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Synopsis

Nd-Fe-B magnets are used in a number of important applications, such as generators in gearless wind
turbines, and in electric motors for vehicles and computer hard drives. In recent years there has been a
big drive towards recycling of NdFeB magnets due to supply constraints for rare earth metals. Workers at
the University of Birmingham have previously shown that hydrogen can be used as a processing gas to
reduce NdFeB magnets to a soft magnetic hydrided powder which can be removed from electronic
components (using the hydrogen decrepitation process — HD) [Walton et al, 2012]. The extracted
material can be used to re-manufacture new NdFeB magnets directly from the alloy powders. The work
outlined in this project has focused on the use of hydrogen to remove individual or all sintered NdFeB
magnets from large commercial rotor assemblies, with the aim of re-using the underlying structure once
the magnets are removed. Masking agents were successfully used to protect some regions on
commercial assemblies during hydrogen decrepitation which resulted in targeted removal of specific
magnets. The thermal and mechanical impact of the hydrogen decrepitation process was assessed during
hydrogen processing. For all forms of sintered NdFeB scrap the surface condition of the magnets is
important as oxidation has been shown to inhibit the onset of the hydrogen decrepitation process. In this
work a systematic study has been performed on the early stages of oxidation in atmospheric conditions
using raman spectroscopy, scanning electron microscopy and 3-D laser confocal microscopy. The
oxidation behaviour has been shown to be quite different from previous studies on bulk sintered
magnets at higher temperatures [Edgley, 1997] with grain boundary oxidation dominating in this lower
temperature regime. It is evident that to guarantee that the hydrogen decrepitation process will be
successful some surface damage will be required to break up the oxide prior to hydrogen processing. In
this work the surface damage was created by scoring the surface of the magnets with a scalpel. In the
final part of this project the impact of encapsulation on NdFeB magnets was investigated during the HD

process by sleeving sintered NdFeB magnets in copper.
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1. Introduction

Rare earth permanent magnets based upon neodymium-iron- boron (NdFeB) are used in a wide range of
applications. These include electronic equipment such as hard disk drives and clean energy technologies
such as generators in gearless wind turbines and electric motors in hybrid and electric vehicles. By using
NdFeB magnets in wind turbine generators, it is possible to manufacture the device as a direct drive
machine. This allows the blades to spin at the same speed as the generator, removing the need for a
gearbox. This is an advantage for offshore wind turbines where it can be very expensive to replace the

gearbox, which is the component most likely to fail.

If permanent magnet wind generators are introduced on a large scale (most are currently induction
machines) this will require large quantities of rare earth materials; with each permanent magnet wind
turbine containing around 0.5-0.75 tonnes per megawatt of rare earth permanent magnets (Gutfleisch,
2011). When this is coupled with the fact that many countries including the United Kingdom, the United
States and China are installing large numbers of offshore wind turbines in order to meet their growing

energy demands, then this will put considerable strain on the rare earth supply chain (Figure 1).

World Total Installed Capacity [MW]

Figure 1 — World total installed capacity of wind turbines in MW. Gutfleisch, 2011.

China currently produces over 95% of the world’s rare earth elements including neodymium, dysprosium



and samarium, which are used to make rare earth magnets. In 2006, China began to impose restrictions
on the export of these materials with the quota being cut by 40% in 2010. The result of this was that the
price of neodymium rose from around $20/kg in 2009 to around $200/kg in March 2012 peaking at

$450/kg in July 2011 (www.metal-pages.com/metalprices/neodymium[date accessed 04/12/12]). Not

only has the material increased significantly in price and become difficult to source, but also the delivery
times of the material have increased significantly which has caused big problems for end users of these

materials.

14.2%

163%

=——16,2%
mUSA Chira B Germany
W Spain u India » [taly
® France United Kingdom ¥ Portugal
m Denmark Rest of world

Figure 2 - Percentage of wind energy produced by countries worldwide. Gutfleisch, 2011.

The shortfall in rare earth material could be solved using various routes;

e Firstly, alternative technologies could be considered, for example using existing induction
technology for wind turbines or electric vehicles. However, this would potentially result in a drop
off in efficiency.

e New mines could be opened to increase the production of rare earth materials outside of China.
However new mining operations can take up to 20 years to start up so this is a long-term
solution.

e Todevelop a new substitute permanent magnetic material, use alternative magnetic materials

or reduce the rare earth content of magnets. Researchers around the world have been searching


http://www.metal-pages.com/metalprices/neodymium%5bdate

for an alternative for NdFeB since its discovery in 1984 without success. Although some current
research is focused in this area (for example on MnB [Chinnasamy et al, 2012]). Some end users
of NdFeB magnets have switched back to SmCo magnets. However, this is associated with a
reduction in magnetic remanence and therefore the device will be less efficient. There are many
workers around the world investigating the reduction of the neodymium and dysprosium
content of NdFeB magnets (Gutfleisch et al, 2012). Although this work has proved successful,
this will only help reduce the problem of supply.

e Another possible solution would be to recycle NdFeB magnets that are contained within
electrical equipment. At present, there is no fully commercial activity on recycling of rare earth
magnets worldwide. The Magnetic Materials Group (MMG) at the University of Birmingham is
investigating the use of hydrogen to extract magnets from electrical goods and to then reprocess

that material into new magnetic materials [Walton et al, 2012 & Zakotnik et al, 2009].

The current investigation proposes a method to recycle magnets and assemblies from medium to large
scale devices such as generators and motors, which can be found in electric vehicles such as the Electric
Smart Car. It can be difficult to remove these magnets as the magnets are magnetized and then glued
into the assembly. Currently the only way to remove these magnets is to “chisel-off” the magnets from
the rotor. This causes problems as the magnet material is still magnetised and will therefore stick to the
remaining magnets. A further problem may be that chiselling the magnets may cause damage to the

underlying shaft that could potentially be re-used.

The aim of this project is to investigate whether hydrogen gas can be used to remove NdFeB magnets
from motor assemblies by breaking the magnets into a hydrided powder. The same technique will be
used to selectively target magnets that have been damaged in operation or have been glued into the
assembly in the wrong orientation by using masking agents to protect some of the magnets from
reaction in hydrogen, the aim being to remove single/sections of magnet from an assembly without

damaging the remaining substrate or magnets. In order to ensure no damage is caused to the
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surrounding magnets and to the steel assembly the thermal and mechanical impact of the hydrogen
treatment will be characterised. Several barrier coatings will be investigated to protect the NdFeB

magnets from hydrogen decrepitation.

One of the challenges faced by recycling of rare earth magnets is the starting condition of the scrap
material. Scrap magnets are likely to have a considerable surface oxide that could potentially prevent the
initiation of hydrogen decrepitation on the magnets surface. Therefore as part of this project, the growth
rate and form of oxides on sintered NdFeB magnets will be analysed using a confocal laser microscope
combined with Raman Spectroscope. The effect of surface oxides on the initiation of hydrogen

decrepitation will be investigated as well as the impact of surface damage to those oxide layers.



2. Literature Survey

The first recorded discovery of magnetism dates back 4000 years ago to the Chinese who discovered
Lodestone based upon Fe;0,4. The name Lodestone comes from the Latin ‘to lead’, this is because the

first application of lodestone was in a compass.

The next milestone in the development of the magnet was by William Gilbert in the 16" century who
wrote ‘De Magnete’. He theorised that the Earth possessed a magnetic field and this was the reason for
the compass needle pointing in the northerly direction. In this work, he also proposed that there were
three ways in which a steel compass needle could be magnetised. The first was to touch the needle with
alodestone. The second was to cold draw the steel when it is in the north-south direction and the third

was by prolonged exposure to the earth’s magnetic field whilst in the north/south direction.

In the 18" century, the first permanent magnets were developed which were based upon Magnetic
Carbon Steels. These steels, which are commonly alloyed with tungsten or chromium and heat-treated,

have a much higher energy product than lodestone.

Christian Oersted discovered the effects of electrical currents on magnetic fields in the 19" century. He
found that when a wire carrying an electrical current was brought into close proximity with a compass,
there would be a deflection of the compass needle. Andre Marie Ampere also discovered that when two
wires were placed in parallel to one another carrying a current, they would attract each other if the

current was in the opposite direction and repel each other if the current was in the same direction.

It was during the 20" century that permanent magnet materials started to be developed further and
used in various applications. In 1917, Japanese investigators Honda and Takagi discovered a steel based
magnet that contained 30-40% cobalt plus some tungsten and chromium, this produced a magnet with a
higher coercivity than had been seen before of 18.3 kA/m with an energy product of 8 ki/m® (Cullity,

2009).



In 1931, Alnico magnets were introduced by T. Mishima in Japan. (Cullity, 2009). These magnets were
comprised of Al, Ni and Co and were therefore called the ‘Alnico’ magnets. Due to the shape anisotropy
of the grains they had a much higher coercivity than the steel magnets that were used before (32 kA/m)
and have a high temperature stability and Curie temperature (800°C). Due to this property the Alnico

magnets are still used for some niche applications today.

The ferrites were the next development in permanent magnets and were first discovered in the 1950'’s.
These magnets are commonly known as ceramic magnets and have a relatively high coercivity value 100-
300 kA/m). However as the magnets demonstrate ferromagnetic behaviour they have a low remanence
(200-500 mT)and this therefore hinders the maximum energy product. The ceramic magnets are typically
based upon strontium ferrite (SrFe1,010), barium ferrite (BaFe;,01¢) or cobalt ferrite (CoFe,0,) and are

very cheap and relatively easy to process (McGuinness, 1989).

4004 L 50
Nd-Fe-B
—~ 320- - 40—
E 3
=3 Smy(Co-Fe-Cu-Zr), =
> é’_ %
S 240+ Smy(Co-Fe-Cu)y; -30 g
— ”:-“ ,u.'l_! —
z Sm-Pr-Cos s &
Sintered SmCo,
1604 8 L 20
80+ A chlumnarA!nicoTSmCo5 — 10
Alnico A ' Ba-Sr-Fermite
Mi-Steel
KS Steel . el YCosa!
1920 1930 1940 1950 1960 1970 1980 1990

Year

Figure 3 - A history of permanent magnet development in the 20th Century -
http://www.magnets.bham.ac.uk/magneticmaterials/historupdate y.shtml <viewed on the
29/06/2011>

There was a realisation that in order to gain higher coercivity values, higher levels of magnetic anisotropy
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must be obtained (McGuinness, 1989). This could be achieved by implementing a material that had an
anisotropic crystal structure, such as a hexagonal or tetragonal crystal structure. During the 1960’s, the
first rare earth magnets were developed by Strnat (1967) based upon SmCo as shown in Figure 3. These
permanent magnets contained the rare- earth element Samarium and had a much higher energy product
than other competing magnets at the time. The most useful was SmCos that had high magnetocrystalline
anisotropy and therefore high coercivity. These magnets were first produced by polymer bonding;
however, they were then sintered in order to produce fully dense magnets that had a higher maximum
energy product (Ormerod et al, 1997). These materials have a high coercivity and an energy product that
is only bettered by NdFeB magnets. However, they have traditionally been expensive due to the relative
scarcity of Samarium when compared to other rare earth materials, and the high value of cobalt

(Ormerod et al, 1997).

