shown in image B. On closer inspection around this cracked region it can 

be observed that there are areas where the matrix phase appears to have disproportionated. 

Moving further away from the crack, the grain boundary phase has also started to initiate 

disproportionation both along grain boundaries and from triple points. As the distance from 

the crack into the particle increases, the amount of disproportionation decreases, such that the 

matrix phase has reacted next to the crack, but on the left hand side of the image, the 

Nd2Fe14B clearly remains unreacted. This would suggest that hydrogen absorption and 

disproportionation initiates from rough, textured surfaces such as cracks, then the hydrogen is 

transported through the particle along the grain boundary phase and around triple points, 

which in turn begins to disproportionate.  

Figure 6.9 shows the edge of a particle where it can clearly be observed that the 

hydrogen has entered from the edge of the particle and worked its way through the grain 

boundary phase and triple points, leaving much of the grey Nd2Fe14B matrix phase intact. 

Towards the edge of the sample, some of the matrix phase has started to disproportionate to a 

greater extent, which is observed as thick regions of dark-grey disproportionated structure, 

whereas further into the sample, only very thin areas are transformed and the matrix phase is 

completely unreacted. This suggests that the mobility of hydrogen through the Nd-rich phase 

is much higher than through Nd2Fe14B and hence the whole sample will not all react 

simultaneously. If this was not the case, all of the material would disproportionate equally 

from the edge of the particle towards the middle at the same rate, not just the grain boundary 
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phase as observed here. From the analysis of figures 6.8 and 6.9 it can be said that the grain 

boundaries are acting as pathways for hydrogen into the particle and the HDDR reaction 

initiates from the grain boundaries and triple points, indicating that the HDDR reaction is 

diffusion controlled. This agrees with the work by Gutfleisch et al. (1994) where it was shown 

that the neodymium from the grain boundaries diffuses into the matrix phase to aid with the 

disproportionation process. In this case the grain boundary phase has initiated 

disproportionation of the matrix phase followed by diffusion of the neodymium into the 

matrix phase. Nd from large pools such as those located at triple points also diffuse into the 

matrix phase to aid with the disproportionation. 

 

 

 

 

 

 

 

 

 

Figure 6.9. Backscattered SEM micrograph of the partly disproportionated sample showing 

the route taken by hydrogen through the material during the reaction at x1500 magnification 
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 To get a better image of the areas where disproportionation has initiated along grain 

boundaries and at triple points a Jeol 7000 HR-SEM was used. Figure 6.10 shows one of these 

regions where the grain boundaries and triple points are clearly disproportionated and the 

reaction is diffusing towards the centre of a matrix grain.  

 

 

 

 

 

 

 

 

 

Figure 6.10. HR-SEM image exhibiting disproportionated triple points and grain boundaries 

with the reaction diffusing into the central matrix phase grain highlighted by green arrows at 

x8000 magnification. 

 

The disproportionation reaction in this case is clearly observed at high resolution as 

the structure can be identified as a rod-like structure as previously reported by Gutfleisch et 

al. (2000) which was said to be vital for the inducement of anisotropy [Gutfleisch et al. 

(1999)]. In figure 6.10 the direction of the disproportionation reaction diffusing from the grain 
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boundary and the triple point into the Nd2Fe14B grain is signified by the green arrows. The 

disproportionation reaction that is growing from the triple point appears to have grown from 

the centre of that triple point, which is evident due to the shape of the diffused reaction. At 

this point some of the triple points have not reacted or initiated disproportionation. 

 Figure 6.11 shows HR-SEM micrographs of the edge of a partly disproportionated 

particle and an expanded region from this particle showing that disproportionation has 

initiated at a triple point and along grain boundaries along with the presence of unreacted 

NdH2, which has also been observed in HDDR-treated cast materials by Kawashita et al. 

(2004). These images reiterate that the rate of reaction is different between the grain 

boundary, triple points and matrix phases. The green arrows indicate the direction of 

disproportionation reaction propagation from the centre of the triple point in towards the 

centre of the surrounding grains similar to that observed in figure 6.10. In the bottom image 

there is also a clear piece of unreacted Nd-rich that is surrounded by a thin layer of the 

disproportionated phase, circled in red. The triple point which is white in appearance on the 

image, differs slightly compared to other similar regions within the sample (circled in light 

blue) where the near-white phases appear to have been swallowed up by the 

disproportionation reaction. At this point it is unclear whether the large unreacted triple points 

are likely to be drawn into the disproportionated structure, as proposed by Gutfleisch et al. 

(1994) or if it will remain unreacted throughout the entire HDDR reaction.  
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Figure 6.11.HR-SEM images of edge of particle (top) and expanded region showing a 

disproportionated triple point, grain boundaries and unreacted Nd-rich/Nd-hydride (bottom). 

 

Edge of particle 

Disproportionated 

triple point 

Disproportionated 

grain boundary 

Unreacted Nd-rich 

surrounded by 

disproportionated 

structure 



Chapter 6 Development of Microstructure 

165 

 

 It was also important to investigate how the disproportionation reaction was affected 

by particle size, as possible over-processing could occur if small particles disproportionate 

much faster than large particles. Figure 6.12 shows a particle ~60-80 µm wide where the 

disproportionation reaction can be clearly identified along grain boundaries and triple points 

in both backscattered and secondary electron imaging modes. 

 

 

 

 

 

 

 

Figure 6.12. Backscattered SEM micrograph of a small particle of NdFeB where the 

disproportionation reaction has started at grain boundaries and worked in towards the centre 

of the matrix grains (top) and same particle viewed in secondary electron imaging mode 

highlighting the reactions taking place at the grain boundaries. 
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 It can be observed from the backscattered image in figure 6.12 that the hydrogen has 

reacted in the same way as shown previously. However the regions of matrix phase that have 

disproportionated appear to be larger than in the bigger particles shown in figures 6.8 through 

6.11, especially closer to the edges of the particle. The disproportionation in this particle has 

reacted in a way that the reacted grain boundaries are clearly visible in secondary electron 

imaging, also shown in figure 6.12. The disproportionated regions appear darker than the 

matrix phase in BSE mode as it consists largely of α-Fe, which is not as heavy as Nd2Fe14B, 

therefore it reflects less backscattered electrons than the matrix phase, appearing darker. 

 Figures 6.13 and 6.14 also show backscattered HR-SEM micrographs of part-

disproportionated small particles. The entire network of grain boundaries in both images has 

completely absorbed hydrogen, some of which have expanded and the disproportionation 

reaction has propagated into the matrix grains. In figure 6.13 the particle is very narrow at the 

bottom of the image and the disproportionation reaction is more prominent in this region. It is 

therefore clear that there is a risk of over-processing due to smaller particle sizes. 

  The hydrogen reactions described in this section give evidence as to the absorption 

peaks observed in figure 6.6. This is evident because the Nd-rich grain boundary phase clearly 

absorbs hydrogen before the matrix phase, which can be attributed to the first absorption peak 

in figure 6.6. The disproportionation reaction is then initiated from these hydrided grain 

boundaries and triple points in towards the centre of the Nd2Fe14B matrix grains which can be 

attributed to the second absorption peak on the graph. 
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Figure 6.13. HR-SEM micrograph of a small particle where the disproportionation reaction 

is more prominent in the narrow section of the particle. 

 

 

Figure 6.14. HR-SEM micrograph of a long, narrow NdFeB particle clearly showing 

complete reaction of the grain boundary phase network. 
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Fully Disproportionated Structure 

Figure 6.15 below shows the fully disproportionated microstructure imaged using the 

Jeol 6060 SEM. The disproportionation was completed by increasing the hydrogen pressure 

to 1500 mbar and holding for 30 minutes. 

 

 

 

 

 

 

 

 

 

Figure 6.15. SEM micrograph in backscattered electron imaging mode of the fully 

disproportionated microstructure at x4000 magnification. 
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react even during full disproportionation. This could be attributed to an excess of Nd within 

the material composition that is required to produce the Nd-rich grain boundary phase in the 

sintered microstructure but is not necessarily required to complete disproportionation of the 

matrix phase. An excess of Nd has been shown to be required for successful HDDR reaction 

by Kawashita et al. (2003) in order to achieve good magnetic properties. It was also observed 

in the work by Kawashita et al. (2004) that rounded pools of NdH2 existed in the 

disproportionated structure of HDDR-treated annealed cast NdFeB starting materials. 

Alternatively the unreacted Nd-rich phase could be maintained due to them containing 

a high oxygen content. Kim et al. (2012) showed that the sintered microstructure consists of 

two types of Nd-rich grain boundary phase. One of these phases was a network of amorphous 

Nd-rich grain boundary phase. The other was in the form of Nd-rich triple points containing 

Nd2O3. The regions of Nd-rich that remain unreacted in the current work could be the latter of 

the two grain boundary phases where the Nd2O3 forms a barrier that stabilises the Nd-rich 

against disproportionation. This would leave the NdH2 that does disproportionate being the 

former of the two phases that does not contain oxygen. It is likely that some of the Nd-rich 

triple points which have formed an oxide do not react in hydrogen during HD as the oxide is 

very stable. Therefore this will raise the melting point of the triple points beyond the 

temperature for processing in this section and therefore they remain intact. This cannot be the 

case for all of the triple points however as many of them diffuse fully into the 

disproportionate structure. The large regions of Nd-rich phase still present could be attributed 

to oxidation of triple points. Meakin et al. (2012) showed using confocal 3-D laser 

microscopy that oxidation of sintered NdFeB is nucleated and confined to Nd-rich triple 

points.  
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Figure 6.16 shows the fully disproportionated structure as observed using the Jeol 

7000 HR-SEM. It can be observed that disproportionated structure in this sample contains 

characteristic white rods of what can be assumed to be NdH2 which have previously been 

identified as being vital for the production of anisotropic HDDR powder [Han et al. (2004)]. It 

was also possible to observe the small, rounded, finely dispersed black Fe2B phase that 

appears in a similar pattern as that previously shown by Gutfleisch et al. (2000). These fine 

Fe2B phases have also be shown to contribute to the production of anisotropy during HDDR 

by Honkura et al. (2005). The constituents were identified by a combination of shape as 

described in the literature and shade depending on mass of the phase, where heavier phases 

appear lighter in colour.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.16. HR-SEM backscattered image of the disproportionated structure at x5500 

magnification 
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Part Recombined 

During the recombination reaction the pressure is lowered at a consistent 

100 mbar min
-1

 down to the set recombination pressure. When this pressure is below the 

equilibrium pressure in the HDDR reaction the disproportionated mixture begins to 

recombine to form Nd2Fe14B grains. This reaction is highly endothermic, and can be 

measured accurately using a thermocouple, as shown in figure 6.17 below. In this case the 

temperature dropped from 885 ºC down to 830 ºC and the recombination reaction took 20 

minutes to reach completion. Recombination is complete when the temperature returns back 

up to the process temperature and the vacuum in the system has recovered, meaning that no 

more hydrogen is leaving the sample.  

 

Figure 6.17. Graph to show the endothermic reaction associated with the recombination of 

Nd2Fe14B from the disproportionated mixture. 
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Similarly to the disproportionation reaction, the recombination reaction was stopped before 

completion to view the order in which the reaction takes place. To perform this successfully 

the recombination was halted by pinpointing the moment where the endothermic reaction has 

started and the temperature of the sample is at its lowest. Whilst under a low vacuum, the 

furnace was rolled off the sample to quickly cool it to below 500 ºC and prevent any further 

reaction from taking place. The position in the reaction at which this occurred is shown by the 

red line in figure 6.18 below. 

 

Figure 6.18. Schematic showing the point at which the process is halted during the HDDR 

reaction to image the part-recombined structure 

 

Stopping the reaction at this point allowed nucleation of Nd2Fe14B grains and a small 

amount of growth in order to observe the difference between the disproportionated structure 

and the matrix phase. Figure 6.19 shows a HR-SEM micrograph of the partially recombined 

microstructure. Clear regions of Nd2Fe14B matrix phase can be observed surrounded by large 
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regions of untransformed disproportionated structure which is also accompanied by large 

voids. These voids are assumed to be due to the HDDR-induced cavitation that was initially 

described by Williams et al. (1996) where the large regions of Nd-rich phase have been 

redistributed from triple points in the former microstructure around the newly created finer 

microstructure to create a network of narrow grain boundary phase around the newly created 

sub-micron grains. The shapes of the three voids circled in light blue are clear representations 

of a triple point from the former sintered microstructure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.19. Backscattered SEM micrograph of a sample where the recombination reaction 

has started, small grains of Nd2Fe14B have nucleated, large cavities are visible where the Nd-

rich phase has been redistributed and some areas remain in their disproportionated state.    
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Figure 6.20 shows an area of the partially recombined microstructure close to a crack 

through a particle. It appears that the region closest to the crack has a larger proportion of 

recombined Nd2Fe14B than the rest of the particle. This suggests that the recombination 

reaction is initiated close to rough surfaces and particle edges where there is likely to be a 

higher number of nucleation sites. This is similar to the way that the disproportionation of the 

matrix phase initiates more readily at particle edges. Along with the HDDR-induced 

cavitation there are also some large pools of unreacted Nd-rich still present at this point in the 

reaction. 

 

Figure 6.20. Backscattered HR-SEM micrograph showing the partially recombined 

microstructure including large pools of unreacted NdH2. 
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 Figure 6.21 shows another particle edge, however there appears to be little difference 

in the proportion of recombined Nd2Fe14B between the particle surface and the particle centre. 

This suggests that the recombination reaction occurs simultaneously throughout the particle 

regardless of distance to the surface of the sample. There are however still large pools of 

unreacted Nd-rich distributed throughout the sample.  

 

Figure 6.21. HR-SEM micrograph of the partially disproportionated microstructure at the 

edge of a large particle. 

 

In some specific regions, such as in figure 6.22, where the particles are smaller it is 

possible to see the mottled effect in secondary electron imaging mode.This is produced by 

pull-out of the Nd pools which are redistributed during the recombination reaction. In the 

backscattered image it is possible to observe small regions of grey Nd2Fe14B forming within 

the disproportionated regions in the areas that the mottled effect can be seen on the SEI image 
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(Image A). There are larger regions of Nd2Fe14B about 1 µm in diameter that are fully 

transformed along with large visible voids associated with the redistribution of Nd-rich phase 

from pre-existing triple points in the sintered microstructure. 

 

 

Figure 6.22. HR-SEM micrographs of the partly recombined microstructure, including fine 

Nd2Fe14B grains, large voids and remaining disproportionated mixture, A) SEI image and B) 

backscattered image. 
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Fully Recombined Structure 

Finally it is important to investigate the fully HDDR processed sample after 

recombination is complete. Figure 6.23 shows the fully HDDR processed sample in secondary 

electron imaging mode. The effect of the HDDR reaction on the sample can be clearly 

observed in this image as the fine microstructure is separated by very small regions of Nd-rich 

phase which have pulled-out during polishing of the sample. These small regions of pulled-

out Nd-rich appear as black dots which give the surface of the sample a “mottled” appearance 

that is characteristic of the HDDR reaction.  

 

 

 

 

 

 

 

 

 

 

Figure 6.23. Secondary electron image at x2000 magnification of the “mottled effect” 

associated with the HDDR reaction where the microstructure has been refined 
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This microstructural change and Nd-rich phase redistribution is confirmed by 

switching to backscattered mode where the fine network of Nd-rich phase can be observed as 

white dots and patches that cover the entire micrograph shown in figure 6.24 below. It is also 

possible in this image to observe areas of cavitation where the large pools of Nd-rich phase 

from triple points in the sintered microstructure have been redistributed around the finer 

HDDR microstructure and left a cavity where it used to be, which is matched up on the 

secondary electron image in figure 6.23. It can also be observed that there are large pools and 

regions of Nd-rich (> 2 µm diameter) that remain unreacted from the initial sintered 

microstructure. This has created two different sizes for the Nd-rich phase, which is not 

typically observed when processing cast NdFeB materials which have a much lower oxygen 

content (300-400 ppm). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24. Backscattered SEM micrograph of the final HDDR microstructure exhibiting 

clear evidence of submicron grains, redistributed Nd-rich grain boundary phase and the 

cavitation associated with this. 
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Overall Microstructural Transformation 

The overall transformation of microstructure is shown in figure 6.25 below. Image A 

shows the sintered microstructure with a grain size around 10 µm and image B shows the 

fully HDDR processed microstructure with a grain size closer to 1 µm. The full series of 

microstructural changes can be represented schematically as shown in figure 6.26. 

