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Abstract

Sm-Co magnets are the second most widely industrially used REE-permanent magnets
(REE: rare earth elements) after Nd-Fe-B. The magnets are used in a wide range of
applications, such as electronics, aerospace and medical applications. Sm-Co provides the
highest known coercivity and thermal stability values in the market. However the magnets
are mainly composed of REE (Sm) and Co, and over the past 10 years the previous
elements have been identified by the European Commission to be critical elements
because of the risk of their supply resources; as their market is controlled by China and
DRC, beside their very high economic importance. Moreover, REE-permanent magnets
alone consume about 20% of the REE produced worldwide. Consequently, the recycling of
Sm-Co magnets has been considered as an urgent solution to help maintain a sustainable
source of those very important metals and magnets. In the work described here, Hydrogen
Decrepitation (HD) has been applied as an effective way for the direct recycling of the two
industrially produced types of sintered Sm-Co magnets; SmCos and Sm2Co17. Hydrogen of a
pressure of only 1 bar, room temperature for 3 hours was sufficient for the decrepitation
of SmCos, however more severe conditions were required for the decrepitation of Sm,Co17;
20 bar of hydrogen gas for 2 days. The recycled magnets prepared by using more than 98
wt.% of the recycled decrepitated powder showed to have as good magnetic properties as
the industrially produced ones, by using the conventional sintering route. The magnetic
properties of the recycled SmCos were remanence (5B, = 0.95 T, intrinsic coercivity (;H;)
> 1500 kA/m and maximum energy product ((BH)max) of 171.1 kJ/m3 and for Sm,Co17
were B-= 1.09 T, ;H: > 1500 kA/m and (BH)max = 218.3 kJ/m3. Spark plasma sintering
(SPS) has been studied as an alternative way for the consolidation of the recycled powder,
where it was shown to be an effective route for producing isotropic SmCos magnets with
near full density and coercivity values similar to the conventionally sintered magnets. For
Sm,Co17, the magnetic properties of the SPS-ed samples showed deterioration of ;H. to
about 200 kA/m, which was related to the microstructure formation during the sintering
process. Anisotropic polymer-bonded magnets were also produced from the recycled
decrepitated powder with a very simple process of mixing the magnetic powder with a
polymer binder followed by aligning, pressing and heating the pressed compact. The
polymer-bonded Sm:Co17 magnets showed to have promising properties of B,= 0.58 T, ;H.
> 1500 kKA/m and (BH)max = 56 k]J/m3. Because of the oxidation of the Sm element in
SmCos during the preparation of their polymer-bonded magnets, their ;4. was as low as
250 kA/m. As most of the industrially produced magnets are coated; usually with Ni-Cu-
Ni, for protection from corrosion or chipping, and the presence of the coating residuals
would deteriorate the magnetic properties of the recycled magnets, the possibility of
removing the coating material from the recycled powder has been studied. By applying HD
on the coated magnets, it was possible to sieve out the coating residuals from the
decrepitated powder; where 98 wt.% of the coating was removed. The dissolution of the
coating material was also studied by using 2M HNO3; and 1 vol.% Br/organic systems,
where it was shown that the latter system can be a promising route for the industrial
application of the removal of the coating on the magnet’s surface in a very short time of
less than 20 min. To complete the picture, the effect of the presence of the coating
residuals on the properties of Sm-Co magnets was studied, where it was shown that up to
a coating content of 2 wt.% can be present in SmCos magnets without decreasing its
magnetic or mechanical properties. For Sm;Co17 magnets, 1 wt.% was shown to be the
maximum allowed concentration to be present without sharp negative effects on the
properties of the magnets. Finally strip casting was also studied as an alternative recycling
route of the Sm-Co magnets to be compared with HD, where very low recovery values of
less than 50 wt.% were achieved.


https://en.wikipedia.org/wiki/Rare-earth_magnet
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Povzetek

Sm-Co magneti so drugi najpogosteje uporabljeni trajni magneti na osnovi elementov
redkih zemelj, najbolj razSirjeni so Nd-Fe-B magneti. Magneti se uporabljajo v
najrazlicnejSe namene, tako v elektroniki, letalski in vesoljski industriji kot tudi v
medicinske namene. Trenutno Sm-Co magneti zagotavljajo najviSjo koercitivnost in
termic¢no stabilnost. Magnete v glavnem sestavljata redka zemlja (Sm) in kobalt (Co). V
zadnjem desetletju je Evropska komisija oba omenjena elementa zaradi negotovega vira
prepoznala kot kriticna. Dostopnost teh elementov na trgu nadzirata drzavi, ki imata
njihove glavne vire; Kitajska ima elemente redkih zemelj, Kongo pa Co. Priblizno 20 %
vseh izkopanih redkih zemelj se porabi za proizvodnjo magnetov. Glede na navedena
dejstva je za ohranjanje trajnostnega vira teh stratesSkih kovin najbolj smiselna uvedba
reciklaze Sm-Co magnetov. Postopek hidrogenizacije z vodikom je bil uporabljen kot
ucinkovit postopek za direktno reciklazo obeh vrst Sm-Co sintranih magnetov; SmCos in
Sm;Co17. SmCos magneti so uspesno razpadli Ze v 3 urah pri 1 bar vodika in sobni
temperaturi, medtem ko so Sm,Co17 magneti potrebovali bolj ostre pogoje; 2 dni v vodiku
pri 20 bar. Raziskave so potrdile, da lahko ve¢ kot 98 ut.% recikliranega materiala
zme$amo s sveZim materialom in dobimo sintrane magnete z magnetnimi lastnostmi, ki so
primerljive z originalnimi magneti. Magnetne lastnosti recikliranih SmCos magnetov so:
remanenca (B) = 0,95 T, koercitivnost (;/;) > 1500 kA/m in maksimalen energijski
produkt ((BH)max) = 171,1 kJ/m3, magnetne lastnosti recikliranih Sm;Coi; pa so:
remanenca (B, = 1,09 T, koercitivnost (;/) > 1500 kA/m in maksimalen energijski
produkt ((BH)max) = 218,3 kJ/m3. Postopek sintranja z iskreCo plazmo (SPS) je
alternativen postopek, ki se je izkazal kot primeren za sintranje izotropnih SmCos
magnetov iz recikliranega prahu z gostoto blizu teoreticne gostote in koercitivnostjo,
enakovredno konvencionalno sintranim magnetom. Postopek pa se ni izkazal kot
primeren za izdelavo Sm2Co17 magnetov. Sm2Co17 magneti, sintrani s plazmo, imajo 200
kA/m niZjo koercitivnost, kar je posledica mikrostrukture, ki nastane med postopkom
sintranja. Narejeni so bili tudi anizotropni polimerno- vezani magneti iz recikliranega
prahu po preprostem postopku meSanja kovinskega prahu s polimernim vezivom.
Homogena mesSanica je bila usmerjena v magnetno polje, stisnjena in toplotno obdelana.
Sm;Co17 magneti so pokazali dobre magnetne lastnosti; B-= 0,58 T, ;4. >1500 kA/m in
(BH)max = 56 KJ/m3. Slabso koercitivnost ;4. >250 kA/m so pokazali SmCos magneti,
verjetno zaradi Sm faze, ki je oksidirala med samo pripravo mesanic. Vecina proizvedenih
magnetov je povrSinsko zasCitenih s plastjo Ni-Cu-Ni kot zascito pred korozijo in
okrusitvami. Preverili smo, do katere mere prisotnost prevleke nima negativnega vpliva
na magnetne lastnosti. Raziskave so pokazale, da <2 ut.% ostankov Ni-Cu-Ni plasti ne moti
pri SmCos magnetih in <1 ut.% ostankov pri Sm2Co17 magnetih. Pred postopkom reciklaze
je torej treba vecino te plasti odstraniti, ker negativno vpliva na magnetne lastnosti
recikliranih magnetov. Raziskave so pokazale, da se 98 ut.% prevleke uspeSno odstrani s
postopkom sejanj\ po hidrogenaciji magnetov z zasc¢itno plastjo z vodikom. Preucen pa je
bil tudi kemijski postopek odstranjevanja plasti z 2 M HNOsz ali z 1 % Br v organski
raztopini. Uporaba Br raztopine se je izkazala kot obetaven postopek, ki zascitno plast z
magneta odstrani ze v kratkem c¢asu; do 20 minut. Kon¢no smo kot postopek reciklaze
preizkusili Se postopek nalivanja taline na hlajeni valj (strip casting). Ugotovljeno je bilo,
da so izkoristki tega postopka slabi, saj so nizji od 50 ut.%.
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Chapter 1
Introduction

1.1 History of Magnetism and Development of Magnetic Materials

The fundamentals and the scientific understanding of magnetism and magnetic materials
were not explained until the beginning of the last century. However long before that, the
phenomenon of magnetism was applied in many applications; quite accurately in some
situations as in geomancy applications, and inaccurately in others as the one that led to the
discovery of the Americas by Columbus as a result of confusing the North and South poles’
directions.

It is believed that the first form of magnetism discovered in a material was observed in
form of a rock called lodestone, named after lodestar, at least 2000 years ago [4].
Lodestone is just a stone rich in Fe304; magnetite, usually magnetized by lightning strikes.
Chinese were the first to put the magnetic force in a useful application by simply carving a
lodestone in the shape of a spoon, free to move on a base, the handle of the spoon is
pointing towards the South pole, mostly used for geomancy applications. In 1088, the
Chinese engineer Shen Kuo then invented the navigational compass [5]. The compass was
reused/reinvented in Europe by the English Alexander Neckam in 1187 [6]. In 1269, Peter
Peregrinus from France put his knowledge about lodestone in a letter describing the effect
of self-carved loadstone to magnetize an iron needle and the attraction and repulsion
between two pieces of loadstones, he is also the first to define the existence of North and
South poles at the ends of the magnet; from this knowledge he proposed the possibility for
the manufacturing of perpetual motion machine [7]. Around 1600, William Gilbert from
England, who is known to be the father of electricity and magnetism, wrote what is
considered by many to be the first scientific report about magnetism under the title "On
the Magnet: Magnetic Bodies Also, and On the Great Magnet the Earth; a New Physiology,
Demonstrated by Many Arguments and Experiments”, identifying the source of the
magnetic force for aligning the dipole of lodestone to be the rotating Earth itself, not a
superstitious force or a star. In 1734, Daniel Bernoulli from Switzerland assembled the
horseshoe magnet. Whereas, in 1745, Gowin Knight from England, was the first to develop
self-synthesized permanent magnets of a paste containing powdered iron oxide [8].

The connection between magnetism and electricity was then observed in many
occasions until it was explained by Hans Christian @rsted, who in 1820 helped show in a
theatrical event that magnetic force can be created in a coil carrying an electrical current.
The previously mentioned horseshoe magnets were then replaced by the use of
electromagnets after William Sturgeon in 1824. Further, the classical explanation of
magnetism and its connection to electricity were studied by many great scientists such as
André-Marie Ampére (1775-1836), Michael Faraday (1791-1867) and James Clerk
Maxwell (1831-1879) [8]. This was followed by the use of quantum theory at the
beginning of the last century for the distinction between different magnetic materials and
their structures as will be discussed in the next chapters.

Around 1880, alloys of carbon steel containing 6% W or Cr were known to be relatively
strong permanent magnets of that time, having a coercivity (;4) = 4.4 kA/m and
maximum energy product ((BH)max) of about 2.4 kJ/m3 [9]. Note: coercivity is a
measurement for the energy required to demagnetize the magnet, maximum energy
product is the amount of the magnetic energy stored in the magnet; further details are
explained below. Those values were more than tripled by the addition of 30-40% Co to the
previous steels as shown by the Japanese physicists Honda and Takagi, to reach values of
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He = 20 KA/m and (BH)max = 7.6 kJ/m3 [10]. This was further studied by English
manufacturers to produce grades of having lower Co content. In 1930, alloys of Al-Ni-Fe
were shown to provide high ;4. and (BH)max values of 40 kA/m and 10 k]/m3, respectively.
After the substitution of Fe with Co for the previous compound, and after heat treatment
in the magnetic field, the properties were shown to increase to ;H. = 44 kA/m, and (BH)max
= 36 k]J/m3 [11]. By controlling the microstructure to produce a columnar grain structure,
the (BH)max was further improved to 60 kJ/m3. Ferrite magnets which are other
permanent magnets of low coercivity value of composition close to CoFe;0s were
produced by Philips Organisation (USA) around 1940, where their development also led to
the manufacturing of the first to be known as high coercivity ferrite permanent magnets of
composition MFe1,019 (M=Ba, Sr, Pb), having for example for SrFe12019, ;4. = 275kA/m
and (BH)max = 28.2kJ/m3. MFe12019 were also produced in the form of polymer-bonded
magnets after dispersion of its powder in a plastic binder [12].

A tremendous increase in the properties of the permanent magnets were shown by the
materials composed of rare-earth elements (REE) and transition metals (TM), having a
composition of RCos (R =Y, Ce, Pr, Sm and Y-rich and Ce-rich mischmetals) by Strant et al.
in 1966 [13]. The properties of the materials were first measured by preparing aligned
powders in a plastic binder and measuring the magnetic properties parallel and
perpendicular to the direction of the previous alignment, to show that the materials have a
very high crystal anisotropy. Das [14] and Benz and Martin [15] then used the sintering
technique for the production of the now industrially produced fully dense SmCos magnets
with (BH)max of 158 kJ/m3, after the improvement of the alignment and the reduction of
the particle size of the used powder to be lower than 10 um. The title of the paper from
Das was “Twenty million energy product samarium-cobalt magnet”. Since the first
invention of the SmCos magnets, various experiments were carried out for the substitution
of either Sm or Co by other REE or TM, until 1976 when Nagel et al. [16] prepared sintered
Sm(Co,Fe,Mn,Cr)ss and Sm(Co,TM)s, TM = Fe or Cu, exhibiting high ;. of 959 kA/m. The
current industrially produced Sm;Coi7 magnets were then discovered by adding Zr of
about 3 wt.% to form Sm(Co, Fe, Cu, Zr), combined with long heat treatment, the
measured ;H. for the sample of z equals 8.35 was 2069 kA/m [17].

Driven by the insanity of Co prices in 1980s, combined with the knowledge that the
combination of REE and TM might produce magnets of high magnetic properties, Nd-Fe-B
magnets were developed in 1982, simultaneously by General Motors (GM) [18] and
Sumitomo Special Metals [19] in the form of polymer bonded and sintered magnets,
respectively. The new magnet showed superior properties in terms of (BH)max in
comparison with Sm-Co of a value of 290 kJ/m3 for the sintered magnets, but it also shows
lower temperature stability and ;H. However, enormous research has been carried out for
the improvement of the H, temperature coefficients and corrosion resistance by
microstructure optimization and metals’ substitution in the magnets, especially the
replacement of Nd with Dy. A value of (BH)max of 474 k]J/m3 has already been achieved by
NEOMAX Co. Ltd. [20] in 2005.

The latest known composition to serve as strong permanent magnets was developed
by Coey and Sun [21] in 1990 of composition RyFei7Ny with 2.3<y<2.9, (R = Ce, Pr, Nd,
Sm, Gd, Tb, Dy, Ho, Er, Tm, Lu and Y). SmyFe17N23 was introduced as a promising alloy for
the development of stronger permanent magnets than the industrially produced Sm-Co
magnets. However, Sm;Fei7N;3 is a metastable compound which decomposes above 550
oC to form SmN and « -Fe. Therefore, its applications are only limited to polymer-bonded
magnets.

Figure 1.1 shows the development of permanent magnets in the last century, the
amount of each material to provide the same magnetic energy product is also shown [22].

1.2 Origin of Magnetism and Magnetic Behaviours

Hund’s rule predicts the total spin angular momentum quantum number (.5), the total
orbital angular momentum quantum number (L) and the total angular momentum
quantum number (/) for a single atom or ion, which can be used for the theoretical
calculation of the effective magnetic field () for the atom or ion in the ground state by
using equation (1), where up is the Bohr magneton and g is a factor, which can be
calculated from equation (2).



1.2. Origin of Magnetism and Magnetic Behaviours 3

ﬂeff:ﬂgg\/l) ] (+ 1% D
3 +1)—L(L+1
&=; 2](J+1) 2

The presence of unpaired electrons would produce a non-zero dipole moment value
for the atoms. As a simplified picture, the magnetic behaviour of a material is defined by
how all the magnetic moments of the component atoms of the material react to external
magnetic fields. Figure 1.2 shows the moments’ behaviour in different materials after the
application and removal of the external field, further explanation of the definitions is
below.

Steel 80 T T T T T T T

© - 320
o 5 l ., ¥
Q . £
Z wh m-Co —* 3 {20 2
i 5
z : £
I L - T
o 2 *+ 180 5
~ Alnico e
w0} Steels Ferrites \ e — -1 80
v
0'  — —T N
0 T T T T T T g | 0

1910 1920 1930 1940 1950 1860 1970 1980 1990 2000

Ferrite
Alnico

T Nd-Fe-B

- = &

Figure 1.1: The enhancement of the magnetic energy product of the magnetic materials in
the last century [22].

121 Diamagnetism

The atoms in diamagnetic materials possess a moment of a value of zero. After the
application of the external field, the material repels the applied field, as magnetic moments
are created inside the material which align themselves in a direction opposite to the field.
When placed between two poles of a strong magnetic field, diamagnetic material is
attracted towards the point where the field is the weakest.

122 Paramagnetism

Nevertheless, the component atoms in paramagnetic material show a directed magnetic
moment; due to the presence of unpaired electrons. However, like diamagnetic materials,
paramagnetic materials do not show permanent magnetic behaviour after the removal of
the external field. This is due to the random distribution of the moments. Paramagnetic
materials tend to be attracted towards the regions where the field is strong, as the
moments align themselves in the same direction as the external field.
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1.2.3

Like paramagnetic materials, the atoms in ferromagnetic materials show a nonzero
magnetic moment. Due to the exchange interactions between the different magnetic
moments from different atoms in ferromagnetic materials, they tend to possess a
permanent magnetic moment even after removing the external field, as there is parallel
alignment of the magnetic moments in the material.

Bethe-Slater curve (Figure 1.3) describes the relation between the exchange
interaction of the neighbouring magnetic moments as the ratio of the interatomic distance
(r25) to the radius of the dshell (ry) [23]. A positive value for the exchange constant (Jexcs)
is related to ferromagnetic behaviour.

Ferromagnetism

124 Antiferromagnetism

Magnetic moments’ interaction also happens in antiferromagnetic materials, however this
leads to an antiparallel alignment of the moments; the /ex; value has a negative sign. This
results in a net zero magnetic moment for the solid. An example of antiferromagnetic is
manganese oxide (MnO).

1.25

Similar to ferromagnetism, ferrimagnetic materials also show a permanent magnetic
moment after the removal of the external field. On the other hand, the magnetic structure
of ferromagnetic materials contains two antiparallel alignments of magnetic moments,
with one direction in excess. Magnetite; Fez0s, is the most famous example for those
materials.

Ferrimagnetism

0000
0000
0000
0000

0000
000
0000
©000

0000
00606
0000
0006

@000
00006
0000
SICICXC

0006
0006
OJCICIC
©0006

Diamagnetism Paramagnetism Ferromagnetism Antiferromagnetism Ferrimagnetism

Figure 1.2: Magnetic behaviour characterization of materials after application and removal
of an external field.
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Figure 1.3: The Bethe-Slater curve to distinguish between ferromagnetic and
antiferromagnetic materials [23].
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1.3  Units of Magnetic Measurements

Different values and units may be used as indication for the magnetic classification of
materials.

— Magnetization of a material (M): is a vector field which expresses the density of
the dipole moments in the material.

— Susceptibility of a material (y): is the material’s magnetization M in response
to an applied field A, y» =M/ H.

— Relative permeability (x,): is a measure for the ease with which the material
can be magnetized, it equals to the material’s permeability (z)/permeability in
vacuum ().

— Flux density (B): is the response of the material to an external field, it is
calculated using the formula g+ oM.

The characteristic of magnetic materials of yu g and relation between B and H for
diamagnetic, paramagnetic and ferromagnetic materials are shown in Table 1.1. Table 1.2
shows some basic magnetic units and their conversion factors between the SI and cgs-
emu systems.

Table 1.1: Characterization of magnetic materials.

Diamagnetism Paramagnetism Ferromagnetism

Susceptibility (y): <0(-10%) >(10-5) >>0
Relative permeability (u): <1 =1 >>1
Direction of Brelative to A Opposite Same Hysteresis

Table 1.2: Magnetic Units and their conversion factors between the SI and cgs-emu [24].

SI:- cgs—-emu.- Conversion
Symbol: unit Symbol: unit
Flux density B: tesla (Wb/m2) B: gauss 1 Wb/m2 = 104 gauss
Magnetic field strength H: amp-turn/m H: oersted 1 amp-turn/m = 4m X
10-3 oersted
Magnetization M: amp-turn/m [ maxwell /cm? 1 amp-turn/m = 10-3
maxwell/cm?
Permeability of a o henry/m lo: unitless (emu) 4m X 107henry/m =1
vacuum emu
Relative permeability I&: unitless 1* unitless w=pu'
Susceptibility XY= unitless XY m: unitless Xm =4 '

14 Magnetic Anisotropy Effects

Magnetization of the materials which show collective magnetism of ferromagnetism or
ferrimagnetism is done by aligning the magnetic moments by an external magnetic field.
After removing the external magnetic field, a reversal in magnetization may be opposed by
the anisotropic forces. The direction of the magnetization is only determined by the
anisotropic forces; nevertheless the exchange energy is usually much higher than the
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anisotropic forces. There are many forms of the magnetic anisotropies, the most important
ones are:

— Magnetocrystalline anisotropy: it is an intrinsic property which occurs due to
the spin-orbit interactions of the electrons. As the electrons are linked to a
certain crystallographic structure, these interactions lead to preferred
crystalline axes for the magnetization which are called easy axes. Hard axis is a
term used for crystallographic orientation where it is not preferred for the
magnetic moments to be aligned. Magnetocrystalline anisotropy constant (K)
can be measured by the energy required to rotate the magnetization vector
from an easy axis to a hard one. Magnetocrystalline anisotropy depends on the
material and temperature.