There are two forms of samarium cobalt magnets, SmCos and Sm,Co4;. SmCos has a hexagonal crystal
structure and SmCos magnets have been reported with energy products as high as 159 kJ/m?>. The second
form is Sm,Co,;. Song et al [2009] reported that there are three kinds of crystal structures present at
room temperature in Sm,Co,7; rhombohedral and two hexagonal type structures. Sm,Co,; has a very

fine microstructure consisting of bands of SmCos separated by regions of Sm,Co,; (Cullity, 2009).

NdFeB magnets were discovered in 1983 by Sumitomo Special Metals in Japan and displayed very high
energy products. This brought them into competition with the SmCo magnets that were the dominant
permanent magnets throughout the 1970’s (Cullity, 2009). During the 1980’s, two different processing
routes were discovered for the NdFeB magnets. Firstly there was the powdered processing route by

Sagawa et al (1984) and secondly the melt quenching route which was discovered by Croat et al in 1984.

NdFeB magnets possess the highest energy product of all the permanent magnets with theoretical
energy products of 509 kJ/m? (Popov, 2010). However, these magnets suffer from two disadvantages

over other permanent magnetic materials; they have a relatively low Curie point which is 312°C (Sagawa,



1984) and low corrosion resistance (Coey, 1995).

2.1. Properties of Permanent Magnetic Materials

The magnetic field developed in a permanent magnet originates from the orbital motion and spins of the
electrons. In atoms with complete electron shells the net effect of the electron motion is countered by
one of opposing polarity and there is therefore no contribution to the magnetic moment of the atom.
However, in atoms without a full electron shell there may be an imbalance in polarity that has a

contribution to the magnetic moment of the atom.

There are two main systems of units in the study of magnetism; these are the mks (metres-kilograms-
seconds) system and the cgs (centimetres-grams-seconds) system. The mks system is most commonly
used and it has been adopted as the S.I. units. However, the cgs system is popular as there is a closer
numerical equivalence between the magnetic induction (B) and the applied field (H). A comparison

between the two unit systems is shown in Table 1.

Table 1 -A comparison between the cgs system of units and mks system of units in the study of

magnetism.

Quantity Gaussian S.I. Units Conversion factor

(cgs units) (cgsto S.I)
Magnetic Induction (B) G T 10*
Applied Field (H) Oe Am’! 10° / 4w
Magnetisation (M) emu cm™ Am’ 10°
Magnetisation (47M) G - -
Magnetic Polarisation (J) - T -
Specific Magnetisation (&) emu g’ TT ke 1
Permeability () Dimensionless Hm' 47,107
Relative Permeability (1) - Dimensionless -
Susceptibility () emu cm” Oe”' | Dimensionless 47
Product of B. H M G Oe kJm~ 10°/4 7

The magnetic behaviour of all materials can be divided into 5 main categories: paramagnetic,
diamagnetic, ferromagnetic, anti-ferromagnetic, and ferri-magnetic. These materials can be identified by

their susceptibility (x in table one), which is described below.

M
*=H Equation 1



Where M is the magnetisation of the material with units (JT"m™). This is a measure of the magnetic
moment per unit volume. H is the applied field with units (Am™). The susceptibility of a material

describes its response to an applied field.

Another important factor that must be considered in a magnet is the magnetic induction (B). This can be

described by.

B = uy(H+ M) Equation 2

The magnetic induction (B) describes the total magnetic flux through a unit cross sectional area. Where
Lo is the permeability of free space. M is the magnetisation of the material with units (T'm?®). His the

applied field with units (Am™).

The magnetic polarisation (J) is another useful parameter and can be used in the S.I. unit system to

express the magnetisation of a sample in Tesla.

J = HoMs Equation 3

Saturation magnetism M is an important measure in magnetism as it describes the maximum field that

can be generated by a material.
2.2. Types of Magnetism

2.2.1. Paramagnetism

Paramagnetism occurs when atoms have randomly orientated magnetic moments when a magnetic field
is applied. A small positive magnetisation is produced in the direction of an applied magnetic field. The
interactions are very small when compared with the thermal energy. This causes the alignment of the
atoms to be random and fluctuating (J.C. Anderson, 1990). There is a very low susceptibility associated

with paramagnetism that is lost when the magnetic field is removed.



2.2.2. Diamagnetism

When a magnetic field is applied to a diamagnetic material, there is a weak magnetisation in the
direction opposite to that of the applied magnetic field. The susceptibility of these materials is small and
negative. Ohring (1995) described how Diamagnetism is a manifestation of Lenz’ Law when it is applied
to a current loop. The motion of the electrons can be described as a current loop and if a magnetic field
is applied to the loop then the current flows and a magnetic field occurs which counteracts the applied
field. This effect can be seen in all materials; however, it is often overshadowed by other contributions
due to the low susceptibility of the diamagnetic effect. Diamagnetism is the most common type of

magnetism to arise in elemental materials, as demonstrated in the periodic table in Figure 4.

2.2.3. Ferromagnetism

There are only three ferromagnetic elements at room temperature, nickel, cobalt and iron (Figure 4).
All of these elements have permanent magnetic moments that remain when a magnetic field is
removed as can be seen in

Table 2. When a magnetic field is applied to a ferromagnetic material, there is an alignment of the

magnetic moments with the magnetic field. These materials have large positive susceptibility.

Ferromagnetic materials are subject to the Curie-Weiss law that states that the susceptibility of a
ferromagnetisinversely proportional to the temperature difference from the Curie point (McGuinness,
1989). This is due to the disordering effect of the thermal energy on the lattice that causes the alignment
of the atomic moments to be reduced (J.C. Anderson, 1990). The Curie temperature is the temperature
at which the forces trying to align the magnetic moments are not strong enough to overcome the effect

of the thermal disordering. The curie temperature of a material is explained by the equation below.

T-T, Equation 4

Where C is a Curie constant for the material, T is the absolute temperature and T¢ is the Curie
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temperature in Kelvin.

2.2.4. Ferrimagnetism

The origin of Ferrimagnetism arises from magnetic ions located within the sub lattices that have different
magnetisations and spin orientations (Ohring, 1995). This causes the magnetic moments to have an anti-
parallel alignment, with alternate atoms having magnetic moments pointing in opposite directions, AND
with the strength in each direction being unequal (Jakubovics, 1994). Therefore, these moments do not
cancel each other out (J.C. Anderson, 1990). The susceptibility of ferrimagnetic material is large and in

the positive direction. These materials are useful as they are often electrical insulators.

2.2.5. Anti-ferromagnetism

These materials have a small positive susceptibility that is similar in magnitude to that of paramagnetic
materials. In Antiferromagnetic materials, the direction of the electron spins alternate up and down in
adjacent atoms (Ohring, 1995). This anti-ferromagnetism is subject to the Néel temperature which is the
temperature above which the thermal disordering becomes great enough for an anti-ferromagnetic or

ferromagnetic material to become paramagnetic.

2.3. Magnetocrystalline Anisotropy

Most permanent magnetic materials have a preferred direction of magnetisation known as the easy axis
of magnetisation. This is due to spin orbit coupling with the crystal lattice. In some materials there is only
one preferred axis as in cobalt. This is called uniaxial magnetocrystalline anisotropy. Anisotropy can also
be developed by changing the microstructure of a material, for example long particles/grains will

demonstrate an easy axis of magnetisation along the long axis of each particle/grain.
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1 2
H [] Ferromagnetic  [] Antiferromagnetic He
314 [] Paramagnetic = [ Diamagnetic [ 3 [ ¢ [ 7 [ s [2 [ ®
Li |Be B|C|N|O|F |Ne
Na [Mg Al|Si|P|s |Cl|Ar
K |Ca| Sc | Ti |V [Cr|Mn|Fe|Co|Ni|Cu|Zn|Ga|Ge| As Br | Kr
37 38 39 40 41 42 43 44 45 46 47 48 45 50 51 32 53 34
Rb[Sr| Y |Zr |Nb/Mo|Tc|Ru|Rh|Pd{Ag|Cd|In|Sn|Sb|Te| I |Xe
35 36 57 72 73 T4 75 76 77 78 79 30 81 82 83 84 85 36
Cs|Ba|La| |Hf [Ta| W|Re|Os| Ir | Pt |Au|Hg| Tl | Pb| B1 |Po | At [Rn
37 | ss | 80 ||
Fr |Ra|Ac| |

v

38 59 60 61 62 63 64 63 66 67 3] 69 T0 71

Ce| Pr |Nd |[Pm|Sm|Eu|Gd|Tb|Dy|Ho | Er |Tm|Yb|Lu

Figure 4 - A periodic table showing the elements that are ferromagnetic, paramagnetic,

antiferromagnetic and diamagnetic. Zakotnik 2004.
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Table 2- A summary of the five types of magnetism with their magnetic behaviour where M is
Magnetisation and H is applied field. Zakotnik, 2004.
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2.4. Magnetic Hysteresis

A ferromagnetic material will demonstrate spontaneous magnetisation. However, in some instances no
net magnetisation is produced. Domains are regions in the material where the dipole moments are
aligned in one direction. If all the domains in a ferromagnetic material are aligned in one direction then
the sample will have a net magnetisation, however, if there is a random alignment of the domains then

the net magnetisation can be zero.

When a magnetic field is applied to a non-magnetised ferromagnetic material then the domains that are
orientated in the same direction as the applied field will grow preferentially to those in opposing
directions until the saturation magnetisation is reached. A permanent magnetic material will retain its
internal magnetism when the applied field is subsequently reduced to zero. This is due to the limitation
of the growth or the movement of domains (see coercivity mechanisms). The response of a

ferromagnetic material to an applied field can be classified by its hysteresis loop (Figure 5).
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Figure 5 - Hysteresis Loop for a ferromagnetic material.