 

 

 

 

 

 

 

 

Figure 6.25. Backscattered SEM micrographs showing A) Starting sintered microstructure 

and B) Fully HDDR processed microstructure. 
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Figure 6.26. Schematics showing the change in microstructure associated with the HDDR processing of sintered material. 
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Figure 6.26 shows the step by step microstructural changes throughout the HDDR 

process schematically. Image A shows the starting sintered microstructure with Nd2Fe14B 

grain size ~10 µm. Image B shows the absorption of hydrogen along grain boundaries and 

into the triple points. Image C shows the hydrogenation and disproportionation initiating 

along the grain boundaries and at the triple points. Image D shows how the disproportionation 

reaction propagates from grain boundaries and triple points into the matrix phase leaving 

unreacted oxidised Nd-rich phase at two of the triple points. Image E shows the continuation 

of the disproportionation phase until image F where the sample is completely 

disproportionated into a mixture of NdH2 and Fe2B in an α-Fe matrix with the exception of 

the unreacted Nd-rich phase. Image G shows fine grains of Nd2Fe14B nucleating and 

recombining from the disproportionated mixture and the start of formation of cavitation. 

Finally image H shows the fully recombined Nd2Fe14B microstructure (grain size < 1 µm) 

with redistributed Nd-rich phase and clear HDDR induced cavitation. 
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Chapter 7  

 
RESULTS & DISCUSSION - EQUILIBRIUM POINT IDENTIFICATION 

AND RECOMBINATION 

 

The HDDR process has a large number of variables that can have an effect on the 

processing kinetics and microstructure which in turn affect the mechanical and magnetic 

properties of the resulting materials. These process variables include: 

 Process temperature*  

 Temperature ramp rate*  

 Hydrogen pressure*  

 Hydrogen pressure ramp rate* 

 Hydrogen pressure hold times* 

 Cooling rate 

*Can be different for the disproportionation and the recombination parts of the HDDR 

reaction. 

When designing a set of processing parameters it is important to investigate the effect 

of one variable at a time, whilst keeping the rest as constants. Changing too many variables 

simultaneously could cause conflicting results, as well as mis-interpretation of the results. A 

set of HDDR conditions was suggested by a former colleague in the magnetic materials group 

[Sillitoe (2009)] which was used as a starting point for this investigation. These processing 

conditions are shown in figure 7.1 
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Figure 7.1. HDDR processing conditions designed by Sillitoe (2009) in the magnetic 

materials group 

 

These processing parameters consisted of a processing temperature of 910 ºC, with a 

heating rate of 15 ºC min
-1

, a hydrogen pressure ramp rate of 16 mbar min
-1

up to 1000 mbar 

with a further hold time of 1 hour to complete disproportionation. The recombination was set 

with a hydrogen ramp rate of 100 mbar min
-1

 to a hold pressure of 100 mbar and was held for 

20 minutes. After the hold time the hydrogen pressure was reduced to vacuum (~10
-2

 mbar) 

and the furnace rolled off the furnace tube containing the sample to encourage fast cooling of 

the sample and discourage excessive grain growth. The experiment was run so that the 

disproportionation start point could be calculated to determine the equilibrium point between 

the disproportionation reaction and the recombination reaction. To determine this equilibrium 

point the pressure was increased at 16 mbar min
-1

 using mass flow controllers until a sudden 
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increase in flow rate was observed. The increase in flow rate is associated with absorption of 

hydrogen by the sample material and hence the onset of disproportionation. 

The equation related to this reversible reaction is: 

Disproportionation  

Nd2Fe14B + (2±x)H2 ↔ 2NdH(2±x) + Fe2B + 12Fe ± ∆H 

 Recombination 

Where ∆H is the reaction enthalpy [Rybalka et al., (2003)] 

Figure 7.2 shows the hydrogen flow rate, pressure and temperature during the 

disproportionation reaction which were monitored by mass flow controllers, a pressure gauge 

and a thermocouple respectively during disproportionation of 20 g of composition A. 

 

Figure 7.2. The change in temperature, pressure and hydrogen flow during the 

disproportionation reaction, allowing the equilibrium point to be observed. 

700 mbar 

Exotherms 

Linear pressure rise 

with filling HDDR rig 

Reaction Start 

[Equation 7.1] 
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During hydrogenation it was observed that there were three exothermic reaction peaks, 

similar to those shown by Luo et al. (2009) using DSC. The initial sharp exothermic reaction 

is thought to be associated to the absorption of hydrogen into the grain boundary phase as the 

hydrogen uses the Nd-rich phase to transport itself through the material, as shown in chapter 

6. The second small exotherm is assumed to be the initial absorption of hydrogen into the 

Nd2Fe14B grains after the Nd-rich phase has completed the absorption of hydrogen and the 

third broad exotherm is related the disproportionation of the matrix phase, both of which 

combine into a single increase in hydrogen flow rate. The disproportionation reaction was 

observed to begin at 700 mbar, where the reaction shifts to the right hand side of equation 7.1. 

As the pressure is increased further away from the equilibrium point the driving force for the 

reaction increases, this could lead to a change in the reaction kinetics and produce an 

undesirable microstructure with poor magnetic properties due to over-processing. To avoid 

possible over-processing that could occur during the hold stage of disproportionation the 

pressure was set to 800 mbar, which is 100 mbar above the reaction initiation pressure. The 

total reaction time was set to 2 hours as it was previously demonstrated by Sillitoe (2009) that 

a 2 hour reaction time was optimum for complete disproportionation. The disproportionation 

reaction was then set as a constant in order to investigate the effect of the recombination 

conditions on the microstructure and magnetic properties of the resultant powder. 

To investigate the recombination reaction a range of different pressures were 

compared to analyse reaction rates by studying hydrogen flow out of the sample using mass 

flow controllers. Evacuation of hydrogen below 300 mbar using mass flow controllers was 

found to be difficult due to the orifice size being too small which could lead to excessive grain 

growth after completion of recombination. In later work manual evacuation of the reaction 

vessel was performed by opening a valve linked directly to a rotary vacuum pump. Figure 7.3 
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shows the pressure, sample temperature and net flow of hydrogen out of the system during 

initial recombination testing. 

 

Figure 7.3. Variation of temperature and hydrogen flow rate indicating a second reaction 

occurring at 300 mbar accompanied by a large endothermic spike. 

 

It can be observed from figure 7.3 that during the 350 mbar hold time, hydrogen is 

clearly desorbed from the sample however there is no observed change in temperature. 

However during initial testing it was also observed that another separate reaction occurred at 

around 300 mbar during the hydrogen removal step after the completion of recombination. 

This is signified in figure 7.3 by a small drop in temperature followed by a large endothermic 

temperature peak. This reaction could be associated with the secondary reaction where 

hydrogen is desorbed from the neodymium hydride in the grain boundary phase, as shown 

below in equation 7.2. This reaction is assumed to be the reverse reaction during the initial 

stage of disproportionation as observed in figure 7.2. 

Endotherm start 
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 Desorption      -         Absorption  

Nd + H2 ↔ NdH2 

 

It has previously been shown by Williams et al. (1991) that desorption from 

disproportionated NdFeB-type alloys occurs in two clear steps. The first of which is 

associated with desorption of hydrogen from the Nd2Fe14B phase and conversion of NdH~3 to 

NdH~2, the second is the desorption reaction shown in equation 7.2. At this point it was 

unclear how this reaction would affect the recombination of the Nd2Fe14B phase if they 

occurred simultaneously, hence the recombination pressures were kept above 300 mbar, as 

shown in figure 7.4. 

 

Figure 7.4. The relationship between hydrogen flow out of the sample at different 

recombination pressures. 

The recombination in this instance was performed at 500 mbar, 400 mbar and 350 

mbar in order to measure the rate of desorption of hydrogen during the recombination 

reaction, whilst avoiding possible over-processing at lower pressures and avoiding the 

Fastest Rate 

[Equation 7.2] 
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reaction described by equation 7.2. It can be observed from figure 7.4 that recombination at 

350 mbar produced the highest flow rate of hydrogen out of the sample (i.e. it has the steepest 

slope for total flow out). This data was put into figure 7.5 in order to calculate the time taken 

to remove 500 cc of hydrogen from the sample under each of the recombination pressures. 

 

Figure 7.5 Time taken to remove 500cc hydrogen extrapolated from hydrogen removal rate 

data. 

It can be observed that with a recombination pressure of 500 mbar, the extrapolated 

data would put full reaction time at way over 100 minutes, and most likely between 300-400 

minutes as less than 150 cc had been removed within the 100 minutes. A recombination 

pressure of 400 mbar reduced the reaction time to 90 minutes which is still a long process 

time, however a recombination pressure of 350 mbar could remove 500 cc of hydrogen in 30 

minutes, which is similar to the reaction time used in the initial experiments by Sillitoe 

(2009). Sugimoto et al. (1999) showed that for conventional HDDR treatment of cast alloys, 

recombination times up to 60 minutes had little negative effect on the magnetic properties of 

the samples. However for v-HD treatment as used in this work, and a HDDR treatment 
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temperature of 950 ºC, the remanence increases from 0.8 T to 1.4 T by increasing 

recombination time from 0 to 20 minutes, however increasing the recombination time to 40 

minutes results in a linear drop in remanence to 1.2 T. Therefore it can be said that 

recombination hold times of less than 40 minutes are optimal for production of high 

remanence magnets. 

With the recombination pressure set at 350 mbar, it was important to consider the time 

for which this pressure should be held for and the rate at which the remaining hydrogen 

should be removed from the system after the completion of recombination, i.e. applying 

manual evacuation after 350 mbar reaction was complete. This would give an insight into the 

effect of the reaction described by equation 7.2 on the overall recombination reaction. 

Sugimoto et al. (2002) showed that the rate of hydrogen pressure reduction during 

recombination (s-DR) is an important factor with regards to obtaining good magnetic 

properties.  The recombination pressure hold times at 350 mbar were set to 10, 15, 20, 25 and 

30 minutes using mass flow controllers, followed by a hydrogen removal rate of 100 mbar 

min
-1

 (now referred to as ‘slow evacuation’) using manual evacuation where the 300 mbar 

endothermic peak would be passed through slowly. In another trial the same recombination 

hold times at 350 mbar were used followed by a hydrogen removal at 1000 mbar min
-1

 (now 

referred to as ‘fast evacuation’) using manual evacuation where the endothermic reaction 

would be passed through rapidly. Figure 7.6 shows a schematic representation the 

recombination reaction and evacuation procedure. 
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Figure 7.6. Schematic representation of the 350 mbar recombination reaction followed by the 

manual evacuation pressure reduction. 

 

The hysteresis loops of each of the samples can be found below in figure 7.7 which 

show the degree of anisotropy possessed by those samples. The data in these loops is 

uncorrected for self-demagnetisation within the VSM open-loop system due to the irregular 

particle morphology of HDDR powders. It should be noted that the hysteresis loops are in 

some cases asymmetric about the origin, especially in the hard direction of magnetisation. 

This is possibly due to rotation of the sample in the sample holder as the direction of the 

applied field is reversed as there is little friction in between the wax-bound sample and it 

requires less energy to rotate the sample than demagnetise the sample. It can be observed that 

there is a large amount of anisotropy in all of the samples recombined for 15 minutes or more 

(C-J), with both fast and slow evacuation rates, which is the difference in shape between the 

hysteresis loop of the easy direction and the hard direction. The 10 minute processing shows 

almost zero anisotropy as the easy and hard directions have overlapping hysteresis loops. This 
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suggests that short processing times does not allow nucleation of a sufficient proportion of 

aligned grains to produce maximum alignment, hence maximum remanence cannot be 

achieved. 
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Figure 7.7. Hysteresis loops of samples HDDR processed with varying recombination hold 

times and subsequent evacuation rates. A) 10 minute slow, B) 10 minute fast, C) 15 minute 

slow, D) 15 minute fast, E) 20 minute slow, F) 20 minute fast, G) 25 minute slow, H) 25 

minute fast, I) 30 minute slow and J) 30 minute fast.  

It can be observed that the shape of the hysteresis loops, especially in the ‘easy’ 

direction of magnetisation is the same for all samples with a recombination time of 15 

minutes or more, displaying a typical ‘S’ shape. The hysteresis loops in the ‘hard’ direction of 

magnetisation vary as the recombination time is increased, for example the sample processed 

for 10 minutes displays the same ‘S’ shape as in the ‘easy’ direction due to the isotropic 

nature of the powder produced. As the recombination hold time is increased, the ‘hard’ 

direction loops become narrower, as seen for the 15 minute slow recombination sample in 

figure 7.7c, before reverting away from the ‘S’ shape. This change in shape and narrowing of 

the ‘hard’ direction loop shows the increase of anisotropy with recombination processing 

time, which can be attributed to the nucleation of fully aligned Nd2Fe14B grains and 

G H 

I J 



Chapter 7 Equilibrium Point Identification and Recombination 

193 

 

completion of recombination. The shape of the ‘hard’ direction loops for each hold time are 

the same, with the exception of the 15 minute recombination reaction, where the slow 

removal rate exhibits a narrow ‘S’ shape but the fast removal rate does not.  

It should be noted that there is clearly an offset in x-axis intercepts between the 

positive and negative directions in the above hysteresis loops. This could be attributed to a 

combination between the angle of the sample during measurement in the hard direction as the 

sample rod is slightly bent and also rotation of the sample within the sample holder during the 

measurement. 

In order to compare the individual properties with the processing conditions 

effectively, graphs have been formulated to give a greater insight as to any patterns that occur; 

these are shown in figures 7.8, 7.9 and 7.10. The data taken from the hysteresis loops shown 

in figure 7.7. 

Figure 7.8 shows the variation of energy product with recombination time for the slow 

evacuation and the fast evacuation routes. It can be observed that in both cases, energy 

product increases with recombination hold time up to 25 minutes, at which point the energy 

product drops. The drop in energy product could be attributed to over-processing of the 

powder when the recombination reaction is complete, but the hydrogen pressure is maintained 

which could lead to unwanted grain growth. Grain growth has been associated with reduction 

of coercivity due to the coercivity mechanism of the material moving away from single 

domain particles as they grow larger than the critical grain size of 0.3 µm [Livingston (1985)] 

as shown by Chen et al. (2003). Below 25 minutes the remanence is low which is assumed to 

be due to the incomplete recombination process, hence there are fewer Nd2Fe14B magnetic 

grains in the material. It can also be noted that for every recombination hold time, the fast 
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evacuation process produces higher energy product values than the slow evacuation process. 

This gives the impression that the desorption of hydrogen from NdH2 at 300 mbar has a large 

effect on the magnetic properties, passing through it quickly seems to enhance the magnetic 

properties, and therefore at this point it can be assumed that passing through this reaction 

slowly is detrimental to the overall magnetic properties of the sample. The overall difference 

between the slow and fast evacuation procedures could instead be due to possible grain 

growth that has occurred between recombination and quenching, i.e. the hydrogen evacuation 

time.  

 

Figure 7.8. The variation of BH(max) with recombination time and subsequent hydrogen 

removal rate. 