— Shape anisotropy: the macroscopic shape of the solid affects the magnetization.
For non-spherical samples, the shape of the sample will cause magnetization
preferences in certain directions.

— Induced magnetic anisotropy: tempering the sample in an external magnetic
field can stabilize certain magnetization directions.

1.5 Magnetic Domain Structures

Domains are areas within ferromagnetic or ferrimagnetic materials where the magnetic
moments are aligned parallel to each other due to the exchange interaction. Each domain
exhibits a net magnetic field; Figure 1.4 shows an example of different domains in the
same material. Before magnetization of the materials, these net magnetic fields are aligned
randomly. An external magnetic field is required to align the domains’ magnetic moments
parallel to each other by the orientation of the individual magnetic moments. Domains are
important in specifying the magnetic behaviour of a material. Domains in the materials
which are easy to be magnetized and demagnetized (soft magnets) are usually larger than
in the materials which are hard to be magnetized and demagnetized (hard magnets).

The domain wall is the transition region between the domains. The domain walls can
be classified by the angle between the magnetic moments in two neighbouring domains
with the wall as a boundary. 180° walls, the moments are oriented in opposite direction.
90° walls, the magnetization is perpendicular in the two domains. The occurrence of
different types of domain walls in the material depends on the crystallographic
arrangement; for example, hcp-Co exhibit a uniaxial behaviour with 180° domain wall
only, while fcc-Ni shows 180°, 1090 and 107° angles. Through magnetization and
demagnetization, domain wall movement might occur and this movement can be pinned
by the presence of defects in the material.

Domain wall Domain
T%%%%%%S%

D S > S S > >
Lo o o o M
oo s e MM
£— £ £ £ £ & & &— <

Figure 1.4: Domains in ferromagnetic or ferromagnetic materials (before magnetisation).
The transition regions between the domains are called domain walls.
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1.6 Hysteresis and Magnetic Properties

There is an irreversible-nonlinear relation between the B and M for ferromagnetic or
ferrimagnetic materials with the applied H filed. This behaviour is due to the domains
existence and formation in the material by the application of the external field. Figure 1.5
shows the hysteresis behaviour upon the application of A field. The first quadrant of the
hysteresis loop represents when an applied field is used to align the domains in a material.
Increasing the field would result in more domains to be aligned parallel to each other, up
to where all the domains in the material are aligned in the same direction and saturation
for the magnetization occurs; saturation magnetization can be represented as M, The
presence of anisotropic forces, as discussed above, may oppose the magnetization reversal
upon removal of the external field. A reverse external field -/ has to be applied for the
demagnetization of the material, as shown in the second quadrant. By the -A application,
first some domains will start to align themselves in the same direction as the opposite
field, for the complete demagnetization of the material, the domain walls have to be
moved. The third and fourth quadrants are essentially mirrors for the first two. From the
previous figure some magnetic properties can be identified:

— Remanence (B): is the amount of magnetism the magnet persists after
magnetic saturation by an external magnetic field. Remanence is an extrinsic
property of permanent magnets and it depends on the volume fraction and
saturation magnetization of each phase in the microstructure, the alignment of
the phases and the density which is achieved during the manufacturing process.

— Coercivity: is the resistance of the magnet to be demagnetized by an external
magnetic field. A distinction is made between intrinsic (;/;) and extrinsic
coercivity (»H;) as the demagnetization field required to reduce the 47M and B
to zero, respectively, Figure 1.5. Coercivity is an important parameter to
characterize the magnets. There are three important mechanisms which affect
the coercivity:

o Nucleation of reverse domains: by application of a reverse external
magnetic field on a magnetized sample, the moment of the domains
will first resist the orientation by the external magnetic field. After a
specific field magnitude, the moment will change their direction
and this results in the deterioration of the magnetic properties. The
presence of inhomogeneities, such as irregularities in the grain
boundaries, can provide a nucleation point for the reverse domains
to occur. Heat treatment is usually performed to reduce the
inhomogeneities in the sample.

o Domain wall pinning: is the pinning of the movement of the domain
walls, for example due to the presence of defects in the sample as
inclusions or dislocations in the crystal structure of the material.
Usually a higher external magnetic field is required to overcome the
domain pinning sites than the ones required to initiate the
nucleation of reverse domains.

o Single domain particles grains: this occurs by reducing the grain
size of the material so they only have one domain within them.
When this happens, a reverse domain cannot occur and nucleate in
the grain and the demagnetization occurs through flipping the
moments from one direction to another which usually needs higher
reverse external magnetic fields.

— Maximum magnetic energy product: (BH)max is the maximum magnetic energy
stored in the magnet. It is calculated from the product of ,H-and B by creating
the largest square in the demagnetization quadrant. (BH)ma is the main
parameter used when comparing between the efficiency of different magnets.
The SI unit for (BH)max is kJ/m3 which equals 0.1256 MGOe in the cgs-emu
system.
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1.7 Curie Temperature

Temperature resistance is another important value to characterise permanent magnets
and it specifies the range of the application for each magnet. Curie temperature (7) is
generally used as an indication for the temperature stability of the magnets. 7. is the
temperature at which permanent magnets lose their permanent magnetic properties. Co
has the highest 7; of 1388 K (~ 1115 °C) among other known materials. Other values of
the reversible temperature coefficient of remanence (@), and coercivity (), which are the
decrease of the value of the measured quantity by increasing the temperature by one
Celsius, are also important in magnets’ characterizations.

Table 1.3 shows a comparison between the above-mentioned magnetic properties of
some industrially produced sintered REE-permanent magnets [20], [22], [25], [26], [27],
[28], [29].

1.8 Soft Magnetism vs Hard Magnetism

Ferromagnetic and ferrimagnetic materials can be classified as soft or hard (permanent)
magnets. Soft magnets show high x- and low ;H. (usually less than 1 kA/m) and so they
show a weak net magnetic moment after the removal of the external field. Examples of soft
magnetic materials are Fe-Si and Ni-Fe alloys. On the other hand, permanent magnets are
those that create their own persistent magnetic field when magnetized by an external
magnetic field. They are characterized by high ;A (more than 10 kA/m) and (BH)max Sm-
Co and Nd-Fe-B are examples of hard magnets.

II I

Bror 4nMr 4nM Vs H

H Applied field (Qe)
/ / / / 4xM | Magnetization (G)
A i B Flux density (G)
/ / / / B (App;ed B, Remanence (G)
field) e Intrinsic coercivity (Oe)
»H. | Extrinsic coercivity (Qe)
4zM, | Remnant magnetization (G)

III - v

Figure 1.5: Hysteresis curves for permanent magnets.
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Table 1.3: Comparison between industrially produced sintered REE-permanent magnets
[20], [22], [25], [26], [27], [28], [29].

SmCos Sm;Co17y Nd-Fe-B
Structure CaCus ThyZni;  Th;Niyy -
Symmetry hex rh hex tetr
Space group Pb/mnm R3m P63/mmc P42/mnm
Product (BH)max (K] /m3) 130-160 150-282 200-474
Anisotropy constant X' (M]/m3) 15-19 4.2 4.9
Reversible temperature coefficient of B- -0.05 -0.03 -0.12
(%/°C)
Product coercivity ;4. (kA/m) 1592 - 450 -2000 750 -

2400 2000
Remanence B-(T) 0.80 - 0.96 0.90-1.2 1.0-1.4
Curie temperature 7 (°C) 750 850 320

hex: hexagonal, rh: rhombohedral, tetr: tetragonal

1.9 Scheme of the Dissertation and Hypothesis

The main goal of the dissertation is to look at the possibility of the industrial application of
the Hydrogen Decrepitation (HD) process as a first step for the recycling of sintered
SmCos and Sm;Co17 magnets. An introduction of the scheme and the steps of the different
methods for the industrial preparation and production of sintered and polymer-bonded
REE-permanent magnets will be described in the first part of Chapter 2. The market, the
economic importance and the possibility of the recycling of the magnets will then be
shown. The third part of Chapter 2 will give a detailed background on the magnetic
properties, the sintering mechanism and the effect of different elements on the SmCos and
Sm;Co17 magnets. The present literature on the use of HD on Sm-Co magnets will be
described in details in the part 4 of the Chapter, where the effects of different conditions,
such as the particle size, the chemical composition, the microstructure, the pressure, the
exposure time, the temperature, and the heat treatment on enhancing the hydrogen
absorption for Sm-Co compounds will be given in detail.

All the properties of the materials and the methods with the relevant utilized
instruments that have been used or applied in this work will be shown in Chapter 3. The
results and discussion section; Chapter 4 is divided into two parts for SmCos and Sm;Co17.
HD is first applied on fresh as-cast SmCos and Sm»Co47 alloys and Sm metal to give insights
about the applicability of the process. The HD is then proceeded to be applied on sintered
magnets, where it is expected that sintered magnets will need more severe conditions for
decrepitation in comparison to the as-cast alloys. This is due to the decrease of the REE-
rich phases in the magnets during the sintering step. It is also expected that the presence
of higher REE content in the SmCos magnets will lower the hydrogen pressure needed for
the decrepitation, in comparison to SmzCo17 magnets. Studying of the lowest hydrogen
pressure required for the disintegration of the sintered magnets at different experimental
setups was performed, with studying the properties of the produced powder after
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applying the HD process. The decrepitated powder was then proceeded to prepare
recycled sintered or polymer-bonded magnets; to give flexibility on the way in which the
recycled powders can be used, and their properties were compared with the original
magnets before decrepitation. Two processes of conventional sintering (CVS) and spark
plasma sintering (SPS) were used for the consolidation of the decrepitated powders to
produce sintered magnets. The conditions needed for the near-full densification of the
recycled magnets will be studied for the SPS procedure, and the properties will be
compared with the conventionally sintered magnets. For SmCos, SPS is expected to be an
efficient way for the densification due to the simplicity of the microstructure, in
comparison with Sm;Coi7. Due to the expected oxygen increase in the decrepitated
powders during the recycling steps; additions of fresh as-cast alloy and/or metallic
powder might be needed in order to improve the properties of the recycled magnets. As
most industrially produced magnets are coated, the presence of the coating residuals in
the decrepitated powder is expected to act as a source of contamination and hence to have
a negative effect on the properties of the recycled magnets. This will be systemically
studied by the preparation of Sm-Co magnets with different coating contents and to study
the change in the microstructures and the magnetic properties of the magnets.
Solvometallurgy route will also be studied for the dissolution of the coating layers on the
magnets surface. Different chemicals will be used for effective fast removal of the coating
with minimum dissolution of the magnets’ components. Another route to be studied for
the coating removal is to sieve the coating residual produced by the decrepitation of the
coated magnets. It is expected that the presence of the coating layers on the magnets
surface would increase the hydrogen pressure required for the decrepitation in
comparison to the uncoated magnets. Strip casting was also used as a comparative way for
the recycling of the sintered magnets after melting them, and studying the properties of
the produced alloys. A large amount of slag is expected to be produced during the casting
of the magnets, which will decrease the recovery. This is because of the presence of a
higher amount of oxygen content in the magnets to be recycled, in comparison to the pure
elements. Figure 1.6 shows the scheme for all the practical work that has been done in the
dissertation. The conclusions of the results and the expected future work are shown in
Chapter 5.

Appendix A will give a brief overview about the health and safety concerns combined
with reproduction of the work done. Some functions of REE-permanent magnets in some
industrial devices will be shown in Appendix B, for giving the reader an insight of the real
uses of them.
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Chapter 2

Literature Review

2.1 Preparation Methods of Permanent Magnets

2.1.1 Sintered permanent magnets

The preparation steps of the industrially produced sintered permanent magnets usually
start with melting of the metal components having the required compositions, under an
oxygen-free atmosphere. The liquid melt is then usually cast in moulds to produce solid
as-cast alloys (book moulding). There are other ways in which the liquid melt could be
solidified, e.g. by strip casting, which is usually used for the production of Nd-Fe-B
magnets. The melt in strip casting is poured onto a fast rotating wheel, where it solidifies
instantly into flakes. For Nd-Fe-B, strip casting has the advantages of reducing the grain
size of the produced alloy and the elimination of the free Fe content. This results in the
reduction of the energy required for the subsequent treatment and improves the
properties of the produced magnets [30]. In order to be suitable for near-fully dense
magnets production, the cast alloy first has to be crushed to particle size of around 0.5
mm. Mechanical crushing is usually used for the production of Sm-Co magnets industrially.
For Nd-Fe-B, hydrogen decrepitation (HD) is famously used for the crushing of the alloys.
A literature review on the application of HD with emphases on Sm-Co compounds will be
discussed in the next chapters. The crushed material is then milled to a powder of less
than 20 pm usually by the use of jet milling. The powder is then pressed in the presence of
a magnetic field to produce anisotropic magnets; axial pressing or isostatic pressing are
usually used for industrial production to achieve a density of about 70% of the fully dense
material. The pressed compact, i.e. green compact, is then sintered to achieve near-full
density. Conventional sintering (CVS) is traditionally used for magnets’ production;
however, spark plasma sintering (SPS) is an emerging technique which is expected to be
applied more widely in the future, further details on the two processes are below. Sintered
magnets are usually further processed by slicing and/or grinding, followed by coating to
protect the surface of the magnets from chipping and/or oxidation. Figure 2.1 shows an
example of the processing route for the production of permanent magnets industrially
[31].

2111  Conventional sintering

CVS is a compaction process to increase the density of objects under the effects of heat
and/or pressure. This densification occurs without melting the material to its point of
liquefaction. The microstructure of the material before the sintering step is often
destroyed during the process, and the change in the temperature and pressure cycles
during sintering may lead to different physical properties. One example of sintering
mechanisms in CVS is liquid phase sintering, where one component of the material has
lower melting point than the matrix. The melting point of this component is reached,
which leads to the densification of the whole object; through atoms rearrangement,
solution-precipitation and final densification. Protective gas is usually required for metal
sintering in order to prevent the oxidation. CVS is an effective process for the formation of
high pure materials with low porosity and high strength and other mechanical properties.
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21.1.2 Spark plasma sintering

SPS is a process where a pulsed DC current passes through a die, which contains the
powder of interest. The process is usually combined by an applied pressure. The
mechanism of densification in SPS is different than CVS, where CVS consists of slow
diffusion mechanisms such as grain boundary and volume diffusions. On the other hand,
SPS is a rapid densification technique, where only the surface of the particle experiences
localized heating, with no observed contribution from the bulk of the particles [32].
Zhaohui et al. [33] described the densification mechanism in SPS to consist of four steps;
1) powder activation and refining, 2) formation of sintering neck; these steps involve
removing the surface oxide and heating the powder due to the voltage breakdown effect
and formation of the neck by evaporation and condensation and diffusion, 3) growth of the
sintering neck, and 4) plastic deformation densification, usually enhanced by the applied

pressure. (2)
Q Melting

N
IF/ Powder Preparation

Magn. field pressing technology

Sintering/ Heat Treatment
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Q Final Processing
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Figure 2.1: Preparation steps for permanent magnets [31].

Due to the local heat generation, the sintering temperature required for the full
densification of the powder is usually lower than the one required for the CVS, with much
lower sintering time as low as minutes in comparison to days sometimes for CVS. There
are many parameters which can be optimized in the SPS experiments, as the pressure
applied, the heating rate, the sintering temperature, the holding time and the partial
pressure. The SPS technique is now a well-established technique for the production of Nd-
Fe-B magnets of high coercivity and excellent magnetic properties [34], [35]. Moreover,
the use of the SPS for the sintering of SmCos magnets was shown to be an effective
technique for the preparation of bulk nanocrystalline SmCos or SmCo/Fe(Co) of good
magnetic properties. Zhang et al. [36] and Yue et al. [37] used SPS for the preparation of
bulk nanocrystalline SmCos magnets. They showed that ;A value of 2273 kA/m and a B-
value of 0.5 T can be achieved by using ball milled SmCos, where the sintering temperature
was 700 °C at an applied pressure as high as 500 Mpa (5000 bar). Fang et al. [38] showed
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that the use of wet-milling for the preparation of the SmCos results in the oxidation of the
powder during the processing, and the formation of Sm2Co17, with a decrease of ;A of the
magnets to a value as low as 280 kA/m. Saravanan et al. [39] studied the magnetic
properties and microstructure of SmCos/Fe nanocomposite bulk magnets at different
temperatures between 700-850 °C, 75 Mpa (750 bar), where the highest ;4. of 654 kA/m
was achieved at 800 °C, where the produced magnet had a composition of mainly
Sm(Co,Fe)s with other secondary phases such as Sm(Co,Fe):7 and a-Fe(Co). Where Saito
and Nishio-Hamane [40] showed that decreasing the sintering temperature to 600 °C
results in an enhancement in the coercivity to 980 kA/m. Lu et al. [41] showed that the
BHmax) value for the SPS-ed SmCos can be improved by the addition of Nd-Fe-B, BHnax) of
115 kJ/m3 was obtained for Sm-Co/Nd-Fe-B (4:1), which is 50% higher than the single
phase SmCos magnets. Figure 2.2 shows a schematic of a SPS device [42]. (2)

Spark Plasma Sintering (SPS)
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Figure 2.2: A schematic of a SPS device [42].

2.1.2  Polymer-bonded permanent magnets

Polymer-bonded permanent magnets are made by mixing a polymer binder with a
metallic powder having permanent magnetism characteristics. In comparison to sintered
permanent magnets, polymer-bonded magnets require a much easier production scheme
and less time. They can be produced at much lower costs, in comparison to sintering that
requires much finer powders’ particle size and usually much longer heat treatment.
Moreover, they can be produced in almost any shape, which is a technical problematic
issue for sintered magnets [43]. On the other hand, due to the presence of a non-magnetic
polymer portion in the polymer-bonded magnets; they usually offer lower magnetic
properties in comparison to the sintered ones.

Nowadays, polymer-bonded magnets have a great industrial importance as they are
used in important applications as in automotive applications and electronics. Moreover,
the production of the polymer bonded magnets is growing and it is expected to further
replace sintered magnets in many applications. Continuous development is on the way to
produce polymer-bonded magnets of better magnetic properties and compression
strength. The market of polymer-bonded magnets is expected to reach $2.5 billion by 2025
in comparison to $194 million in 1997 [44].

Compression moulding and injection moulding are the most common methods to
produce bonded magnets for the industrial applications. In the compression moulding
approach, the magnetic powder is coated with the binder, the mix is then compacted at
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high pressures and dried. The process provides the possibility to use more magnetic to
plastic powders and hence to produce magnets of better magnetic properties than the
ones from injection moulding. On the other hand, injection is being used to produce more
complex shapes that cannot be produced by compression. In injection moulding, a
liquefied mix of the magnetic powder with a thermoplastic binder is fed to a mould of a
required shape, where it hardens.

2.1.3  Coating on permanent magnets

Permanent magnets are usually coated in order to provide corrosion resistance; especially
for Nd-Fe-B, and/or for chipping and medical purposes. Magnets can be coated with
various options depending on the composition of the magnet itself and the applications
required. Ni-Cu-Ni is the most commonly used coating for permanent magnets; due to its
high protection resistance and working temperature and a relatively low price. However,
various other coatings are used in the industry, e.g. Zn, Ni, Ni-Cu and epoxy. Table 2.1
shows a comparison for the coatings usually found on the magnets in terms of protection
resistance, thickness and maximum working temperature [45]. The application of Ni-Cu-Ni
coating alone presents about 8% of the total cost for the production of the magnets. The
coating is usually carried out by a series of electrodepositions of the coating metals. Figure
2.3 shows an example of the coating on Nd-Fe-B magnets, the total thickness of the coating
is around 20 pm [46].

Table 2.1: Types of coating usually applied on permanent magnets [45].

Surface Typical Colour Remarks Recommended
treatment thickness max. temperature
(um)
Ni-Cu-Ni 10-20 Silver Superior resistance 200°C
(semi- to humid
bright) atmosphere
Zn 8-20 Silver blue  Excellent resistance 160 °C
to salt spray
Ni-Cu-Sn 15-20 Silver Superior resistance 160 °C
(semi- to humid
bright) atmosphere
Ni-Cu 10-20 Gold Temporary -
shining treatment
Ni-Cu-epoxv or 15-25 Black Excellent climatic 120 °C
single epoxy and salt spray
resistance
Passivation 0.1-0.3 Silver grey Temporary 240°C
protection

Figure 2.3: Confocal laser microscope image of cross section Ni-Cu-Ni layer on Nd-Fe-B
[46].
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2.2 Permanent Magnets Market and Recycling Options

2.2.1 REE and Co: economic importance and prices insatiability

Since the first successful separation of the REE for the application in the nuclear field
around 1950, they gained huge industrial impact due to their magnetic, luminescent,
chemical and electrochemical properties [47]. This permits their use in a wide spectrum of
important applications, such as in catalysts, fertilizers, optoelectronics, pharmaceutical,
magnets and semiconductors, Figure 2.4 [48]. This reflects the technical and economic
importance of the REE. But, the highest reserves of the elements are found in China, which
produces about 95% of the world production of REE. The market of applications of Co
metal is also wide, basically being used in batteries and superalloys besides many other
industrial applications, such as in magnets and adhesives, Figure 2.5 [49]. Co supplies are
highly concentrated in the Democratic Republic of the Congo, which currently produces
about 65% of its worldwide production. This means inequivalent control for the supply of
those very economically and industrially important elements and a possibility for a
monopoly of their resources, as previously happened in 1980s where the prices of the Co
element increased by about 500% [50] and also in 2011 where some of the REE prices
were increased by about 700% [51].
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Figure 2.4: Applications of REE before 2014 [48].