When the applied field is removed (H=0) the polarisation that remains in the magnet once the applied
field is removed is known as the remanence (B, or J,) [Figure 5]. A negative field is then applied to the
sample that reduces the polarisation (red line) of the material to zero; the magnitude of this negative
applied field is known as the intrinsic coercivity [Figure 5]. The inductive coercivity is determined by the
field required to reduce induction to zero. The blue line on Figure 5 displays the induction curve which is

a plot of the total flux in the magnet.

The maximum energy product is the product of B and H and is a measure of the useful work that a
magnet can perform. It is measured by the largest square that will fit under the induction line in the
second quadrant of the hysteresis loop. The maximum energy product is an important measure in the
field of magnetism as it is used as a figure of merit. The higher the maximum energy product the smaller

the magnet required to do the same amount of work.
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2.5. Coercivity mechanisms

The resistance to demagnetisation or coercivity is an important property in magnetic materials and is

linked to the movement of domain walls and the rotation of the magnetisation vector (Cullity, 2009). To

produce a material with high coercivity it is therefore necessary to either prevent nucleation of reverse

domains or the movement of domain walls by introducing pinning sites. There are three main coercivity

mechanisms linked to the microstructure of a material.

1.

Nucleation of reverse domains — The nucleation of reverse domains commonly occurs at
inhomogenities such as irregularities in the grain boundaries of the material (Cullity, 2009).
These inhomogenities provide a nucleation point for reverse domain, and once the domain has
been formed, it can grow unimpeded. The grain boundaries in a material should be as smooth
as possible. Heat treatments can be utilised to reduce inhomogenities and smooth the grain
boundaries. It is important to ensure that the grains are isolated from each other so that reverse
domains cannot spread between grains.

Domain wall pinning- The coercivity in a magnetic material can also be controlled by domain
wall pinning. In this effect, the movement of magnetic domains is impeded by inclusions or
dislocations in the crystal structure of a material; thus impeding the motion of the domain wall.
An external field is required to overcome the pinning field, leading to an increase in coercivity of
the material.

Single domain particle grains — \When the grain size of a ferromagnetic material is reduced it is
possible to produce single domain particles. This occurs at a size when the grain is so small that
the decrease in magnetostatic energy (forces arising from dipole-dipole interaction) is smaller
than the energy associated with a domain wall. A reverse domain cannot therefore nucleate and

grow in one of these grains. The magnetisation has to flip from one direction to another.
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High coercivities can be achieved in materials that demonstrate uniaxial magnetocrystalline anisotropy.
This is an intrinsic property of the material. Extrinsic properties can also play a role in coercivity
mechanisms. This is due to the fact that domains can interact with the microstructure of a permanent
magnet. As such, by modifying the microstructure of a permanently magnetic material it is possible to

influence coercivity.

2.6. NdFeB

NdFeB sintered magnets consist of an Nd,Fe,4,B matrix phase and an Nd-rich grain boundary phase,
as shown in the scanning electron microscope image in Figure 6. An Nd,,:Fe,B, phase is also present,

however, it can not be observed in the figure.

Nd-rich

Figure 6 — SEM image of sintered NdFeB. Zakotnik (2009).

2.6.1. Nszel4B

Herbst (1984) used neutron diffraction to characterise the crystal structure of Nd,Fe4B. In the same year
Givord (1984), Shoemaker (1984) and Boller and Oesterreicher (1984) used x-ray diffraction to determine
its structure. The crystal structure of Nd,Fe14B is shown in Figure 7. Nd,Fe;4B has a tetragonal structure
and contains 68 atoms with lattice parameters of a=0.88nm and c=1.22nm (Skulj, 2005). The Nd atoms

are arranged in an alternating large and small rhombus in z=0 and z=0.5 whilst the Fe atoms are arranged
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in a planar net of slightly deformed hexagons and triangles (Givord, 1984). The boron site is shown to be

4g.

The Nd,Fey4B phase is the only ferromagnetic phase in an NdFeB magnet. The substitution of the Fe
atoms with the Nd atoms causes high anisotropy in the structure, whilst Fe produces high saturisation
magnetisation. Therefore, the combination of these properties leads to magnets with high remanence

and coercivity.

Ta
P
~TDINd fNd g

@FecCiFeeFej BFej,™FekiwFeky ®Bg

Figure 7 - Crystal Structure of Nd,Fe ;b — (Herbst, 1985).

2.6.2. Nd1+8FE4B4

Givord (1985) describes a second phase in the NdFeB system to be Ndi..Fe;B; . This phase is

paramagnetic when it is at room temperature due to the Curie temperature of this phase being only 15 K
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(Sun, 2012).

2.6.3. Nd-rich phase

The Nd-rich phase forms as a eutectic at the grain boundaries in the NdFeB system. Fidler (1987a) has
shown that the Nd-rich phase contains 85 at% Nd with the remaining 15 at% comprising of Fe with a

small amount of B. The crystal structure is usually double hexagonal close packed (McGuinness, 1989).

The phases present in Nd-rich grain junctions are described by Woodstock, 2012 to also contain
crystalline oxides such as NdO, Nd,0; and NdO,. If other phases are present in the material such as Pr

and Dy then phases such as (Nd,Pr,Dy),0; are formed.

The Nd-rich phase is a very important phase in this material and can have a large effect on the final
magnetic properties of the NdFeB magnet. This phase smooths the grain boundaries between the
Nd,Fe4B grains which reduces the inhomogenities which give rise to reverse nucleation sites, therefore
increasing the coercivity of the material. It also isolates each individual Nd,Feq4B grain which prevents
exchange coupling between grains in close proximity to one another again increasing the coercivity of

the magnet.

A finely distributed Nd-rich phase is required for a magnet with good properties, this will have the effect
of increasing liquid phase sintering which produces a denser magnet with a smaller grain size, therefore

imparting superior magnetic properties.

2.7. Processing of NdFeB magnets

NdFeB magnets can be manufactured in two forms, either as fully dense sintered magnets or as polymer

bonded magnets.

2.7.1. Resin Bonded Magnets

Resin bonded magnets contain NdFeB powder suspended in resin binder (typically an epoxy resin or

PTFE). Polymer bonded magnets use nanocrystalline powders manufactured by a melt spinning process
19



or by a high temperature hydrogen processing route known as HDDR (Hydrogen Disproportionation
Desorption and Recombination). Polymer bonded magnets are advantageous as they are inexpensive and
are easy to form into complicated shapes by processing routes such as injection moulding. These
magnets are produced by mixing the powder with the resin, aligning the powder in a magnetic field and
then pressing. Bonded magnets are not suitable for the recycling processes described in this work and as

such, they are not covered in detail here.

2.7.2. Sintered NdFeB magnets

Ingot Alloy

Strip Casting

Hydrogen Decrepitation

Jet Milling

Aligning and Pressing

Vacuum Sintering

Heat Treatment

Grinding and Slicing

Coating

Pulse Magnetising

Figure 8 - Production of rare-earth magnets via sintering.

Fully dense sintered magnets are produced via a powder metallurgical process, as shown in Figure 8. The
first step inthe process is to melt the elements in a vacuum furnace (Kaneko, 2006). The vacuum furnace
is used because it limits the exposure of the alloy to oxygen, which would have the effect of introducing
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impurities and lowering the coercivity of the magnet. The NdFeB is then typically strip cast in order to
form NdFeB flakes. Strip casting is a process where the molten material is poured onto a water cooled
copper wheel, causing the material to cool very quickly. The advantage of a high cooling rate is that a-Fe
does not form in the material which would reduce the crushability of the NdFeB and lead to reduced

alignment and therefore magnetic properties.

The next steps in the powder metallurgical process is to process the cast alloys in hydrogen (hydrogen
decrepitation (HD)). This breaks up the material to produce a hydrided powder. Harris (1987) showed
that when NdFeB type alloys are introduced in a hydrogen atmosphere at atmospheric pressure and
room temperature, the Nd rich phase at the grain boundaries initially absorbs the hydrogen forming
NdH, ;, which leads to an expansion in the lattice and as a result intergranular cracking occurs. An
exothermic reaction ensues which then allows hydrogen to be interstially absorbed by the Nd,Fe,,B

matrix grains. This causes a 5% expansion in the matrix grains which causes transgranular cracking.

The use of hydrogen decrepitation is associated with a 25% cost saving when compared to the
production of sintered magnets without the use of hydrogen decrepitation (McGuinness, 1986). It is
advantageous as the hydrogen decrepitation is carried out in a reducing atmosphere; therefore, this
limits the oxidation of the material. The hydrogen decrepitation also allows for shorter milling times, as

the decrepitated material is highly friable.

Once the hydrogen decrepitation is complete, the material is jet milled to a particle size of approximately
3um (Kaneko, 2006). (Li, 2006) demonstrated that jet milling is one of the most important stages in the
processing of magnets and therefore must be controlled carefully. In this stage, the aim is to achieve a
narrow particle size distribution and a small particle size. Ideally, each particle should contain a single
grain of Nd,Fe;,4B so that full use can be made of the magnetocrystalline anisotropy demonstrated by this
material. This can be achieved by; optimising the fluidisation in the chamber, ensuring the gas pressure is

accurate and ensuring that there is no over milling (Li, 2006).
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The powder is then aligned in a magnetic field and pressed into green compacts. The c-axes of the
Nd,Fe,4B single grained particles then align with the applied magnetic field. This alignment is important
as it can have a large effect on the (BH),..« value of the final magnet. Perfect alignment will occur when
the particles are single crystals and uniform in shape. Therefore, their alignment is unconstrained and
near perfect alighment can be achieved. Finally, the green compacts are sintered at around 1000°Cin a

vacuum furnace to create a fully dense product.

2.8. Oxidation and corrosion of NdFeB magnets

In service, sintered NdFeB magnets are likely to have been exposed to the atmosphere and as a result,
the magnets will possess a surface oxide, which forms readily under these conditions [Kim, 1987]. The
presence and degree of surface oxide layers on the magnets will vary and could influence the onset of
decrepitation. This was observed by workers at the University of Birmingham, who found that in some
instances hydrogen decrepitation cannot be used as a recycling tool without first pre-damaging the oxide

present on the magnet surface [Internal Communication, 2011].

Further characterisation of the atmospheric oxidation of NdFeB magnets, particularly in the early stages,
is required to understand how hydrogen interacts with NdFeB surfaces and initiates the decrepitation

process.

The existing literature relates predominantly to the oxidation of powdered NdFeB samples [Osawa et al,
1992; Higgins et al, 1987], gravimetric measurements of corrosion/oxidation phenomena in solid samples
at room temperature [Tenaud et al, 1990, Kim et al, 1987} or high temperature [> 2502C] oxidation of

solid NdFeB samples [Edgley et al,1997].