The energy product is calculated from the combination of remanence and coercivity; 

hence it is important to compare the effects of recombination time on those individual 

properties.  
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Figure 7.9 shows the variation of remanence with recombination hold time. It has the 

same shape and pattern as the energy product graph. It is assumed that over-processing has 

occurred beyond 25 minutes which results in a drop in remanence, possibly due to a loss of 

anisotropy. As with the energy product, the remanence is higher for the fast removal of 

hydrogen than the slow removal of hydrogen, again showing that the 300 mbar reaction has a 

negative effect on the remanence. This pattern is similar to that shown by Sugimoto et al. 

(1999), however the maximum remanence in this case occurs after 25 minutes recombination 

time compared to 20 minutes for cast alloys as shown by Sugimoto and co-workers. For 

recombination times <25 mins there is a potential for under-processing where recombination 

had not completed within the given hold time, which would result in regions of 

disproportionated structure within the final microstructure. 

  

Figure 7.9. Graph to show the variation of remanence with recombination time 
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The graph in figure 7.10 shows the variation of coercivity with recombination time. It 

can be seen that there is no specific pattern overall with the values of coercivity, although it is 

apparent that the coercivity is very low in comparison to what can be achieved through 

HDDR treatment of both cast and sintered NdFeB starting materials. Coercivity values in the 

region of and in excess of 1000 kA m
-1

 have been achieved by various research groups [Liu et 

al. (2009b), Jurczyk (1995) & Guth et al. (2012)], which indicated that the process variables 

were not optimised in this case. There are also no major differences between the slow 

evacuation route and the fast evacuation route, which can be noted by the two lines crossing 

each other 3 times. This low coercivity could be due to many factors, such as the high 

processing temperatures (greater than 900⁰C) which have been shown previously by Jurczyk 

et al. (1999), Kawashita et al. (2003) and Sugimoto et al. (1999) to produce NdFeB powders 

with low coercivity. Alternatively the low coercivity could be caused by the 

disproportionation time, either where holding the sample under hydrogen for extended times 

after completion of disproportionation leads to over-processing or too short holding time 

where disproportionation is incomplete. 
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Figure 7.10. Graph to show the variation in coercivity with recombination time. 

 

To justify the results achieved it is imperative to analyse the microstructure of each of 

the samples to investigate grain size, distribution of the Nd-rich grain boundary phase and the 

presence of unidentified phases. Scanning electron microscopy was used in backscattered 

electron mode to analyse the samples, as shown in figure 7.11. 
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Figure 7.11. Backscattered electron images of HDDR samples processed with recombination 

times of A) 10 minute fast, B) 15 minute fast, C) 20 minute fast, D) 25 minute fast and E) 30 

minute fast 

In figure 7.11 it can be observed that with increasing recombination hold time, the Nd-

rich grain boundary phase is increasingly distributed throughout the sample. Figure 7.11A, the 

10 minute hold time, has large regions of Nd-rich phase within the Nd2Fe14B structure where 

there has not been a complete redistribution of grain boundary phase around a finer 

microstructure. This is also accompanied by areas where the recombination process is 

incomplete and the disproportionated structure is still present. This suggests that the poor 

magnetic properties are partly due to incomplete HDDR reaction. The Nd2Fe14B grains that 
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are present appear to be much greater than the 0.3 µm single domain particle grain size 

associated with HDDR processed NdFeB as the redistribution of the Nd-rich phase is much 

coarser than expected. 

As the processing time is increased there is still evidence of incomplete recombination 

and large regions of Nd-rich phase until the 25 minute and 30 minute processing times, which 

show a higher degree of Nd-rich redistribution than the shorter processing times however the 

grain size still appears to be much larger than 0.3 µm. The large regions of Nd-rich phase still 

present could be attributed to oxidation of triple points. Meakin et al. (2012) showed using 

confocal 3-D laser microscopy that oxidation of sintered NdFeB is nucleated and confined to 

Nd-rich triple points. Woodcock et al. (2012) used finite element modelling, TEM and SEM 

to analyse these oxidised regions, showing that they acted as nucleation sites for reverse 

domains, leading to a reduction in coercivity. The low coercivity exhibited by the samples in 

this work could be partly due to this oxidation effect and nucleation of reverse magnetisation 

domains. The redistribution of Nd-rich phase is always accompanied by HDDR-induced 

cavitation which can be seen in detail in figures 7.11D and 7.11E, the 25 and 30 minute hold 

times, where the Nd-rich phase from former grain boundaries and triple points has left a void 

as it was redistributed. This variation within the microstructure can explain the variation of 

magnetic properties between all of the samples.  

 The apparent large grains evidenced by lack of Nd-rich redistribution in these samples 

could also be due to incomplete disproportionation due to the low hold pressure chosen for 

these experiments. This would agree with the work by Kwon and Kim (2006) where it was 

found that a low disproportionation pressure resulted in incomplete disproportionation, 

however a high disproportionation pressure resulted in improved coercivity but poor 

alignment towards the point where the samples became isotropic. Following on from this it 
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would be important to investigate the kinetics of the disproportionation reaction to ensure 

completion of the disproportionation stage before the onset of recombination. This may help 

to reduce the grain size down towards the ideal 0.3 µm associated with the ideal HDDR 

treated NdFeB. 

Figure 7.12 shows the microstructures of the 25 minute slow and the 30 minute slow 

evacuation samples. It can be observed that both of these samples appear to exhibit a large 

grain size (> 10µm) which is caused by grain growth as the sample is held at the processing 

temperature for a longer time than fast the evacuation method after completion of 

recombination. This could be the part of the reasoning behind the reduced magnetic properties 

from the fast evacuation to the slow evacuation as larger grains do not exhibit the single 

domain particle coercivity mechanism. The 30 minute slow evacuation sample shows 

evidence of faceted grains where the sample has been over-processed. This effect has been 

shown by McGuiness et al. (1990) where rectangular or flat-sided grains in the order of 10-

20 µm form during disproportionation at temperatures >835 ºC using c-HDDR. Samples 

containing these grains exhibited coercivity values <600 kA m
-1

, compared to ~1000 kA m
-1

 

exhibited by samples processed at <800 ºC with no faceted grains. 
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Figure 7.12. Backscattered electron SEM micrographs of HDDR treated samples with 

varying recombination parameters. A) 25 minute slow and B) 30 minute slow recombination.  

 

The fine grain structure that can be seen in all of these microstructures however is not 

ultrafine which would be expected from HDDR processed powder. This suggests that either 

the sintered starting material did not fully disproportionate due to the low disproportionation 

pressure used, or the material has not fully recombined but grain growth has occurred during 

hydrogen removal after recombination, meaning that this hydrogen removal process has a 
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large effect on microstructure. Further increasing the hydrogen removal rate or quenching 

earlier in the process could solve this problem. 

From this work it can be concluded that the recombination stage of the HDDR 

reaction has a very large influence on the microstructure and magnetic properties of the 

resultant sample. Specifically it appears that although the recombination stage of the HDDR 

reaction affects both the remanence and coercivity of the resultant powder, there is only a 

clear pattern emerging in the remanence values, whereas the coercivity values appeared more 

random. These findings agreed with the work by Sugimoto et al. (2002) that hydrogen 

pressure reduction rate during recombination is important to obtain good magnetic properties 

from cast alloys during d-HDDR. In order to produce a sample with the ideal microstructure 

and magnetic properties it is imperative to keep tight control over the processing temperature, 

recombination hold time and hydrogen removal rate to avoid large and faceted grains which 

lead to poor magnetic properties. Reducing the processing temperature and ensuring complete 

disproportionation could be vital in order to recover the coercivity of the starting sintered 

material. It is therefore necessary to investigate the disproportionation stage and the effect of 

processing temperature to try to improve the coercivity. It has been suggested by Rybalka et 

al. (2003) that the HDDR treatment temperature is the overall kinetic controlling factor and 

therefore it could have the greatest effects on microstructure and magnetic properties of the 

resultant powder. This is the focus of the following chapter.  
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Chapter 8  

 
RESULTS & DISCUSSION - EFFECT OF HDDR TREATMENT 

TEMPERATURE 

 

Rybalka et al. (2003) suggested that the processing temperature is the kinetic 

controlling factor for the HDDR reaction for cast alloys, which will have an effect on the 

coercivity of the resultant powders. Therefore in this chapter the effect of temperature was 

assessed to try to optimise this for processing of sintered magnets.  

A set of processing parameters had been suggested by Sillitoe (2009) during a final 

year project using sintered blocks of composition A (Nd13.4Dy0.7Fe78.6Al0.7Nb0.4B6.2 (atomic 

%) with an oxygen content of 2665 ppm and traces of Pr 0.04 at%, Cu 0.04 at%, Mn 512 ppm, 

Si 427 ppm and N 9 0ppm). The hydrogen decrepitated sample was heated under vacuum to 

the desired processing temperature at a rate of 15 ºC min
-1

 for all temperatures. Hydrogen was 

then introduced at 16 mbar min
-1

 to a set value of 1000 mbar and held for 1 hour to encourage 

complete disproportionation. The overall disproportionation time was 2 hours. The pressure 

was then reduced to 100 mbar at a rate of 100 mbar min
-1

 and held for 20 minutes before 

reducing the pressure to vacuum and subsequently quickly cooling the sample by rolling the 

furnace off the furnace tube. These parameters are shown schematically in figure 8.1. 

Following on from this work, this set of HDDR reaction parameters was used to study the 

effect of treatment temperature on the kinetics of the HDDR reaction by heating the samples 

of composition A to temperatures between 835-930 ºC. 
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Figure 8.1.Schematic to show processing parameters for investigating the effect of processing 

temperature on HDDR [Sillitoe (2009)]. 

 

The disproportionation reaction was measured using mass flow controllers. Figure 8.2 

shows a typical plot of hydrogen flow rate against pressure during the disproportionation 

reaction. The horizontal orange line indicates the flow rate associated with filling the reaction 

vessel at 16 mbar min
-1

. The reaction start is the point at which the flow rate rapidly increases 

above this orange base line, and is indicated by the green vertical line. As the 

disproportionation nears completion the hydrogen flow rate reduces to that of the horizontal 

base line. Once the flow rate crosses this line, and stays below it, the reaction is complete, as 

signified by the red vertical line on the image. 
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Figure 8.2. Plot of hydrogen flow rate against pressure during the disproportionation 

reaction showing how reaction start and finish points are calculated.  

 

A graph was plotted, figure 8.3, showing the start and finish points of the 

disproportionation reaction at different temperatures. It was shown that the onset 

disproportionation pressure increased linearly with temperature, however the end point of the 

reaction increased almost exponentially. The disproportionation finishing point with regards 

to pressure exhibited a curve shaped line when compared to processing temperature, however 

above 880 ºC the disproportionation had not completed by the pressure limit of 1000 mbar. A 

separate experiment was performed at 930 ºC in order to identify the reaction finish point 

where the pressure was increased continually at 16 mbar min
-1

 until the disproportionation 

reaction had completed, allowing interpolation of the data to finish the curve, which can be 

seen as the dotted line in figure 8.3. This implies that increasing the processing temperature 

shifts the equilibrium point of the disproportionation reaction to a higher pressure. This 

finding is in agreement with the NdFeB phase diagram for HDDR, as shown in figure 8.4. 
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The increasing distance between the start and finish point of disproportionation also implies 

that the reaction is slowed down by increasing reaction temperature. This is in contrast to the 

findings of Didus et al. (2003), who found that increasing the processing temperature speeds 

up the disproportionation reaction for cast alloys, however that was using the c-HD route of 

disproportionation. The kinetics of disproportionation vary greatly between the c-HD and v-

HD routes and also between the processing of cast alloys and sintered magnets. 

 

Figure 8.3. Pressures associated with the start and finish points of the disproportionation 

reaction at varying process temperatures. The arrows indicate incomplete disproportionation 

upon reaching 1000 mbar and the dotted line is interpolated using the data from the 930 ºC 

experiment. 
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Figure 8.4. NdFeB phase diagram for HDDR treatment [Takeshita (1995)] 

 

The magnetic properties achieved at each of the processing temperatures are 

summarised in figure 8.5 below, including remanence, coercivity and maximum energy 

product up to 890 ºC. It can be observed that between 830-860 ºC the values for all three 

magnetic properties are very low, however increasing the temperature to 880 ºC produced 

peak values for remanence, coercivity and energy product. Above 880 ºC the properties are 

vastly reduced, which is likely to be due to the incomplete disproportionation at 1000 mbar.  

 

Disproportionation 
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Figure 8.5. Variation of remanence, coercivity and maximum energy product with processing 

temperature using a disproportionation pressure of 1000 mbar. 

 

The main issues that arose from this work were that a processing pressure of 

1000 mbar was too low for temperatures above 880 ºC as full disproportionation was not 

achieved, which was also evidenced in the work in chapter 7 of this thesis. Therefore the 

processing conditions were changed slightly to accommodate this. The overall processing 

time was kept the same, however the disproportionation reaction was taken to 1500 mbar at 

16 mbar min
-1

 to encourage full disproportionation at higher temperatures and held for 30 

minutes rather than 60 minutes, maintaining a total disproportionation time of 2 hours. The 

recombination process had also been altered to remove hydrogen at 100 mbar min
-1 

all the 

way to vacuum without a holding stage at 100 mbar. This was achieved using manual 

evacuation at pressures below 300 mbar, in line with the work from chapter 7. The desorption 

and recombination reaction in this set up was judged to have finished when the full vacuum 

was recovered as no further hydrogen was entrained within the material. This method of 

recombination was employed following on from the work in chapter 7 to ensure complete 

recombination and avoid possible under- or over-processing. The furnace tube is quickly 



Chapter 8 Effect of HDDR Treatment Temperature 

210 

 

cooled to prevent excessive grain growth. These processing parameters are shown 

schematically in figure 8.6.  

 

Figure 8.6. Altered processing parameters to allow full disproportionation at temperatures 

above 880 C. 

 

Another improvement in the processing was that the hydrogen decrepitation of 20 g of 

the sintered block was carried out in the same vessel as the HDDR reaction, avoiding any 

possible contact with air during transfer of the powder from the HD vessel to the HDDR rig 

via an argon controlled atmosphere glove box. The samples were only ever under an 

atmosphere of hydrogen or argon or under vacuum as the system was kept closed until the 

entire reaction was complete. The lack of contact with air in between hydrogen decrepitation 

and the HDDR reaction will significantly limit the chance of oxidation which is likely to be 

the cause of the lack of reaction with hydrogen at the triple points, as observed in chapter 7. 
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With the new set of processing parameters from figure 8.6, samples were processed 

with 20 °C increments between 830-930 °C, the disproportionation absorption peaks of the 

samples are shown below in figure 8.7 where a clear pattern can be observed. At lower 

temperatures, 830-850 °C, the hydrogen absorption peak is tall and narrow, indicating that the 

reaction occurs very quickly. With increasing temperature the disproportionation peak can be 

observed to broaden, indicating that the reaction rate is slower as was previously observed 

earlier in this chapter.  

 

Figure 8.7. Hydrogen absorption peaks associated with the uptake of hydrogen during 

disproportionation measured using mass flow controllers at a range of temperatures between 

830-930 °C. 

 

As with the findings of figure 8.3, the onset of disproportionation increases with an 

increase in temperature in a near-linear fashion, however the pressure required to initiate the 

reaction is lower than previously exhibited when the sample was transferred in air. This drop 

in initiation pressure could be attributed to the absence of oxides at grain boundaries and triple 
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points such as Nd2O3 and Nd(OH)3 that can form on exposure to atmospheric conditions 

[Meakin et al. (2012)] during loading of the sample, which has now been eliminated by 

performing the HD and HDDR reactions in the same furnace tube. However as the samples 

had been exposed to air after hydrogen decrepitation, the hydrides at grain boundaries and 

triple points are much more reactive, as previously shown by Chun-lin et al. (2004). The 

reduction in reaction starting pressure is constant for all reaction temperatures and can be 

observed clearly in figure 8.8 between the blue and red data points. It can be deduced that it is 

likely that the formation of oxides impede the absorption of hydrogen by the Nd-rich grain 

boundary phase and triple points, which has been shown to act as a path to the subsequent 

disproportionation of the matrix Nd2Fe14B phase [Harris & Williams (2001)]. This effect was 

also shown in chapter 6 where some of the triple points within the samples did not react with 

hydrogen during the HDDR process. 