2.2.2  Production market and applications

The importance of permanent magnets lies in the fact that they are used in widespread
technical applications as in aerospace, automotive and electronic applications. Appendix A
shows some examples about the functions of permanent magnets in some industrial
devices. The market of permanent magnets nowadays is dominated by Nd-Fe-B magnets
with more than 60% of production. Ferrite, Sm-Co and Alnico, come later with percentages
of production of about 34%, 3% and 1%, respectively [22]. This scheme is expected to
further change in the future for the favor of REE-permanent magnets, even though ferrite
and Alnico are cheaper, due to the better properties of the former. Figure 2.6 [52] shows
an example of the expected growth of the REE-permanent magnets market in the US and
their attributed applications. The increase was predicted to be around 100% in less than
10 years which reflects the technological usage of the magnets. The previous study also
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expects that Sm-Co magnets would have a bigger market share in the near future, basically
due to the instability of the REEs in Nd-Fe-B magnets. Moreover, Sm-Co magnets provide
much better corrosion stability and coercivity values, and this makes them incomparable
for high temperature applications.

GLOBAL COBALT DEMAND BY INDUSTRY (K TONS)

BATTERIES
41%

COLORS

Figure 2.5: Applications of Cobalt element, 2016 [49].

The market of permanent magnets production is highly controlled by China as they
have the largest resources of REE. In 2007, it was calculated that China alone produces
more than 60% of the worldwide sintered and bonded permanent magnets. Europe comes
in the second place with 8.6% followed by Japan with 8%. Europe produces as little as 3%
of the worldwide produced Nd-Fe-B [44].
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W Electronics ™ Industrial Medical ® Automotive ™ Energy M Aerospace M Others

Figure 2.6: 10 years predication of REE-permanent magnets’ market and their applications
size in USA (USD Billion) [52].

223  Recycling options

In the last three reports of the European Commission (in 2011, 2014 and 2017), Co and
most of the REE were identified as the most critical elements for Europe, this due to their
technical importance and their big supply risk as previously explained [53], [54], [55]. The
European Commission proposed three solutions for that problem; to recycle REE and Co
compounds, to substitute the elements in their industrial compounds or to open new
mines for them. Among the previous, recycling option is the most suitable in terms of time,
cost and environmental aspects. REE-permanent magnets, namely Nd-Fe-B and Sm-Co,
were defined as first candidates for the recycling, as they alone consume more than 20%
of the worldwide produced REE and also they contain a very high amount of Co, this is
beside their economic impact. This was reflected by the creation of many European fully-
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funded projects on the recycling of permanent magnets as REMANENCE [56], EREAN [48],
MAG-DRIVE [57] and DEMETER [58], the latter is the umbrella for this thesis.

2231 Indirect recycling

Indirect recycling route includes the dissolution of the elemental components of the
magnet mostly by dilute acids. After the dissolution, the elements are separated from the
solution and precipitated, then they can be proceeded to be used in new magnetic
materials or in other applications. Xu et al. [59] used sulphuric acid to leach Sm ion from
Sm-Co magnetic scrap of a particle size of 200 mesh at 80 °C for 1 hour. After precipitation
with oxalic acid, Sm-oxalate was roasted to form Sm-oxide with total Sm recovery of 96%.
Jingjing et al. [60] used dilute hydrochloric acid (2-4 M) at 80 °C for leaching. The
disadvantages of the indirect recycling are the hazards associated with the use of
chemicals for extraction, the time and cost required for the extraction of the elements
from the magnets and reprocessing them again to produce new products, the difficulties in
detaching and handling the magnets from their assemblies, the requirement to grind the
magnet before leaching and the difficulties in handling the magnetic powders.

2232  Directrecycling

Direct recycling involves the use of magnets and magnetic scraps as raw materials for the
production of new magnets after the conversion to recycled powder, which takes the cycle
of magnets production again. There are also some problems that are being faced for the
direct recycling of the permanent magnets; as the magnets are usually magnetized and
embedded in the products, the presence of coating materials on the magnets’ surface and
the high oxidation content of the magnets in comparison to the fresh cast alloys. Melting
and HD will be compared here as examples for the direct recycling route.

22321 Melting

The material to be recycled is melted under Ar atmosphere. Most of the oxides in the
material’s microstructure tend to float on the top of the melt, since it has a lower
molecular weight than the base alloy. The oxide layer is then removed from the top of the
melt, where the rest is being cast. The cast is then reprocessed again to produce
permanent magnets, through milling, pressing and sintering. The main problem of the
melting route is that more than 30% of the material is being discarded when removing the
oxide layer, moreover, the process needs special machinery and labour work for melting
and casting.

22322 Hydrogen decrepitation

The use of HD process for the recycling of permanent magnets involves the same steps as
its use in preparation of fresh magnets (as described for Nd-Fe-B), except hydrogen gas is
applied on the sintered magnets to be recycled. The produced decrepitated powder can be
then processed for the production of recycled magnets. Recently, Walton et al. reported
the possibility to use the HD process for the recycling of Nd-Fe-B magnets from end-of-life
products, where 90% of the magnetic properties of the original magnet have been
recovered after recycling [46]. With the proper optimization of the conditions of HD, it is
possible to process all the decrepitated powder to magnets production without discarding
any part of it. However, HD has the disadvantage of the possibility for the need of high
pressures as will be discussed for Sm-Co compounds. HD can also be used as a first step
for the magnets crushing in the indirect recycling route. However no literature is known to
apply HD as a crushing procedure and a preference for other crushing techniques, such as
hammering is shown.

22323 The presence of coating residues

The presence of the coating material on the magnets to be recycled represents a technical
problem for the removal before the recycling step, as the presence of the coating residuals
would act as a contamination source which would differ the microstructure of the recycled
magnets. This would lead to a decrease in the magnetic phases and changing the coercivity
mechanisms with negative effects on the values of B, and the coercivity of the recycled
magnets, respectively. For example, when applying HD for the recycling of Ni-Cu-Ni-coated
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sintered Nd-Fe-B magnets by Walton et al. [46]. After decrepitation of the magnets by a
pressure of 10 bar and sieving of the decrepitated powder to remove the coating particles,
a concentration of less than 330 ppm of Ni contamination was found in the magnetic
sieved portion. This results in a 10 % drop of the magnetic properties of the recycled
magnets prepared from the latter in comparison to the original one.

2.3 Sm-Co Magnets and Their Properties

231 SmCos

SmCos has a hexagonal structure with a space group Pb/mnm, Figure 2.7. SmCos exhibits a
very high K and thus a high anisotropy field of 31.840 kA/m. Industrially produced
magnets show a high ;A value of 1592-2400 kA/m. The theoretical value of the (BH)uax of
SmCos is 244.9 k] /m3 but industrially they usually have a (BH)max of 130-160 k] /m3. SmCos
magnets also show a high 7 value of 750 °C and low a = -0.05%/°C and S = -0.5%/°C,
which allow them to be used in high temperature applications. They show a B.value of 0.8-
0.96 T [25], [27], [28].

The sintering mechanism for SmCos magnets is a liquid phase sintering of the Sm-rich
phases with compositions close to Sm2Co7 and SmsCo19. The sintering process starts with
the rearrangement of the liquid phases between the particles followed by solid phase
solution and precipitation, which leads to the formation of the solid skeleton as a result of
coalescence. Chemical heterogeneity is introduced through grain boundaries which
hinders their growth during the sintering process [15]. Figure 2.8 shows the phase
diagram of the binary Sm-Co compounds [61].
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Figure 2.7: The CaCus hexagonal crystal structure showing the position of Sm and Co in the
cell for SmCos [25].
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2311  Microstructure, magnetic structure and microchemistry

The microstructure of the SmCos magnets consists of a matrix SmCos phase, other
ferromagnetic phases (Sm-Co), oxides (Sm-0), a recently reported carbide (Sm-Co-C) and
pores [62],[63],[64]. Szmaja et al. used scanning electron microscopy (SEM), energy
dispersive X-ray (EDX) and magnetic force microscopy (MFM) to study the morphology
and microstructure of SmCos [64]. In MFM, the magnetic structure of the material’s surface
is constructed by the scanning of a magnetized sharp tip on the surface of the sample and
the detection of the interaction between the tip and the sample. Figure 2.9 shows the
backscattered electron (BSE) image of the magnet. By recording the EDX spectra from
small areas, they identified four different regions; 1- Dark-grey region corresponding to
the main SmCos matrix phase, 2- Light-grey regions: a mixture of Sm;Co7 and SmsCo19
phases, 3- Brightest regions of a small size: Sm-rich phase and Sm-oxides, 4- Black spots
corresponding to pores. Figure 2.10 shows the MFM in the thermally demagnetized state
of the magnet at the surface perpendicular to the magnetization alignment axis. The
magnetic structure consists of domains of a few micrometer widths which form a maze
pattern at the surface. The branching pattern of the maze depends on the crystal structure
of the magnet and the available easy axes. The maze pattern consists of regions of different
brightness according to the interaction with the magnetic tip during the scanning process;
1- The main maze: imaged as dark due to the reverse of the magnetization of the tip during
scanning by the stray fields of the main domains each time when passing from one domain
to a neighbouring domain (i.e. at the domain walls). 2- Reverse domains (reverse spikes):
which are relatively small regions (1-2 pm) having a small stray field which is insufficient
to demagnetize the tip and they are imaged as bright regions which means that they have
an opposite magnetization to the main domains. It has been shown [65] that there are fine
curved strips of 10-200 nm present at the surface perpendicular to the alignment axis
which is believed to be associated with the reduction of the magnetostatic energy close to
the specimen surface. The MFM image of this fine structure (Figure 2.11) shows that they
have different grey shades which means that the magnetostatic interaction between them
and the tip was nonperturbing and they are located at different depths.
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Figure 2.10: MFM image of a sintered SmCos magnet (tip-specimen separation is 350 nm)
[64].
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Figure 2.11: High resolution MFM image of the fine strips in a sintered SmCos magnet (tip-
specimen separation is 50 nm) [65].
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2312 Effects of process parameters

23121 The effect of the sintering temperature

Das [66] studied the influence of the sintering temperature on the magnetic properties of
SmCos having about 37.1 wt.% Sm. Table 2.2 shows the magnetic properties for the
magnets sintered at different temperatures from 1102 °C to 1132 °C. At 1102 °C or lower
there was poor shrinkage during sintering and the magnetic properties were very low. At
1132 °C, deterioration of the magnetic properties was observed. It is shown that a small
change in the sintering temperature, as low as 4 °C, would have a great influence on the
properties. All the samples showed the presence of SmCos and Sm;Co; phases, and
increasing the temperature of the sintering has the effect of increasing the grain size for
SmCos phase which reduces the coercivity value. Talijan et al. [67] studied the influence of
the sintering regime on the stability of the SmCos by measuring the intensity of its
diffraction peaks. They mentioned that for sintering at 1100 °C, the produced samples
have low mechanical properties while a thick oxidised zone is observed when sintering at
1180 °C, which has the effect of deteriorating the magnetic properties, consistent with the
former. Note: the exact required temperature can also vary from one furnace to another,
as there is usually an offset from the applied temperature and this has to be taken into
consideration.

23122 The effect of the heating rate of the sintering process

de Campos et al. [68] studied the relation between the microstructure of SmCos and the
resultant B. They showed that decreasing of the heating rate during sintering from 75
oC/min to 10 °C/min has the effect of increasing the degree of particles alignment and
consequently the increase of the densification and the B- of the magnet. The grain size
from the two heating rates experiments was more or less the same, which is about 6 pm to
7 um. Another reason for increasing the B-at a lower heating rate may be caused by the
oxidation of Sm;Co7 and the formation of SmCos and oxides, where increasing the ratio of
SmCos has the effect of increasing the B. Oxygen fraction was measured to be 0.039 and
the Sm»Co~ fraction as 0.060 for the sample heated at a rate of 10 °C/min in comparison to
0.028 and 0.080, respectively, for the sample heated at a rate of 75 °C/min.

Table 2.2: The effect of the sintering temperature on the magnetic properties of SmCos
[66].

Sintering Temp. (°C) B- He »H: (BH)max
(kG-T) (kOe-kA/m) (kOe-kA/m) (MGOe -Kk]J/m3)
1102 6.0-0.60 3.00-234 2.8-223 6.50 - 51.7
1107 7.7-0.77 27.5-2188 7.6 - 605 15.0-119
1111 7.7-0.77 22.5-1790 7.4 -589 14.4 - 115
1116 79-0.79 30.0-2387 7.1-565 15.1-120
1120 7.8-0.78 24.0-1910 7.1-629 14.8-118
1124 8.1-0.81 19.5-1552 6.9 - 549 15.1-120
1132 84-084 1.60-128 1.6-128 10.0 - 78.0

23123 The effect of Sm content

de Campos et al. [68] showed that hyperstoichiometric Sm content would have the effect of
increasing the Sm;Co7 volume fraction and thus a decrease in the B value. Figure 2.12
shows the effect of increasing the volume fraction of the Sm,Co7 phase on lowering the B.
for two samples sintered at 1130 °C and 1150 °C. It was also observed that the percentage
of pores in the sample increases with increasing Sm content which is accompanied by a
decrease in the density and B. It was indicated that in addition to the effect of decreasing



24 Chapter 2. Literature Review

the density and the magnetic phases ratio with increasing the porosity content, pores sites
also introduce a demagnetizing field in the magnet with a further negative effect on the B-
value. On the other hand, Martin et al. [69] and Gessinger et al. [70] showed that
hyperstoichiometric Sm content is required to obtain high coercivity.

Kumar [71] mentioned that a slightly hypostoichiometric Sm contents have the effect
of increasing the B. However, precipitation of Sm;Co17 might occur, which has the effect of
vast deterioration of the coercivity. In the industry, it is usually preferred to work with
hyperstoichiometric Sm content to avoid any contamination of the Sm,Co17 phase.
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Figure 2.12: Remanence (/) vs. volume fraction of the Sm;Co7 (2:7) phase. Set A (sintered
at 1130 °C), set B (sintered at 1150 °C) [68]. Note B here is represented as /-

23124 The effect of the heat treatment regime

The optimization of the heat treatment regime is crucial in achieving a high coercivity
value. de Campos et al. [72] showed that the post heat treatment of sintered samples at
850-900 °C results in increasing the ;H: of SmCos from 0.1-0.5 T to 2.5-3 T due to the
elimination of defects at the atomic level. Transmission electron microscopy (TEM) image
(Figure 2.13) showed that there was no second phase of Sm,Co7 precipitated at the grain
boundaries of the SmCos phase which was believed before to be the reason for increasing
the coercivity upon heat treatment at 850-880 °C [73]. They showed that heat treatment at
750 °C is not sufficient for coercivity enhancement. On the other hand, Rabenberg [74] has
mentioned that SmCos can be transformed to Sm;Co17 by the replacement of Sm atom with
a pair of Co atoms at every third position in the lattice. By replacement of Co atom with Sm
atom in the mixed plane for every third layer of the SmCos structure, Sm,Co7 phase can be
generated. He showed that SmCos phase decomposes to Sm2Co17 and Sm;Co7 phase by the
eutectoid reaction when heat treated below 750 °C for a long time. On the contrary, the
former showed that even 25 days of heat treatment at 750 °C was not sufficient for the
phase transformation to occur and there was no evidence of the eutectoid decomposition
of SmCos. However, it was shown that a change in the lattice parameters of the SmCos
phase has occurred due to the treatment and they suggested that SmCos converted to
SmCos4x and SmCos giving Sm or Co rich clusters, which has the effect of decreasing the
coercivity. The decrease in coercivity after heat treatment at 750 °C was previously
believed to happen due to the formation of the Sm;Co17 phase. It was mentioned that the
occurrence of Sm;Co17 phase in some samples may be due to the oxidation of the SmCos
phase to Sm203 and Sm2Co17 and not due to the eutectoid decomposition.
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den Broeder et al. [75] studied the relation between the coercive force and the
microstructure of SmCos magnets by the observation of the magnetic domains using polar
Kerr effect after heat treatment. Table 2.3 shows the coercivity force value and its
mechanism for different samples which were heat treated at different temperatures. Heat
treatment at 700 °C enhances the easy nucleation of reverse domain and the coercivity for
these samples is determined mainly by the pinning of domain walls at the grain
boundaries. Heat treatment at 900 °C results in difficult nucleation of reverse domains and
strong pinning of domain walls by the grain boundaries and consequently high coercivity.
Increasing the heat treatment to 1120 °C has the effect of weakening the pinning of the
domain walls and the coercivity for this sample depends mainly on the difficult nucleation
of reverse domains and it shows a moderate value. The nucleation of reverse domains was
concluded to depend on the precipitation of Sm;Co17 which can serve as sites for the
nucleation reverse. They mentioned that the pinning strength upon the heat treatment
temperature is due to various aspects, suh as chemical gradient, local disorder and
segregation of solute impurities.

Figure 2.13: TEM microstructure for SmCos at the grain boundaries [72].

Table 2.3. Coercivity and its mechanism for SmCos heat treated at different temperatures

[75].
eat treatment 700 900 1120
(°0) After quenching from
1120 900
Coercive force Very low Intermediate  High Low
Nucleation Easy Easy Difficult Difficult

Pinning at grain Weak Moderate Strong  Weak
boundaries

232 SmzCoi7

Sm;Coi7 can exist in one of two different symmetries, i.e. hexagonal and rhombohedral
with a space group of P63/mmc and R3m, respectively, by a substitution of each third REE
atom in the basal plane by a pair of Co atoms in the SmCos crystal structure. Figure 2.14
shows the Th2Zni7 rhombohedral crystal structure [25]. Sm2Co17 shows low Kof 4.2 M]/m3
but relatively high ;A of 450-1300 kA/m. The B.value of Sm;Co17 is in the range of 0.9 T to
1.2 T. This phase shows the highest known 7 of 850 °C and the lowest 5 of -0.3 %/°C and
aof -0.03 %/°C among other REE-permanent magnets [25], [28], [29].
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Different additives, such as Fe, Cu and Zr, are usually added to Sm;Coi7 for further
improvement of 7, temperature coefficient and magnetic properties. The (BH)max of
Sm3Co17 magnets is 150-280 k]/m3. In the magnets industry, two types of SmzCo17 can be
found, traditional and novel. Novel Sm;Co17 can service at a higher temperature than
traditional Sm;Co17. The main difference between the two types is the Sm and Fe contents
which modify the microstructure and the microchemistry.

® RE OT™M

Figure 2.14: The Th;Zn,7 crystal structure of Sm;Co17 [25].

2321 Structure and magnetic properties evolution

Okabe et al. [76] studied the microstructures and magnetic domain structures of sintered
Sm;Co17 with the chemical composition of Sm(Coo.720Feo.200Cu0.055Z10.025)7.5. They used four
samples prepared via different regimes. Sample 1 was sintered at 1478 K (~1205 °C) for 2
h, solution treated at 1363 K (~1090 °C) for 1 h and then quenched. Sample 2 was
obtained by heating the sample 1 to 1093 K (~820 °C) at a rate of 6.83 K/min and rapidly
quenched. Sample 3 was obtained by heating the sample 1 to 1093 K at a rate of 6.83
K/min, isothermally aged at 1093 K for 6 h and rapidly quenched. Sample 4 was produced
by heating the sample 1 to 1093 K at a rate of 6.83 K/min, isothermally aged at 1093 K for
6 h, cooled to 643 K (~370 °C) at a cooling rate of 0.5 K/min (step aged) and then
quenched to room temperature. Figure 2.15 shows that the coercivity and the maximum
energy product increase drastically for sample 4 (after step aging). Figure 2.16 shows the
bright field TEM image and electron diffraction patterns for sample 2 and sample 4. Both
samples show a cellular structure of the Sm,Co17 rhombohedral (2:17 R) phase as the cell
interiors, mainly consist of Sm»(Co, Fe)17 with Th2Zn17 type structure and SmCos hexagonal
(1:5 H) phase at the boundaries, composed of Sm(Co, Cu)s with CaCus type structure. A
third phase of thin planar plates, which is rich in Zr (Z or lamellar phase), is perpendicular
to the c axis and it is composed of Zr(Co, Fe)s; with a BesNb structure. It can be observed
that step aging results in an increase in the cell size without a change of the cellular and
crystal structures of the two main phases; 2:17 R and 1:5 H. Figure 2.17 shows the
scanning transmission electron microscope (STEM) images and the EDX elemental
mapping of sample 3 and 4. It is shown that Z phase and 1:5 H phase have a lower Fe
content, Z phase has a higher Zr content and 1:5 H phase has a higher Cu content. It can
also be seen that the step aging leads to an increase in the segregation of the Cu atoms to
the 1:5 H boundaries. Lorentz microscopy was used for the 4 samples (Figure 2.18) in the
demagnetized state. The domain walls for the step aged sample show a zig-zag structure
along the cell boundary and so it has been concluded that the increase in coercivity for
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sample 4 is due to increasing the Cu content in the cell boundary by step aging, which in
turn has the effect of increasing the pinning behaviour of the 1:5 H phase.
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Figure 2.15: The effect of heat treatment on the magnetic properties of the four samples of
Sm(Coo.720F€0.200CU0.055Z10.025) 7.5 [76]. Note »H. is represented as H..