Sintered NdFeB magnets have a three phase microstructure: the major phase being the Nd,Fe 4B [D-
phase] matrix. There is also a lesser amount of Nd-rich grain boundary regions and a small amount of
Nd; ;Fe,B,4 [n-phase]. Studies of the oxidation and corrosion of NdFeB have sought to relate the observed

degradation mechanisms and corrosion/oxidation products to these salient microstructural features of
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NdFeB.

Tenaud et al [1990] found that sintered NdFeB magnets degraded in 802C/90% humidity conditions by
the rapid formation of Nd(OH); in the grain boundary areas. Jacobson et al [1987] analysed the oxidation
product formed at 20-50°C in atmospheric conditions and found it consisted mainly of iron
oxides/hydroxides with small amounts of neodymium oxides. Jacobson et al [1987] summarised the
effects of oxygen content on the corrosion stability of NdFeB magnets by noting that the magnetic

properties are gradually lost due to the oxidation of the Nd-rich phases at the grain boundaries.

In summary the low temperature studies of sintered NdFeB magnets oxidised in air indicate that:

e In humid conditions the degradation of magnetic properties is rapid and proceeds by the
formation of Nd(OH); and is strongly influenced by the specific composition of the magnet and
trace amounts of environmental contamination, notably chlorides which results in hydrogen

decrepitation.

e Fordryair at low temperature, whilst the rates are lower than in the presence of humidity, the

mechanism of the oxidation of the matrix phases remains unidentified.

e In several studies of the oxidation of NdFeB in dry air, the neodymium oxide observed is
assumed to be associated with the Nd-rich areas of the grain boundaries, but no direct

observations have been made.

2.8.1. Surface finish

There is a strong effect of the surface finish on the oxidation rates of the magnets and therefore itis very
important to control this when studying the oxidation of NdFeB (Kim, 1987). There is a reduction in
oxidation rate as the surface finish becomes smoother (Skulj, 2005). Rough and contaminated surfaces
will have a much higher oxidation rate than clean smooth surfaces. This also has an effect on the
distribution of the oxidation products. There will be an even distribution when the surface is smooth and
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free from contaminates and a much more varied distribution for rough surfaces.

2.9. Additions to NdFeB

Modern day NdFeB magnets contain a variety of additions, which change the properties of the base

alloy. Table 3 displays the magnetic properties of various additions to NdFeB magnets.

Table 3- Magnetic properties of various RE,Feq4B phases [Buschow et al., 1986]

RE,Fe 4B Curie Temperature Saturation Anisotropy Anisotropy
(R=) (To) Magnetisation (J,) Constant (K;) Field (Ha)
(K) (T) (MJ/m?) (kA/m)
Y 571 1.38 1.06 1592
La 516 1.38 - 1592
Ce 533 1.17 1.7 2387
Pr 565 1.56 5.6 6923
Nd 588 1.60 5.0 5332
Sm 618 1.50 -12 -
Gd 660 0.84 0.67 1989
Tb 629 0.70 5.9 17507
Dy 593 0.71 4.5 11937
Ho 574 0.81 2.5 5968
Er 557 0.90 -0.03 -
Tm 540 1.15 -0.03 -
Lu 539 1.17 - 2070

2.9.1. Dysprosium

Additions of dysprosium to NdFeB magnets act to increase the coercivity. This is due to the fact that Dy
has a high anistropy. The Nd in the matrix phase is substituted by Dy to form Dy,Fe14B. Dy,Fe14B has a
larger anisotropy field than Nd,4Fe,B (Nd.s;Fe,B having a field of 7.6T and Dy,Fe,4,B demonstrating an
anisotropy field of 15.8T (Bai, 2007)). The dysprosium content of NdFeB magnets can vary significantly
depending upon the coercivity and thermal characteristics required by the application. For example, a
Toyota Prius motor that generates a significant amount of heat contains magnets with a Dy content of
around 6-8% (of the rare earth content). Whereas a voice coil magnet in a hard disk drive will typically

only contain 0.5%. The graph in Figure 9 displays the typical applications of magnets with varying Dy
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contents and Figure 10 displays the effect of dysprosium additions on the magnetic properties.
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Figure 9 — The effect of dysprosium content on the remanence and coercivity of NdFeB magnets and
the typical applications of these materials.
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Figure 10 - The effect of Dy content on the magnetic properties of NdFeB. It can be observed that

there is an improvement in coercivity, a reduction in remanence and an increase in BHmax up to 1 wt
% Dy content. (Yu, 2004).

The second way in which Dy additions can increase the coercivity of NdFeB is by suppressing the
separation of a-Fe branch crystals when the melt is solidifying. This has the effect of ensuring the grains
are small, fine and uniform in shape which reduces surface defects in the grains. These factors all
contribute to an increased coercivity as the Dy content is increased. This will also give an improvement in

Curie temperature, as there is a link between coercivity and Curie temperature. (Bai, 2007).

However the drawback of using Dy additions to improve coercivity and therefore temperature resistance
is that there will be a reduction in the saturation magnetisation of the magnet and therefore there will
be a reduction in (BH),..x due to replacement of Nd with Dy. Dy is also expensive and therefore the
quantity of Dy used is usually limited in all but the most high performance applications as shown in

Figure 9.
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2.9.2. Cobalt

Cobalt can be added to NdFeB to improve its Curie temperature (Kim, 1996). When cobalt is added to

NdFeB it substitutes into the matrix and replaces iron to form the Ndy(Fe1-xCox)14B phase. However at

additions of over 15 at % there is a reduction in the coercivity of the NdFeB, which has the effect of
reducing the Curie temperature. There is also a reduction in the saturation magnetisation that is
associated with the substitution of Fe. A secondary effect of Co additions is that there is an improvement
in corrosion resistance even with small additions of Co. This is due to the Nd rich grain boundary phase

forming Nds;Co or Nd(Fe,Co), which is less reactive than Nd (Kim,1996).

2.9.3. Copper

The addition of Cu in small amounts to NdFeB can have the effect of improving the coercivity of the
material (Pandian, 2002). The main effect of Cu additions is to reduce the grain size, which improves the

coercivity. The Cu will also form grain boundary phases of NdCup, NdCu and Nd¢Fe;3Cu which also

increases the coercivity and improves the corrosion resistance of NdFeB magnets.

When Cu and Co are both added to NdFeB magnets in quantities of 1.2 at% cobalt and 0.2 at% copper,
there is a substantial increase in coercivity with the maximum coercivity of (~*1650 kA/cm) being achieved
without a reduction in remanence (B,). There is also an improvement in temperature stability and
corrosion resistance (Kim, 1995). This is due to the formation of Nd;sCo,Cu at the grain boundaries

(Williams).

2.9.4. Aluminium

Aluminium additions of up to 10 at % are associated with a significant improvement in coercivity
(Pandian, 2002), however this comes at the expense of a reduction in the Curie temperature of 8 K per at
% added (Williams, 1994). This is a result of an improved Nd-rich grain boundary phase distribution as
the Al forms Nd3gFesgAlg at the grain boundaries (Knoch, 1989). Al is liquid at the sintering temperatures

and this has the effect of increasing the wetability of the Nd-rich phase. This grants an improved
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densification and ensures a fine grain size distribution (Tenaud, 1991).

Al can also be combined with Co in order to grant extra improvements in coercivity. Thisimprovement is

greater than can be observed with either alloying addition independently.

2.9.5. Niobium

Small additions of Nb, as little as 0.5 at %, are used in NdFeB magnets to bring about improvements in

coercivity (Pandian, 2002) as shown in Figure 11. This Nb is usually substituted for Fe in the Nd,Fe,B

matrix grains.

A further effect of Nb is that it can reduce the Fe precipitates that form in NdFeB cast alloys. Fe-

precipitates can cause problems when crushing the ingots and powder milling and have an impact on the

magnetic properties and corrosion resistance. Nb has been found to reduce the levels of precipitated Fe

by 50%, which therefore reduces the annealing time that is required in order to remove it (Liu, 1992).
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Figure 11 -Effect of Nb content on the magnetic properties of NdFeB. It can be observed that there is
an increase in coercivity, an increase in BH,,,, with up to 1 wt % Nb content and a slight reduction in

remanence. (Yu, 2004).
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2.10. Recycling of NdFeB

Sintered NdFeB magnets have a similar microstructure to the cast NdFeB alloys, however, the grain size is
approximately an order of magnitude smaller (Cast approximately 100-200um, sintered approximately 5-
10um). Sintered magnets react with H, in a similar fashion to the cast material Figure 12); Breaking up
into a hydrided form of the powder. Workers in the Magnetic Materials Group at The University of

Birmingham have been using this effect to separate NdFeB magnets from electronics.

NdFeB magnets are the most readily decrepitated of all the magnetic materials with hydrogen

decrepitation occurring at hydrogen pressures as low as 1 bar and at room temperature (Harris, 1987).

This hydrogen decrepitation can be affected by a number of factors and these can act to speed up, slow
down or can even stop hydrogen decrepitation from occurring entirely. The first factor is the oxide layer
that forms on the surface of the NdFeB magnet. This oxide layer can act as a barrier to hydrogen as it
slows the diffusion of the hydrogen through the surface of the material. Once the hydrogen
decrepitation reaction begins however, fresh material will be exposed to the hydrogen and the reaction
will become self-accelerating. This effect can also be seen when the surface of the material is
contaminated. Other factors that can affect the hydrogen decrepitation are the mobility of the hydrogen

within the system and the pressure and temperature of the reaction environment.
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Figure 12 - Schematic of hydrogen decrepitation.

Walton et al [2012] used hydrogen gas to separate the NdFeB magnets from scrap hard disk drives. The
hard disk drives were pre cut prior to hydrogen processing using an industrial cropper and pressed using
a uniaxial press to distort the magnets. The hard disk drives were then exposed to hydrogen at 2 bars for
2-4 hours to hydrogen decrepitate the NdFeB magnet contained in the voice coil assembly. Crucially the
hydriding process demagnetises the NdFeB material so it can be easily separated from other
components. The extraction rate of the NdFeB voice coil magnet was estimated to be around 90%. After
exposure to hydrogen, the hard disk drives were placed into a rotating porous drum, which was rotated
for 50 minutes at approximately 60rpm. This caused the demagnetized decrepitated NdFeB powder to
fall through the holes in the drum into a collection vessel which could be sealed in argon. The separated
material then contained Ni coating flakes from the magnets and small electronic components. By sieving
it was possible to reduce the Ni contamination down to approximately 300ppm as the sieving rate of the

Ni is different than the NdFeB powder.
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Walton et al, 2012 outlined several possible reprocessing routes for the separated hydrided powders

(Figure 13):

1. Arefining processing could be used to separate the Rare Earth elements from the NdFeB alloy.
The alloy would only contain 2-3 rare earth alloys as opposed to 10 in a primary ore; it would
also not contain any radioactive material. However, a lot of energy and cost would be associated
with this route as the elements would then have to go back through the same magnet
manufacturing route as the primary material.