 

Figure 8.8. Variation of disproportionation start and finish points at varied temperatures 

between 830-930 °C when HD and HDDR processed in-situ with a comparison to the 

disproportionation start and finish points achieved in figure 8.3 where the samples were 

exposed to air. 
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From figure 8.8 it is also clear that the disproportionation had been completed at 

pressures lower than 1500 mbar for all temperatures. Interestingly the reaction finish points 

for the samples processed at temperatures < 880 °C are almost identical to those achieved in 

the aforementioned work displayed in figure 8.3. This suggests that the disproportionation 

reaction is controlled by the hydrogen pressure in the system and is not necessarily time 

dependent. Had the reaction been kinetically controlled then reaction finish points would also 

be reduced by avoidance of air exposure.  

The magnetic properties achieved by these samples are shown in figure 8.9, the 

hysteresis loops can be found in the appendix (Figures App.8.9A – App.8.9F). It can be 

observed that there is a similar trend in properties, especially remanence and energy product, 

as those shown in figure 8.5, however, with a less drastic drop in properties with samples 

processed above 880 °C. The increased properties of these high temperature samples can be 

attributed to the complete disproportionation achieved by increasing the reaction pressure to 

1500 mbar. This agrees with the work by Kwon & Kim (2006) where they demonstrated that 

the hydrogen pressure needs to be high enough to allow for complete disproportionation, and 

that by tracking the absorption of hydrogen to ensure reaction completion, the magnetic 

properties have vastly increased in these samples. With these samples the variation of 

coercivity follows a smooth curve with a peak at 880 ºC and a value of 840 kA m
-1

, which 

was not the case in figure 8.5 where a sharp drop off was observed for HDDR performed 

above 880 ºC. This could be due to the lack of oxidation products in the sample having less 

effect on the coercivity by allowing a better redistribution of Nd-rich phase in liquid form 

during the HDDR process or it could be due to the fact that complete disproportionation was 

achieved.  
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There is still a clear peak in the variation of remanence which suggests that the 

remanence is very dependent on processing temperature as well as the recombination kinetics 

as concluded in chapter 7. It would appear from figure 8.10 that the change in recombination 

parameters from the work in chapter 7 has resulted in guaranteed completion of 

recombination to produce the desired microstructure of the HDDR processed powder. This 

can be observed as the endothermic reaction associated with recombination has completed 

and the sample temperature has returned to the process temperature before the sample was 

quickly cooled. The shape of the maximum energy product curve suggests that it is mostly 

dependent on the remanence of the HDDR powder as it follows the same trend as the 

remanence rather than the smooth curve exhibited by the variation of coercivity with 

temperature. 

 

Figure 8.9. Variation of coercivity, remanence and energy product of the samples of 

composition A with processing temperature with a disproportionation pressure of 1500 mbar.  
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Figure 8.10.Change in pressure and sample temperature during the recombination reaction 

measured using a pressure gauge and a thermocouple. 

The peak value of remanence occurs at 880 °C with a value of 1.08(±0.02) T, which is 

accompanied by a maximum coercivity at the same temperature with a value of 

840(±0.17) kA m
-1

 and hence a maximum (BH)max of 178(±0.5) kJ m
-3

. These values are  

lower than those achieved by Luo et al. (2011) who produced HDDR powders from 

NdDyFeCoNbCuB sintered magnets using a DSC, leading to remanence of 1.13 T, coercivity 

of 1592 kA m
-1

, and energy product of 186.3 kJ m
-3

. However the magnets in the current work 

do not contain Dy which is known to increase coercivity.  The demagnetisation quadrant for 

this sample is shown in figure 8.11 and exhibits significant anisotropy, with a large difference 

between the curve in the easy and hard directions of magnetisation. The demagnetisation 

curves will not exhibit perfect squareness that is achieved by the ideal sintered NdFeB magnet 

due to the use of the VSM as a measurement tool which is an open system where self-

demagnetisation occurs. Due to the irregular particle morphology of the powder produced it is 

not possible to calculate the exact self-demagnetisation factor required to correct the data. 
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Figure 8.11. Demagnetisation curves in ‘Easy’ and ‘Hard’ directions of magnetisation for the 

sample processed at 880 °C with a disproportionation pressure of 1500 mbar.  

As the highest value for all magnetic properties was achieved at 880 °C, as was the 

case in figure 8.5, it can be deduced that 880 °C is the optimum processing temperature for 

sintered NdFeB of composition A. The microstructure of this sample is shown in figure 8.12.  

 

 

 

 

 

 

 

Figure 8.12. Backscattered SEM micrograph of a different area of the 880 ºC processed 

sample showing no signs of faceted grains. 
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It can be clearly observed from figure 8.12 that the grain size of the HDDR processed 

microstructure is much lower than the 10 µm associated with the sintered microstructure. This 

is because there are two sizes of Nd-rich phase present, the large is associated with oxidised 

triple points left after disproportionation with the smaller sizes associated with the re- 

distributed HDDR structure. 

Figure 8.13 shows another region of this sample in backscattered mode for phase 

contrast and secondary electron imaging mode to show the surface topology. It can be 

observed from both SEM micrographs that there are two large regions of HDDR-induced 

cavitation as previously described by Williams et al. (1996), which is shown by the dark black 

area in image 8.12A and black surrounded by white in figure 8.12B. This area can be 

attributed to cavitation rather than grain pull out due to the white regions around the void in 

secondary electron imaging mode due to the scattering of the signal that occurs with uneven 

surface relief such as that caused by cavitation. These features were also observed during 

disproportionation in chapter 6. The small black dots on the SEI image represent Nd-rich pull 

out during polishing and have no effect on the surrounding surface topology. 
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Figure 8.12. SEM micrographs showing the microstructure of the sample HDDR processed at 

880 ºC with a disproportionation pressure of 1500 mbar in A) backscattered electron mode 

and B) secondary electron imaging mode.  

 

 In the bottom left of the images, it is clear to see that there are two large, faceted 

grains as previously shown by McGuiness et al. (1992) which would indicate over processing. 

However almost all of the other areas of the sample showed no signs of faceted grains. In this 

case the over-processing is likely to be due to either the hold time under hydrogen after the 

completion of disproportionation or grain growth that occurs after completion of 

A 

B 
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HDDR-induced 
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recombination. In the case of over-processing during disproportionation, the process could be 

improved by finishing the disproportionation stage upon completion of hydrogen absorption 

or to begin the recombination step immediately upon 1500 mbar being reached. By stopping 

the hold time at 1500 mbar and starting the recombination straight away, these faceted grains 

could be avoided.  

 Overall it can be observed that as HDDR processing temperature was increased, the 

pressure required to initiate disproportionation increased linearly, however the finish point 

increased almost exponentially.  
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Chapter 9 

 
RESULTS & DISCUSSION -REPRODUCIBILITY & LARGE BATCHES 

9.1 Variation of magnetic properties within a batch 

The HDDR process can be difficult to control particularly with large batch sizes due to 

the changing pressures and temperatures during processing. This has previously been shown 

by Manwaring et al. (1994) on production of isotropic HDDR powder from cast starting 

alloys. The risk of inconsistent results intensifies with increased batch sizes due to 

disproportionation related exothermic and recombination related endothermic temperature 

fluctuations during the HDDR process on a large scale. Therefore it is important to monitor 

the reproducibility of the process by controlled sampling from each batch and by comparing 

batches against one another to ensure constant properties. When producing magnets it is 

important to understand how the powder varies within each batch along the powder bed as 

inconsistent properties could cause poor performance or possible failure of a product in 

service. It was previously shown in chapter 8 that processing temperature has a very large 

effect on the magnetic properties of HDDR processed sintered NdFeB, hence large 

exothermic/endothermic fluctuations are likely to result in a drop in remanence and also 

coercivity. 

When running the initial tests it was important to keep every part of the processing the 

same. This included sample size, processing temperature, times and pressures. In this case 

20 g of hydrogen decrepitated composition A was used every time and was weighed 

accurately in a glove box under an argon atmosphere, before being transferred in air to the 

HDDR furnace. The samples were heated in vacuum at 10
-2

 mbar to 885 ºC at a rate of 

15 ºC min
-1

. The disproportionation was achieved by introducing hydrogen at 16 mbar min
-1
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up to a pressure of 1500 mbar, and held at this pressure for a further 30 minutes. The 

recombination was set to remove hydrogen at 100 mbar min
-1

 until full vacuum was achieved 

(with the aid of a vacuum pump). Upon full vacuum the furnace was rolled off and the sample 

was quickly cooled in air. This is the same set of processing parameters used in the latter part 

chapter 8 and is again shown schematically in figure 9.1.  

 

Figure 9.1. Schematic showing the processing conditions used for the reproducibility study on 

NdFeB alloys of composition A. 

 

Firstly it was important to investigate the variability of physical and magnetic 

properties within a single batch. Batch 1 was processed using the conditions specified above 

from figure 9.1. When the process was completed the sample was removed from the furnace 

to reveal a bulk of agglomerated grey powder with a black coating on the upper surface, as 

shown in figure 9.2 below. The entire sample was crushed using a pestle and mortar to 

separate any particles that have agglomerated during the process into a powder of individual 

particles. The powder breaks up easily with very little force having been hydrogen 
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decrepitated as part of the processing. Three small samples (< 100 mg) were taken at random 

from the powder in order to measure their magnetic properties using a VSM.  

 

Figure 9.2. Appearance of sample as removed from the HDDR furnace, consisting of grey 

bulk material with a blackened coating 

The magnetic properties in the easy direction of magnetisation of these three randomly 

selected samples are shown graphically figure 9.3. 

 

Figure 9.3.Variation of remanence, coercivity and maximum energy product of three random 

samples taken from HDDR batch 1. 
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It can be observed from figure 9.3 that there is a large variation of remanence, 

coercivity and maximum energy product across just three samples from batch 1. The 

remanence varies from sample 1 to sample 3 by 300 mT and the coercivity varies by over 

100 kA m
-1

. Commercially this would be an unacceptable amount of variation, especially as 

sample 3 is lower both in terms of remanence and coercivity than samples 1 and 2.  

Batch 2 was produced using the exact same processing conditions as batch 1. It was 

again observed that there was a black coating on the NdFeB powder, along with a variation in 

particle size before and after grinding with a pestle and mortar. The batch was split into two 

smaller batches, one half of which was tested the same way as batch 1 where the powder was 

ground down to remove agglomeration and mixed together with 3 random samples taken. The 

other half of the sample was carefully separated by hand to take a sample of the black coating, 

a sample of fine particles, passed through a 100 µm sieve and a sample of coarse particles 

>100 µm. This would enable a further understanding of how particle size affects the magnetic 

properties and whether it could give an explanation of why there was such a large variation in 

results in batch 1. The magnetic properties achieved by these samples are shown graphically 

in figure 9.4. 
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Figure 9.4.Magnetic properties of samples taken from HDDR batch 2. 

 

Figure 9.4 shows the variation of coercivity, remanence and maximum energy product 

across six samples from HDDR batch 2, including the separated and carefully selected 

particles (coarse, fine and blackened). The standard samples 1-3 exhibit a reduced variation in 

both coercivity and remanence compared to that of batch 1, where the coercivity varies by 

60 kA m
-1

 and the remanence varies by 120 mT. In this case the maximum remanence is 

150 mT lower than the maximum remanence from the samples from batch 1 however the 

coercivity values are close to those produced by the samples from batch 1. It is evident that 

the particle size has little influence on the remanence and coercivity, however the black 

coating had very poor magnetic properties with a remanence of 130 mT and coercivity of 

40 kA m
-1

. The coercivity and remanence are very close to zero and hence when mixed with 

the fine and coarse particles this will dilute the magnetic properties which is the case for 

samples 1-3 in batches 1 and 2. The variation of the results could be attributed to the quantity 
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of black particles within each of the measured samples which were taken at random. With 

further mixing it is assumed that the magnetic properties of samples taken at random would 

even out. 

In order to eliminate the black layer from the magnetic material in batch 3 the 

blackened coating particles from the main bulk were removed and then three random samples 

were taken from the remaining powder after using a pestle and mortar to remove 

agglomeration. This was achieved by scraping the blackened layer from the bulk of the 

agglomerated powder with a scalpel, before the bulk is processed. The three samples used 

contained a mixture of coarse and fine particles as it would be impractical and time 

consuming to separate them in industry considering their magnetic properties are comparable. 

The magnetic properties of these three samples are shown graphically in figure 9.5. 

 

Figure 9.5. Variation of magnetic properties across three samples taken from batch 3 after 

removal of blackened material. 
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Figure 9.5 shows the variation of coercivity, remanence and maximum energy product 

between three random samples from batch 3 after careful removal of the blackened material. 

It can be observed that there is a smaller difference between the highest and lowest values of 

both coercivity and remanence compared to the previous samples, leading to almost identical 

maximum energy products of all three samples. The coercivity values range from 805-

860 kAm
-1

, however the remanence only varies by 10 mT which is significantly lower than 

the variation exhibited by samples from batches 1 and 2. This shows that by removal of the 

blackened material the variation of magnetic properties is significantly reduced and hence the 

results are more reliable. It can also be observed that the remanence and coercivity of the 

samples from batch 3 are higher than those of the random samples from batches 1 and 2, 

showing that the blackened material was responsible for the dilution of the magnetic 

properties as well as the variation. It can be assumed that the variation of properties within a 

batch containing the black particles could be reduced by homogenous mixing, however the 

magnetic properties would still be of lower value than if the black material was removed. 

As the black particles only exist on the surface of the bulk and not in the middle of the 

agglomerated bulk when removed from the furnace it could be attributed to oxidation of the 

sample during handling and processing. The hydride form of the powder is extremely 

sensitive to oxygen, as shown by Chun-Lin et al. (2004), and will form grey looking oxides 

and hydroxides upon exposure to air. This could be reduced by handling and processing the 

material in an inert atmosphere and/or vacuum throughout the entire process until the final 

powder product is obtained for example by conducting the HD and HDDR in the same 

reaction furnace. The amount of oxidation that takes place during the experiment could be 

reduced by upgrading the vacuum system for example a diffusion pump would remove more 

oxygen from the internal atmosphere. However this would be expensive and time consuming. 
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An alternative way to remove more oxygen from the sample would be to flush the system 

with argon at least twice in between loading the sample and the beginning of the hydrogen 

decrepitation reaction. The overall effect that these extra steps could be very small as the 

sintered starting material contains oxygen that is entrained within the material from the initial 

processing. It should be noted that when samples are processed in-situ, i.e. no air exposure, 

the amount of blackened surface coating is significantly reduced. This gives evidence that the 

blackened coating is at least in some part caused by oxidation. 