Zhang et al. [77] used sintered magnets of composition of Sm(CopaCuo.osFeo.015Zr 0.027)6.4
to study the microstructure, microchemistry evaluation and coercivity with heat
treatment. The sample was heat treated by homogenization at 1160-1190 °C, step aged at
700-850 °C for 5 min to 24 h and then quenched to room temperature directly or after
slow cooling to 400-700 °C at the rate of 0.5-1 °C/min. After homogenization, the sample
has a featureless 2:17 hexagonal (2:17 H) cell interior. Isothermal aging for 5-30 min
results in the precipitation of the 1:5 H phase and the formation of the cellular structure.
After 2 h of aging, a uniform lamellar (Z phase) and cellular structure are formed with
increasing in the cell size and density of the lamellar phase with time up to 24 h (Figure
2.19). Figure 2.20 shows the effect of isothermal aging with time. Fe atoms segregate from
the cell boundaries to the interior with a contrary behaviour for the Cu atoms. Cu content
increases drastically in the cell boundary by subsequent slow cooling to 400 °C. Finally, the
2:17 R cells are richer in Co and Fe while poorer in Cu and Zr, 1:5 H phase is richer in Cu
and poorer in Fe and Zr and the lamellar phase is richer in Zr and poorer in Fe. They
mentioned that the slow cooling process is mandatory for the segregation of Cu atoms to
the cell boundaries in high amount and consequently increases the coercivity (Figure
2.21). Increasing the aging temperature from 700 °C to 850 °C has the effect of increasing
the boundary width, and lamellar density which leads to increase in coercivity. It was
mentioned that irrespective of the aging temperature, a zig-zag structure at the domain
walls is formed due to the increase in the Cu content. The Cu content is responsible for the
wall pinning behaviour. Gopalan et al. [78] reported that the presence of a large gradient
of Cu in the 1:5 H phase has the effect of enhancing the coercivity and that a uniform Cu
distribution would lead to a sample with low coercivity.

2322  Therelation between Fe, Cuand Zr content and the final properties

23221 The effect of Fe content

Liu et al. [79] studied the effect of Fe content on the coercivity, B-and 7: of Sm,Co17 with a
chemical composition of Sm(CopaFexCuo.078Z10.033)s3, where x equals 0, 0.1, 0.17 and 0.244.
Figure 2.22 shows the effect of increasing the Fe content on the magnetic properties of the
magnets. Sample with x=0.1 has the maximum ;H, of more than 40 kOe (~3183 kA/m).
They explained these results as Fe of that content acts as a stabilizer for 2:17 R in the
presence of Cu during the aging step and it prevents the formation of Co-Cu solid solution.
On the other hand, increasing the Fe content reduces the anisotropy field and 7. Perkins
et al. [80] mentioned that the anisotropy constant decreases from 6.7x107 to 4x107
erg/cm3 and the 7¢from 1200 K (~927 °C )to 1138 K (~856 °C ) by increasing the x from
0 to 0.244 in the Smy(CoixFex)17 alloys. The microstructure studies of samples with
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different Fe content showed that the average cell size and the cell size distribution and
density of lamellar phase are almost the same.

Figure 2.16: (a), (b) Bright-field images and selected-area electron diffraction patterns
obtained from specimens 2 and 4, respectively [76]. Sample composition:
Sm(Coo.720F€0.200CU0.055Z10.025)7.5.

Figure 2.17: STEM images (a, b) and EDX elemental mapping images for samples 3 and 4,
respectively [76]. Sample composition: Sm(Coo.720Fe0.200CU0.055Zr0.025)7.5.

Figure 2.18: (a), (b), (c), (d) Lorentz microscope images for samples 1, 2, 3, and 4,
respectively. Sample composition: Sm(Coo.720Feo.200Cu0.055Zr0.025)75. White and black
arrows indicate the c-axes and domain walls, respectively [76].



2.3. Sm-Co Magnets and Their Properties 29

N T T
i

Figure 2.19: Evolution of the TEM microstructure in Sm(CovaCuo.osFeoo1sZr 0.027)e4
samples: (a) Homogenized at 1180 °C followed by quenching to room temperature; (b)
Aged at 830 °C for 15 min followed by quenching to room temperature. (c), (d) Aged at
830 °C for 2h followed by quenching to room temperature, showing the cellular structure
and lamella phase superimposed on the cellular structure, respectively. (e), (f) Aged at
830 oC for 24 h followed by quenching to room temperature, showing the cellular
structure and lamella phase superimposed on the cellular structure, respectively [77].

78

g g L R S S Sy

e PR S S, B

20
F 10 R TP TEE O S Sy
= g.. e
8 gl Zre=R==—l =ty |
€ gl 1 2 3 4 5 & 7 3
]
g &0 a M‘-‘“"*—-lw )
(%

fa
20 P Wi Y g )
o] See——s et —e Y
SR S ——_—— )
n Zr ot & a PR Y &
70 0 2 4 8 8

LLE G 4 A
50 Cak

20 f":"‘"“"‘“"""""%‘
; it -

o z-*——»—-—-——v - :
. 1} 1 2 4 ] ]
Aging Condition

"l

wie &

-
"

Figure 2.20: Development of microchemistry in Sm(CopaCuo.osFeoo1sZr 0027)64 samples
aged at 830 °C: (a) cell interior, (b) cell boundary; (c) lamellar phase. 0, 1, 2 and 3
represent the initial state, 30 min, 2 h and 24 h aging followed by quenching to room
temperature, respectively. 4, 5, 6 and 7 represent 24 h aging followed by a subsequent
slow cooling to 700 °C, 600 °C, 500 °C and 400 °C, respectively [77].
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Figure 2.21: Changing of the 1:5 Cu content and coercivity with aging for
Sm(CopaCuoosFeo.o015Zr 0.027)64. The samples followed the same heat treatment as in Figure
2.15[77].
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23222 The effect of Cu content

Wang et al. [81] studied the effect of Cu content on the coercivity and domain structure of
Sm(CopaFeo.1CuxZrooss )eg, (x = 0.07, 0.10, 0.13). After sintering, the samples were heat
treated by annealing at 1190 °C, aged at 810 °C and then slowly cooled (0.5 °C/min) to 400
oC or 600 °C, and finally quenched to room temperature. Figure 2.23 shows the variation of
domain structures and coercivity for the magnets at different temperatures. For the
samples with x = 0.07 and the one with x = 0.1, which is quenched from 600 °C, the
coercivity shows a relatively direct relation with temperature (abnormal behaviour). The
samples which show abnormal temperature dependence have a domain structure of a
strip shape which is typical for ferromagnets with easy-axis anisotropy and the Cu content
is nearly homogeneous in the 1:5 H phase. The pinning of the domains for those magnets
occurs near the interface between 2:17 R cell phase and 1:5 H cell boundary phase. On the
other hand, samples with normal coercivity behaviour have narrower and more additional
domains. The pinning of those magnets occurs as the domain wall is pinned into the 1:5 H
cell boundary phase, where a gradient of Cu content exists.
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Figure 2.22: Intrinsic coercivity, saturation magnetization (Ms) and remanence for
Sm(CopaFexCuoo78Zro.033)s3 magnets [79]. Note ;H.and B.are represented as Hand M.
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Figure 2.23: ;H. at different temperatures for Sm (CopaFeo1CuxZroo33)e9and the
corresponding domain structures for the samples quenched from 400 °C [81].
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23223 The effect of Zr content

Tang et al. [82] used a different concentration content of Zr element to study the variation
of the microstructure and magnetic properties of Sm(CopaFeo.1Cuo.088Zrx)s5, x=0-0.1. The
variation of the content of the Zr greatly affects the saturation magnetization and
coercivity of the produced magnets (Figure 2.24). Zr element is necessary for the
formation of the lamellar phase (Figure 2.25). Table 2.4 shows the effect of Zr content on
the cell size, thickness of the boundary phase and density of the lamellar phase. Increasing
the Zr content above x=0.08 leads to the formation of a considerable amount of SmCoz and
Sm;Co7 which is accompanied by a decrease in coercivity. When the Zr content is very low
(lower than 0.01), the lamellar phase cannot be observed. Increasing the Zr content
further is accompanied by the formation of the lamellar phase which acts as a path for the
segregation of the Cu to the boundary phase and enhances the domain wall pinning and
coercivity. Therefore, the 2:17 R cell size is shown to decrease with the increase in the Zr
content.
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Figure 2.24: Intrinsic coercivity and saturation magnetization of Sm(CopalFeo.1Cuo.088Zrx)ss
[82]. Note ;H.is represented as H..

Figure 2.25: TEM micrographs of Sm(CovaFeo.1Cuo.088Zrx)s.s samples with x=0 (left) and 0.1
(right) [82].

Table 2.4: Influence of Zr content on the microstructure of Sm(ConaFeo.1Cuo.088Zrx)ss
samples obtained from the TEM images [82].

X 0 0.01 0.04 0.08 0.10
Cell size (nm) 120 100 35
Cell boundary’s thickness (nm) 10.5 11 10

Lamellar phase’s density (1/nm) 0.03 0.061 0.062
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24  HD of Sm-Co Compounds

HD is a size-reduction technique, where the material under investigation breaks into
smaller particle sizes due to hydrogen absorption. The mechanism of the hydrogen
absorption can be explained as follows; first, hydrogen gas is physically adsorbed on the
material’s surface. After the application of the required activation energy, the adsorbed
hydrogen molecule is broken into hydrogen atoms (chemical adsorption). This is followed
by the diffusion of the atoms into the interstitial sites of the material and the formation of
the hydrides with the material’s phase(s). There are many factors to be considered when
performing HD, i.e., the chemical composition and the microstructure of the material, the
hydrogen pressure, the temperature, the pressure cycling, and the presence of an external
effect as rotation, vibration, or magnetic field. Different phases in the material have
different affinities to hydrogen absorption, and depending on the distribution and the
concentration of the phases with higher affinity for hydrogen absorption in the
microstructure of the material, the fracture process due to HD can be intergranular,
transgranular, and/or due to ductile failure [83]. (3)

HD is a well-defined technique for the preparation of Nd-Fe-B magnets and it has been
applied industrially for more than 20 years [84], [85]. The as-cast alloy reacts with
hydrogen under atmospheric pressure to form smaller friable particle size powder which
is then jet milled to produce powder suitable for the production of the magnets. It was
calculated that when using HD on the as-cast alloys before the milling step, there a 25%
cost reduction is achieved in comparison with milling without performing HD on the as-
cast alloys [86]. In comparison with Nd-Fe-B alloys, Sm-Co alloys have shown to have a
much higher thermal stability, and more severe conditions of pressures and temperatures
are required for the decrepitation or the dissociation of the SmCos and Sm;Co17 phases
[87]. As a result, hydrogen gas is not industrially used either for the preparation nor for
the recycling of Sm-Co compounds (3). The previously reported literature on the HD on
Sm-Co compounds will be described in order to give a background for the work
performed.

241 SmCos

24.11 HD of SmCos

Shortly after Strnat and his colleagues discovered the magnetocrystalline anisotropy in
Sm-Co compounds [13], Zijlstra et al. [88] studied the reaction of hydrogen gas with
SmCos. They showed that SmCos absorbs about 2.5 mol of hydrogen at a pressure of 20
atm at room temperature in an exothermic reaction. They mentioned that upon hydrogen
absorption, the SmCos hexagonal structure is converted to an orthorhombic structure.
This causes the disintegration of the starting material (decrepitation). The original
hexagonal structure was shown to be recovered by desorbing the previously absorbed
hydrogen, simply by relieving the hydrogen pressure (note: time is an important factor for
the hydrogen relieving, 24 h is recommended to insure complete desorption). One year
later, van Vucht et al. [89] and Kuijpers and van Mal [90] showed that the final hydrogen
concentration in the material depends on the pressure applied and the reaction time,
where saturation of the SmCos with hydrogen to form SmCosH3z was possible by reacting
crushed 50 pm particle sizes of SmCos alloy with hydrogen gas of 100 bar for 2 days. Li et
al. [91] compared between the phase transformation for the hydrogenation and
nitridation of SmCos alloys. In contrast to hydrogenation, upon nitridation, the SmCos alloy
was converted into an amorphous structure. (3)

24111 The effects of temperature and chemical composition on the HD of SmCos

It was shown [91] that increasing the temperature generally has a negative effect on the
hydrogen absorption and the decrepitation reaction for the SmCos alloys, where, for
example, a pressure of 45 bar led to the absorption of a very low fraction of hydrogen of
less than 0.5 mol at 100 °C, in comparison to that at room temperature. Kuijpers and van
Mal [90] studied the absorption-desorption isotherm of the SmCos-H systems (after
activation under 50-60 atm of hydrogen) at different temperatures up to 80 °C. Increasing
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the applied temperature results in increasing the pressure required for the hydrogen
absorption. Plateaux were observed in the isotherms which confirm the existence of a
two-phase region upon hydrogen absorption. Those two phases were identified to be of a
hexagonal solid-solution alpha phase, and a crystalline hydride orthorhombic beta phase
with a higher hydrogen content. This behaviour is in contrast to the hydrides of Sm;Fe17-
Hyx, Nd:FeisB-Hy, and Sm:Coi7-Hx (0<x<5), which are only solid-solution interstitial
hydrides with no defined plateau pressure [90]. It is also shown that the difference in the
pressures between absorption and desorption plateaux increases at higher temperatures.
(3)

Raichlen and Doremus [92] studied the effects of the concentrations of Sm and Co on
the hydrogen absorption. They used different compositions of SmCos alloys having a Sm
content in the range of 15.1-18 at.% (31.1-35.9 wt.%). The alloys were crushed and
activated under 100 atm of hydrogen for 2 days. They showed that the alloys with a Sm
content of < 15.1 at.% (31.1 wt.%) do not form hydrides under the mentioned pressures
and the Sm content has to be higher than 31.1 wt.% for the material to absorb hydrogen.
This phenomenon was explained as being due to the presence of traces of the non-
hydriding Sm,Co17 in the alloys with a low Sm content, which causes mechanical strains
which prevent the volumetric expansion of the SmCos phase. It was calculated that the
SmCos phase formed a hydride of composition of SmCosHze for all the alloys with Sm
content of > 31.1 wt.%. (3)

Harris [83] observed the same effect of Sm content increasing the enhancement of the
hydrogen absorption and decrepitation. He used two alloys of compositions of SmCos and
SmCoss. The microstructure of SmCoss has a fine microstructure with intergranular
SmCo7, whereas SmCos was found to have a coarser microstructure. SmCosg showed to
have greater affinity for the decrepitation and results in smaller particle size after
decrepitation in comparison with decrepitation of SmCos under the same hydrogen
pressure. It was found that the Sm;Co7 phase tends to form hydride at lower pressures
than the one required for the SmCos phase. The same author therefore explained that, for
the SmCoas, the hydrogen absorption starts with intergranular absorption of the SmCo,
which is in addition to forming partial expansion in the material microstructure due to the
hydrogen absorption itself, facilitates the hydrogen absorption of the SmCos, and plays the
role of reducing the hydrogen pressure required for the decrepitation. Therefore, he
proposed the process for SmCos compounds’ decrepitation to be intragranular followed by
transgranular cracking. (3)

Apostolov et al. [93] studied the hydrogen reaction of the Sm,Co; compounds. They
showed that Sm;Co; absorbs hydrogen easily under a pressure of 1 bar, 70 °C. They
mentioned that, although the hydrogen absorption causes lattice expansions, there are no
structural changes upon hydrogen absorption. Cao et al. [94] studied the lattice
expansions of Sm;Co7 alloys upon hydrogen absorption. They calculated the pressure-a
composition isotherm for the Sm,Co7-H between 75 °C and 180 °C. Besides the alpha solid-
solution phase, two distinguishable beta and gamma phases were formed. Beta phase with
composition of SmzCo7H (0.33-0.43 wt.% H>) with lattice expansion in the c direction and
gamma phase with a composition of Sm;Co-H (0.51-0.67 wt.% H;) with lattice expansion
in the a direction. Christodoulou et al. [95] studied the reaction of Sm metal with
hydrogen. They showed that bulk and powder Sm metal react exothermally with hydrogen
under 1.47 bar and 300-525 °C, and the high temperature was required for the gas to
penetrate into the oxide layer on the surface of the metal. Upon cooling to room
temperature, the rhombohedral Sm metal after hydrogen absorption is converted into a
face-centered cubic SmHz4x (0<x <0.63) symmetry, where the hydrogen occupies the
octahedral and the tetrahedral sites in the Sm element. These studies confirm Harris’ [83]
hypothesis that Sm and Sm-rich phases absorb hydrogen gas at a lower pressure than the
SmCos and their presence in the alloy’s microstructure will reduce the hydrogen pressure
required to initiate the absorption reaction. (3)
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241.2 Polymer-bonded magnets made ofthe decrepitated powder

Harris [83] compared between the magnetic properties of polymer-bonded magnets made
out of milled powder and HD powder produced under a pressure of 50-700 bar. The HD
powder was passed through a rotating vane before mixing with the bonding material. The
magnetic properties for the bonded magnets prepared from the HD powder were
generally inferior to the ones made out of the milled powder; he hypothesized that this is
mainly due to the higher reactivity of the HD powder and thus the higher affinity for
oxidation. He showed the effect of increasing the applied hydrogen pressure on the B-and
iH: of the bonded magnets. It was shown that the ;A increases with the increasing
pressure of hydrogen, where ;H.: value of 970 kA/m was obtained at 700 bar, whereas the
B first decreases at a pressure range of around 50-150 bar and then increases with no
further improvement beyond 330 bar (about 0.48 T). He also showed that superior
magnetic properties were obtained for the magnets made from decrepitated SmCoas in
comparison with SmCos, as the particle size from the first alloy is smaller with a more
uniform distribution. (3)

24.13 Sintered magnets made ofthe decrepitated powder

Harris et al. [96] in 2011 filed a patent for the recycling of sintered magnets, among
different magnets, they reported the decrepitation of sintered SmCos under low hydrogen
pressure. However, they did not report the use of the decrepitated powder for the
production of new magnets. (3)

242 SmzCoi7

2421 HD of SmzCoy7

Evans et al. [97] used 0.2 g of crushed Sm;Coy7 binary alloy (without Fe, Cu, and Zr
addition) to study the hydrogen absorption-desorption isotherm at 200 °C, 12 atm. Only
the alpha phase has been formed under the latter conditions with lattice parameters’
expansion, where it was concluded that higher pressures of hydrogen are required for the
formation of the beta hydrides. Similar to the SmCos alloys, they observed that there is no
significant difference between the hydrogen absorption and desorption isotherms. They
mentioned that the Sm;Coi7 alloys have a lower affinity for hydrogen absorption in
comparison with SmCos, where they showed that it was not possible to perform
decrepitation for such alloys at room temperature even under higher pressures and at
least a temperature of 120 °C was required to observe hydrogen absorption and the
weight change. (3)

The magnetic properties of the Sm-Co magnets have been shown to increase with the
addition of Fe, Cu, and Zr [98]. Harris [83] and Kianvash and Harris [99] used three
different chemical compositions of the as-cast alloys: Sm(Coo.671Cuo.0s0F€0.222Z10.025)8.92,
Sm(Coo.674Cup.096Feo0216Zr0.014)755, and Sm(Coo.660CUo.100F€0.220Zr0.020)737 to study the
hydrogen absorption behaviour. Similar to the Sm;Co17 without the Co, Fe, and Zr addition.
It was mentioned that hydrogen absorption for those compositions was not possible at
room temperature. They used decrepitation conditions of 200 bar and 200 °C. The
hydrogen-absorption mechanism was shown to depend on the composition of the used
alloy. The decrepitation reaction for the first and third alloys was mainly the intergranular
fracture, while the alloy with intermediate Sm content was shown to have a ductile failure
in addition to the intergranular absorption, Figure 2.26. All the powders were also shown
to have some transgranular cracks after hydrogenation. In contrast to SmCos, the hydride
form of the powder remained, even after exposing the decrepitated powder to air. (3)
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Figure 2.26: HD powder from Sm;Co17 of different chemical compositions; left: alloy A and
C, and right: alloy B [83].