2. It may be possible to re-cast the powders back into master alloys, but no research has been
published in this area to date.

3. Itis possible to re-sinter the separated hydrided NdFeB back into new magnets as shown by
Zakotnik et al, 2010.

4. ltis possible to produce material suitable for resin-bonded magnets. Sheridan et al, 2012 have
shown that by using the HDDR route it is possible to produce anisotropic material which would

be suitable for commercially viable resin bonded magnets.

Zakotnik et al [2010] hydrogen decrepitated and milled NdFeB magnets before aligning, pressing and
sintering to produce new magnets. The author found that upon subsequent re-processing of these
magnets there was a progressive fall in the magnetic properties of the magnets. This was due to the
oxidation of the magnets during re-processing. Further studies were completed with 1at.% neodymium
hydride added each time the magnet was reprocessed. The results displayed that the magnetic

properties of the magnets were maintained up to and including the 4™ cycle of hydrogen re-processing.
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Figure 13 — Production and recycling route for NdFeB voice coil magnets for hard disk drives. Walton
et al [2012].
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3. Aims

To date the hydrogen separation technique has only been applied to hard disk drive magnets which have
a fairly narrow range of composition and low Dy content. The aim of this project was to investigate
whether this technology could be applied to other forms of scrap including large rotors from electric
vehicles. The magnets used in these applications are typically very different in composition (high Dy
content), they are glued onto a large shaft (which presents problems when trying to break the magnets
for activation), they are typically uncoated (unlike HDD magnets) and as such they are more likely to have

a considerable surface oxide.

This MRes project is to the author’s knowledge the first preliminary study of hydrogen interactions on

large rotor assemblies. The aims of this project were as follows:

= To investigate whether the HD process can be used to remove magnets completely or
selectively from large rotor assemblies.

= To investigate various coating materials to act as masking agents to prevent hydrogen
decrepitation.

= To investigate the thermal and mechanical impact on the underlying substrate during
hydrogen decrepitation.

= No earlier work has examined the nucleation and growth of oxides on solid/sintered NdFeB
surfaces at room temperature. The present work aims to investigate the initiation and early
stages of growth of oxides on NdFeB surfaces in air at room temperature.

= |nvestigate the effect of creating surface damage to the NdFeB magnet on the initiation of

hydrogen decrepitation.
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4. Experimental Procedure

4.1. Starting materials

Hard drive magnets from Phillips in Southport (now shut down) were used as the starting material. The
composition of the magnet material was Nd14Dy, ¢BsAly ;FesNbg 4. NdFeB magnets were stripped of their
protective Ni coatings by grinding with P120 silicon carbide grinding paper. The magnets were then
allowed to oxidize at room temperature for one week. This composition of sample was used for the

coating, confocal, Raman and strain experiments.

4.2, Hydrogen Processing

Two pressure vessels were used In order to process sintered NdFeB magnets in hydrogen. The pressure
vessels were evacuated using a rotary vacuum pump to 10”mBar and then back filled to 2 bar absolute,

the hydrogen purity was 99.9%.

4.3. Coating Experiments

Three masking agents were used to coat NdFeB magnets. These included; nail varnish a), Gestetner
lithographic correction fluid b) and Tetra Ethyl Ortho Silicate (TEOS) c). The coatings were applied once

with a brush to a thickness where the samples were completely covered in the coating.

4.4. Commercial Assembly Experiments.

Medium to large rotor assemblies from electric vehicles (including the electric smart car) were provided
by Arnold Magnetics (Figure 14). These were used to test the effects of hydrogen decrepitation on
commercial assemblies. The composition of these magnets is presently unknown. The magnets were of a
high grade and therefore are likely to contain high levels of Dy. The Dy levels in electric motors are

commonly observed to be around 6-8%.
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Figure 14 - Schematic diagram of the commercial rotor assembly from a Smart car. Each individual
magnet was approximately 1cm x 4cm.

4.5. Flat Plate Assembly

A flat plate assembly was made in order to simulate a commercial array of magnets in a simpler
configuration. The assembly consisted of a steel base plate that held nine uncoated NdFeB magnets of
the same composition as the HDD magnets. These magnets were glued onto the base plate using Araldite
epoxy resin. Some of the magnets were coated (as described above) in order to prevent hydrogen

decrepitation.

Low Voltage Temperature Sensors (manufactured by Analog Devices) were used to measure temperature
changes during hydrogen decrepitation. The temperature sensors had a +2°C accuracy and could operate
between -40°Cto +125°C. The temperature sensors were attached to the assembly using a small amount
of resin on the underside of the temperature sensor. They were positioned with one on the resin
between the central magnet and an outer magnet, in the centre of an outer magnet and on the
underside of the assembly on the stainless steel plate. The temperature sensors logged to an Arduino
Data Logger which was placed in the pressure vessel and recorded versus time. The recording system and

software were developed during the course of this project.
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Figure 15 - Mock Flat plate assembly before hydrogen exposure with temperature sensors attached.

4.6. MagScan

A Redcliffe MagScan was used to measure the magnetic field of the flat plate assembly before and after
hydrogen decrepitation. This information was used to evaluate the damage created to magnets in the
assembly. The MagScan consists of a Hall probe which can be moved in a pre-programmed area using a
series of motors. The resolution setting used in this project was Imm x 1mm over an area of

300mmx300mm.

4.7. Microscopy

The samples used for scanning electron microscopy and confocal microscopy were prepared by mounting

the sample in bakelite and grinding to a P1200 finish using silicon carbide grinding paper. The samples
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were then polished to a finish of 0.25um using polishing cloths and diamond-polishing paste.

For the work on the oxide layer of the NdFeB magnets, scrap, magnets that had been exposed to the
atmosphere for a considerable amount of time (>1 year) were used to provide an example of a worst
case scenario. NdFeB magnets from Ugimag, China were used with a composition of
Nd15 5,Prg 17DY1.8F€72.49Bg 4aAl0.85C04.0s Nbg 61 at% which had been found previously using ICP analysis done
by Less Common Metals Ltd. However, this led to problems in how the samples were mounted before
SEM imaging. The oxide layer, which had built up on the surface of the magnet, was very brittle and
therefore when it was mounted using conventional mounting processes such as a Bakelite press, the

oxide layer was damaged and broke away from the magnet.

In order to solve this problem vacuum impregnation was used to protect the oxide layer. Furthermore, a
secondary resin ring was added to the outside of the vacuum impregnated resin. This layer was harder

than the first layer, allowing the sample to be ground and polished flat.

AlJeol 7000 SEM equipped with Wavelength dispersive X-ray spectroscopy was used to image the sample

and measure the occurrence of oxygen within the sample

An Olympus Lext OLS3100 confocal laser 3D microscope was used to assess the initial stages of oxidation
on the NdFeB magnets. In order to activate the surface of the NdFeB magnets they often have to be
scratched using a scalpel. The confocal microscope was used to assess the depth of any surface activation

on the surface of the magnets after scoring with a scapel or a Maplins N48FT Dremel tool.

4.8. Raman Spectroscopy

A Renishaw inVia raman microscope was used in order to identify the composition of the oxidation
corrosion products developed in air on the surface of the NdFeB magnets. 3D images were taken of
NdFeB magnets at 20-second intervals in air up to 360 minutes. Depth profiles were produced to

calculate the highest point on each triple point with time. The magnet was first ground and polished
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using the procedure explained above. It was then exposed to air at room temperature for 3 hours in

order to allow the sample to oxidise.

4.9. Encapsulation Experiments.

In order to attempt to measure the strain developed as a result of encapsulated NdFeB magnets
decrepitation the magnets were cut into discs that were 3mm in diameter and 2mm in depth using
erosion cutting. Copper tubes with an inner diameter of 3mm and an outer diameter of 4mm were

fitted around the magnets, as shown in

Figure 16. The magnets were then ground and polished before being scored with a scalpel and exposed
to hydrogen at 2 bars for 2-4 hours. An Olympus LEXT OLS310 Confocal Scanning Laser microscope and a

micrometer were used to measure the dimensions of the copper after hydrogen decrepitation.

D S ——

lcm

Figure 16 — Schematic diagram of the NdFeB magnet encapsulated in a Cu ring.
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5. Results and Discussion

5.1. Selective Removal of NdFeB Magnets

5.1.1. Coating Experiments.

Three barrier layers were applied to NdFeB magnets using a brush; nail varnish a), Gestetner lithographic

correction fluid b) Tetra ethyl ortho silicate (TEOS) c). A fourth set of magnets were left uncoated d).

Nail varnish was chosen as it can easily be dissolved in acetone once the decrepitation experiments had
been completed. Gestetner lithographic correction fluid was chosen as it is already used as a masking
agentin lithography and tetra ethyl ortho silicate (TEOS) was chosen as it has previously been shown by
another member of the group to demonstrate resistance to hydrogen when used to coat bonded magnet

powders.

The first experiments involved the exposure of coated and uncoated NdFeB magnets to 2 bars of
hydrogen for a total of 3 hours; the samples were monitored throughout the 3 hours and photographed.
Decrepitation of the TEOS coated magnets and the uncoated samples were observed after around 15
minutes. After one hour the samples which had been coated in TEOS were partially decrepitated, with
only one half of one of the samples being undamaged. The uncoated samples had completely
decrepitated to form granules and powder. After a further two hours, the samples were removed and

photographed (shown in Figure 17). There was no discernible damage to either the sample coated in nail
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varnish or Gestetner lithographic correction fluid. The particle size of the other two samples appeared to

have been reduced further.

Figure 17 - Voice coil magnets coated in a) Nail Varnish b) Lithographic Correction Fluid c) TEOS d)
uncoated.

This investigation demonstrated that a magnet could be protected successfully from hydrogen
decrepitation, under the specified conditions, by the application of a barrier coating as simple as nail
varnish. It is very unlikely that hydrogen does not diffuse through this coating, given the size of the
hydrogen molecule. This barrier coating is likely to simply slow the diffusion rate of hydrogen to the
surface. In the time required to decrepitate the other magnets in an assembly this would provide

sufficient protection.
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The experiments also showed that the oxide layer developed over one week of air exposure after the Ni

is peeled away is not sufficient to prevent hydrogen decrepitation for this particular magnet composition.