The effect of sublimation of Nd during the HDDR process is also evident. The 

samples are processed inside small tubes made from sheets of stainless steel that are placed 

into the HDDR furnace. After HDDR processing 5-10 samples the stainless steel tubes begin 

to discolour from shiny silver to dark grey with shades of blue. The foil also becomes slightly 

magnetic intimating that the Nd vapour produced by the samples under heating has reacted 

with the foil during the process. The loss of Nd in this case could also lead to the production 

of the blackened coating layer with poor magnetic properties. 
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9.2 Increasing Batch Size 

Increasing the batch size increases the difficulty in maintaining the desired processing 

temperature in the furnace and therefore could have either a positive or negative effect on the 

variation of magnetic properties within a batch. The percentage of blackened material with 

respect to the bulk of non-oxidised material will be reduced by increasing the batch size due 

to the lower surface area to total mass ratio. Alternatively the exothermic and endothermic 

reactions will be greater and have a larger effect on the bulk of the material, especially during 

recombination, hence increasing variability. It was shown in chapter 6 that the recombination 

reaction can lower the temperature around the sample by over 50 ºC, which can have a very 

large effect on magnetic properties, as previously demonstrated in chapter 7.  

The batch sizes used for this series of tests were 20 g, 50 g, 100 g and 400 g, which is 

the current limit of processing capacity in our laboratories. With all of the samples the 

blackened surface was carefully removed before the remaining NdFeB was ground using a 

pestle and mortar to remove agglomeration. The 25, 50 and 100 g samples had one sample 

taken at random from the bulk of the powder; however the 400 g sample was split into two 

pieces down the middle of the agglomerated bulk. Each separated end of the sample had the 

surface layers of the agglomerated bulk removed from the core, and then one sample from the 

core material and 1 sample from the surface material were taken at random from each end 

piece for measurement and for microscopy. In the following table, core 1 and surface 1 were 

from one end piece and core 2 and surface 2 were taken from the other end piece. The 

magnetic properties of all of the samples are shown graphically in figure 9.6. 
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Figure 9.6. Magnetic properties of different batch sizes of NdFeB of composition A treated 

using the same HDDR processing conditions. 

 

 It can be observed that the 20, 50 and 100 g samples exhibit remanence values above 

860 mT, whereas all of the samples from the 400 g batch exhibit 755 mT remanence values or 

less. The overall range of remanence between the 7 samples is 200 mT. As these samples 

have had any blackened material removed before measurements were taken, any fluctuations 

in remanence were due to the material itself rather than the blackened material. The 

remanence of the 20 g sample in this case is much lower than that observed in chapter 8 

although the reasoning behind this is unclear at present. 

When analysing the coercivity of the samples it is clear that the 20 g sample has a 

much higher coercivity (850 kA m
-1

) than all of the other 6 samples which exhibit coercivity 

values between 752-815 kA m
-1

. These factors have had similar effects on the maximum 

energy products of the samples where the 20, 50 and 100 g samples have a (BH)max over 
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105 kJ m
-3

 and all for the 400 g batch samples exhibit (BH)max values ranging from 77-

101 kJ m
-3

. The hysteresis loops of the all of these samples are located in the appendix 

(Figures App.9.6A - App.9.6F), and they all exhibit anisotropy between the easy and hard 

directions.  

 The reduction in remanence of the samples taken from the 400 g batch could be due to 

possible over- or under-processing during the HDDR reaction. Under-processing includes 

incomplete recombination, which would leave regions of the disproportionated mixture within 

the HDDR treated fine Nd2Fe14B matrix. This disproportionated mixture could effectively 

dilute the remanence of the sample in a similar way to the blackened oxidised material as it 

contains free iron which is soft magnetic. This effect has previously been shown by Liesert et 

al. (1998) where iron particles left in the sample due to under-processing (i.e. incomplete 

recombination) contribute to a reduction in magnetic properties of HDDR NdFeB produced 

from cast alloys. Zakotnik et al. (2006) suggested that regions of free iron in the 

disproportionated structure is also responsible for nucleating reverse domains during 

magnetisation reversal, which reduces the coercivity of the sample. The incomplete 

recombination was confirmed in core sample 1 when viewing the sample on the SEM, which 

is shown in figure 9.7. Although the bulk of the sample had recombined to form the Nd2Fe14B 

phase, there was still evidence of a disproportionated structure around the edges of the sample 

and in the regions particularly where the Nd-rich phase had been redistributed. This was the 

case in almost all of the particles for core sample 1, which could explain why the coercivity is 

the lowest of all of the samples. It could be assumed from this that the Nd-hydride from triple 

junctions diffuses into the bulk of the material before recombination is initiated, otherwise the 

regions around the triple points would react first.  
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Figure 9.7. SEM micrographs of powder from core sample 1 exhibiting areas of 

disproportionated structure at the particle edges and around voids within the matrix phase. 

 

The other powder sample taken from the core of the 400 g exhibits a similar 

remanence to that of core sample 1, however it exhibits higher coercivity. It could be assumed 

that this sample would therefore contain less disproportionated structure than the previous 

sample, if any at all. Closer inspection of the microstructure of core sample 2 shows a large 

amount of redistribution of the Nd-rich phase which indicates that the sample is mostly 

recombined into the fine grained Nd2Fe14B matrix phase, with only small regions of 

disproportionated structure evident as shown in figure 9.8. The disproportionated structure in 

this sample was located in the centre of the bulk rather than around cracks and voids with the 

previous sample. The distribution of disproportionated structure in this sample suggests that 

the previous assumption about the reaction finishing at triple points is incorrect, instead the 

reaction occurs simultaneously throughout the bulk with no preferential finishing position. 

Nd2Fe14B 
Disproportionated mixture 

Former Nd-rich triple point 
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Figure 9.8. Backscattered SEM micrograph of powder from core sample 2 consisting mostly 

of Nd2Fe14B matrix phase and Nd-rich grain boundary phase with few small regions of the 

disproportionated mixture. 

 

 A closer look at the microstructure of surface sample 1 is shown in figure 9.9. It can 

be observed that the HDDR reaction had completed successfully almost all of the sample with 

only a very tiny region of incomplete recombination. Comparing the microstructure to the 

magnetic properties confirms the hypothesis that the disproportionated structure reduces the 

coercivity of the powders as this sample contains less disproportionated structure and exhibits 

higher coercivity than the previous two samples. 

Disproportionated 

mixture 
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Figure 9.9. SEM micrograph of powder from surface sample 1 exhibiting very little 

disproportionated mixture. 

 

SEM analysis of surface sample 2 can be observed in figure 9.10. It is evident from 

these images that the HDDR reaction had completed throughout the entirety of the sample. 

There is no evidence to suggest that there is any disproportionated microstructure remaining 

within the sample. The small black dots on the left image in figure 9.10 are regions of Nd-rich 

that pulled out during polishing due to their soft nature and are not disproportionated regions.  

Nd-rich pull out 

Disproportionated 

mixture 
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Figure 9.10. SEM micrographs of two regions from surface sample 2 showing no signs of 

incomplete recombination. 

  

There was however one large particle that was found when searching the whole of the 

mounted sample on the SEM that demonstrated a large patch of the disproportionated 

mixture. This can be observed in figure 9.11. The centre of this sample was bisected by a long 

line of disproportionated mixture over 100 µm in length and ~20 µm wide with some small 

patches of incomplete recombination scattered throughout the particle. This was the only 

particle in this sample that demonstrated this amount of the disproportionated structure. The 

location of this region of incomplete recombination would suggest that the recombination 

reaction in kinetically controlled and starts at the edges of the samples and works its way 

towards the centre of the particle. However it was shown in chapter 6 that this is not 

necessarily the case. Regions such as this could be responsible for the lower remanence and 

coercivity exhibited by this sample than the surface sample 1. 
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Figure 9.11. SEM micrograph of one large particle within surface sample 1 that exhibited a 

large line of disproportionated mixture (circled in red). 

 

The regions of incomplete recombination are likely to be a result of the large 

temperature fluctuations in the powder bed during processing as a result of endothermic and 

exothermic reactions. These fluctuations would likely alter the reaction rates of the 

surrounding material and could be enhanced greatly by the large batch sizes. The temperature 

of the samples was not measured for this large batch due to the current system set up, 

however work is underway to improve the scaling up process. 

Large scale HDDR processing is performed commercially by Aichi Steel, Japan, 

which can compensate for temperature fluctuations and avoid oxidation (US Patent 

5,851,312). To accomplish this large scale treatment, Aichi has employed a continuous 

processing furnace to turn cast blocks of NdFeB into a fully HDDR treated, fine grained 

powder for use in bonded and hot-pressed magnets. As Aichi are using cast ingots as an input 
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feed the composition is tailored specifically for the HDDR reaction and the oxygen content 

will be much lower than that found in scrap sintered magnets. The cast material is loaded into 

the front end of the furnace where it is hydrogen decrepitated, before being moved into the 

HDDR section of the continuous furnace. The HDDR section is surrounded by temperature 

compensating devices that can remove heat during the exothermic disproportionation reaction 

and add heat during the endothermic recombination reaction to maintain the optimum 

treatment temperature at all times. It would ultimately be possible therefore to process 

sintered NdFeB magnets on a large scale in a more controlled fashion. 

 Overall it can be observed that the reproducibility of HDDR treated samples is 

improved by removing any blackened oxidised coatings after removal from the bulk of the 

NdFeB powder. Although care can be taken to avoid oxygen exposure, end of life NdFeB 

magnets are likely to contain surface oxides or corrosion products which may not be detected 

before hydrogen decrepitation. Homogenous mixing could evenly distribute the oxidised 

particles if manual removal or magnetic separation is not feasible after HDDR processing. 

Particle size has little effect on the magnetic properties of the HDDR powder so light grinding 

or milling could be utilised to remove any particle agglomeration without the need for 

expensive processing such as jet milling. Finally, increasing the batch size has a large effect 

on magnetic properties, especially due to the endothermic nature of the recombination 

reaction altering the reaction kinetics. This could be improved by using sensitive temperature 

compensation devices to maintain the desired reaction temperature throughout the entire 

reaction and encourage optimised processing and complete recombination.  
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Chapter 10 

 
RESULTS & DISCUSSION - MIXED INPUT FEEDS 

 

 Real life scrap feeds of NdFeB magnets are very unlikely to contain one specific 

composition as used for chapters 6-9, therefore it is very important to determine the effects of 

processing multiple compositional feeds. Depending on the application that the scrap magnets 

were taken from, there could be a large range of additives which will affect the kinetics of the 

HDDR reaction. Dysprosium and cobalt are added to NdFeB alloys to increase the coercivity 

and temperature capabilities of the NdFeB magnets; these additives are likely to affect the 

processing conditions required for HDDR processing.  

 In this section various mixes of low Dy and Co-containing composition A and high Dy 

and Co-containing composition B were processed simultaneously. These two alloys 

represented the largest compositional difference of the ‘real’ scrap available in the laboratory. 

Composition A contains relatively low levels of additives and is similar in composition to the 

low-grade NdFeB magnets used in hard disk drives, whereas composition B represents a 

higher-grade magnet such as that from a permanent magnet motor containing more Dy and Co 

to give the material a higher coercivity and temperature stability. These two compositions are 

shown below in table 10.1. 20 g samples consisting of various combinations of compositions 

A and B were loaded as fractured pieces from the sintered blocks into the HDDR furnace. The 

mixtures were then hydrogen decrepitated and HDDR processed in-situ with no exposure to 

air.  

 



Chapter 10 Mixed Input Feeds 

238 

 

Table 10.1. ICP analysis of alloys of Compositions A and B (atomic %). 

Alloy Nd Dy Pr Fe Co Al Nb B 

Composition A 13.4 0.7 0.04 78.6 Nil 0.7 0.4 6.2 

Composition B 12.5 1.8 0.2 72.6 5.0 0.9 0.6 6.4 

 

Having already studied the processing conditions required for reprocessing of sintered 

alloys of composition A, it is important to understand how the parameters need to be altered 

to fully reprocess alloys of composition B. The temperature was kept at 880 ºC as in previous 

chapters, however it was found that alloys of composition B had not completed 

disproportionation within the 1500 mbar set pressure as used with composition A, as shown in 

figure 10.1 below.  

 

Figure 10.1. Disproportionation absorption graph for composition B showing incomplete 

disproportionation at 1500 mbar. 

 

Further investigation into the absorption of hydrogen showed that the hydrogen 

pressure needed to be raised to 2000 mbar for complete disproportionation to occur. The 
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processing parameters chosen for this section are shown in figure 10.2. It can be observed that 

the sample is heated under vacuum to 880 ºC before hydrogen is introduced at 16 mbar min
-1

 

up to 2000 mbar, at which point the pressure was reduced at 100 mbar min
-1

 down to vacuum. 

Upon completion of recombination and recovery of full vacuum, the furnace was rolled off 

the tube and the sample was quickly cooled.  

 

Figure 10.2. Schematic to show the processing parameters used for processing mixed input 

feeds to encourage full disproportionation of compositions A and B. 

 

The absorption traces in figures 10.3 and 10.4 exhibit an initial peak in hydrogen flow 

that has no associated increase in temperature which is due to the filling of the reaction vessel 

with hydrogen at a rate of 200 mbar min
-1

, up to a hold pressure of 2000 mbar. The time taken 

for the initiation of hydrogen decrepitation to occur is controlled by the surface condition of 

the material, hence this time varies from sample to sample. The samples were left under 

hydrogen until the temperature had recovered to room temperature after the exothermic 
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reaction in order to ensure complete decrepitation. The reaction vessel was then left under 

vacuum until the beginning of the HDDR reaction.  

During preparation of the powders for HDDR processing, it became apparent that the 

hydrogen decrepitation reaction may be affected by the range of compositions. Both 

individual samples of composition A and composition B were decrepitated under 2 bar 

hydrogen at room temperature. The HD hydrogen absorption charts for 20 g samples of 

composition A and composition B are shown below in figure 10.3. It can be observed that the 

two compositions do not react in the same manner during decrepitation. Composition A 

absorbs hydrogen over ~40 minutes exhibiting a broad peak and a exothermic temperature 

reaching 30 ºC, whereas composition B suddenly initiates and absorbs hydrogen over ~15 

minutes exhibiting a sharp absorption peak accompanied by an exothermic reaction 

temperature reaching 85 ºC. 

The HD hydrogen absorption chart for a 50:50 mix of compositions A and B is shown 

in figure 10.4. The 50:50 mix of compositions A and B exhibits an initial sharp peak of 

hydrogen absorption, followed by a low level of continuous absorption for a further 25 

minutes. This could be the case that the initial peak was the reaction of the composition B 

element of the mixture and the low level of continuous absorption is related to the 

composition A element. The increase in temperature associated with the initial absorption of 

composition B could have initiated the decrepitation of the composition A alloy, however as 

the temperature had increased, it increased the speed in which composition A absorbed the 

hydrogen during the decrepitation phase.  
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Figure 10.3. Hydrogen absorption peaks and associated temperature profile of samples of 

composition A (left) and composition B (right) hydrogen decrepitated at 2 bar at room 

temperature. 

 

 

 

 

 

 

Figure 10.4. Hydrogen absorption peak and temperature profile of a 50:50 mix of 

composition A and composition B showing features of the two individual alloys. 

 

Hydrogen flow associated with 

filling the reaction vessel to 2 bar. 

Hydrogen flow 

associated with 

filling the 

reaction vessel 

to 2 bar. 

Composition B Composition A 
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 The disproportionation reaction was again monitored by mass flow controllers, a 

pressure gauge and a thermocouple. Composition A initiates disproportionation at ~500 mbar 

and is complete by ~950 mbar and absorbs hydrogen in one tall sharp peak, whereas 

composition B (which has a higher Dy and Co content) initiates disproportionation at 

~1100 mbar and is complete by ~1800 mbar in a broad absorption peak. These 

disproportionation charts can be observed in figure 10.5. The first peak that occurs instantly is 

attributed to the absorption of hydrogen by the Nd-rich phase at grain boundaries and triple 

points and occurs in all of the disproportionation graphs. This peak can be observed as a 

single, double or triple peak. This shows that composition B requires not only a higher 

pressure to encourage disproportionation but also a longer period of time to complete the 

reaction. It has already been shown that temperature affects the reaction kinetics in that a 

higher reaction temperature requires a higher hydrogen pressure to encourage 

disproportionation. It can now also be said that certain alloying additions alter the kinetics of 

the reaction and stabilise the matrix phase against disproportionation. This was also 

demonstrated by Fujita and Harris (1994) and Sugimoto et al. (1997) who showed that Co 

stabilises the matrix phase of cast alloys against the onset of disproportionation and requires a 

longer time to complete the process. Dy and Co are often added to an alloy together. The 

higher disproportionation pressure could therefore be due to both the Dy and the Co. This can 

be clearly observed when comparing these two alloys as composition B is rich in Dy and Co 

and requires a higher pressure and longer processing time for disproportionation than the low 

Dy-containing and Co-free composition A.  
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Figure 10.5. Hydrogen absorption peaks for the disproportionation of composition A (left) 

and composition B (right). 