24211 The effects of temperature, chemical composition, and annealing on the HD of SmzCo17

Li et al. [100] studied the effects of Sm content and temperature on the hydrogen
absorption of five different arc-melted Sm.Coi; alloys with compositions of Sm(Coo.es-
Feo2s5Cuo0sZrooz), where Z = 5.0, 6.1, 7.4, 9.3, 12; (A, B, C, D, E, respectively). Under
conditions of 10 bar and room temperature, only the three samples with the highest Sm
content (A, B, and C) were shown to absorb hydrogen. The hydrogen uptake was found to
depend on the Sm content, where after saturation for 20 h, the amounts of the absorbed
hydrogen were 0.75 wt%, 0.51 wt.%, and 0.3 wt.% for the A, B, and C samples,
respectively. (3)

Those authors also showed the effects of temperature on the HD for the previously
mentioned samples at a pressure range of 1-1.24 bar, using a powder of 0.5 mm particle
size. As expected, they showed that the initial hydrogenation temperature decreases with
the increasing content of Sm, which is also accompanied with the increasing temperature
range of the hydrogenation. For example, ingot A was shown to absorb hydrogen at the
range of 185-288 °C, while for the ingot E the temperature range was 235-297 °C. (3)

Li et al. [101] wused the powders with chemical compositions of
Sm(CopaFexCuo.053Zro.02)7.84, (X = 0.2,0.3,0.4,0.5) to study the effects of Fe on hydrogenation
and dehydrogenation under a low pressure of 4 bar, and at room temperature. Those
authors showed, for the alloy with x = 0.2, it was not possible for the sample to absorb any
significant amount of hydrogen at the applied pressure. In contrast, the powder with Fe
contents of x = 0.3, 0.4, and 0.5 was shown to absorb about 0.15 wt.% of hydrogen. They
attributed the enhancement of the hydrogen absorption upon increasing the Fe content to
two reasons; (1) Fe has a larger atomic radius than cobalt which will result in expanding
the 2:17 lattice which enhances the hydrogen diffusion. (2) Fe has a lower
electronegativity in comparison with cobalt and so, the electronegativity difference for Fe-
H is higher than Co-H with decreasing the activation energy required for the Fe-H bond.
The previous conclusion of Fe enhancing the hydrogen absorption is also confirmed by
Nakamura et al. [102] as they showed that Sm;Fe;7 alloys absorb hydrogen gas very easily
at a temperature of 250 °C under an atmospheric pressure of hydrogen. (3)

Following the previous study by Li et al. [101], Ming et al. [103] studied the effects of
Fe content and annealing treatment on hydrogenation behaviour of
Sm(CovaFexCuo.068Z10.034)7.33, (X = 0.237, 0.251, 0.265) as-cast alloys at 3 bar, and at room
temperature. Only the alloys with Fe contents of x = 0.251 and 0.265 were shown to
absorb hydrogen. Studying the microstructure has permitted them to reach another
conclusion for the improvement of the hydrogen absorption upon increasing the Fe
content. The authors showed that increasing the Fe content increases the distribution and
refinement of the easily decrepitated SmCos and Sm;Co7 phases, which have the effect of
enhancing the decrepitation affinity. To study the effect of the heat treatment on the
hydrogen absorption, the three alloys were heat treated at 1190 °C. After the heat
treatment, all the alloys with different compositions absorbed hydrogen under the above-
mentioned conditions. The amount of hydrogen absorbed in the heat-treated alloys was
also shown to increase with the increasing Fe content. They studied the microstructures
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after the heat treatment, where it was shown that for the alloy with x = 0.237, in contrast
to the other two alloys, there was replacement of some Co atoms by Fe atoms in the 2:17
phase, which was ascribed to be the reason for enabling the hydrogen absorption for the
alloy with the lowest Fe content. The previous conclusion was also confirmed by the
decrease in the amount of the absorbed hydrogen for the heat-treated alloys with x =
0.251 and 0.265 in comparison with the as-cast alloys without heat treatment. (3)

2422  Themagnetic properties for the hydrogen-treated Sm;Co17

The presence of hydrogen in the microstructure of the powder has been shown to be a
reason for the drop in the coercivity, but even so, the c axis anisotropy persists, and the
powder could still be aligned. The hydrogen in the alloy’s microstructure can be easily
removed by heating the powder at 200 °C before further processing. In order to compare
between the magnetic properties of the hydrogen decrepitated powder, Isnard et al. [104]
in 1992 wused four different compositions of Sm(Co0o.671Cu0.080F€0.222Z10.025)8.92,
Sm(Coo.66Cuo.10Fe€0.22Z10.02)737, Sm(Coo.676Cuo.053F€0.25Z10.02) 7.5, and Sm(Co0.65Cu0.05
Feo2s8Zro02)767 annealed sintered samples to be decrepitated under 10-200 bar;
sometimes, heating to 200 °C was necessary. They calculated the hydrogen uptakes for the
samples to be in the range of 1.85-2.2 H atoms f.u."l. Increasing the Sm content resulted in
increasing the hydrogen uptake. As previously mentioned, the coercivity after
decrepitation has decreased in comparison with the annealed samples, but after degassing
and heat treatment, coercivity comparable to the annealed ingot was achieved again for
the four alloys. (3)

Zakotnik et al. [105], [106] used a gravimetric Hiden Intelligent Gravimetric Analyzer,
0.1 g of sintered Sm(CoosoFeo21Cu0.068Zr0.019)7.49 under a pressure of 10 bar, at room
temperature to study the hydrogen absorption. They showed that hydrogen content of
0.23 wt.% was achieved at around 10 bar, and 48 h were required to reach saturation with
the production of flake-like particles due to the onion skin fracture. The HD powders were
shown to have a lower B, of 14% in comparison with the freshly prepared powders. They
studied the effect of the degassing temperature on the magnetic properties of the
powders. The sample recovered its original B, after degassing under vacuum at a
temperature range of 150-300 °C, with a complete restoration of the 2:17 phase, where
increasing the degassing temperature had the result of decreasing the B-value. (3)

2423 Sintered and polymer-bonded magnets of the decrepitated powder

Evans et al. [97] compared between the magnetic properties of polymer-bonded magnets
prepared using the powders produced via the milling route and the HD route. The
composition of the used alloy was Sm(Coo.s71Cuo.080F€0.222Zr0.025)892. The decrepitation
reaction was performed under a pressure of 300 bar to produce a particle size of 400 um.
Then, the decrepitated powder was slightly smeared to 100 pm and degassed to remove
the hydrogen gas from the powder’s microstructure. For the milling route, the alloy was
milled to an average particle size of 40 um. Even then, the HD powders have a higher
particle size than the milled powder, the bonded magnets prepared from the HD powder
were shown to have better demagnetization loop shapes, higher A, and improved
elevated temperature stability in comparison to the ones from the milled powders. This
was attributed to the intergranular fracture for the HD powder, and to the fact that the
particles are single crystals with lower mechanical deformation, and so the HD particles
are more coherent with less strain. (3)

Taking the previous explanation into consideration, it is obvious that the chemical
composition and the microstructure of the used alloy will affect the magnetic properties of
the produced magnet as different microstructures will produce powders with different
morphologies. They showed that, for the bonded magnets from the alloy with a
composition of Sm(Coo674Cuo.096Fe0216Z10.014)7.55, the magnet prepared by the HD powder
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has lower magnetic properties in comparison with the magnet prepared by the milled
powder. (3)

Kwon et al. [107] used a combination of decrepitation and vibration ball milling for the
production of sintered magnets. The Sm(Coo.ss5Feo23Cu0.10Zr0.02)7.1 alloy was decrepitated at
200 °C, and 20 bars for 2 h which was shown to result in both intergranular and
transgranular failures. The decrepitated powder was then milled under nitrogen
atmosphere for 3 h. Vacuum desorption for the hydrogen gas from the powder was
performed at 300 °C before the sintering step. They used sintering and heat treatment
conditions as follows: (1) sintering at 1190 °C for 1 h under an argon gas atmosphere, (2)
solution treatment at 1160 °C for 1 h, (3) quenching into liquid argon, (4) isothermally
aging at 820 °C from 0 to 35 h, and (5) multiple step aging. The produced magnets were
comparable to the Sm;Coi; commercial magnets in terms of the magnetic properties
(Table 2.5). (3)

Li et al. [100] used the decrepitated powder from Sm(Cog.esFeo.25Cu0.08Zro.02), after 10 h
reaction at 10 bar for the production of sintered magnets. The decrepitated powder was
jet milled to a particle size of 4-5 um before the sintering step. Confirming the previously
mentioned results, the produced magnet was shown to have very promising magnetic
properties of B-= 1.12 T and (BH)max of 226 k] /m3. (3)

Table 2.5: Comparison between ;H,, B-and (BH)uax for the Sm;Co17 magnets prepared from
milled and HD powders.

H B (BH)maX
Magnet manufacturer e " (MGOe -
(kOe -kA/m) (KG-T) K]/m?)
(REC-26)TDK - Sm(CO0,69CUO_07Feo_zzZI'o,oz)7,2 ~99
[108] ~15-1194 099 ~27-215
(R-26H) ShinEstu Chem. ~10.6 -
Sm(C00,726CUQ_050Feo_19921'o_025)7,43 [109] ~13.5-1074 0 1'1 ~27-215
Kwon etal. [107] work - 7to 23 - 10.5 - 25199

Sm(Coo.65Cup.1Feo23Zro.02)7.1 557 to 1830 0.11
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Materials and Methods

3.1 Materials

39

Table 3.1 shows the materials that have been used in this study, their functions and

properties.

Table 3.1: Materials used in the study.

Particle size, Composition
Starting material Function volume or (wt.%) or Image
shape structure
To be used after
decrepitation as w
an addition for the :
1 Sm preparation of Bloilr{sff 1 99.5% pure @f"\"
CVS-ed and SPS- =
ed recycled
magnets.
To be
decrepitated and 6
A.S_C?St SmCos to study the Blocks of 1 42.7% Sm, s
2 richin Sm (book : 3 0 |
moulded) properties of the cm 57.3% Co ;
decrepitated 9
powder.
To be
] decrepitated and 34.3% Sm,
A.S C?St SmCos to study the Blocks of 1 65.8% Co Similar to
3 richin Co (book : 3
moulded) properties of the cm raw 2
decrepitated
powder.
To be recycled by
strip casting and
by decrepitation Cylinders of 36.3% Sm, a
4  Sintered SmCos with CVS and SPS, about 0.16 63.3% Co, 0.4
and polymer- cm3 % O ,4

bonded magnets
production.
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Table 3.1: Continued.

Particle size, Composition
Starting material Function volume or (wt.%) or Image
shape structure
To remove the 34.36% Sm,
. . . Cylinders of 63.23% Co, Lo
5 Nl-Cu-Nl-coated coating on the about 0.16 4.74% Ni,
sintered SmCos magnets by 5 o R
leaching or HD. cm 0.36% Cu, Cm
0.4% O
Fresh SmCos T(;)E:pi?‘(:\fi(f)%rg?e 5;6 % Sm, 63.8
6 powder CVS-ed and SPS- 4-20 pm % C(:)/aréd 0.2
ed magnets. 0
To be 29.8 % Sm,
decrepitated and 46.1 % Co
7 As-cast Sm;Co17 to study the Blocks of 1 16. 0% Fe’ Similar to
rich in Sm properties of the cm3 ' ’ raw 2
decrepitated 5.10 % Cu,
2.90 % Zr
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Table 3.1: Continued.

Particle .
size Composition
Starting material Function ’ (wt.%) or Image
volume or
structure
shape
25.4% Sm,
To be used for 49.2% Co,
the preparation 5.4% Cu,
11 Fresh Sm;Coi7 powder of CVS-ed and 2.8% 7r.
SPS-ed magnets. 17.1% Fe, 0.1
%0
To be used for
the
0
12 H» decrepitation of Gas >99.999%
Sm-Co pure
compounds.
To be used for o
the preparation = Powders,

13 Polyamide 12 (PA12) of polymer- less than H’CHZ(CHz)QCHZ
bonded 20 pm "
magnets.

14 Cu To be used as

15w aedition (o poucrs,
prep less than 99.5% pure

16 Co of arecycled 20 um

sintered Sm-Co
17 Fe magnet.
0
18 Nitric acid (HNO3) -
NEH
- \O/
19 Bromine (Br») Br-Br
20 Ethanol /\OH
Dimethylf id jj)\
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21 -

(DMF) To be used for Liquid H 'Tl
coating remova} (>99 %
on the magnets 0

22 Ethyl acetate (EtOAc) surface. pure)

)I\O/\

23 Methyl acetate o

MeOA
( € C) H3C/C\O/CH3
24  Ethylene glycol (EG) ho” >
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3.2 Methods and Equipment

3.2.1 Decrepitation process

3211 Rotating equipment

The rotating technique was used to facilitate the decrepitation of SmCos magnets. 200 g of
the SmCos magnets was put in a 100 mL stainless steel jar with a lid, which enables
evacuation to 0.05 mbar and gas filling up to 15 bar (Figure 3.1). Three cycles of
evacuation and refilling with Ar were carried out before the final evacuation to ensure the
removal of oxygen. Finally, the jar was filled with hydrogen gas to different pressures of 1
bar, 2.5 bar, 4 bar and 9.5 bar. The jar was then rotated in a planetary ball mill for 3h at
250 rpm to perform the decrepitation reaction. Every 15 min, the rotation was stopped
and the jar was filled with hydrogen gas to the starting pressure; to compensate for the
hydrogen absorbed by the material. The produced powder after decrepitation was taken
inside a glove box with a protective atmosphere, i.e. oxygen concentration less than 10
ppm. The decrepitated powder was left for at least 1 day before further processing, to
ensure the complete desorption of the absorbed hydrogen. The rotating equipment was
not used for the decrepitation of sintered Sm;Coi; magnets due to the high pressure
required for the magnets; usually higher than 15 bar is needed for the latter.

¢z @)

Figure 3.1: Scheme of decrepitation by rotating equipment; the magnets decrepitated are
inside the jar to be put in the rotating equipment.

3212 Stationary equipment

The stationary equipment (Figure 3.2) was used for the decrepitation of as-cast SmCos
alloys, as-cast Sm;Co17 alloys, Sm metal, sintered SmCos magnets and sintered Sm;Co17
magnets. The material for decrepitation was put in the small tube (1), the chamber (2)
was closed using the lid (3), and a vacuum lower than 10 mbar was introduced after
purging the jar with Ar as described in 3.2.1.1. The time, temperature and the hydrogen
pressure of the reaction depend on the material under investigation. The equipment was
designed to be able to withstand a hydrogen pressure of 60 bar and an applied
temperature of up to 800 °C. The decrepitated powder was then handled in the same way
as for the ones from the rotation, described above.
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Figure 3.2: The stationary equipment used for the HD of Sm-Co compounds. (1)
decrepitation tube, (2) water-cooled chamber and (3) closing lid connected with a valve
for vacuum and pressure introduction.

3.22  Strip casting

Sintered magnets of SmCos and Sm,Co17 were put in a crucible where they were melted by
induction under a protective atmosphere with oxygen content of less than 0.2 %. The melt
was then left for about 2 min to allow the oxide component to float on the top. The crucible
containing the melt was then tilted slowly to avoid the above oxide layer from pouring,
and the clean-melt underneath was poured into a tundish with an orifice from which it is
delivered to a fast rotating-planar-water-cooled Cu alloy wheel, where it solidifies
instantly to thin friable strips-flakes of a thickness less than 0.2 mm. Figure 3.3 shows the
components of the furnace used.

10 cm

Figure 3.3: The melting crucible (left) and the receiving tundish with the rotating wheel
(right) used for the strip casting of Sm-Co material.
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323 Jetmilling

All the materials to be used for sintered magnets production were milled using a jet mill
with nitrogen atmosphere. Milling is performed with no grinding media included. The
grinding action is caused by a compressed-nitrogen-gas from two nozzles on the wall of
the mill-body, which causes attrition and collisions of the particles against each other. A
third nozzle placed at the bottom is responsible for levitation of the milled particles,
Figure 3.4. Particle size of the feed material should be in the range of 150-800 pm. The
produced particle after milling was in the range of 4-20 pm by using a nitrogen pressure of
around 6 bar for milling. The milled powders were handled only inside the glovebox.

Feed Milled
e powder
o i
O— 0,
Compressed —() @ .. : ... o0 (Qe==  Compressed
N2z gas o0 o .. ‘“ N2 gas
oo : ¢ :..

]

Compressed
N2 gas

Figure 3.4: Schematic for the jet milling of coarse powder by the compressed N gas and
the exclusion of the milled powder.

3.24 Homogenization of the powders mix

The powders to be mixed were weighed as for the desired ratio and put in a plastic
container inside the glove box, the container was sealed to avoid oxidation. The powders
were then mixed in a turbula mixer for 2 hours to ensure homogenization. The plastic
containers were opened only inside the glovebox.

3.25 Powders alignment and compaction

The powders to be conventionally sintered or to be used for polymer-bonded magnets
production were first packed in silicon moulds of a volume of 8 cm3 to reach a density of
about 3 g/cm3, inside a glovebox. The mould was sealed in a plastic bag to avoid oxidation
during further processing. For the production of anisotropic magnets, the powders were
aligned using a 3 T magnetic field. The aligned and packed powder was then cold-
isostatically pressed at a pressure of 2500 bar to produce green compacts suitable for the
sintering experiments. The applied pressure in isostatic pressing is uniform in all
directions, which helps form a uniform density and keep a good alignment of the powder.

3.2.6  Conventional sintering

The conventional sintering and heat treatment for the produced green compacts were
carried out in a built-in-house furnace. Temperature up to 1600 °C can be applied, and
vacuum down to 0.05 mbar can be achieved. The furnace can also work under different
gases’ partial pressures with controlled heating and cooling rates. The sintering and heat
treatment profiles used to produce all the conventionally sintered SmCos and Sm;Co17
mentioned with and without the additions in the thesis are shown in Figure 3.5 and Figure
3.6, respectively.
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Figure 3.5: The sintering and heat treatment profiles (conventional) for the milled SmCos
powder, sintering temperature; 1170 °C.
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Figure 3.6: The sintering and heat treatment profiles (conventional) for the milled Sm,Co17
powder, sintering temperature: 1210 °C.

3.2.7  Preparation of anisotropic polymer-bonded magnets

The powders used for the production of polymer-bonded magnets were produced by the
decrepitation of sintered SmCos and Sm;Co17 magnets in the stationary equipment. The
decrepitated powder was sieved and only the <125 pm fraction was used for the
production of bonded magnets. The aligned and pressed green compact of the magnetic
powder with PA 12 binder was heated under atmospheric pressure to a temperature of
200 oC for 1 min to melt the binder. Approximately 80% magnetic powder to 20% PA12 by
volume was used which accounts for about 4 wt.% PA 12. The heated compact was taken
out of the furnace for cooling and hardening. The produced cylindrical magnets in rod
shapes were demagnetized by applying a series of reverse magnetic fields and then
ground and cut (using a diamond based materials) in water media to produce discs
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suitable for further measurements. The magnet rods and the final disc samples are shown
in Figure 3.7.

@) &

Figure 3.7: The Sm-Co polymer-bonded rods and final disc, the discs have a diameter of 1
cm.

3.28 Sparkplasma sintering

The SPS was used to prepare only isotropic magnets, using the decrepitated powder.
Inside the glove box, 3 g of the milled powder was put in a 10 mm inner diameter graphite
die. The die was then handled in air for less than 5 min to be put in the SPS machine,
where in between, the powder inside the die was pressed by a hydraulic press to 5 bar.
The SPS sintering parameters were 800-1000 °C sintering temperature, and a heating rate
of 50 °C/min. The sample was kept at the sintering temperature for 1 min where the
applied pressure was 80 MPa (800 bar). After evacuation of the SPS chamber to 0.05
mbar, partial pressure of 200 mbar Ar was kept during sintering to reduce the Sm
evaporation. Only for SPS sintered Sm;Co17 magnets, a heat treatment step was further
applied to enhance the magnetic properties. The heat treatment profile was the same as
the one applied to conventional sintered Sm,Co17 magnets, as shown in Figure 3.5; starting
from the portion at 300 mbar partial pressure. The sintering experiments were done using
SPS 25 series, model 615, Fuji electronic industrial CO., LTD.

3.29 Coatingremoval

Ni-Cu-Ni-coated Sm-Co magnets were soaked in 10 mL of the liquid solution for coating
leaching in a 50 mL glass container. The solution was stirred at 500 RPM using a magnetic
rod, at room temperature. An intake sample of 0.1 mL of the reaction was taken at 5-min
time interval to be analysed by atomic emission spectroscopy for the metallic components.

3.210 Analysis methods

32101 Particle size analysis

HELOS/BR, Sympatec was used for the particle size analysis of dry powders in the range of
0.1 pm - 875 um. The diffraction patterns of a laser beam passing through the previously
dispersed particles were measured, where the angle of the diffracted laser was related to
the size of the powders, as it is inversely proportional to the particle size. About 1 g of the
sample was used for the measurement.

32102 Elemental analysis on solids and powders

Eltra ON 900 oxygen/nitrogen determinator was used for the oxygen measurements in the
samples. 0.2-0.3 g of the sample was put in a graphite crucible. The crucible provides the
carbon to be bound with the oxygen in the sample. The sample is melted in He
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atmosphere, and the amount of the produced CO gas is measured and related to the
starting amount of the sample, to calculate the concentration of the oxygen content.

Perkin Elmer Optima 5300 DV, inductively coupled plasma atomic emission
spectrometer (ICP-OES) was used to analyse Sm, Co, Cu, Fe, Ni and Zr. 0.5 g of the sample
to be analysed was digested with 50 mL of the aqua regia solution (3 HCl/ 1 HNO3). 1 mL
of the digested solution was then diluted 100 times and analysed for elemental
identification. After excitation with plasma of a temperature of 6000-1000 K, the
characteristic emission wavelength and its intensity were used for the qualitative and
quantitative identification for the metals in the sample, respectively.

32103 Density measurements

The densities of the solid samples were measured by using the Archimedes' principle. The
weights of the samples were measured in air and in distilled water and the density was
calculated as weight in air/(weight in air — apparent immersed weight in water).