The TEOS coating was only successful at protecting one half of one magnet, which shows it has limited
potential as a protective coating. This coating is also the most difficult to handle and apply as it is highly
volatile. Due to the high volatility of this substance, it may be that it needs to be applied and dried in a
more controlled manner and it may need several coatings in order to be as effective as some of the other

coatings such as the nail varnish.

Due to the effectiveness of the nail varnish at protecting the magnets against hydrogen decrepitation
and the fact that it can be removed easily by acetone post H, treatment, it would seem that this is the
most likely candidate as a barrier coating. It is also easy to apply to small batches and could be simply
scaled up by using techniques such as spraying. This would give a greater control over the thickness of
the coating and the surface finish and would increase the application speed if large sections of magnet

needed to be coated.

Previous unpublished work by Allan Walton in the University of Birmingham Magnetic Materials Group
demonstrated that by attaching pressure cells to the resins surrounding NdFeB magnets in assemblies it
was possible to selectively remove some of the magnets using hydrogen processing. In this project,
barrier layers were investigated to mask selected NdFeB magnets and then the whole assembly was

placed in hydrogen.

5.2. Commercial Assemblies.

A commercial rotor assembly from a Smart Car provided by Arnold Magnetics Ltd was subsequently used
for the masking experiments. Half the magnets were painted with nail varnish to protect them against
hydrogen decrepitation. The whole assembly was then exposed to hydrogen. After exposure to H, at
two bar pressure for two hours, the sample was then removed and photographed. After two hours, none

of the magnets in the assembly had reacted with hydrogen. The magnets mounted onto this rotor will
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have been exposed to air for a considerable length of time (> 6 months). It is likely that the surface oxide
has built up to such a degree that hydrogen decrepitation is slowed and therefore needs to be broken to

expose fresh material to hydrogen in order for hydrogen decrepitation to initiate.

Therefore, half of the uncoated magnets that had not reacted initially in hydrogen were then scored and
the assembly was re-inserted into the vessel and exposed to hydrogen for a further two hours after the
masking agent was removed. Upon removal of the rotors it was shown that all of scored magnets had
been fully decrepitated and the surface of the steel base was left clean with a small amount of brittle,
compacted magnet powder remaining on the surface, this powder could be brushed off easily. The
unscored magnets were then scored and placed back into the vessel. After a further two hours the
assembly was removed and it was observed that the remaining magnets had been decrepitated. There
was no evidence of any initial dimensional change to the underlying rotor or to the surface of the rotor

and it is likely that the shaft of the rotor could easily be re-used and fitted with new magnets.

When the assembly was removed from the vessel, it was revealed that it had been made up of three
separate parts, which had been held together by the attraction of the magnets and a small amount of
resin. Upon decrepitation, the three parts had separated. Subsequently tests were performed after this
experiment on an identical assembly to try to split it into three parts by alternative methods. The
assembly was mounted in a three-point bend test. Two tonnes of force was exerted on two sections of
the magnet assembly yet it remained intact. This provides an interesting example of the amount of force

which is developed by the hydrogen decrepitation process.

This experiment has demonstrated that scoring the magnets is a useful way of initiating hydrogen
decrepitation on the surface of the NdFeB magnets. In this experiment a scalpel was used to scratch the
magnets, however, as this is done by hand, there is significant variability in the depth of the score. It
would be useful to understand the minimum depth of score required in order to break through a typical

surface oxide on an NdFeB magnet. An attempt was made during this project to characterise the depth
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of the oxide layer and the depth of the score using SEM and confocal laser microscopy.
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NdFeB section Un-scored magnets Scored magnets

Resin left on the surface

of the assembly.

Figure 18 - Photographs of the commercial assembly a) before b) Half the magnets were scored and
half were left un-scored c) after hydrogen decrepitatio
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5.3. Oxidation Experiments

5.3.1. SEM imaging

I_ 20“ m | Nd-rich phase Matrix phase

| |
Figure 19 - Backscattered SEM image of NdFeB magnet.

It was evident from the hydrogen decrepitation studies on NdFeB magnets that the surface
condition of the magnets plays a key role in the initiation of hydrogen decrepitation. For this

reason SEM analysis was performed to assess the surface region of the scrap magnets.
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5.3.2. SEM with EDS

X Nd-rich phase

X Matrix phase

! 20um |

Figure 20 - Backscattered SEM image of NdFeB magnet with a composition of
Nd15.5,Pro.17DY1.8F€72.49Bg.4aAlp 88C04.05 Nbg 61 at%, which had been exposed to air for over 1 year.

The image clearly shows the Nd-rich grain boundary phase that has pooled during sintering at the
triple points, surrounded by the Nd,Fe 4B grains. EDS analysis shown in Figure 21 and Figure 22

confirmed the phases.
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Figure 21 - EDS spectrum for the Nd rich phase in NdFeB magnet displaying that the spot
mainly consisted of neodymium.
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Figure 22 - EDS spectrum for matrix phase of NdFeB magnet displaying that the spot over the
matrix phase consisted of mainly iron with a smaller amount of neodymium.

5.3.3. SEM with WDS

In order to obtain an accurate reading of the oxygen content in the NdFeB magnet, wave
dispersive spectroscopy was used. A WDS line scan was performed from the edge of the sample at

a triple point moving into the sample. The results of this experiment are displayed in Figure 24.

This data shows that there is an oxide layer that is around 3um thick; concentrated in the Nd- rich
grain boundary triple point, which was identified by E.D.S earlier in this project. The matrix phase

is displayed between 3 and 10um. This has an oxygen content of around 0.5 at%.
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Figure 23 - W.D.S and E.D.S line scan of the oxygen content in an NdFeB magnet.
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Figure 24 - W.D.S and E.D.S line scan of oxygen content in an NdFeB magnet.

5.3.4. Confocal Microscope Observations of Oxide Growth Morphology and Kinetics

The SEM cross sectional analysis clearly demonstrated that the triple points in the NdFeB material
had oxidised preferentially compared to the matrix phase when exposed to air for prolonged
periods of time. There is only a relatively small amount of information in the literature on the
oxidation of NdFeB at room temperature in atmospheric conditions and most of these studies
have concentrated on NdFeB powders. An attempt was therefore made to use 3D-Confocal

Microscopy to track the oxidation behaviour on polished NdFeB surfaces on first exposure to air.

NdFeB samples were polished in an argon glove box, and the samples were exposed to air at room
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temperature under the confocal microscope. 3D images were taken at 20-second intervals for a
period of 6 hours at 100x magnification, however the height of the triple points was not measured
for each of these images, with the images early in the experiment being measured more
frequently than later on in the experiment. The 3D images for the first 60 minutes of air exposure
are displayed in Figure 25 and Figure 26. It was evident that platelet type structures had nucleated
selectively on the exposed NdFeB surface at grain boundary triple points, which EDS has shown to
consist of a Nd-rich phase. The platelets began to grow at the edges of the triple points with the
centre of each platelet remaining flat. After approximately 50 minutes of air exposure, the centre
of the platelets began to grow upwards and eventually became the highest point in the platelet.
The variation in the rate of growth of the different areas of the triple point could be due to the

varying composition in the triple point, as described in the literature review section of this thesis.

During the current experiments (max-6hours) there was no evidence of a non-uniformincrease in
the height of the Nd,Fe4,B matrix phase. However the matrix phase could be growing out of the
surface uniformly and this would create an error in the height measurement of the grain boundary

phase. This is because the matrix phase is used as the reference height in this work.

During the 6 hour exposure to atmospheric conditions at room temperature there was a total
average height increase of 0.7um in the platelets, but no change in the appearance of the matrix

phase. Also during this period there was little increase in the lateral dimensions of the platelets.
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Figure 26 - 2D confocal images of a Nd-rich triple point imaged over 1 hour.
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Figure 27 — Height versus the square root of time for 6 Nd-rich triple points in dry and humid

air.

When the average maximum platelet height of 6 platelets was plotted against the square root
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Figure 27). This would suggest that the oxide platelet vertical growth is diffusion controlled. The

diffusion coefficient for the growth controlling processes can be calculated by using the formulain
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Equation 4, where D represents the diffusion coefficient (cm?/sec), t represents time (secs) and D

represents distance(cms).

x =Dt Equation 4

Using this equation a diffusion coefficient of 3x10™*cm?/sec[2932K] was calculated. This is similar
to the value reported by Wong et al[1990] who calculated a diffusion coefficient of 2x10™*cm?/sec

for NdFeB in air at 1009C.

The diffusion coefficient observed in the present work is large for a room temperature process,
suggesting that the underlying transport mechanism is controlled by grain boundaries and high
defect levels, which typically give a diffusion coefficient of approximately this magnitude [Tu et al,
1992]. Further support for this is given by the site and frequency of the oxide platelets. As noted
above the oxide platelets are located directly above grain boundary triple points on the NdFeB

surface where the local diffusion rates and the concentration of Nd-rich phases are highest.

The confocal microscope is within a laboratory, which has low humidity due to air
was observed that when the air conditioning in the laboratory was switched off, there was an
increase in the rate of platelet growth of the samples. The increasing temperature in the
laboratory may have had an impact on the oxidation rate of the samples. The temperature
increased by around 52C when compared to investigations that were conducted whilst the air
conditioning was operational. The diffusion rate for the sample exposed to the non air
atmosphere was calculated to be approximately 5x10™*cm?/sec (2932K) (
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Figure 27).

5.3.5. Raman Spectroscopy

It is known that the Nd-rich phase in NdFeB magnets can form Nd(OH); in humid air at 50-902C
and relative humidity of 50 to 90% (Jacobson and Kim, 1987). Raman Spectroscopy was performed
on air exposed samples to identify the oxidation/ corrosion products on the surface of the NdFeB
magnets. The NdFeB magnet was mounted in Bakelite and ground and polished in an argon filled

glove box. It was then removed from the glove box and allowed to oxidise for a period of 2 hours.

The sample was placed into the Raman Spectrometer and an image was taken by the confocal

microscope within the machine. This allowed data to be collected specifically at the triple point.
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Strong resonances were observed (Figure 28) in the 100-700 cm™ wavenumber region, which
match the spectra that were obtained from an Nd,0; reference specimen. No other peaks were

observed which could relate to Nd(OH)s.
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Figure 28 - Raman results for a NdFeB magnet when compared with a Nd,o; reference.

D(T) = Doexp< RTa) Equation 5

The activation energy for the underlying diffusion process can be derived using the expression in
equation 5, providing a value of D, (the diffusion constant) is known. Where E, is the activation

energy, R the rare gas constant and T is temperature.