 

 It is clear that if mixed batches of composition A and composition B are processed 

then it is likely that a higher pressure would be required. Therefore subsequent batches were 

produced by mixing composition A with composition B in 10% intervals from 100% A to 

100% B. The disproportionation graphs of these samples are shown below in figure 10.6. The 

mixed batches demonstrate a combination of the disproportionation peaks from both 

composition A and composition B, however as the ratio of composition B increases, the first 

peak becomes shorter and the second peak becomes taller. The reaction start and finish points 

for both disproportionation peaks remains constant throughout, it is only the intensity of each 

peak that varies depending on the quantity of each composition present within the mixture. So 

it is clear that the exotherm from one composition does not have a big effect on the other. 

  

^ 100% Composition A   ^ 90% Composition A 10% Composition B 

Absorption of H2 by Nd-rich phase 
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^80% Composition A 20% Composition B ^70% Composition A 30% Composition B 

  

^60% Composition A 40% Composition B ^50% Composition A 50% Composition B 

 

  

^40% Composition A 60% Composition B ^30% Composition A 70% Composition B 
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^20% Composition A 80% Composition B ^10% Composition A 90% Composition B 

 

^100% Composition B 

Figure 10.6. Hydrogen absorption peaks of mixed batches of compositions A and B in 10% 

increments. 

 

 The magnetic properties of the mixed batches were measured by removing any 

blackened coating then taking 3 random samples from each batch for characterisation and an 

average taken from the three samples. The magnetic properties show a large amount of 

variation, both within each batch and with variation of composition. The average magnetic 

properties of each composition are shown graphically in figure 10.7, 10.8 and 10.9 below, the 

magnetic properties of the individual samples can be found in the appendix (Table App.10). 
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 It can be observed from figure 10.7 that the average remanence of the sample of 100% 

composition A is much lower than the 1.08 T exhibited by the sample processed in chapter 8. 

The average coercivity (figure 10.8) for this sample is similar to the 840 kA m
-1

 exhibited by 

the sample from chapter 8, however due to the drop in remanence, the maximum energy 

product (figure 10.9) is much lower than the 178 kJ m
-3

 that has previously been achieved. 

This drop in remanence could be attributed to the increased disproportionation pressure which 

has been shown in previous chapters to lead to over-processing of the sample. The sample of 

100% composition B exhibits an average coercivity of 745 kA m
-1

, which is surprisingly 

lower than that achieved by the sample of 100% composition A as it contains a higher level of 

dysprosium which is added to increase the coercivity of the starting material. This could be 

attributed to the fact that the HDDR treatment temperature has been optimised for processing 

samples of composition A, whereas composition B may require a different processing 

temperature to improve the magnetic properties, as was shown for composition A in chapter 

8. However the remanence and energy product of HDDR-treated composition B is higher than 

that of 100% composition A in this case. 

 The average remanence, coercivity and maximum energy products for each 

compositional mixture are displayed graphically in figures 10.7, 10.8 and 10.9.  
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Figure 10.7. Variation of average remanence across three samples from each of the mixed 

composition input feeds. 

 

 It can be observed from figure 10.7 that the variation of average remanence value 

across the compositions is within a 200 mT range, which is a large amount of variation. With 

exception to the sample containing 20% composition B, all of the mixed batches exhibit a 

lower average remanence than both the individual samples of compositions A and B. This 

would suggest that the kinetics of the reaction have been affected by the introduction of two 

differing compositions of sintered NdFeB. It has previously been shown in chapters 7 and 8 

that the magnetic properties are very sensitive to processing conditions, so for example any 

variation in sample temperature during recombination can significantly alter the 

microstructure and hence magnetic properties of the resultant sample. 
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Figure 10.8. Variation of average coercivity across three samples from each of the mixed 

compositions. 

  

Figure 10.8 shows that along with the variation in remanence, there is also a large 

variation in coercivity between the mixed composition batches. The overall range between the 

average coercivity values is 223 kA m
-1

, which is a slightly larger range of values than those 

exhibited by the remanence values. There is no specific trend in coercivity observed from 

these samples, however the sample consisting of 100% composition A has the highest 

remanence. As mentioned previously, the sample of 100% composition B exhibits a lower 

value of coercivity than composition A, so it would be logical to predict that creating mixtures 

of these compositions would result in lower coercivity, which is certainly true in this case. 
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Figure 10.9. Variation of average maximum energy product across three samples from each 

of the mixed compositions. 

 

 The variation of energy product across the samples is also very large, this was always 

going to be the case after observing the fluctuations of coercivity and remanence across the 

compositional range. The samples containing only composition A and only composition B 

(i.e. no mixing) exhibit relatively high energy products compared to most of the mixed 

samples (with exception to the sample containing 80% A and 20% B). This was to be 

expected as there would be no interactions between different compositions during processing 

that could alter the reaction kinetics. 

 As with the work in chapter 9, the variation could possibly be evened out across mixed 

composition input feeds by improving the mixing of the two materials. In this work the 

broken pieces were weighed out and crudely mixed by placing them in the same stainless steel 

tube before placing them into the HDDR rig. Alternatively the mixed feeds could be hydrogen 

decrepitated as one batch, then mixed by powder blending before inert transfer into the 
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HDDR rig for further processing. This could however have an adverse effect in that it 

increases the amount of interactions between the mixed compositions. The variations within 

each batch could be reduced by processing the mixed compositions separately then powder 

blending the resultant powder, however this would not necessarily be feasible with ‘real’ 

scrap feeds.   

 The overall variation of the magnetic properties between the mixed input feeds of 

compositions A and B cannot simply be attributed to one single part of the HDDR reaction. It 

can be observed that the disproportionation absorption peaks of the two compositions do not 

overlap so the exothermic reaction from composition A should not have a significant effect on 

the disproportionation of the material of composition B. However after completion of 

disproportionation of composition A, the sample is exposed to increased hydrogen pressures 

for ~1 hour during the disproportionation of the composition B part of the sample. This could 

lead to over processing as previously observed when conducting the HDDR reaction at lower 

temperatures. The overall effect of the increased processing pressure for disproportionation 

can also be observed by comparing the magnetic properties of the 100% composition A 

sample processed at 1500 mbar with the sample processed at 2000 mbar. The 1500 mbar 

processed sample exhibits 1.08 T remanence, 840 kA m
-1

 coercivity and 178 kJ m
-3

 maximum 

energy product, whereas the best measured sample processed at 2000 mbar exhibits 0.85 T 

remanence, 860 kA m
-1

 coercivity and 108 kJ m
-3

 maximum energy product. Although the 

coercivity is similar between the two samples, there is a noticeable drop in remanence in the 

sample processed at 2000 mbar, which also has a knock-on effect with regards to a drop in 

energy product of 70 kJ m
-3

. The remanence was therefore reduced by over-processing during 

the disproportionation which leads to a loss of anisotropy in the sample, giving rise to a loss 

of remanence. 
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 The recombination part of the HDDR reaction could be the area in which the kinetics 

of the reaction are most affected by the mixture of two compositions. Due to system 

limitations where the hydrogen flow out of the system cannot be measured at pressures of less 

than 300 mbar it is difficult to monitor whether the two compositions undergo recombination 

simultaneously or if the two reactions are separate as with the disproportionation reaction. 

Figure 10.10 below shows the recombination graphs for the individual samples of 

compositions A and B.  

 

Figure 10.10. Recombination charts of composition A (top) and composition B (bottom) 
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 It can be observed from figure 10.10 that the recombination of composition A occurs 

as one smooth endothermic reaction with a drop in temperature ~30 ºC completed in 7 

minutes. Composition B, however, appears to have a slight shoulder at the beginning of the 

exotherm, potentially indicating a two-step recombination process. The overall drop in 

temperature is ~120 ºC and occurs over a 10 minute period. This may indicate that the 

recombination reaction in composition A occurs at lower pressures than composition B and in 

a concentrated part of the recombination trace, whereas composition B recombines over a 

larger pressure range. This was shown to be the case by Nakamura et al., (1999) who 

demonstrated that the addition of 2 at% Dy to the ternary alloy increases the pressure that 

recombination occurs at for HDDR treatment of cast alloys. It was also shown by Nakamura 

et al. (1998) that additions of Co and Ga increase the recombination pressure of cast alloys. 

 

Figure 10.11. Recombination chart of 50:50 mixture of compositions A and B clearly showing 

a three step endothermic drop in temperature. 
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Figure 10.11 above shows the recombination graph for the 50:50 mixture of 

compositions A and B. The endothermic reaction associated with recombination appears to be 

in three small steps during the drop in temperature, indicating that the recombination of both 

composition A and composition B occurs almost simultaneously. This could therefore affect 

the kinetics and the way that the samples recombine as the temperature drops by 45 ºC and 

takes almost 10 minutes to recover back to over 880 ºC. 

Comparing the recombination chart of the 50:50 mixed batch with the recombination 

charts of each individual composition, figure 10.10, it can be observed that there is a clear 

difference with regards to drop in temperature during the recombination. The drop in 

temperature associated with the recombination of composition A is ~30 ºC which is less than 

that exhibited by the 50:50 mix, however the sample consisting solely of composition B 

experienced a drop in temperature of ~120 ºC. The time taken for the temperature to recover 

in both situations also follows the same pattern as does the difference in intensity of 

endothermic reaction. This could suggest that the additions of Dy and Co increase the 

intensity of the endothermic reaction in order to achieve full recombination. The mixture of 

the two compositions however does not allow the Dy and Co to have such a large effect on 

the endothermic nature of the recombination reaction. To justify this hypothesis it is important 

to analyse the recombination endotherm temperature across all of the mixed input feed 

samples. These temperatures and time taken to recover to processing temperature are shown 

in figure 10.12 below. 
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Figure 10.12. Lowest temperature during endothermic recombination reaction and time taken 

to recover to the processing temperature of mixed input feeds consisting of varies quantities 

of compositions A and B. 

  

 It can be observed from figure 10.12 that the lowest temperature exhibited by samples 

of mixed input feeds varies across the compositional range however there is no specific 

pattern with regards to quantity of composition B present within the sample. This could be 

just a random or alternatively it could simply be due to position of the thermocouple in the 

powder bed during processing. 

All of the samples of mixed composition exhibited a single smooth endotherm during 

recombination except for the samples containing 50% and 90% composition B. The 90% 

sample has a kink or shoulder at the beginning of the endotherm, possibly caused by two 

separate recombination reactions from the two compositions. The recombination chart of this 

sample is shown below in figure 10.13. The low point in recombination temperature of this 

sample is ~825 ºC, which is in between the 855 ºC exhibited by composition A ad 755 ºC 

exhibited by composition B again demonstrating a mixture of the effects of recombination of 
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compositions A and B. This kink in the recombination endotherm however could be an 

anomaly however as it was only experienced in one of the nine mixed input feed samples. 

 

 

Figure 10.13.Recombination chart of the sample containing 90% composition B exhibiting a 

kink at the start of the recombination endotherm. 

  

Looking at the microstructures of these mixed input samples shows that the HDDR 

process was completed successfully, converting the sintered microstructure into a fine grained 

powder. Figure 10.14 shows the microstructures of two particles from the 50:50 mix of 

compositions A and B. 
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Figure 10.14. Backscattered SEM micrographs of two particles from the 50:50 mix of 

compositions A and B processed at 880 ºC and 2000 mbar disproportionation pressure 

  

As with the samples processed at 880 ºC in chapter 8, the whole of the material 

appears to have successfully recombined into a fine grained microstructure evidenced by the 

finely redistributed Nd-rich grain boundary phase. There also appears to be large regions of 

oxidised Nd-rich remaining from the initial sintered microstructure as demonstrated more 

clearly in chapter 6 as well as regions of HDDR-induced cavitation caused by the 

redistribution of Nd-rich. However the bottom image in figure 10.14 has a few large matrix 
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grains present. This could be a particle of composition A where the over-processing occurred 

by raising the disproportionation pressure to 2000 mbar in order to process composition B 

after completion of processing composition A.  

 Scrap voice coil motor magnets of composition C were HD and HDDR treated in the 

same way as the previous samples of compositions A and B with the reaction schematic 

shown in figure 10.2. The composition of the VCM magnets has been added to table 10.2 for 

comparison against compositions A and B with regards to major constituents. It can be 

observed that composition C contains the least Nd and Dy, but the most Pr out of the three 

materials and also contains a small amount of Co. The additions found in composition C 

would suggest that the disproportionation peak should be between the peaks produced by 

compositions A and B due to the quantity of Co in the sample, however it can be observed 

from figure 10.15 that the start point of disproportionation is at the same pressure as 

composition A and disproportionation is completed by a lower pressure than composition A. 

This low disproportionation initiation pressure could be due to composition C 

containing the lowest total rare-earth quantity of all three starting materials or possibly due to 

the high level of Pr present within the structure. McGuiness et al. (2001) reported that Pr 

addition to NdFeB broadens the processing window in terms of process temperature when 

using the conventional HDDR method. With the v-Hd s-Dr or d-HDDR method being 

employed in this work, the Pr could broaden the processing window in terms of hydrogen 

absorption pressure as the temperature is constant. Alternatively the increase of 

disproportionation pressure could be influenced by the additions of both Co and Dy together 

as these elements are usually added to NdFeB simultaneously in order to improve both the 

Curie temperature and the coercivity of the magnet. The low Dy content in this case does not 

aid towards stabilising the Nd2Fe14B phase against disproportionation. Furthermore there 
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could be a lower threshold level of Co required to stabilise the matrix phase against 

disproportionation which is greater than the 1.4 atomic % found in composition C. 

Table 10.2. ICP analysis of alloys of Compositions A, B and C (atomic %). 

Alloy Nd Dy Pr Fe Co Al Nb B 

Composition A 13.4 0.7 0.04 78.6 Nil 0.7 0.4 6.2 

Composition B 12.5 1.8 0.2 72.6 5.0 0.9 0.6 6.4 

Composition C 11.6 0.6 1.6 77.9 1.4 0.7 Nil 6.1 

 

 

Figure 10.15. Comparison of disproportionation hydrogen absorption peaks for compositions 

A, B and C.   

 

 The low point of recombination temperature is shown in figure 10.16, where the 

endotherm reached 830 ºC, lower than that of composition A but not as low as composition B.  

The recovery time to reach processing temperature was ~11 minutes, again this is slower than 

that of composition A, and disagreeing with the principle that Co cobalt content speeds up the 
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recombination reaction. It can be said that with the s-DR processing route the Co content of 

the sample affects the low point of the endotherm during recombination however it does not 

speed up the reaction, whereas with conventional HDDR the Co content lowers the reaction 

temperature and speeds up the rate of reaction.  

 

Figure 10.16. Recombination chart of composition C showing the effect of sample 

temperature during the recombination reaction. 