32104 XRD analysis

PANalytical X'Pert pro multi-purpose diffractometer was used for the crystallography
measurement. An X-ray beam, produced by using Cu element, is diffracted through the
sample with a scanning range of 30° to 700, the angles and the intensities of the diffracted
beam from the material are then measured. About 0.5 g of 300-50 pm of the sample was
packed in a 1 cm diameter sample holder, which is then exposed to air during the
measurements. X'Pert HighScore Plus program was used for the qualitative identification
of the peaks.

32105 Magnetic properties measurements

The demagnetization curves for the sintered samples were measured by Magnet-Physik’s
permagraph with a maximum applied field of 1500 kA/m. An opposite magnetic field is
applied on the previously magnetized sample and the polarization of the sample is
measured to draw the second quadrant of the hysteresis loop. The instrument requires a
symmetric sample with two faces parallel to each other.

32106 Microstructure and energy-dispersive X-ray analysis
321061  Scanning electron microscopy analysis

321061.1 Samples preparation
For powders, a small fraction of the powder was sprinkled on a carbon tape, the sample
was then blown with air to remove the excess unstuck powder on the tape.

For bulk solid samples, the samples were mounted in an epoxy, the latter was mixed
with a suitable hardener. The mounted samples were then ground using a series of silicon
carbide grinding sheets having a grit size from P240 to P1200. To be suitable for a
microstructure study, the samples were polished using clothes polishing sheets and a
polycrystalline diamond polishing paste (3 pm and % pm). Struers Tegrapol-15 machine
was used for grinding and polishing. During the preparation steps, the samples were
continuously checked by the Nikon Eclipse E600POL optical microscope to ensure the
grinding efficiency and the scratches removal.

32106.12 Carbon coating

To avoid charging of the sample from the electron beam when performing the
microstructure analysis, less than 10 nm carbon coating was applied using BAL-TEC SCD
005. The carbon coating is applied by evaporation using a heated carbon thread due to an
applied electric potential under vacuum.

32.106.1.3  Etching
A mixture of chromium oxide (4 g) and sodium sulphate (1 g) in 50 mL deionized water
was used to etch the sintered samples, by dipping the sample in the solution for around 6
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seconds; to enhance the grain boundaries. After etching, the samples were washed with
ethanol and dried in a vacuum desiccator for 1 day before the microstructure analysis.

3210614  Microscopes

The microstructure analysis for the powders after decrepitation was carried out by the
Helios NanoLab™ 650 scanning electron microscope, whereas Jeol JSM-7600F scanning
electron microscope with In-Lens thermal field emission electron source and Joel JSM-
5800 with LaBs thermionic emitter were used for solid samples characterizations. An
operating voltage of 20 kV was used for both microscopes. The incident electrons from the
sources are scanned through the sample and the produced electrons from the interaction
of the sample with the incident electrons are collected sequentially. The microscopes can
detect backscattered and secondary electrons which are the incident electrons and the
sample’s produced electrons after the interaction, respectively. Built-in SiLi detectors
were used for the detection of the characteristic X-rays of the component phases.

321062 Transmission electron microscopy analysis

3210621 Samples preparation

In order to be suitable for the TEM study, a lamella of thickness less than 100 nm was
prepared using the Helios NanoLab™ 650 instrument. The lamella was cut from the solid
sample using a focused ion beam and attached on a Cu grid by platinum deposition for
further TEM characterization.

3210622  Microscopes

Jeol JEM-2010F with a field emission electron source (up to 200 kV) and SiLi detector was
used for the transmission electron microscopy analysis. The transmitted electrons are
collected continuously and focused to form a magnified image.
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Chapter 4

Results and Discussion

41 SmCos

411 HD ofas-cast SmCos alloys and Sm metal

Before starting the Sm-Co magnets recycling process, it was useful to test the application
of HD on fresh as-cast Sm-Co compounds (book moulded) and Sm metal. This will give
insights about the use of the process for the application on the recycling of sintered
magnets.

In the industry, it is hard to control the Sm content during the casting process due to
Sm evaporation. Therefore, two as-cast compositions are usually prepared for the
production of sintered Sm-Co magnets. One of the two alloys to have a higher Sm content
than needed for the final magnet (42.7 wt.% Sm was used) and one with higher Co content
(34.3 wt.% Sm was used). The Sm content in sintered SmCos magnets is usually around
36 wt.%. Both prepared alloys showed to have a density of more than 98% of their
theoretical values. Figure 4.1 shows the microstructure of the used alloys, both of them
showed to contain the SmCos dark-grey phase with the light-grey phase of Sm-rich phases
of mainly Sm,Coy, as measured by EDX analysis. As expected, the concentration of the
latter phase was much higher for the alloy having a higher Sm content.

100 pm

Figure 4.1: BSE images for the as-cast alloys with the composition close to industrial
SmCos magnets, rich in Co (left) and in Sm (right).

Applying only 1 bar of hydrogen gas at room temperature for 3 h using the stationary
equipment was enough for the decrepitation of the two as-cast alloys. The particle sizes of
the powders after decrepitation were less than 400 um for both alloys. The decrepitation
for the alloys starts with the absorption of the Sm;Co7 phase to the hydrogen gas, as it has
a higher Sm content and thus a higher hydrogen absorption affinity as described
previously. The presence of continuous and uniform Sm;Co7 through the microstructure of
the alloys causes the easiness of the decrepitation and a pressure of 1 bar was enough for
the fracture of the materials. Figure 4.2 shows the XRD for the alloys before and after HD.
The peaks of the Sm,Co7 phase decreased in the two alloys after decrepitation due to the
hydrogen absorption and oxidation to SmO during the XRD analysis, as clearly seen for the
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alloy rich in Sm. Video 1 shows the disintegration of the SmCos alloy rich in Sm due to the
hydrogen absorption.
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Figure 4.2: XRD patterns of the as-cast SmCos alloys rich in Co (left) and rich in Sm (right),
before and after decrepitation.

Blocks of Sm metals were also decrepitated to be used for further experiments. The
conditions needed for the Sm decrepitation were 2 bar of hydrogen gas and a temperature
of 400 oC for 3 h. Heating was required for the decrepitation of the Sm metal, to activate
the hydrogen to penetrate the formed oxide layer on the metal surface. By applying the
previously mentioned conditions, the produced material showed to contain large friable
aggregates. The produced aggregates are easily disintegrated by hand to a fine particle
size lower than 100 pm. This means that not all the Sm metal converted to Sm-hydride
during the decrepitation, which is an efficient way of reducing the oxidation in further
steps, as Sm-hydride is known to be more reactive to oxidation than Sm metal itself. The
produced powders was milled to a particle size less than 20 um, to be used as an addition
for the sintering of the recycled powder as will be described later.

412 HD for the recycling of SmCos magnets: conventional sintering

4121 Decrepitation by using the rotating equipment

SmCos sintered magnets were shown to be easily decrepitated by applying a hydrogen
pressure of 1 bar, 2.5 bar, 4 bar or 9.5 bar for 3 hours, room temperature in the rotating
equipment to produce powders lower than 200 pm. Figure 4.3 shows the produced
decrepitated powder.

Figure 4.3: The jar containing the produced powder after applying HD on sintered SmCos
in the rotating equipment. Scale bar and the full experimental setup in Figure 3.1.
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4122 Decrepitation in the stationary equipment

SmCos magnets showed also to be successfully decrepitated by applying a pressure of 5
bar of hydrogen, room temperature in the stationary equipment, without rotation. But as
the kinetics for the decrepitation was slow, at least one day was needed for the complete
decrepitation of the 1 kg magnets used for the experiment. Figure 4.4 (right) shows the
decrepitated powder, where it is shown that there was still a very large particle in the 100
mm range, even after the 1 day experiment. However, those particles are friable due to the
hydrogen absorption and were easily reduced in size. Figure 4.4 (left) shows the fracture
in the structure of the magnets by the hydrogen absorption.

Figure 4.4: The fracture in the magnet structure due to the hydrogen absorption (left -
scale bar for similar magnets in Table 3.1), and the decrepitated powders by using the
stationary equipment (right).

The stationary equipment was used to prove that it is possible to perform
decrepitation for SmCos sintered magnets without the rotation effect; however, higher
pressures and longer times were required for the reaction completion. It was decided to
continue the sintering experiments using the product from the rotating equipment as
much lower hydrogen pressure and time were required in comparison to the stationary
experiment.

4123 Decrepitation mechanism and the properties of the decrepitated powders

The SE images of the powders after decrepitation from the rotating equipment, produced
by different pressures at 1 bar, 2.5 bar, 4 bar and 9.5 bar, are shown in Figure 4.5. For all
pressures, there is a large distribution of particle sizes, with the presence of very fine
particles, lower than 300 nm. The upper particle size of the decrepitated powder
throughout the samples was less than 200 pm. By definition, HD is always accompanied by
the presence of cracks in the decrepitated powders due to hydrogen absorption in the
microstructure of the material. The presence of the rotating force had the effect of
decreasing these cracks and the production of smaller particle sizes; however, some
cracks were still visible in the powders. (1)
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Figure 4.5: SE images of the decrepitated powder of a sintered SmCos magnet using the
rotating equipment, the applied pressures were 1 bar, 2.5 bar, 4 bar and 9.5 bar for (a),
(b), (c) and (d), respectively.

Figure 4.6. shows the XRD patterns for the starting magnet and the decrepitated
powders. It is shown that the patterns for the magnet and the powders after decrepitation
by different pressures are very similar. The HD reaction starts by the hydrogen reaction
with the Sm,Co7 and other Sm-rich phases of a low concentration, with the formation of
Sm-hydrides and Co-rich phases. This is confirmed by the disappearance of the Sm;Co>
peak in the decrepitated powders. Sm-hydrides could not be identified because of the low
concentration and the oxidation to form Sm-oxides during the preparation and the
measurement steps. Hydrogen is also absorbed in the interstitial sites of the SmCos matrix
phase. As described earlier, when the hydrogen pressure above the magnet is relieved, the
interstitially absorbed hydrogen is relieved from the SmCos structure. The decrease in the
intensity of some peaks of the SmCos phase after decrepitation indicates that in addition to
the interstitial hydrogen absorption, a small portion of SmCos is dissociated by hydrogen
gas to form Sm-hydrides and Co-rich phases. (1)

4124  Preparation of recycled magnets and their properties

As the XRD patterns and the microstructures were similar for all the decrepitated powders
from different pressures, it was expected that the magnets produced from any mentioned
powder would have the same properties. The powder produced from decrepitation at 4
bars was selected for further sintering experiments. (1)

Two different compositions were prepared to produce recycled magnets, 1- 100%
milled recycled powder (Recycled), 2- 98.5 wt.% milled recycled powder + 1.5 wt.%
milled decrepitated Sm (Recycled+Sm). After conventional sintering, the measured
density for the Recycled and the Recycled+Sm magnets was 8.33 g/cm3 and 8.35 g/cm3,
respectively, which is slightly higher than the density of the original magnet of 8.28 g/cm3.
For comparison, Figure 4.7 shows the BSE images of the original magnet before
decrepitation and the recycled magnets. The microstructure of the original magnet has
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been recovered after recycling. By using EDX analysis, it was measured that the original
and the recycled magnets consist of the SmCos matrix phase, Sm,Co7 phase which is shown
as light grey regions distributed randomly along the matrix phase, small brightest regions
of Sm-rich phases and Sm-oxides. As shown in Figure 4.7, the Sm,Co7 phase content in the
Recycled+Sm magnet was much higher than in the other two sintered magnets, due to the
added Sm content in the former. During the re-sintering process, the oxygen content has
been increased from 0.37 wt.% in the original magnet to about 0.48 wt.% in the recycled
magnets.

Figure 4.8 shows the SE images of the original and the Recycled magnet after etching.
After recycling, there is a refinement in the microstructure. This can be explained due to
the presence of nano-size particles in the recycled powders after decrepitation, which are
not present in the powder used to prepare the original magnet. The original magnet was
produced by a non-decrepitated powder of a particle size of 4-20 um. (1)
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Figure 4.6: XRD patterns for the original magnet and the decrepitated powders by 1-9.5
bar. All the unmarked peaks related to the SmCos phase. The Sm;Co; phase has
disappeared after decrepitation with the appearances of new phases of Sm-hydrides, Sm-
oxides and Co-rich phases.

100 pm
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Figure 4.7: BSE images for the original magnet (left) and the recycled magnets; Recycled
(middle) and Recycled+Sm (right). All magnets consist of the SmCos matrix phase, Sm2Coz
light grey clusters with bright regions of Sm-rich phases and Sm-oxides, and pores.
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Figure 4.8: SE images for the etched original magnet (left) and the Recycled magnet
(right). In comparison to the original magnet, there is microstructure refinement for the
magnet after recycling. (1)

Fig. 4.9 shows the demagnetization curves for the original and the recycled magnets,
Table 4.1 shows a comparison between their magnetic properties. The B, for the Recycled
magnet and the Recycled+Sm magnet were 0.94 T, 0.93 T, respectively, in comparison to
0.91 T for the original magnet. The slight increase in B- may be explained as the presence
of a nano-particle size in the recycled powders increase the alignment and compaction of
the powder which results in an increase in B, this is also confirmed by the microstructure
refinement and the increase in density of the recycled magnets. Moreover, the recycled
magnets were compacted by isostatic pressing, where the original magnet was prepared
by axial pressing. The use of isostatic pressing is known to be a reason for the B.
enhancement when compared to axial pressing. The presence of a knee in the
demagnetization curve of the Recycled+Sm magnets can be related to the increase of the
Sm,Co7 phase ratio in comparison to the original and the Recycled magnets. As a result of
Br-enhancement, the (BH)m.x of the Recycled magnet was 171.1 k]/m3 and 162.0 k] /m3 for
the Recycled+Sm in comparison to 156.92 k] /m3 for the original magnet.
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Figure 4.9: The demagnetization curves for the original and the recycled magnets by
applying a reverse magnetic field H.
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Table 4.1: Comparison between the magnetic properties for the original and recycled
SmCos magnets by HD, ;A for all the magnets is >1500 kA/m.

B [T] »H: [KA/m] (BH)max [K] /m3]
Original 0.91 645.1 156.8
Recycled 0.94 709.6 171.1
Recycled+Sm 0.92 656.8 162.0

413  SPSsintering for the decrepitated powder

Figure 4.10 shows the demagnetization curves for the SPS samples produced by sintering
the milled decrepitated powder (from the 4 bar experiment using the rotating equipment)
at 800 °C, 850 °C, 900 °C, 950 °C, and 1000 °C, the rest of the sintering conditions are
mentioned in Chapter 3. For SPS experiments, only the Recycled+Sm composition was
used; the latter with the Sm addition was chosen to compensate for the Sm evaporation
during the sintering process as it is a well-known problem for the sintering for Sm
containing compounds in SPS [110]. Table 4.2 shows the magnetic properties, density, and
the oxygen content for the magnets. The density has shown to increase with the sintering
temperature from 6.86 g/cm3 at 800 °C to 8.4 g/cm3 at 1000 °C, which is about 100% of
the theoretical density of the magnets. On the other hand, the oxygen content showed to
decrease with increasing the sintering temperature, as the densification in SPS involves
removing the surface oxide because of the voltage breakdown effect, which means
increasing the sintering temperature would lead to more efficient removing of the surface
oxygen toward the full densification [32]. (2)
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Figure 4.10: The demagnetization curves for the SPS-ed samples sintered at 800-1000 °C.
The sample sintered at 900 °C showed the best coercivity. (2)

As expected from the relative relationship between the density and the sintering
temperature, the B-and (BH)max of the samples also showed to increase with the sintering
temperature to reach a value of 0.51 T and 50.1 kJ/m3, respectively, for the sample
sintered at 1000 °C. The sample sintered at 900 °C showed a B, of 0.47 T, which is about
50% of the value for the anisotropic SmCos magnets produced industrially, which have a
B-0f0.80-0.96 T [25]. (2)
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Table 4.2: Density, oxygen content and magnetic properties of the SPS-ed samples sintered
at 800-1000 °C. (2)

Temperature p Oxygen cont. (BH)max He B
[g/cm3]  [wt%] [k]/m3]  [kA/m]  [T]

800 °C 6.86 1.20 31.9 978.6 0.41
850 °C 7.14 0.76 30.5 960.0 0.40
900 °C 8.11 0.66 43.4 >1500  0.47
950 °C 8.38 0.49 49.8 1243 0.51
1000 °C 8.40 0.47 50.1 1164 0.51

For the samples sintered at lower than 900 °C, due to the incomplete phases formation
for those samples and the presence of high oxygen content and large pores percentage, the
coercivity value was lower than the one for the industrial conventional sintering SmCos
magnets, with ;A of less than 1000 kA/m. Sintering at 900 °C at the same conditions has
the effect of properly densifying the magnet to reach a density of 96% of the theoretical
density. The measured ;H. value for this sample was higher than 1500 kA/m. Increasing
the sintering temperature further showed to negatively affect the shape of the
demagnetization curve, where the ;A value was dropped to 1243 kA/m and 1164 kA/m
for 950 °C and 1000 °C samples, respectively. The decrease of the ;A upon increasing the
sintering temperature is believed to be due to the excessive formation of the Sm»Co7, as it
will be shown from the microstructure and XRD studies later, and smoothing out of the
grain surface, as described by Menushenkov [111] for the decrease in the coercivity of the
SmCos magnets after heat treatment above 900 °C for CVS magnets with Sm content of
36.4 wt.%. Note that the level of the carbon uptake from the graphite die during the SPS
sintering is not enough to drastically change the magnetic properties of the produced
magnets, as shown by Mackie [112] for Sm(Co,Fe,Cu,Zr).. (2)

In order to compare between the SPS and CVS sintering techniques for the production
of sintered SmCos magnets, Figure 4.11 shows the demagnetization curves at room
temperature and 180 °C for the SPS sample produced at 900 °C, as it showed to have the
best coercivity among other SPS samples, and a fresh isotropic SmCos magnet produced by
the CVS route. Table 4.3 shows a comparison between their density, oxygen content, B,
(BH)max iH, and »H. At room temperature, the SPS sample showed to have better B,
coercivity, and (BH)uax in comparison to the CVS samples, even though the latter has a
better density and lower oxygen content than the former. This is likely to be due to the
microstructure refinement after HD due to the large particle size distribution of the
decrepitated powders as described earlier. Heating to 180 °C has resulted in a more
deterioration effect for the magnetic properties of the SPS sample because of its lower
density and higher affinity for the interstitial oxidation. Nevertheless, even at 180 °C, the
latter is still showing good properties: B, of 0.44 T, ;H. of 1502 kA/m, and (BH)max of 36.4
kJ/m3, which confirms the applicability of the magnet for high temperature applications as
in electric vehicles and space applications. (2)
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Figure 4.11: Comparison between the demagnetization curves of the SPS-ed sample

sintered at 900 °C and the CVS-ed sample; at room temperature and 180 °C. (2)

Table 4.3: Density, oxygen content and magnetic properties of the SPS-ed sample sintered
at 900 °C and CVS-ed sample; at room temperature and 180 °C. (2)

(BH)max He »H: B, P Oxygen cont.
[k]/m?3] [kA/m]  [kA/m]  [T] [g/cm?] [wt.%]
SPS-ed (900 °C) - 43.4 >1500 366.8 0.47 8.11 0.66
room temp.
CVS-ed - room 38.0 >1500 3284 0.46 8.25 0.4
temp.
SPS-ed (900 °C) 36.4 1502 322.4 0.44 - -
-180 °C
CVS-ed - 180 °C 34.8 >1500 314.2 0.44 - -

Figure 4.12 shows the BSE images of the CVS sample and the SPS samples sintered at
800 °C, 900 °C, and 1000 °C; Figure 4.13 shows their XRD patterns. The detected phases in
the samples by the EDX were as follows: the matrix SmCos, randomly distributed light grey
Sm,Co7 phase with a random size, and white small spots which were analysed to be a
mixture of Sm-oxides and Sm-rich phases. From the XRD patterns, both the SPS samples at
800 °C and 900 °C showed the presence of small fractions of the Sm;Co17 phase, with a
higher concentration in the 800 °C samples. The appearance of Sm;Coi7 is due to the
increase of the oxygen concentration and the consumption of Sm in these samples and
results in the decrease in the ;H. values for the samples sintered at a temperature lower
than 900 °C, as mentioned above. The Sm,Co17 phase has disappeared by increasing the
sintering temperature with increasing the percentage of the Sm,Co7 phase, where the SPS
samples at 1000 °C showed to have Sm;Co- with a higher percentage than other samples,
without the appearance of any traces of the Sm»Co17 phase. (2)
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Figure 4.12: The BSE images of the SPS-ed samples sintered at 800 °C (a), 900 °C (b) and
1000 °C (c), and the CVS-ed sample (d). (2)
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Figure 4.13: The XRD patterns of the CVS-ed sample and SPS-ed samples sintered at 800

°C, 900 °C,

and 1000 <C. (2)



4.1.SmCo5 59

414 Polymer-bonded recycled SmCos (anisotropic)

Another possibility for the use of the recycled decrepitated powder produced by applying
HD on sintered SmCos is to produce polymer-bonded magnets. A pressure of 5 bar for 1
day was applied on the sintered magnets at room temperature in the stationary
equipment. Only the size fraction of the decrepitated powder of <125 um was used to
produce polymer-bonded magnets. The percentage of the <125 um fraction is about 20%
of the decrepitated powder, however the decrepitated powder of a larger particle size is
friable and can be reduced easily by hand. Figure 4.14 shows the demagnetization curve
for the produced magnet. A density value of 4.9 g/cm3 was achieved for the bonded
magnets, which is about 70% of the theoretical density of the magnets of 6.9 g/cm3; based
on the plastic and metal portions. This can be attributed to the absence of any pressure
during the compaction of the magnets in the heating step, as it is the case for injection and
compaction moulding. The magnets also showed poor B; value of 0.45 T and low ;A of
249.6 kKA/m and (BH)max of 34.3 kJ/m3 which is due to the oxidation of the Sm during the
heating step, as the magnets were prepared in air. For Sm;Co17 powder, as it has a lower
Sm content and no Sm rich phases, lower oxidation is expected to occur and the magnetic
properties of the polymer-bonded magnets are expected to be better in comparison to the
one from SmCos as will be shown in the next sections.
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Figure 4.14: The demagnetization curve for the polymer-bonded magnets prepared from
decrepitated SmCos powder.