D, values for the oxidation of rare earth metals, including Edgley’s for Nd (0.01eV) lie in the range
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0.01t0 0.001-eV. Using Edgley’s [1997] value of D, (0.01eV) the activation energy is calculated to
be 0.6eV. This activation energy is again typical for defect enforced, surface and grain boundary
diffusion. Oxygen migration through the grain boundary phase is likely to be the main mechanism

for the growth of the oxide platelets.

No directly comparable low temperature activation energy data for oxidation of NdFeB are
available, however, the data from several previous studies of bulk and powdered samples

conducted at higher temperatures are given in Table 4 and

Table 5.

Table 4 - High Temperature Oxidation of NdFeB Bulk samples.

Temperature range (°C) | Atmosphere Activation Energy (eV) Reference

58




400-600 Air 1.22 Blank, 1987

360-600 Air 0.73 Lemarchand, 1992

365-611 Air 1.09 Edgley, 1997
Table 5 - Oxidation of NdFeB powdered samples.

TemperatureRange (°C) | Size(um) | Atmosphere | Activation energy (eV) Reference

250-276 <20 Air 0.3 Osawa, 1992

20-1100 <20 Air 0.4 Stewart, 1991
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360-600 800-100 | Air 0.44 Lemarchand, 1992

100-250 4 Air 0.25 Higgins, 1987

Table 4 shows that for oxidation of bulk NdFeB samples at moderate temperatures activation
energies were in the region of 1.1-1.2eV. This would equate to diffusion coefficients at room
temperatures of around 2x10*'cm/s. i.e. many orders of magnitude greater than the diffusion
coefficient calculated for oxide growth in the present work at room temperature. Clearly for bulk
NdFeB magnets at a higher temperature there are different oxide growth mechanisms and kinetics
at work compared to the room temperature oxidation experiments conducted here. For powdered
samples the activation energies have been reported to be around 0.5 eV, implying much more
rapid oxidation rates than for bulk samples but similar to those observed here. This would be
expected as powders have large surface/area ratios and oxidation will be dominated by low
activation energy surface processes and defect enhanced diffusion. The rates observed in the
present work are thus in keeping with defect enhanced or interstial migration processes of

oxygen.
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5.4. Scoring experiments

5.4.1. 3D confocal Microscopy

It was evident from the hydrogen decrepitation experiments on the commercial rotors, which
been exposed to air for prolonged periods, that surface activation of the magnets is required
break through any surface oxides/contaminates prior to hydrogen processing. One possible
method that was used to do this was simple scoring with a scalpel. The 3D-Confocal
was used to assess the score depth using this technique. It is important to understand the
score which is achieved, as this needs to be deeper than the oxide layer in order for fresh un-
oxidized material to be exposed to hydrogen. It can be observed in

Table 6 that scoring numerous times increases the depth of the score, with a single score achieving
a depth of 9.8 microns and scoring four times resulted in a depth of 30 microns. A Maplins N48FT
Dremel tool was also used in order to create a greater level of damage. The dremel tool achieved
an intermediate depth of 17.1 microns however this tool has a greater width than the scalpel

blade which exposes more fresh material to hydrogen.
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Figure 29 - Confocal Images of several score depths produced with a scalpel and a dremel tool
on the surface of a NdFeB magnet.
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Table 6 - Average depth of score when scored with a scalpel and imaged with a confocal
microscope at x50 magnification.

Average Depth (um)
Score 1 9.8
Score 2 13.9
Score 3 15.3
Score 4 30.3
Dremel 17.1

It was evident from the SEM cross sections that oxygen had penetrated the surface of the NdFeB
magnets up to a depth of approximately 5um in the triple points. Therefore scoring in this manner
should easily be sufficient to break through any surface oxide. This was confirmed by the fact that
scoring did result in hydrogen decrepitation on the commercial rotor. It was interesting to note
that on the commercial rotors, once the magnets were scored, if the magnets were not placed
into hydrogen within the first ten minutes then hydrogen would not react with the magnets, even
after four hours. This was not the case for the voice coil magnets used in the coating experiments.
Walton et al, 2012 has shown that voice coil magnets can be broken and then air exposed for >20
days and they would still react in hydrogen. Therefore, the oxidation rate at the grain boundaries
would appear to be heavily dependant upon composition. This would also suggest that the
hydrogen reaction can only initiate at the Nd-rich grain boundary phase, as it is this phase that was
observed to rapidly oxidise from the SEM/confocal trials.5.5. Assessment of Thermal and Physical

Impact of Hydrogen Exposure.
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5.5.1. Flat Plate Assembly

When NdFeB absorbs hydrogen, it has been shown to expand by approximately 5% [Harris, 1987]
with an associated exothermic reaction. Both the physical expansion of the material and the
temperature change could damage a commercial assembly by either distorting the assembly that
the magnets are glued into or by demagnetising the magnets that have not been selected for
removal due to the temperature rise. In order to investigate these changes a mock flat plate
assembly was designed (Figure 30). The mock flat-plate assembly consisted of nine square
3cmx3cmx0.5cm NdFeB magnets mounted on a steel tray. All of the magnets apart from the
central magnets were coated in order to protect them from hydrogen decrepitation. The central
magnet was un-coated and was scored with a cross. Earlier experiments in this work had shown
that scoring was an effective way of breaking through the oxide layer of the NdFeB magnet and

ensuring that the magnet would react.

Figure 30 also displays the temperature logging hardware used in this work. This hardware was
designed to be placed within the hydrogen vessel and operated using battery power. Three
temperature sensors were placed upon the sample. Sensor one was placed on the resin between
the central magnet and one of the outer magnets. If the sensor was positioned on the central
magnet then it would have become detached once the magnet surface began to decrepitate. The
second sensor was attached to one of the surrounding coated magnets. This would give an
indication of the temperature increase that the surrounding magnets were exposed to when the
central magnet was removed. The third sensor was positioned to measure the temperature of the

steel part of the assembly. This was mounted on the underside of the base plate.

The flat plate assembly was exposed for two hours in 2b of hydrogen at room temperature. Upon

removal, the assembly was photographed (Figure 31) and it was observed that the central magnet,
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which had been left un-coated, had been completely decrepitated by the hydrogen (Figure 31d).
The same brittle, compacted hydrided powder that was observed in the commercial assembly
investigated earlier remained in the centre of the magnet. However, it was easily removed with a

brush after hydrogen decrepitation.

However, upon further examination of the flat-plate assembly it was obvious that substantial
damage had been caused to the base plate and the surrounding magnets. This can be observedin
Figure 31 b and c. The hydrogen decrepitation test had caused considerable strain to the steel
base plate causing it to bend along the line that is drawn Figure 31a. The effect of this was to
cause the brittle NdFeB magnets to crack along this line, damaging the magnets and exposing
fresh NdFeB magnet material to hydrogen. It appeared that the surrounding magnets then began
to decrepitate and further damage was caused before the end of the experiment (Figure 31 b and
c). Distortion of this flat plate assembly demonstrates that substantial force is generated during

the hydrogen decrepitation process that is transmitted in all directions.
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Arduino data logger

Temperature sensors

Uncoated magnet

Coated magnet

Figure 30 - Mock flate plate assembly and temperature recording apparatus.

Therefore, these results show that further work needs to be performed in order to characterize
the strain that is developed when an NdFeB magnet is decrepitated. This force has been shown to
be large enough in order to bend a steel base plate and damage the magnets that are contained
within it. However, in a commercial assembly it is likely that the base plate would be much thicker
than the steel base plate that was used in this experiment. A second consideration is that
commercial assemblies are usually not flat and instead are more like the commercial assembly,
which was used earlier in this work. These commercial assemblies usually have a curved surface
which may cause the magnet to expand towards the surface of the magnet rather than laterally.
This would have the effect of reducing the damage to the surrounding magnets as was observed in

the earlier commercial assembly experiments (Figure 18).
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Figure 31 - Mock flate plate assembly after hydrogen decrepitation. a) Entire assembly with

line drawn on to indicate bend b) damaged magnet c¢) damaged magnet d) Uncoated magnet

removed by hydrogen decrepitation e) Side view of assembly (the thickness of the plate was
0.8 cm.
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The temperature sensor, which was attached to the steel base plate, failed during the test. This

was due to a problem with the analogue socket on the Arduino data logger.

Sensor 1 Sensor 2

Temperature (2C)
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Figure 32 - Temperature data for the sensors positioned on the resin (sensor 1) and the centre
of a surrounding magnet (sensor 2).

Figure 32 displays the temperature data logged from sensors 1 and 2. They show that there was
anincrease in temperature as the hydrogen decrepitation reaction proceeded. The plateauinthe
data before the peak shows the time it takes between the sample and data logger being inserted
into the pressure vessel and the start of the hydrogen decrepitation reaction. There is a
temperature variation of 1°C between the start and end of the reaction. This can be described by a

change in the ambient temperature.

The data shows that there was a 6°C temperature increase as the hydrogen decrepitation reaction
proceeded. This temperature increase is lower than was anticipated before the experiment as it

has been reported that the hydrogen decrepitation of NdFeB is a highly exothermic reaction



(McGuiness, 1988). This temperature increase would not be large enough to have any significant
impact on the magnetic properties of the other magnets in the assembly. This data is important as
it was thought before the experiment that the temperature that was developed during the
hydrogen decrepitation reaction might have been a large barrier to the use of hydrogen for
removing single magnets from an NdFeB assembly. However there may be a larger temperature
increase when there is more NdFeB magnet material as observed in some commercial assembilies.
However there will also be a larger steel base plate, which will act as a heat sink which will

conduct the heat away from the magnets.

5.5.2. MagScan

A MagScan was used to assess the magnetic field strength developed from the mock assembly at
different positions. Figure 33 and Figure 34 shows the Magscan data for the flat plate assembly
before and after decrepitation. It was observed that there have been significant changes in the
magnetic field patterns across the assembly. The Magscan experiments were originally conducted
as a way of visualizing any magnetic deterioration due to thermal degradation. However, it has
become apparent that the temperature changes observed would not be sufficient to have any

impact.

The dramatic changes observed are a result of the distortion of the assembly, resulting in cracking
of the magnets/coating and then subsequent decrepitation of the magnets. This data
demonstrates that the magnets that are cracked produce a reduced magnetic field that shows that
the damage done to the magnets by cracking and subsequent hydrogen decrepitation has a

dramatic effect on the magnetic properties of the magnet.
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Figure 34 - MagScan data for post decrepitation.
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5.6. Encapsulation of NdFeB magnets

Further to the flate plate assemblies NdFeB magnets were cut into cylinders and encapsulated
Cu sleeves to investigate the impact of confinement of the material during decrepitation. This
created a simpler system with fewer materials and therefore fewer variables. The magnets
were voice coil assembly magnets which were cut into cylinders with a diameter of
4mm (

Figure 16). The c-axis of the magnet was pointing upwards with the flat surfaces of the NdFeB
magnet being free. The magnet assembly was imaged using the tiling feature on the confocal
microscope and accurate measurements were taken of the magnet and the Cu tube using a
micrometer. The magnet was then exposed to hydrogen and the strain produced was

characterised by the change in shape of the assembly across its width.