 The magnetic properties of the sample of composition C after HDDR processing are 

shown in figure 10.17. It can be observed that there is a slight difference between the easy and 

hard directions of magnetisation, evidence of the anisotropic nature of the sample, however 

the remanence is >200 mT lower than exhibited by both compositions A and B after 

completion of HDDR. That being said, the remanence of the sintered starting material of 

composition C is lower than those of compositions A and B so this should not come as a 

surprise. A remanence of 600 mT is lower than almost all of the values exhibited by the 

mixed composition batches, however coercivity of 900 kA m
-1

 is much higher than exhibited 

by the other samples.  
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Figure 10.17. Demagnetisation quadrant of the hysteresis loop in the easy and hard 

directions of magnetisation for the HDDR treated sample of composition C. 

  

The microstructure of this sample is shown below in figure 10.18 which demonstrates 

the standard HDDR treated NdFeB-type structure of a fine grained Nd2Fe14B matrix separated 

by finely dispersed Nd-rich grain boundary phase. Large voids are observed where the Nd-

rich phase has redistributed from triple points within the previous sintered structure. There is 

no evidence of disproportionated structure, hence the HDDR reaction was completed 

successfully under the processing parameters set out at the beginning of this chapter.    
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Figure 10.18. Backscattered SEM micrograph of HDDR treated sample of composition C. 

  

It is clear to see that mixed input feeds can be processed simultaneously however there 

is a large amount of variation in the resulting magnetic properties. Although this situation is 

not ideal with regards to the production of bonded magnets, any HDDR powder produced 

from mixed feed stocks would require the quotation of minimum magnetic properties 

expected from the batch and could not be used in high-end or safety critical products. 

Ensuring well controlled and complete disproportionation and recombination is the key to 

successful processing of mixed input batches. Sorting of input feeds according to the 

application from which they were used in would provide assistance with limiting the range of 

compositions present in each processed batch. For example separating voice magnets from 

hard disk drive would lead to a narrow distribution of composition and would require a lower 

disproportionation pressure and over-processing could be avoided. Likewise magnets from 

electric or hybrid vehicle motors would likely be rich in Dy and Co and hence separating 

them prior to HD and HDDR would aid with processing parameter selection.
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Chapter 11  

 
RESULTS & DISCUSSION - BONDED MAGNETS 

 

 After completion of HDDR, the powders can be used to produce solid permanent 

magnets in a number of ways including; resin bonding, hot-pressing, and more recently by 

spark plasma sintering. In this section the focus will be on the production of bonded magnets. 

The bonded magnets in this case were produced from HDDR treated powders of composition 

A from a single 100 g batch. Producing magnets from one composition and one batch 

eliminates any variability in properties that could occur between batches. The 100 g batch size 

was chosen as this was the largest batch size which was very reproducible in terms of 

properties shown in chapter 9. The main ways of altering the bonded magnet type are by 

changing the binding agent and by production of isotropic or anisotropic magnets. 

 

Binding Agents 

The two binding agents used in this work were PTFE and epoxy resin.  

The PTFE is received as a fine powder which is mixed with the HDDR treated powder 

by hand with a pestle and mortar in a ratio 80:20 with regards to NdFeB:PTFE. Due to the 

fine nature of the PTFE powder, agglomeration and clumping occurs in the as-received 

powder during mixing with the NdFeB powder so the mix is not completely homogenous. 

Figure 11.1 shows a representation of how the PTFE mixes with the NdFeB if a cross section 

of a bonded magnet was taken. It can be observed that although the PTFE is mixed across the 

entire cross section, there are areas where clumping or agglomeration has occurred and that 
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the PTFE is not homogenously spread across the cross section of the magnet. This 

representation was formed from visual inspection of the magnets both during and after the 

production procedure. 

 

Figure 11.1. Representative schematic showing the mixing and agglomeration of PTFE 

through a cross section of an NdFeB bonded magnet. 

 

 Once the PTFE was mixed with the HDDR-treated NdFeB the mixture was placed 

into the magnet die in between two punch pieces with polished, flat surfaces against the 

powder mixture to create flat parallel surfaces on the top and bottom of the magnet. Once 

pressed and ejected from the die the magnet required heating in a vacuum furnace at a rate of 

5 ºC min
-1

 to 360 ºC and held for 5 minutes to cure the PTFE. The bonded magnet was then 

pulse magnetised before testing with a closed loop permeameter and a densitometer. 

 Preparation of epoxy resin bonded magnets was not as simple as the mixing process 

utilised with PTFE. The epoxy resin was received in two parts, one being large resin crystals 

and the other as fine resin hardening powder. The resin and hardener were mixed in a 10:1 

ratio resin to hardener in a glass beaker or petri dish. This mixture was then heated slowly on 

a hot plate in a carrier fluid such as industrial methylated spirit or cyclohexane, stirring 

Agglomerated 

PTFE 

Fine, well 

distributed  

PTFE 

NdFeB 
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continuously until the resin crystals have all dissolved. The NdFeB powder was then added in 

a ratio of 85:15 NdFeB to resin, and then mixed into the resin solution in order to coat every 

powder with the solution. The mixture was then removed from the hot plate, placed in a 

vacuum chamber and evacuated slowly to evaporate the carrier fluid. After evaporation the 

powder particles are agglomerated due to the coating of hardened epoxy resin during the 

drying process. Light grinding using a pestle and mortar removes the agglomeration, and then 

the coated powder particles were poured into a die. Once pressed the sample was ejected from 

the die and transferred to an oven and heated to 125 ºC for 2 hours to set the resin. This 

method has an advantage over PTFE in that the mixing of epoxy resin is homogenous as it 

coats each individual particle during the mixing and drying process. Figure 11.2 shows a 

representation of the coating of individual powder particles in epoxy resin. 

 

 

Figure 11.2. Schematic representation of how the epoxy resin solution coats individual 

particles during the mixing process to get homogenous mixing throughout the powder 
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Isotropic NdFeB Bonded Magnets 

 Isotropic bonded magnets were pressed in a simple 10 mm diameter cylindrical die 

using the Specac uniaxial press without the application of an external magnetic field. The 

magnetic domains within the powder are randomly scattered throughout the magnet both 

before and after pressing giving no preferred direction of magnetisation. Three PTFE bonded 

magnets and three epoxy resin bonded magnets were produced and are shown lined up 

alongside each other in figure 11.3. It can be observed that the three resin bonded magnets 

(left hand side) appear darker in colour than the PTFE bonded magnets as the particles are 

coated in the translucent resin. There also appears to be some bubbling on two of the epoxy 

resin bonded magnets possibly due to small pockets of air trapped under the epoxy resin layer 

which have expanded during heating. This is not evident in the PTFE bonded magnets as the 

particles have not been coated. 

 

 

 

Figure 11.3. Photograph of three isotropic epoxy resin bonded magnets (left) and three 

isotropic PTFE bonded magnets (right). 

  

Bubble affected surface 

Epoxy resin bonded PTFE bonded 
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The magnetic properties of the samples were measured first and then the densities of 

the samples due to the possibility of the diethylpthalate oil from the densitometer being 

absorbed by the magnet during density measurements. Table 11.1 show these measured 

properties for the five bonded magnets (not including the bubble affected epoxy resin bonded 

magnet) and the averages over the two sets of samples. 

 

Table 11.1. Magnetic properties and density measurements of the isotropic bonded magnets 

Sample Remanence (mT) Coercivity (kAm
-1

) Density (g cm
-3

) 

    

PTFE 1 417 478 5.68 

PTFE 2 543 628 5.80 

PTFE 3 515 605 5.69 

Average PTFE 492 570 5.72 

    

Epoxy 1 482 539 6.13 

Epoxy 2 427 650 6.02 

Average Epoxy 455 595 6.08 

 

 It can be observed that the densities of the epoxy resin samples are higher than those 

of the PTFE bonded magnets. This was to be expected due to the epoxy resin bonded magnets 

containing a higher proportion of NdFeB (85% compared to 80% in PTFE bonded magnets). 

The maximum theoretical density of the bonded magnets is calculated by the following 

equation. 
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where ρmax = maximum theoretical density VfNdFeB = Volume fraction of NdFeB 

 ρNdFeB = density of NdFeB  VfBinder = Volume fraction of binder 

 ρBinder = density of binder 

 

For epoxy resin;  ρmax = (7.5 * 0.85) + (1.1 * 0.15) = 6.375 + 0.165 = 6.54 g cm
-3

 

For PTFE;  ρmax = (7.5 * 0.80) + (2.2 * 0.20) = 6.000 + 0.440 = 6.44 g cm
-3

 

  

The maximum density achieved in the epoxy resin bonded magnets was 6.13 g cm
-3

, 

which is 0.41 g cm
-3

 lower than the theoretical maximum, but the average density across the 

two samples was 6.08 g cm
-3

, 0.46 g cm
-3

 lower than the maximum. These low densities can 

be attributed to the possibility of an inefficient packing density of the resin coated powders 

within the bonded magnets. With randomly shaped and sized HDDR NdFeB particles it is 

very difficult to press them to leave zero porosity. The maximum density of the PTFE 

samples in this case was 5.80 g cm
-3

, which is 0.64 g cm
-3

 lower than the theoretical 

maximum. This is a similar drop in density as shown in the epoxy resin bonded magnets and 

can therefore be attributed to the random distribution of particle shapes and sizes across the 

magnet. The variation of density across the samples was also similar to the PTFE magnets.  

The magnetic properties of the bonded magnets however do not follow the pattern 

expected from the two types of binding agent. It was assumed that the resin bonded magnets 

would exhibit higher magnetic properties especially with regards to remanence as there is a 

higher proportion of NdFeB present (85% compared to 80%) within these magnet types. The 
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actual remanence of the epoxy resin magnets averages at 37 mT lower than the average PTFE 

magnet remanence. The maximum remanence exhibited by the epoxy resin bonded magnets is 

61 mT lower than the maximum remanence produced by the PTFE bonded magnets. On the 

other hand, both the average and maximum coercivity of the magnets was exhibited by the 

epoxy resin bonded magnets is as predicted.  

Zhang et al. (2009) demonstrated that increasing the compression pressure to 620 MPa 

(~45 tons) when processing epoxy resin bonded magnets made from melt spun NdFeB 

powder led to an increase in remanence due to increased sample density. The pressure used in 

Zhang’s work is higher than the maximum pressure that can be achieved using the uniaxial 

press in the magnetic materials group (15 tons) and exceeds the rating of the die (10 tons). 

The local pressure applied on the magnet could be increased by using a smaller surface area 

die at the maximum applied pressure of the Specac press. The increased pressure would 

encourage a better compaction of the random shapes and sizes of HDDR powder particles in 

both the epoxy resin and PTFE magnets. The pressure used in this work may also be too low 

to liquefy the resin during uniaxial pressing as previously stated by Tattam (1996) and 

McCain (2012) where a pressure of 30 tons allowed for excellent densification of plate-like 

crushed melt spun ribbons coated with the epoxy resin.  

The demagnetisation quadrant of the hysteresis loops are shown in figure 11.4. It can 

be observed that all of the magnets exhibit demagnetisation curves with poor squareness. The 

squareness is poor due to the magnets being isotropic rather than anisotropic. As the magnetic 

moments are randomly oriented throughout the magnet, the amount of field produced in the 

direction of testing by each of these moments varies significantly. Some of the moments will 

be perpendicular to the testing direction and so do not add to the total magnetisation and some 

are at a 45º angle for example, meaning the contribution can be reduced to sin 45º as 
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measured using Pythagoras’ theorem. Not only is the magnetisation contribution of each 

moment different, the applied field required to demagnetise or flip that moment in the 

opposite direction also varies. Therefore each point on the demagnetisation curve represents 

the amount of these moments that have not been demagnetised by the applied field. In a 

perfectly aligned magnet, this line is horizontal and straight as all the moments will be 

demagnetised at the same point, the coercivity value. The fact that the demagnetisation curves 

in this case are not completely straight or linear suggests that the magnetic moment directions 

are not homogeneously spread throughout the magnets. 

 

Figure 11.4. Demagnetisation quadrants of the isotropic bonded magnets. 
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Anisotropic NdFeB Bonded Magnets 

 The production of anisotropic bonded magnets was largely unsuccessful due to 

inefficiencies of the laboratory equipment. Poor compaction was achieved due to insufficient 

force applied by the hydraulic ram. The alignment of the compacts was also very poor as the 

field on the aligning press is insufficient to align the powders. The densities and magnetic 

properties of the anisotropic magnets were lower than those exhibited by the isotropic 

magnets. Work is currently underway to improve the aligning press to allow for production of 

highly dense bonded magnets with a strong alignment direction. 
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Chapter 12  

 

 Conclusions and Future Work 
  

 This study was aimed at exploring the possibility of recycling scrap NdFeB-type 

magnets using a combination of the hydrogen decrepitation process and the hydrogenation 

disproportionation desorption and recombination process. A continual increase in demand for 

NdFeB-type permanent magnets and the well-publicised “rare-earth crisis” have led to a 

heightened awareness of potential shortfalls and instabilities of supply. Recycling magnets 

from end-of-life consumer products has been identified as one way in which a stable supply 

can be maintained. 

 

Development of Microstructure  

Using a starting material of uncoated scrap sintered magnets of composition A 

(Nd13.4Dy0.7Fe78.6Al0.7Nb0.4B6.2 (atomic %) with an oxygen content of 2665 ppm and traces of 

Pr 0.04 at%, Cu 0.04 at%, Mn 512 ppm, Si 427 ppm and N 90 ppm) it was possible to analyse 

the effect of different stages of the hydrogen decrepitation (HD) and hydrogenation 

disproportionation desorption and recombination (HDDR) reaction on the microstructure of 

the sample. Exposing the sintered magnet starting material to hydrogen at room temperature 

causes a 5% volume expansion due to hydrogen absorption, which leads to intergranular 

cracking and brittle fracture to form a hydrided powder known as the HD reaction.  

The hydrogen is desorbed from the material by heating in vacuum to the desired 

processing temperature for the start of the HDDR reaction. During the disproportionation 

stage of the HDDR reaction the hydrogen is initially absorbed along the grain boundaries 

starting at the particle surface and diffusing in towards the centre of the particle, which has 
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also been shown in the literature to be the same for cast alloys. This absorption is followed by 

disproportionation of the grain boundary phase and triple points, however, oxidised triple 

points remain unreacted, which differs from previous work on cast materials. Sintered NdFeB 

has a much higher oxygen content than cast alloys by an order of magnitude as well as a 

smaller grain size with more triple points. Thus the potential for oxidation at triple points is 

much higher in sintered alloys than in cast alloys. The disproportionation reaction then 

diffuses in towards the centre of the matrix phase grains from the grain boundaries and from 

the centre of the disproportionated triple points until the entire particle has completed 

disproportionation. The direction of the disproportionation reaction movement into the grains 

has been imaged for the first time by stopping the disproportionation reaction part-way 

through and using high resolution backscattered electron microscopy. The fully 

disproportionated structure consists of a rod-like structure of NdH2 surrounded by an α-Fe 

matrix with finely dispersed Fe2B particles as previously shown in the literature.  

By reducing the hydrogen pressure towards vacuum the disproportionated mixture 

begins the recombination reaction, and hydrogen is desorbed from the sample. The 

recombination appears to initiate at random across the entire particle. NdH2 from grain 

boundaries and triple points within the initial sintered microstructure redistribute around a 

fine Nd2Fe14B grain structure leaving regions of cavitation behind them which has previously 

been shown in cast alloys. It was shown that the oxidised triple points remain untransformed 

from the sintered microstructure and are present alongside the fine, redistributed Nd-rich grain 

boundary phase in the final HDDR processed microstructure which has not been previously 

reported. 
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Equilibrium Point & Recombination 

The equilibrium point between disproportionation and recombination has been 

measured using mass flow controllers to determine the pressure at which hydrogen is 

absorbed by the matrix phase. The hydrogen absorption and disproportionation was identified 

as three exothermic reactions. The first reaction is attributed to the absorption of hydrogen by 

the Nd-rich grain boundary phase. The second exothermic peak is associated with absorption 

of hydrogen by the matrix phase and the third peak is attributed to the disproportionation of 

the matrix phase. The three exothermic peaks identified in this work confirmed work in the 

literature performed by differential scanning calorimetry on sintered alloys. It was found that 

low disproportionation pressures however, can lead to incomplete disproportionation, 

resulting in a large grained (>10 µm) microstructure which has also been shown previously 

but only for the processing of cast alloys. 