415 Decrepitation of Ni-Cu-Ni-coated SmCos magnets

Hydrogen gas was applied on the Ni-Cu-Ni-coated SmCos magnets to test the possibility of
decrepitation without removing the coating layers. Figure 4.15 shows a cross-section of
the Ni-Cu-Ni coating usually applied on Sm-Co magnets. The thickness of the inner Ni layer
is around 6 um , the middle Cu is 2 pym and the outer Ni layer is 12 pm. It was shown that
the presence of Ni-Cu-Ni layers does not hinder the decrepitation of the magnets by the
rotating equipment and the coated magnets are decreased to the same size of lower than
200 um by applying a pressure of 1 bar, regardless of the coating. The previous is because
the presence of a rotation force would cause some of the surface of the magnet to be
exposed to hydrogen due to attrition and collisions. Fig 4.16 shows the produced powder
by the decrepitation of coated SmCos magnets, the Ni-Cu-Ni coating is shown as silver
particles in the brown SmCos powder. It was hard to separate the coating for the
decrepitated powder produced by the rotating equipment via sieving, as they have similar
particle sizes.
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SmCo

Figure 4.15: Optical microscopy of the three layers of Ni-Cu-Ni usually applied on Sm-Co
magnets.

Figure 4.16: The decrepitated powder of coated SmCos magnets using the rotating
equipment. The coating material appears as silver particles imbedded in the magnet
powder.

The stationary equipment was also used for the decrepitation of the coated SmCos
magnets, where 10 bar for 1 day was needed; in comparison with 5 bar for the uncoated
magnets. Figure 4.17. shows the magnets decrepitated by the stationary equipment; most
of the coating did not disintegrate and the expansion of the magnet volume due to
hydrogen absorption causes the fracture of the coating. The coating layers were sieved, 98
wt.% of the coating material was removed using a sieve size of 250 um, but also 15 wt.% of
the magnets’ decrepitated powder was found to be removed alongside the coating.

Figure 4.17: The decrepitated magnet showing the fracture of the Ni-Cu-Ni coating. Scale
bar for simliar magnets in Table 3.1.
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416 Chemical dissolution of Ni-Cu-Ni coating on SmCos magnets

Another possibility to remove the coating material was by the application of liquid
chemical compounds. 2ZM HNO3 and 1 vol.% Br/organic systems were investigated to
remove the Ni-Cu-Ni coating layers from the surface of the coated sintered magnets. The
kinetics for the dissolution of the Ni from the coating on the magnet and Sm and Co
elements by the nitric acid reaction are shown in Figure 4.18, the Cu presence in the
coating material could not be identified in the intakes from the dissolved solution,
probably because its concentration is lower than the detection limit of the ICP-OES, as
many small samples were taken; 0.1 mL every 5 min. As there was no available method to
accurately measure the concentration of Ni and Cu coating on the magnet that is used for
the dissolution experiment, ICP-OES analyses for 5 coated magnets were performed and
the concentrations of Ni and Cu were measured. An average concentration of Ni of 24.99
mg/magnet and Cu of 5.07 mg/magnet was calculated for the 5 coated magnets to be used
for further measurements. The percentage variation of Ni and Cu of the measurements
was also calculated, where it was 10% for Ni and 25% for Cu, and the values were used as
error bars on all the next figures for the dissolution of the coating on SmCos and Sm;Co17.

The metals react with the nitric acid with the production of metal nitrate with NO or
NO: and H;0. The nitrate salts for all the Ni, Cu, Sm and Co from coating and the magnets
are soluble in water, where they have colours of green, blue, yellow and red, respectively.
As shown in Figure 4.18, the kinetics of the elements dissolution is slow, where about 90
min was needed for the complete dissolution of the Ni. The presence of the magnet for that
long time in the nitric acid solution increases the probability that a fracture in the coating
layer would occur and the acid will attack the Sm and Co elements from the magnets
instead of the coating, especially in the case of the presence of non-uniform coating layers.
This situation occurred many times during our trials. Moreover, increasing the surface of
the magnet would result in increasing the time required for the coating removal under the
applied experimental conditions, as shown later for Sm2Co17 magnets which have a volume
of 0.19 cm3 in comparison to 0.16 cm3 for the used SmCos magnets. The reaction with
nitric acid is also accompanied with the production of NO and NO; gases which are known
to have many health issues as being carcinogenic and coercive.
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Figure 4.18: The dissolution of Ni, Sm and Co from SmCos magnets by 2M HNO,,

Consequently, other solutions for the coating dissolution of Br/organics were
investigated to replace the mineral nitric acid. The Br/organic solutions were previously
used efficiently for the leaching and dissolution of various elements, such as Cr, Al and Co
[113]. For screening, five solutions of 1 vol.% Br with EG, DMF, ethanol, MeOAC and EtOAC
were investigated by the reaction with the magnets for a fixed time of 20 min. Figure 4.19
shows that for DMF and ethanol, almost all the Ni and Cu elements were dissolved, with
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the dissolution of 2% of the magnets’ elements. The metals react with the bromine in the
solution with the formation of metal bromide, while the organic phase acts as a
coordinating agent of the ions and so it is expected that increasing the di-electric constant
of the organic phase would lead to higher reaction rates and enhancing the elemental
dissolution. The results were consistent with the previous expectation, except for EG,
which has the highest polarity among the used organics. The previous can be related to the
higher viscosity of EG of 16 mPa.s in comparison to other solutions, which is in the range
of 0.36 mPa.s to 0.98 mPa.s. The high viscosity of the EG would result in decreasing the
diffusion of the elements to form the bromide. The bromides of the Sm, Co, Cu and Ni have
the colors of brown, bright green, greyish black and yellow brown, respectively.
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Figure 4.19: The dissolution of Ni, Sm, Co and Cu from SmCos; magnets by 1 vol.%
Br,/organic in 20 min reaction time. The solvents are arranged in terms of higher polarity
from left to right.

Figure 4.20 shows an example for the coating layers being removed by the Br/organic
reaction taken at different time intervals, the whole reaction time was 30 min. It is obvious
how the coating layers are subsequently removed by using the solutions. Before the
complete dissolution of the Ni layer (silver), the Cu layer (pinkish-orange) starts to
appear, which is followed by the appearance of the third coating layer of Ni and then the
surface of the magnet itself.
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Figure 4.20: Coating dissolution by 1 vol.% Brz/organic reaction, 30 minutes.

The kinetics of the dissolution of Br/ethanol, Br/DMF and Br/EG were also studied as
shown in Figure 4.21, Figure 4.22 and Figure 4.23, respectively. For the complete
dissolution of the coating elements on the magnets, 10-15 min were shown to be enough
for the DMF solution, 20-25 min for the ethanol solution and at least 4 h in the case of the
solution containing EG. Even though DMF is a faster solution, ethanol is recommended for
the industrial application because of the health hazards related to the former as shown in
appendix A. For both ethanol and DMF solutions, the amount of the dissolution of the
magnets was shown to be lower than 1% even after 30 min of reaction.
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Figure 4.21: The dissolution kinetics of Ni, Sm, Co and Cu from coated SmCo; magnets by 1
vol.% Br,/ethanol.
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Figure 4.22: The dissolution kinetics of Ni, Sm, Co and Cu from coated SmCo; magnets by 1
vol.% Br,/DMF.
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417 Properties of SmCos with different Ni/Cu addition

In order to test the possibility of having traces of Ni and Cu from coating in the powder to
be recycled and to study the effect of those trace impurities on the magnetic properties of
the recycled magnets, SmCos conventionally sintered magnets were prepared by adding a
Ni/Cu (80 wt.%/20 wt.%) of an amount up to 4 wt.% and the influence on the magnetic
properties was studied.

For all the samples with 0 wt.%, 0.5 wt.%, 1 wt%, 2 wt.% and 4 wt% Ni/Cu, the
density was higher than 97% of the theoretical density. The oxygen content was also
consistent, and was lower than 0.35 wt.%, which is admissible for the industrial
production.

The demagnetization curves are shown in Figure 4.24. Table 4.4 shows the B, (BH)max
and coercivity values for the magnets. Up to 2 wt.% Ni/Cu, the magnets showed to have
good magnetic properties with a similar demagnetization behaviour. The measured
(BH)max values were higher than 150 kJ/m3 and »H. were higher than 640 kA/m. A very
small increase in the B.value from 0.92 T to 0.94 T by the increase in the Ni/Cu content up
to 2% was observed, which might be due to the decrease in the Sm,Co7 phase content by
Ni/Cu increase, as will be discussed in the next section. The presence of the high amount of
Sm;Co7 in the 0 wt.% Ni/Cu also might be the reason for the small shoulder in its
demagnetization curve. For the 4% Ni/Cu magnet, there was a significant decrease in the
B-value to 0.74 T, moreover, ;H. was decreased to lower than 150 kA/m with a very low
(BH)max value lower than 24 kJ/ms3, which is not suitable for the industrial application of
the magnets.
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Figure 4.24: The demagnetization curves for the SmCos magnets with 0-4 wt.% Ni/Cu
content.
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Table 4.4: The magnetic properties for the magnets with 0-4 wt.% Ni/Cu content.

Br I'H c bH c ( BH )maX
[T]  [kA/m] [kA/m]  [K]/m3]

100 wt.% SmCos 092 >1500 6918 175.1
99.5 wt.% SmCos - 0.5 wt.% Ni/Cu 093 >1500 646.0 154.4
99 wt.% SmCos - 1 wt.% Ni/Cu 094 >1500 660.1 159.3
98 wt.% SmCos - 2 wt.% Ni/Cu 0.94 >1500 641.7 150.3

96 wt.% SmCos - 4 wt.% Ni/Cu 0.74 1328 101.3 23.98

The microstructures of the magnets were studied in order to understand the reason for
the decrease in coercivity and magnetic properties for the magnets with Ni/Cu content
higher than 2 wt.%. Fig. 4.25 shows the BSE images of the magnets with 0 wt.%, 0.5 wt.%,
1 wt.%, 2 wt.% and 4 wt.% Ni/Cu. Table 4.5, Table 4.6 and Table 4.7 show the EDX analysis
for the phases in the magnets with 0 wt.%, 2 wt.% and 4 wt.%, respectively. For the
magnets with 0-1 wt.% Ni/Cu, the microstructure is similar to the industrially produced
SmCos magnets as it is mentioned in the literature [62],[63],[64]. The magnets consist of
the SmCos matrix phase with a random distribution of Sm,Co7, Sm-rich phases, Sm-oxides
and pores. The concentration of the Sm;Co7 phase (light-grey) in the microstructures of
the magnets appears to decrease with increasing the Ni/Cu. The Sm;Co; phase was not
formed in the magnet with 2% Ni/Cu, however, this magnet was still showing to have
good magnetic properties, similar to the samples with a lower Ni/Cu concentration. In
some parts of the microstructure of the 2 wt.% Ni/Cu magnet, a new phase of very small
fractions (dark grey phase) started to form at the grain boundaries. The distribution of
this new phase was shown to increase with the increase in the Ni/Cu. Using the EDX, the
composition of the phase has been measured in the sample with 4 wt.% Ni/Cu to be a Co-
rich phase with a composition near SmCo17. The fraction of the phase was much higher
for the magnet with 4 wt.% Ni/Cu and this is believed to be the reason for losing almost all
the magnet’s coercivity. It was concluded that the presence of the impurity phase at the
grain boundaries and therefore the decrease in the pinning strength is the main reason for
the coercivity drop for the magnets with 4 wt.% Ni/Cu.

The EDX analysis for the magnets with 2-4 wt.% Ni/Cu showed that increasing the
concentrations of the two elements in the magnets is accompanied by an increase in their
concentration in the main phase of SmCos matrix. Either of the two elements was detected
as forming separate identified phases with either Sm or Co and they only seem to replace
some of the Co atoms in the crystal structure of the Sm/Co phases.

The XRD patterns for the samples with 0 wt.%, 1 wt.%, 2 wt.% and 4 wt.% Ni/Cu are
shown in Fig. 4.26. It is shown that the peak for the Sm,Co; phase disappeared for the
samples with 2 wt.% and 4 wt.% Ni/Cu; as expected from the microstructure study. All
other peaks were formed for all samples and they are related to the SmCos matrix phase.
Increasing the Ni/Cu concentration was accompanied by the presence of some peak shifts,
which also confirms the fact of Co substitution in the SmCos matrix which causes change in
the crystal parameters and therefore peaks shift. As expected, due to the low
concentration of the newly formed Sm;Co17 phase in the samples, it was not possible to be
detected by the XRD.
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Figure 4.25: The BSE images for the sample with 0 wt.%, 1 wt.%, 2 wt.%, and 4 wt.% Ni/Cu
from top left to bottom right, respectively.

Table 4.5: The EDX analysis for the phases in the sample with 0 wt.% Ni/Cu.

Sm (at.%) Co (at.%) O (at.%)

The matrix phase 16.8 81.7 1.5%*
The grey phase 22.4 759 1.8**
The white small spots* 35.7 11 533

Table 4.6: The EDX analysis for the phases in the sample with 2 wt.% Ni/Cu.

Sm (at.%) Co (at.%) O (at.%) Ni(at.%) Cu (at.%)
The matrix phase 16.2 80.3 0.9** 2.3 0.3**
The white small spots* 30.7 17.0 52.0 0.3** 0**

Table 4.7: The EDX analysis for the phases in the sample with 4 wt.% Ni/Cu.

Sm (at.%) Co (at%) O (at.%) Ni(at%) Cu (at.%)

The matrix phase 16 78 1.1%* 4.2 0.7**
The dark grey phase 11.2 85.2 0.8** 2.4 0.4**
The white small spots* 36 5 58.5 0.4** 0.1**

* the phase size is small where it is expected that there is signal interference from the surrounding phases
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Figure 4.26: XRD patterns for the sample with 0 wt.%, 1 wt.%, 2 wt.% and 4 wt.% Ni/Cu.

418  Other ways to recycle SmCos magnets: strip casting

After the strip casting of the SmCos sintered magnets, only 3 kg of strip-cast material was
recovered out of 8 kg starting material. This is due to the formation and the discarding of
the oxide layer and the stickiness of the molten slag to the walls of the crucible and the
tundish as shown in Figure 4.27. The oxygen content of the final strip cast material was
measured to be lower than 0.02 wt.%, in comparison to 0.37 wt.% in the starting material.

Figure 4.27: The residual molten SmCos alloy and its oxide formation after strip casting.

The XRD and microstructure studies of the strip-cast material are shown in Figure 4.28
and Figure 4.29, respectively. The phases formed after strip casting are similar to the ones
from the book-mould casting and sintering with the formation of SmCos and Sm,Co-;
phases. Contrary to book-mould cast and sintered SmCos, where the Sm rich phases are
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formed randomly in the microstructure, in strip casting the Sm;Co; phase is formed
continuously throughout the grain boundary of the material. Moreover, strip ocasting
resulted in the formation of continuous fine grained SmCos of about 10 pum, in comparison
to 20-30 um for sintered material and more than 50 um in the book-mould cast one.
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Figure 4.28: The XRD patterns showing the similarity of the phases’ composition for the
sintered and the strip-cast SmCos material, peak identifications in Figure 4.2.

Figure 4.29: BSE of the strip cast produced from sintered SmCos magnets, the
microstructure composed of fine SmCos matrix grains surrounded by Sm>Co7 phase.

Due to the low recovery of the material after applying strip casting under the current
applied conditions, it was not interesting for us to continue the recycling scheme.
However, further experiments are planned to control the strip casting setup to increase
the material recovery. It is expected that the magnetic properties of the magnets produced
from the crushed and milled strip-cast material will be as good as the ones from the HD
route due to the presence of a very fine grain structure. Moreover, HD can also be applied
on the strip-cast material. It is expected that when applying HD on the strip-cast material,
the hydrogen will react with the Sm-rich phases surrounding the fine grained SmCos
matrix, with the production of very fine decrepitated powder of a size of less than 50 um,
which will need minimal or no milling before the magnets production.
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42 SmzCo17

421 HD ofas-cast SmzCoz7 alloys

Two as-cast alloys having a chemical composition similar to the industrial produced
Sm;Co17 magnets (~25.4 wt.% Sm) were used. One of the alloys with a higher Sm content
of 29.8 wt.% and the other with a lower Sm content of 24 wt.%, were tested for the HD.
The exact chemical compositions for the two alloys are mentioned in Table 3.1. The
densities of the used alloys were more than 98 wt.% of the theoretical densities. The alloys
with the higher Sm content showed to be decrepitated easily under a pressure of 1 bar at
room temperature for 3 h. The alloy with a lower Sm content required at least 4 bar of
hydrogen to start the decrepitation. The particle size of the decrepitated powders was less
than 400 pum. The microstructures of the two alloys are shown in Figure 4.30. The XRD
patterns for the alloys before and after decrepitation are shown in Fig 4.31. The dark-grey
matrix of the alloys was measured to be similar in the two alloys; 25 wt.% Sm, 46.98 wt.%
Co, 18.77 wt.% Fe, 3.45 wt.% Cu and 2.41 wt.% Zr for the high Sm alloy and 22.6 wt.% Sm,
52.7 wt.% Co, 20.0 wt.% Fe, 3.66 wt.% Cu and 2.05 wt.% Zr for the low Sm content alloy.
The light-grey phase surrounding the matrix was shown to have a higher Sm content of an
average of 30 wt.% and a mixture of two phases, rich in Cu and Zr for the two alloys as
reported very recently by Zhang et al. [114]. The decrepitation process starts with
hydrogen absorption of the light-grey phase, rich in Sm. This explains the fact that the
alloy with high Sm is easier to be decrepitated as the concentration of the light-grey phase
was higher in that alloy. After decrepitation, the peaks of the Sm-rich phase decreased
with the appearance of oxides. Video 2 shows the decrepitation for the high Sm alloy.

Figure 4.30: BSE images for the as-cast alloys with a composition close to industrial
Sm3Co17 magnets, rich in Co (left) and rich in Sm (right).

e o i o 1:Sm,Co,, 2:SmCo, 3:SmCo, 4: Sm-oxide
1 m: eid e}
12
P 1 ’; ‘\
S ’| : 13
s o s 4
~ 1 1 . 13 13
| . Decrepitated allo: 2 1 )
2 B - “'n,“!\ I —‘»w-..—-",‘a———*» P 4 2 2\l ) 2 314 2 Decrepitated alloy
z — L — LA S P B A S
€ £ 7.,.’ 2
13 [ |
1 | 2
| i 3 Y 2 As-cast allo
I [N 12 11| 1 1 As-cast allo! 2 K (W a2 1 30 2 y
- | 2 ?—_".‘ U\M" L P T y o) J\_Z\JHWJ A Y W SR
T T T T T T T T T T T T T T
20 30 40 50 60 70 80 20 30 40 50 60 70 80
20 (deg) 20 (deg)

Figure 4.31: XRD patterns for the Sm;Co17 alloys; rich in Co (left) and in Sm (right), before
and after decrepitation.
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422  HD for the recycling of Sm>Co17 magnets: conventional sintering

Sm;Co17 magnets contain the lowest REE content among REE-permanent magnets of 25
wt.% in comparison to 36 wt.% for SmCos and about 31 wt.% for Nd-Fe-B. This is
translated in the microstructure of the conventionally sintered Sm;Co17 magnets, as they
do not contain any rich REE phases, which is the case for the SmCos and Nd-Fe-B magnets.
This would mean that more severe conditions of HD are needed to be applied for Sm;Co17
magnet to absorb hydrogen, as the hydrogen absorption is usually initiated by the REE-
rich phases; as explained in the literature chapter.

4221 Decrepitation by using the stationary equipment and the effect of the composition of the
magnets on the HD process

As a first step, it was useful to study the effect of the change of the chemical composition of
the sintered Sm;Co17 magnets on the hydrogen absorption affinity. Seven magnets having
a chemical composition close to the industrially produced Sm;Co17 were prepared. They
were sintered to be compared in terms of HD and magnetic properties. The exact chemical
compositions of the industrially produced (original) and the other prepared magnets are
shown in Table 4.8 and their demagnetization curves in Figure 4.32.

Table 4.8: Decrepitation of Sm_Co, magnets with different compositions (wt.%).

10 bar - room temp. -
No. lday

Sm  Co Cu Zr Fe | or 5par-200°C-5h

Original 256 49.1 54 28 171 No effect
With more Sm 1 291 46.7 51 28 16.2 Slightly decrepitated
2 252 48.7 53 29 179 No effect
With more Fe
3 249 482 53 28 187 No effect
4 251 491 55 22 181 No effect

With more Fe, less Zr
5 248 485 55 21 19.1 Slightly decrepitated

With more Fe, more Cu,

6 248 484 57 21 19.0 Decrepitated
less Zr

With more Fe, more Sm,

7 256 48.0 54 21 189 Decrepitated
less Zr
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Figure 4.32: Demagnetization curves for the Sm,Co17 magnets with different compositions.