The samples were encapsulated and exposed to hydrogen at 2 bars for 2 hours. Samples were first
encapsulated in a 1Imm thick Cu tube; however, no evidence of lateral expansion could be
observed. Therefore, thinner walled Cu was subsequently utilized with a wall thickness of 0.4mm.
The magnets were shown to expand out of the free surface of the Cu sleeve and the Cu sleeve was
shown to expand laterally. Interestingly the NdFeB magnets did not break into a hydrided powder
during H, exposure. Significant differences in the level of expansion were observed between

different samples (Table 7).

After hydrogen exposure it was possible to run a spatula across the magnet surface without
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powder pull out and it was possible to remove the NdFeB from the Cu sleeves without the

material further breaking down.

A non-encapsulated NdFeB magnet, which was cut out by spark erosion machining, was also
exposed to hydrogen at 2 bars for 2 hours. This un-encapsulated sample did break down into a

hydrided powder as usual.

Further testing was carried out at hydrogen pressures of 8 bar to make sure that the encapsulated
samples had hydrided. In these experiments the samples were ground with p400 grinding paper in
order to completely remove the oxide layer and also to provide a greater surface area for
hydrogen decrepitation to initiate. The sample was exposed to hydrogen for 5 hours. At the end of
this experiment, the magnets were imaged and measured. The sample still did not show signs of

breaking into a powder at higher pressures.

The magnets could not be magnetised after hydrogen exposure which indicated that the matrix

phase had reacted with hydrogen.

Using the dimensions that were obtained by using confocal microscopy, the strain on the Cu tube

can be found using the formula:

_dl

— Equation 6
Lo

&

Where: e=strain; dl= change in length (m); l,= initial length (m).

The strain can then be used along with the Young’s modulus of the Cu tube in order to find the
stress that the Cu tube was placed under when the NdFeB magnet decrepitated, using the

formula.
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o = &xE

Where: o= stress (Pa); e=strain; E= Young’s Modulus (Pa).

To work out the energy per unit volume, the equation below is used:

Equation 7

Energy per unit volume =0.50 x € Equation 8

Cu tube

NdFeB Magnet

Figure 35 - Tiled optical image of an encapsulated NdFeB sample before (a) and after (b)
hydrogen exposure.

Table 7 - Diameter measurements for the sample before and after exposure to hydrogen.

Cu Diameter Pre Cu Diameter Change in Stress (MPa) Energy per unit

HD(mm) Post HD (mm) diameter (mm) volume (J/ms)
Sample 1 3.861 3.927 0.066 23 2357
Sample 2 3.869 4.02 0.161 52 12364
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Large variations in the diameter of the Cu can be observed in Table 7 for the sample after HD
treatment. This could be due to a number of reasons including uneven spacing between the
magnet and the Cu sleeve, inaccuracy of the confocal tiling technique and variations in the surface
roughness of the magnet. Therefore the values generated for strain, stress and energy are only
indicative values. However, as far as the author is aware this is the first time any data has been

generated on the level of stress caused by the HD process on encapsulated NdFeB.

This is a preliminary experiment and more testing needs to be performed to improve the accuracy
of this technique. This experiment has allowed for an estimation of the forces that are generated
during the hydrogen decrepitation reaction which can provide useful information for further
experimentation. Typically this situation would be considered using equations which relate to
hoop stress rather than the change in length of the copper. However, the equations for hoop
stress require data for not only the wall thickness and the length of the cylinder but the internal

pressure acting on the cylinder, this is shown in equation 9.
0y = g Equation 9

Where: F is the force extended circumferentially on the cylinder wall; t is the radial thickness
of the cylinder; | is the axial length of the cylinder. Therefore, equation 7 was used in order to

provide a rough estimate of the forces developed during hydrogen decrepitation.

6. Conclusions

Several coatings were tested as barrier coatings against hydrogen decrepitation. Nail varnish and
Gestetner lithographic correction fluid have both been shown to act as protective layers against
hydrogen that would allow sufficient time to remove other magnets from an assembly. The
coatings are likely to only have a slow diffusion rate for hydrogen. Therefore, if prolonged periods

of hydrogen exposure were endured the magnets would be likely to react. It is likely that a wide
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variety of different coating materials could play a similar role.

This work showed that either some or all of the NdFeB magnets could be removed successfully
from a commercial assembly. When the magnets were removed from the smart car rotor the steel
rotor was found to be undamaged. The decrepitated magnetic material was shown to be
demagnetised and fell to the bottom of the reaction vessel as a powder. This powder could then

be collected and recycled using the same methods reported by Zakotnik (2009).

Investigations on removing a single magnet from a mock flat plate assembly demonstrated that
large amounts of sub — surface strain are developed. This was displayed in the mock flat plate
assembly experiment as there was a large distortion of the steel base plate which caused two of
the surrounding magnets to crack and begin to hydrogen decrepitate. However most large scale
magnet applications are likely to have a much more substantial base plate/rotor to cope with the
magnetic forces which are generated. Therefore, the impact of the strain developed during
decrepitation may not manifest itself as a dimensional change in the base structure. When
decrepitating magnets from the Smart Car rotor, no change in size could be observed and none of

the other magnets in the assembly were damaged.

Temperature sensors were attached to the assembly in order to characterise the temperature rise
which is generated by the hydrogen decrepitation reaction and to assess whether the heat
generated would be high enough to have a demagnetising effect on the surrounding magnets. It
was shown that it is very unlikely that hydrogen decrepitation of individual magnets from an
assembly that enough heat would generate enough heat to permanently damage the magnetic
field in the surrounding magnets. Aktar (2010) showed that this would need to be greater than
80°Cin order to permanently effect the NdFeB magnets. On a commercial assembly where there
will be larger amounts of magnetic material and therefore the possibility of generating larger

amounts of heat is increased. However, the substrate/rotor is likely to provide a very large heat
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sink that will reduce the temperature rise observed in neighbouring magnets.

The Flat plate assembly was imaged using a Magscan before and after the hydrogen decrepitation
reaction in order to characterise any changes in the magnetic field which is generated by the
assembly. The Magscan data showed that substantial changes in the magnetic field pattern across
the assembly were observed. This was due to the distortion of the plate and subsequent

decrepitation of the magnets rather than being as a result of temperature fluctuations

It has been shown that scoring of the NdFeB magnets to expose fresh material plays animportant
role ininitiating the HD process. The magnets mounted on commercial rotors needed to be scored
in order for decrepitation to take place. However, the voice coil magnets used for the coating
experiments, required no such scoring. This could be due to two reasons. Firstly, the magnets have
different compositions and secondly the magnets have different levels of surface oxide. The voice
coil magnets were coated in Ni (which was stripped off prior to the hd process). It is therefore
necessary to characterise the oxide layer which forms on the surface of the NdFeB magnets in

order to gain a greater understanding of the initiation of the hydrogen decrepitation reaction.

It would therefore appear that the HD process must initiate at these Nd-rich regions as in some
cases after 30 minutes of air exposure after scoring the HD process would not work. This confirms
previous work by Harris et al who postulated that the HD process must initiate at grain boundaries

and triple points.

This work has demonstrated that the 3D confocal microscope is a very powerful tool for observing
metal-gas interactions. In future work a pressure cell will be fitted to the microscope which can be
filled with hydrogen. It should then be possible to directly observe the HD process initiating at

triple points.

A combination of SEM equipped with WDS, raman spectroscopy and 3D confocal microscopy has
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clearly shown that the Nd-rich triple points oxidise preferentially compared to the matrix phase on
bulk sintered NdFeB magnets in atmospheric conditions at room temperature. This is not the case
for higher temperature oxidation [Edgley, 1997] where a planar oxidation front has been observed
passing through both the grain boundaries/triple points and matrix grains. The diffusion
coefficient calculated from the oxide growth data (3x10™*cm?*/sec) further suggested a grain
boundary type mechanism for oxide growth. This is the first time that such a dominant grain

boundary mechanism has been demonstrated for bulk sintered magnets under these conditions.

It has been observed in this work that this grain boundary oxidation is more rapid than has been
reported previously by Jacobson et al [1987], where the weight gain of a sample was measured
over a time period of weeks rather than minutes. The implications of these findings is that there is
a very short time period between exposure of some samples to oxygen before they will no longer
be affected by hydrogen decrepitation without first breaking the NdFeB alloy to expose clean
material. To achieve reproducible hydrogen decrepitation of scrap magnet material that has been
exposed to atmospheric conditions it will be necessary to add a further surface pre- processing

step.

In this project scoring with a scalpel was used to initiate the hydrogen decrepitation reaction.
Scoring experiments showed that the score depth of an NdFeB magnet scored with a scalpel is
around 10um and this can be increased by scoring the sample a number of times. A dremel tool
was also tested and this proved to be an effective scoring method as it scored to a depth of 17pm
in a wider area than could be achieved with a scalpel exposing more un- oxidised material to
hydrogen. In the SEM equipped with WDS investigations it was shown that the oxide layer was
approximately 3um thick. Therefore scoring with a scalpel should be of sufficient depth to break

through the oxide layer and initiate hydrogen decrepitation. This was shown to be the case.

In an attempt to understand the impact of encapsulation of NdFeB magnets on the HD process
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several sintered magnets were embedded in copper sleeves. When the sleeved assemblies were
processed in hydrogen surprisingly the NdFeB magnets stayed intact event after removal from the
sleeve. This is the first time that such a phenomenon has been observed. This has implications on
the use of hydrogen as a tool for separation of magnets from assemblies, as if they are heavily
embedded the HD process will not reduce them to a powder which can be stripped from the
device. This was only a preliminary study and further work is required to understand the

underlying mechanisms.

The work outlined in this project was the first attempt to investigate the use of hydrogen
decrepitation to remove magnets from large commercial assemblies and to determine the impact
of oxidation on the HD process. The results have raised a large number of questions and possible

future work including:

= |nvestigate the oxidation rate of a larger range of NdFeB sintered magnet compositions.
= |n-situ 3D confocal microscopy of the HD process.
=  Further investigation of the hydrogen absorption mechanism in encapsulated NdFeB

magnets including gravimetric studies and X-ray diffraction.
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