During the recombination stage there are two stages of hydrogen desorption. The first 

stage is the hydrogen desorbing from the disproportionated mixture, and the second is the 

hydrogen desorbing from the NdH2 from the grain boundary phase, which is accompanied by 

an endothermic reduction in temperature. This is in agreement with previous work on cast 

alloys. It has been shown for the first time that the recombination of the Nd2Fe14B phase can 

be separated from the desorption of hydrogen from NdH2 by recombining at pressures >300 

mbar. Recombination hold times <25 minutes at 350 mbar led to incomplete recombination 

and poor magnetic properties of the resultant powder. Fast evacuation of hydrogen after 

completion of recombination results in higher remanence than slow hydrogen removal due to 

a reduction in over-processing and grain growth. The coercivity of samples processed at 

910 ºC, 800 mbar disproportionation pressure and 350 mbar recombination pressure is very 

low due to the high processing temperature, under-processing and large grain size due to 
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incomplete disproportionation and grain growth after completion of recombination. Both the 

incomplete recombination and the over-processed grain growth have been shown for the first 

time using backscattered scanning electron microscopy. 

 

Effect of HDDR Treatment Temperature 

The hydrogen absorption peaks during disproportionation were monitored for the first 

time using mass flow controllers and showed that the peak broadened with increasing reaction 

temperature, which indicated that the reaction rate is reduced as the temperature is increased.  

By completing the HD and HDDR reactions in-situ, the chance of oxidation was significantly 

reduced compared to loading in air. The samples processed in-situ initiated disproportionation 

at lower pressures than those loaded in air and processed at the same temperature, from which 

it could be deduced that the formation of oxides at triple points impedes the absorption of 

hydrogen. This is the first time that the effect of oxidation on the disproportionation reaction 

of sintered NdFeB has been demonstrated using mass flow controllers. The reaction finish 

points however, were almost identical for air-exposed and in-situ processed samples, which 

suggests that the disproportionation reaction is not kinetically controlled, as a reduction in 

initiation pressure would lead to a reduction in finish pressure as the pressure ramp rate was 

kept constant.  

Adapting the recombination stage by monitoring the recovery of temperature and level 

of vacuum (10
-2

 mbar) after the endothermic desorption associated with recombination 

significantly reduced the possibility of under-processing and incomplete recombination that 

was observed in chapter 7. For sintered starting materials of composition A, it was found that 

880 ºC was the optimum processing temperature as a clear peak in remanence, coercivity and 

maximum energy product were achieved by samples processed in-situ and after air-transfer.  
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Reproducibility and large batches 

 HD-treated samples of composition A transferred into the HDDR rig in air result in a 

blackened oxidised coating after completion of the reaction. The oxidised powder exhibits 

very poor magnetic properties and effectively dilutes the magnetic properties of the sample. 

The magnetic properties of the HDDR processed powders vary depending on proportion of 

oxidised powder in the measured sample. Homogeneous mixing of the powdered sample 

could significantly reduce or eliminate this variation. There was very little variation in 

magnetic properties between HDDR treated particles smaller than and bigger than 100 µm. 

After careful removal of the oxidised powder from the powder bulk, there is very little 

variation in magnetic properties across a single batch. 

Processing 20 g, 50 g and 100 g batches shows very little variation in magnetic 

properties in terms of remanence and coercivity. Increasing the batch size to 400 g however, 

leads to large variations in magnetic properties due to a combination of incomplete 

recombination and the effect of the large endothermic reaction that occurs during 

recombination. The variation in magnetic properties when scaling up batch size has only 

previously been demonstrated for isotropic material produced from cast alloys which also 

showed small amounts of variation. The incomplete recombination reduces the coercivity due 

to the presence of soft magnetic iron in the disproportionated mixture nucleating reverse 

domains during magnetisation reversal. The remanence of samples from the 400 g batch is 

lower than samples from 20, 50 and 100 g batches due to a mixture of incomplete 

recombination and a reduction in anisotropy due to large endothermic temperature 

fluctuations during recombination. This effect of scaling up anisotropic HDDR processing has 

not been reported for recycling of sintered NdFeB. An adaptation to the HDDR system to 

compensate for temperature fluctuations would improve processing of large batches. 
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Mixed Input Feeds 

Samples with different starting compositions react differently during hydrogen 

decrepitation. Samples with low Dy and zero Co absorb hydrogen over a broad peak, whereas 

samples containing 1.8 at% Dy and 5 at% Co absorb in one sharp peak accompanied by a 

large exothermic increase in temperature. This comparison has not previously been studied for 

processing of sintered NdFeB alloys. The initiation time of decrepitation is determined by 

surface roughness, not sample composition as it is not consistently reproducible.  

Input feeds containing 1.8 at % Dy and 5 at% Co require a higher disproportionation 

pressure than low Dy and low Co containing samples as Dy and Co stabilise the Nd2Fe14B 

phase against disproportionation, which has been previously demonstrated for cast alloys only 

using conventional HDDR. Increasing the disproportionation pressure for low Dy, Co- free 

samples reduces the remanence of the resultant powder due to over-processing. Mixed input 

feeds can be processed simultaneously by increasing disproportionation pressure to ensure 

complete disproportionation. The disproportionation of each mixed input feed can be used to 

identify the amount of each composition present in the mixture by looking at the hydrogen 

absorption traces. However, incomplete recombination can be observed in the batches of 

mixed compositions. A large variation of magnetic properties across the samples is attributed 

to a combination of over-processing of low Dy and Co containing input feed during 

disproportionation and changes in the recombination reaction temperature due to the 

endothermic nature of the reaction leading to incomplete recombination. This is the first time 

that the HDDR process has been used to process mixed input feeds that represent real scrap 

feeds for recycling and is an original piece of work. 
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Bonded magnets 

Isotropic bonded magnets made from HD and HDDR recycled sintered NdFeB can be 

produced using epoxy resin or PTFE as binding agents. The epoxy resin method ensures each 

particle is coated due to mixing in a carrier fluid but requires a relatively long preparation and 

curing time. The PTFE bonding method requires very little preparation time however, 

inhomogeneous mixing does not ensure complete particle coating. The average density of the 

bonded magnets is ~0.6 g cm
-3

 lower than the theoretical maximum, which is attributed to the 

large range of particle shapes and sizes within the fully processed powder. 

Production of anisotropic magnets has been unsuccessful to date due to a combination of low 

hydraulic pressure in the ram system resulting in reduced pressing pressures and a poor 

alignment field. 
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Future Work 

 Improve the HDDR rig to allow increased control of pressures <300 mbar 

 Improve the HDDR rig to compensate for temperature fluctuations during 

disproportionation and recombination  

 Improve vacuum capabilities for better oxygen control 

 Increase the volume capabilities for processing large batches 

 Investigate effect of more compositional ranges and additives on HDDR processing of 

sintered magnets 

 Improve mixing process for multi-composition input feeds 

 TEM analysis on the triple points that remain unreacted throughout the HDDR process 

 Analyse blackened and grey powders using techniques such as XRD, SEM and WDS 

to determine composition and phase presence  

 Determine exact nucleation method for recombination to deduce whether kinetically 

or diffusion controlled 

 Change dies for isotropic bonded magnets to allow higher compaction pressures 

 Use lower viscosity binding agents to aid with densification 

 Improve the aligning press to allow for production of high density anisotropic bonded 

magnets 
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Appendix 

 

Chapter 4 – Materials and Methods 

 
 

Measurement Uncertainty Analysis for Permeameter and VSM 

Permeameter Measurements

Source of Uncertainty ± % Probability distribution Divisor Standard Uncertainty Source of Uncertainty ± % Probability distribution Divisor Standard Uncertainty

Measurement of H Measurement of Hc

Pick up coil calibration 0.5 Normal 2 0.25 Pick up coil calibration 0.5 Normal 2 0.25

Integrator calibration (man spec) 1 Normal 2 0.5 Integrator calibration (man spec) 1 Normal 2 0.5

Repeatability 0.3 Rectangular √3 0.17320508 Repeatability 0.5 Rectangular √3 0.2886751

Zero-ing of external field 0.1 Rectangular √3 0.05773502 Searching for Hc 0 Rectangular √3 0

Effect of temperature fluctuation 0.2 Normal 2 0.1 Effect of temperature fluctuation 0.2 Normal 2 0.1

Sum of squares 1.39 Sum of squares 1.54

Combined Uncertainty Assumed Normal 1.178982612 Combined Uncertainty Assumed Normal 1.240967365

Expanded Uncertainty Assumed Normal (k=2) 2.357965225 Expanded Uncertainty Assumed Normal (k=2) 2.481934729

Declared Uncertainty 2.40% Declared Uncertainty 2.50%

at a confidence level of 95% at a confidence level of 95%

Measurement of J Measurement of remanence

Fluxmeter calibration (man. Spec.) 1 Normal 2 0.5 Fluxmeter calibration (man. Spec.) 1 Normal 2 0.5

Sample diameter 0.1 Normal 2 0.05 Sample diameter 0.1 Normal 2 0.05

Sample cross sectional area 0.1 Normal 2 0.05 Sample cross sectional area 0.1 Normal 2 0.05

Repeatability 0.3 Rectangular √3 0.17320508 Repeatability 0.5 Rectangular √3 0.2886751

Effect of temperature fluctuation 0.2 Normal 2 0.1 Effect of temperature fluctuation 0.2 Normal 2 0.1

Sum of squares 1.15 Sum of squares 1.31

Combined Uncertainty Assumed Normal 1.072380529 Combined Uncertainty Assumed Normal 1.144552314

Expanded Uncertainty Assumed Normal (k=2) 2.144761059 Expanded Uncertainty Assumed Normal (k=2) 2.289104628

Declared Uncertainty in J 2.20% Declared Uncertainty in Remanence 2.30%

at a confidence level of 95% at a confidence level of 95%

VSM Measurements

Source of Uncertainty ± % Probability distribution Divisor Standard Uncertainty Source of Uncertainty ± % Probability distribution Divisor Standard Uncertainty

Measurement of H Measurement of Hc

Field Accuracy 0.05 Normal 2 0.0025 Field Accuracy 0.05 Normal 2 0.0025

Field Stability 0.05 Normal 2 0.0025 Field Stability 0.05 Normal 2 0.0025

Repeatability 0.15 Rectangular √3 0.08660254 Repeatability 0.15 Rectangular √3 0.08660254

Absolute Accuracy 0.2 Rectangular √3 0.115470054 Absolute Accuracy 0.2 Rectangular √3 0.115470054

Output Stability 0.05 Rectangular √3 0.028867513 Output Stability 0.05 Rectangular √3 0.028867513

Effect of Temperature Fuctuation 0.2 Rectangluar √3 0.115470054 Effect of Temperature Fluctuation 0.2 Rectangular √3 0.115470054

Sample Alignment (1/180ºC) 0.0055 Rectangular √3 0.003175426

Sum of squares 0.11 Sum of squares 0.11003025

Combined Uncertainty Assumed Normal 0.331662479 Combined Uncertainty Assumed Normal 0.331708079

Expanded Uncertainty Assumed Normal (k=2) 0.663324958 Expanded Uncertainty Assumed Normal (k=2) 0.663416159

Declared Uncertainty 0.70% Declared Uncertainty 0.70%

at a confidence level of 95% at a confidence level of 95%

Measurement of J Measurement of remanence

Calibration Stability 0.01 Normal 2 0.005 Calibration Stability 0.01 Normal 2 0.005

Repeatability 0.15 Rectangular √3 0.08660254 Repeatability 0.15 Rectangular √3 0.08660254

Absolute Accuracy 0.2 Rectangular √3 0.115470054 Absolute Accuracy 0.2 Rectangular √3 0.115470054

Output Stability 0.05 Rectangular √3 0.028867513 Output Stability 0.05 Rectangular √3 0.028867513

Effect of Temperature Fluctuation 0.2 Rectangluar √3 0.115470054 Effect of Temperature Fluctuation 0.2 Rectangular √3 0.115470054

Sample Alignment (1/180ºC) 0.0055 Rectangular √3 0.003175426 Sample Alignment (1/180ºC) 0.0055 Rectangular √3 0.003175426

Sample Mass 0.1 Normal 2 0.05

Sum of squares 0.10513025 Sum of squares 0.11513025

Combined Uncertainty Assumed Normal 0.324237953 Combined Uncertainty Assumed Normal 0.339308488

Expanded Uncertainty Assumed Normal (k=2) 0.648475905 Expanded Uncertainty Assumed Normal (k=2) 0.678616976

Declared Uncertainty in J 0.70% Declared Uncertainty in Remanence 0.70%

at a confidence level of 95% at a confidence level of 95%

Figure App. 4.4 
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Chapter 8 - Effect of HDDR Treatment  

Demagnetisation curves for figure 8.5. 

 
Figure App.8.5A       Figure App.8.5B 
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Figure App.8.5C       Figure App.8.5D 

 
Figure App.8.5E       Figure App.8.5F 
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Demagnetisation Curves for figure 8.9 

 
Figure App.8.9A       Figure App.8.9B 

 
Figure App.8.9C       Figure App.8.9D 
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Figure App.8.9E       Figure App.8.9F 
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Chapter 9 – Reproducibility & Large Batches 

Demagnetisation Curves for Figure 9.3 

 
Figure App.9.3A       Figure App.9.3B 
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Figure App.9.3C 

 

Demagnetisation Curves for Figure 9.4. 

 
Figure App.9.4A       Figure App.9.4B 
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Figure App.9.4C       Figure App9.4D 

 
Figure App.9.4E       Figure App.9.4F 

 



Appendix 

287 

 

Demagnetisation Curves for Figure 9.5 

 
Figure App.9.5A       Figure App.9.5B 

 
Figure App.9.5C 
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Demagnetisation Curves for Figure 9.6 

 
Figure App.9.6A       Figure App.9.6B 

 
Figure App.9.6C       Figure App.9.6D 
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Figure App.9.6E       Figure App.9.6F 

 
Figure App.9.6G 
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Chapter 10 – Mixed Input Feeds 

 

Table App.10. Magnetic Properties from all samples for Figures 10.7, 10.8 and 10.9 

 

 

 

 

 

 

 

 

  

100% A 90% A 

10% B 

80% A 

20% B 

70% A 

30% B 

60% A 

40% B 

50% A 

50% B 

40% A 

60% B 

30% A 

70% B 

20% A 

80% B 

10% A 

90% B 

100% 

B 

Coercivity (kA/m)                       

Sample1 840 839 765 792 728 733 719 750 792 668 744 

Sample2 860 846 762 779 751 730 705 770 781 572 742 

Sample3 805 810 748 760 748 645 669 849 750 595 750 

Average 835 832 758 777 742 703 698 790 774 612 745 

Remanence (mT)                       

Sample1 840 700 900 710 850 890 690 840 650 460 830 

Sample2 850 600 880 730 760 680 690 780 660 910 940 

Sample3 840 830 800 735 740 620 810 590 710 730 870 

Average 843 710 860 725 783 730 730 737 673 700 870 

(BH)max (kJ/m3)                       

Sample1 100 85 112 74 90 107 69 103 63 30 104 

Sample2 108 61 110 80 81 63 67 91 63 97 117 

Sample3 96 91 89 71 77 57 89 50 74 70 111 

Average 101 79 104 75 83 76 75 81 67 66 111 
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