The conditions applied as trial for the decrepitation were 10 bar, room temperature for
1 day or 5 bar, 5h at 200 °C. As shown in Table 4.8, only two compositions were fully
decrepitated by the applied conditions. Also the magnets with more Sm (no. 1) and more
Fe-less Zr (no. 5) were shown to be partially decrepitated with the production of smaller
particles, while there were still some large particles present in the decrepitation products.
However, when studying the magnetic properties of all the magnets with different
chemical compositions against the serious production original one, all of them were
showing much worse magnetic properties as shown in Figure 4.32 and as it is known from
literature that a very small change in any element in the composition of the Sm;Co17
magnets or in the sintering regime would lead to a change in the fine structure of the
magnets, which change the properties of the magnets. A choice between having good
magnetic properties magnets, which are hard to be decrepitated and recycled, or lower
magnetic properties magnets, which are easier to be recycled, has to be made. We
continued the study with the HD of the industrially produced magnet (original), as it is the
most visible for the real application for the magnets in the market even if it needs more
severe conditions for the HD.

4222 Decrepitation mechanism and the properties of the decrepitated powder

The required decrepitation conditions for the complete decrepitation of the industrially
produced magnets were 20 bar, room temperature for 2 days. The coarse-grains and fine-
cellular microstructures of the magnets are shown in Figure 4.33. The coarse-grains
microstructure consists of the matrix phase with a composition close to
Sm(Coos75Fep21Cuo.058Zr0.021)85 (Similar to the starting composition) with Sm-oxide white
phases distributed randomly. A third phase rich in Zr was observed at higher
magnification, having a composition close to ZrCoo.13Feo.o7. The Zr-rich phase was observed
as contamination in all the conventionally sintered Sm;Coi; magnets as reported by
Saravanan et al. [39]. There will be no discussion on this phase as it is reported as
contamination and was observed in all the conventionally sintered Sm;Coi; magnets
reported in this dissertation, with the same percentage in the microstructure of around 0.5
%. The fine-cellular structure of the magnets consists of Smz(Co,Fe)i; cell interior
(rhombohedral), Sm(Co,Cu)s cell boundary (hexagonal) and a third phase of Zr(Co,Fe)s
perpendicular to the image plane. Smy(Co,Fe)17 cell interior was measured to have an
average size of 140 nm. The Sm(Co,Cu)s cellular boundary in the fine structure is the one
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which starts the hydrogen absorption of the magnet as it has the highest Sm content in
comparison to the other phases. The particle size of the powders after decrepitation was
measured to be 250 pm, however the particles were friable and also showed to contain
about 10% of very fine powder of less than 32 um, which can be due to the hydrogen
absorption of the cell boundary and the disintegration of the Sm(Co,Fe)17 cell interior.

4223 Preparation of recycled magnets and their properties

The decrepitated powder was milled in a nitrogen atmosphere via jet-milling to a particle
size less than 20 um. The oxygen content after decrepitation and milling was 0.43 wt.% in
comparison to 0.24 wt.% in the original magnets. After milling, four different compositions
were prepared for the production of sintered recycled magnets without and with the
addition of elements of Sm and Cu or fresh Sm;Co17; powder produced by the industrial
way of casting and milling, as follows:

100% Recycled (Recycled),

(98.3 %) Recycled + (1.7 %) Sm (Recycled+Sm),

(98.2 %) Recycled + (1.2 %) Sm + (0.6 %) Cu (Recycled +Sm+Cu),
50% Recycled + 50% fresh (Recycled +Fresh).

The reason for choosing those exact compositions and their properties are discussed in
the next paragraph.

Figure 4.34 and Table 4.9 show the magnetic properties of the recycled magnets in
comparison to the original one before decrepitation, the oxygen content and the density
values are also shown. The recycled magnets with only recycled powder (Recycled)
showed big deterioration of B, »H; and (BH)max of 1.03 T, 419.5 kA/m and 161.6 k]/m3,
respectively, in comparison to 1.10 T, 816.98 kA/m and 226.9 k]/m3, respectively, for the
original magnets. This can be explained due to the increase in the oxygen content of 0.63
wt.%, in comparison to 0.24 wt.% for the original, with the formation of non-continuous
large Smz(Co, Fe)i7 cell interior (average size of 300 nm) and thin inhomogeneous cell
boundary Sm(Co,Cu)s phase as shown in Figure 4.35. Adding milled Sm to the recycled
powder (to produce Recycled +Sm) showed to have the effect of increasing the magnetic
properties of the Recycled+Sm magnet, as the added Sm compensate for the Sm loss due
to the oxidation during the recycling process. By the addition of Sm, the properties of the
produced magnet showed to have enhanced B, »H.and (BH)maxof 1.07 T, 739.6 kA/m and
198.2 k] /m3, respectively. But as the Recycled+Sm magnet showed to have less coercivity
and a more tilted demagnetization curve than the original magnet and as it is known from
literature that the main function of Cu in the magnet is to increase the coercivity by
enhancing the pinning of the Sm(Co,Cu)s phase, a third composition was prepared by
replacing some of the added Sm with milled Cu to the previous magnet
(Recycled+Sm+Cu). The Recycled+Sm+Cu showed to have as good magnetic properties
as for the original magnet, even with the high oxygen content of 0.7 wt.%. Another
successful recycling composition was to mix fresh milled Sm;Coi7 powder with the
recycled milled powder (Recycled+Fresh). The addition of fresh powder results in the
decrease in the oxygen content to 0.51 wt.% and increase of the metallic elements
required for enhancing the magnetic properties, which results in producing a recycled
magnet with a potential for industrial applications as it shows to have good magnetic
properties with similar values to the industrially produced magnets.
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I
500 nm

Figure 4.33: The coarse-grains (right) and the fine-cellular (left) microstructure for the
original Sm;Coy; sintered magnets used for recycling. The grain structure is mainly
composed of the matrix phase (composition close to Sm(Coos75F€e0.21Cu0.058Z10.021)s5) with
Sm-oxides. The fine microstructure has cellular structure of Sm»(Co, Fe)17 cell interior and
Sm(Co,Cu)s cell boundary.
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Figure 4.34: Demagnetization curves for the Sm_Co . magnets before and after recycling
by HD.

Figure 4.35 shows the coarse-grains and fine-cellular microstructures for the Recycled,
Recycled+Sm, Recycled+Sm+Cu and Recycled+Fresh magnets. The coarse-grain
microstructure of all samples shows to contain the same phases as the matrix phase
(composition close to Sm(Coos75Feo21Cu0.058Zr0.021)85) with Sm-oxides as measured by
EDX. As explained, for the Recycled magnet, there was inhomogeneous formation of the
Sm(Co,Cu)s phase with a large cell phase (300 nm) in comparison to 140 nm for the
original magnet (Figure 4.33); with a negative effect of the properties of the former. For
the Recycled+Sm sample, the size of the cell decreased to 250 nm and more homogenous
Sm(Co,Cu)s was formed. Moreover with the Cu addition, a more uniform cellular structure
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with a more defined cell boundary phase and smaller cell interior of as an average as little
as 130 nm was formed. The Recycled+Fresh magnet was showing to have a fine-cellular
microstructure, similar to the original and Recycled+Sm+Cu samples with an average cell
interior of 180 nm. The previous enhancement in the microstructure by the Sm, Cu and
fresh powder addition explains the previous trend of enhancing the magnetic properties of
the recycled magnets; putting into consideration that the formation of homogeneous cell
boundary with a small cell interior size of less than 200 nm is a key factor for producing
high coercivity magnets as described in Chapter 2. This explains the lower magnetic
properties of the Recycled and Recycled+Sm magnets.

Table 4.9: Magnets properties before and after recycling of Sm,Co, by HD.

B [T]
[kA/m] [kA/m] [KI/m3] (wt%) [g/cm?]
Original 110 >1500 8.17.0 2263  0.24 8.34
Recycled 1.03 4627 4195 161.6  0.63 8.31

Recycled+Sm 1.07 >1500 739.4 1982  0.70 8.33
Recycled+Sm+Cu 199  >1500 7937 2183  0.70 8.35

Recycled+Fresh 1098  >1500 7863 2128 051 832
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Figure 4.35: The coarse-grains (left) and the fine-cellular (right) microstructure for the
recycled Sm;Coi; magnets. From top to bottom are: Recycled (a) , Recycled+Sm (b),
Recycled+Sm+Cu (c) and Recycled+Fesh (d). The coarse-grains and cellular structures
are similar to the original magnet (Figure 4.33) with a different cell interior size.
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423  SPSsintering for the decrepitated powder

The milled recycled decrepitated Sm2Co17 powder with the addition of 1.2 wt.% Sm and
0.6 wt.% Cu (Recycled+Sm+Cu) was used for the production of SPS magnets, as this
composition was shown to produce good magnetic properties when using the
conventional sintering route.

Sintering temperatures of 800 °C, 850 °C, 900 °C, 950 °C, and 1000 °C were applied. The
magnetic properties and the densities of the produced magnets after SPS sintering and
after applying heat treatment (850 °C for 8 h) for the sintered magnets are shown in Table
4.10. The densities of all the produced magnets were less than 96% of the theoretical
density of the sintered magnets, even by applying a sintering temperature of 1000 °C,
which is very high for SPS applications. For SmCos magnets, 950 °C was sufficient to
densify the magnets by SPS. The magnetic properties of both only sintered magnets and
magnets sintered followed by heat treatment were also very low. The maximum achieved
iH: was only 192.6 kA/m, for the heat-treated SPS samples from the 900 °C experiment.
This is in comparison to >1500 kA/m for the recycled conventionally sintered magnet
having the same composition.

Table 4.10: Density, oxygen content and magnetic properties of the SPS-ed samples
sintered at 800-1000 °C. The properties of the magnets are also shown after applying the
heat treatment (HT) cycle.

Sintering Temp B-[T] »H:[kA/m] H:[KA/m] (BH)max|K]/m3] p[g/cm3]

800 °C 0265  97.85 158.58 7.15 6.14
800°C (HT) 0286  107.7 191.2 8.4

850 oC 0245  82.49 123.8 5.59 6.42
850°C (HT)  0.301 108 184.9 9.1

900 oC 0323  79.05 98.56 8.12 7
900 °C (HT)  0.368 124 202.3 13

950 0364  76.52 80.71 9.42 7.5

950°C (HT) 0416  125.8 189.7 15.4

1000 °C 0397 6848 76.54 9.54 8.07
1000°C (HT) 0.445  129.5 192.6 17.1

To understand the reason for the deterioration in the magnetic properties for the SPS-
ed samples, the BSE of the samples sintered at 950 °C and 1000 °C after heat treatment are
shown in Figure 4.36. The magnets consist of many phases as shown in Table 4.11, which
is different from the magnets from the conventional sintering route, which only have the
matrix and Sm-oxide phases. This formation of a multi-phase material hinders the
formation of the fine-cellular structure which is essential for the production of high
coercivity magnets. This can be explained as the sintering mechanism in SPS involves only
the surface of the particle with no contribution from the bulk of the powder. As only the
surface of the powder will react in the SPS, this means that the elemental diffusion from
the bulk of the powder to form the cellular structure would not happen. For Sm;Co17
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magnets to show good magnetic and mechanical properties, elemental diffusion is
necessary from the surface and the bulk of the powder for the formation of the cellular
microstructure. This explanation is supported with the presence of chocks of Cu- and Sm-
rich phases in the microstructure of the SPS-sintered magnets; due to the incomplete
solubility of the added Cu and Sm during the sintering step, with the production of low
density and magnetic properties magnets. A pre-heat treatment step for the decrepitated
powder might be needed before the SPS in order to regenerate the fine-cellular
microstructure.

50 pm

8 7 6 5 4 3 2 1

Figure 4.36: The BSE of the SPS-ed samples from the 950 °C (left) and 1000 °C (right)
experiments after heat treatment. The samples showed to be composed of many phases in
contrast to the conventionally sintered magnets (Figure 4.33).

Table 4.11: EDX analysis in wt.% for the phases formed during the SPS of the recycled
Sm3Co17 (Recycled+Sm+Cu) at 950 °C and 1000 °C, as shown in Figure 4.36.

Spot no (sintering temp.)  Sm Co Fe Cu Zr )

1 (1000 °C) 30.70 4166 1071 16.17 1.11 0.95
2 (1000 C) 2325 5326 19.71 2.82 152 1.01
3 (1000 °C) 83.37 245 149 013 000 17.16
4 (1000 °C) 26.05 50.20 1644 462 2.60 0.87
5 (950 °C) 24.37 4945 17.22 6.76 278 0.80
6 (950 °C) 3316 2728 454 3447 053 0.66
7 (950 °C) 8448 149 1.09 0.6 0.00 16.99

8 (950 °C) 33.02 4286 844 1061 651 0.69
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424 Polymer-bonded recycled Sm2Co17 (anisotropic)

The decrepitated powders used for the preparation of polymer-bonded magnets were
produced by the decrepitation of the original sintered Sm»Co17 magnets at 20 bar, 2 days at
room temperature in the stationary equipment. Only the size fraction of <125 pm was
used, which represents about 20% of the decrepitated powder by applying the mentioned
conditions. Figure 4.37 shows the demagnetization curve of the magnet and Table 4.12
shows their B, coercivity and (BH)max Magnet's density of 5.2 g/cm3 was achieved which
is about 75% of the theoretical calculated density based on the used solid and polymer
powders volume fraction. The lower achieved density is basically due to the inefficient
coating and packing of the solid powder by the polymer binder due to the absence of any
applied pressure during the final heating step, as it was the case for SmCos. Considering
only the solid fraction of the 75% dense polymer-magnets, of which 80% by volume is
solid, and as the Sm;Co7 sintered magnets have a B of 1.1 T, it means that in case of
perfect alignment of the magnetic powder, the theoretical B of the polymer-bonded
magnet would be 0.66 T. The B-from the produced magnet was 0.58 T which is 90% of the
theoretical value. The magnets were also shown to have a high a ;A value of more than
1500 kA/m and (BH)max of 56 k]/m3. The magnetic properties of the Sm;Co17 bonded
magnets are also measured at 80 °C, as shown in the previous figure and table. As
expected, there was only a small change in the magnetic properties of the magnet at high
temperature as the polymer-bonded magnet itself was prepared in air at a temperature of
200 °C.

Table 4.12: The magnetic properties of the polymer-bonded Sm,Co17 (recycled) at room
temperature and 80 °C.

Measuring temperature  B-[T]  »H:[KA/m] He[kA/m] (BH)max [K] /m3]

Room Temp. 0.584 385.3 >1500 56
80 °C 0.572 371.3 >1500 53
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Figure 4.37: Demagnetization curves for the polymer-bonded Sm;Co17 magnets produced
from the decrepitated powder, measured at room temperature and 80 °C.
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Figure 4.38 shows the BSE images of the Sm>Co17 bonded magnets. The solid powder is
immersed in the polymer binder, where white oxides are clearly visible on large powder
particles.

When compared to one of the industrially produced polymer-bonded Nd-Fe-B magnets
(isotropic) from injection moulding, having B, of 0.55 T, ;H. less than 1000 kA/m and
(BH)max around 55 KkJ/m3, the produced Sm;Co17 polymer-bonded magnets in this study
are attractive for industrial application. The latter claim is also supported by the use of
recycled powder and the simplicity of the preparation method for the magnets, as all the
steps for the preparation were done in atmospheric air without the need of protective
atmosphere or expensive instruments as it is the case for injection or compaction
moulding.

Figure 4.38: BSE of the polymer-bonded Sm;Co17 magnets produced from the decrepitated
powder.

425 Decrepitation of Ni-Cu-Ni-coated Sm>Co17 magnets

As previously explained that sintered Sm;Co17 magnets require a high condition of 20 bar
for 2 days for the decrepitation, the presence of the Ni-Cu-Ni layers on the magnets,
surface is expected to further increase those conditions as the coating will hinder the
direct adsorption of hydrogen on the surface of the SmzCo17. 40 bar for 2 days at room
temperature were required for the decrepitation of the 1 kg of the coated magnets. Even
by applying the latter conditions, only 50 wt.% of the decrepitated powder has a size
lower than 400 pm. Most of the coating (around 98 wt.%) was easily separated by sieving
via 250 um sieve.

426 Chemical dissolution of Ni-Cu-Ni coating on Sm>Co17 magnets

The kinetics of the elements’ dissolution by the application of 2M HNOs are shown in
Figure 4.39. Due to the relatively big volume of the Sm;Co;7 in comparison to the
previously studied SmCos, at least 390 min were required for the complete Ni removal
using the mentioned concentration and volume of the acid. As discussed previously,
cracking or fracture in the coating layers is expected to occur in that long period, which
results in the dissolution of the elements from the magnet itself, as shown a high amount
of the magnets’ elements were dissolved before the complete dissolution of the coating.
The colours of the zirconium and iron nitrate are transparent and pale violet, respectively;
the colours of the nitrate of the other elements are mentioned previously. Note that the



4.2.Sm2Co17 81

Sm,Co17 magnets also contain Cu in its microstructure beside the coating layer, this was
represented in the figure as Cu-coating and Cu-magnet.
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Figure 4.39: The dissolution of Ni, Sm, Co, Cu, Fe and Zr from coated Sm,Co,; magnets by
2M HNO,,

Similar to the results from SmCos magnets, after a reaction for 20 min of the magnets
with 1 vol.% Br with DMF, EG, ethanol, MeOAc and EtOAc, there was a relation between
the polarity of the used organic and the speed of the reaction, except EG (Figure 4.40).
Most of the Ni and Cu from the magnet were removed by using ethanol and DMF. The
colours of zirconium and iron bromide are white and brown, respectively.

The kinetics of the elements’ dissolution by using the Br solution with ethanol, DMF
and EG are shown in Figure 4.41, Figure 4.42 and Figure 4.43, respectively. Similarly to
SmCos, 5-10 min were enough for the DMF to remove all the coating, in case of ethanol, 20-
25 min were needed. The amount of the dissolution of all other elements from the magnet
was less than 1 vol.% after the previous reaction periods. For EG, even after 4h of reaction,
there was no complete dissolution of the coating material.
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Figure 4.40: The dissolution of Ni, Sm, Co, Cu, Fe and Zr from coated Sm,Co,, magnets by 1
vol.% Br,/organic in a reaction time of 20 min.
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Figure 4.41: The dissolution kinetics of Ni, Sm, Co, Cu, Fe and Zr from coated Sm,Co;,
magnets by 1 vol.% Br,/ethanol.
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Figure 4.43: The dissolution kinetics of Ni, Sm, Co, Cu, Fe and Zr from coated
Sm,Co;; magnets by 1% Br,/DMF.
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Figure 4.42: The dissolution kinetics of Ni, Sm, Co, Cu, Fe and Zr from coated
Sm,Co;; magnets by 1% Br,/EG.
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427 Properties of Sm2Co17 with different Ni/Cu content

Five magnets were prepared with the addition of Ni/Cu (80 wt.%/20 wt.%), with 0 wt.%,
0.2 wt.%, 0.5 wt.%, 1 and 2 wt.%. The measured densities for all the sintered samples with
a different Ni/Cu concentration were higher than 8.3 g/cm3 which is about 98.5% of the
theoretical density for the industrially produced Sm;Co17 samples. The measured oxygen
content for all the samples was lower than 0.3 wt.%. Figure 4.44 and Table 4.13 show the
demagnetization curves and the change in the B, »H,, /H.and (BH)maxfor the samples with
increasing the Ni/Cu concentration. Apart from the B, values which showed to slightly
decrease with the increase in the Ni/Cu concentration, the magnetic properties of the
samples showed a tendency of high deterioration with the increase in the concentration of
the Ni/Cu addition. Up to Ni/Cu concentration of 1 wt.%, the sample may still be produced
industrially as the sample showed ;H,, »H:and (BH)max of >1500 kA/m, 750 kA/m and 200
K] /m3, respectively. Further increase in the concentration of Ni/Cu to 2 wt.% resulted in
the formation of a noticeable knee in the demagnetization curves of the sample with the
reduction of the magnetic properties beyond the values which can be accepted for
industrial production. The ,H:and (BH)max for the 2 wt.% Ni/Cu sample is 688.2 kA/m and
188.3 k] /m3, respectively.

N

[REY

|
x

e W% Ni/Cu
0.2 wt% Ni/Cu
0.5 wt% Ni/Cu
e Wt% Ni/Cu
2 W% Ni/Cu

Magnetic flux density (T)
D D d
>

S

\

D

N

(o)

-1400 -1200 -1000 -800 -600 -400 -200 0
Applied field (kA/m)

Figure 4.44: The demagnetization curves for the Sm,Co;7 magnets with 0-2 wt.% Ni/Cu
content.

The coarse-grains and fine-cellular microstructures of the samples with Ni/Cu of 0
wt.%, 1wt.% and 2wt.% are shown in Figure 4.45. Table 4.14 shows the EDX analysis of
the matrix phase. The samples showed to consist of a matrix phase with a similar
composition to each other, with a Sm-oxide phase (light phase) and traces of a Zr-rich
phase (as explained earlier its concentration was similar around 0.5% for all the samples).
No trend in the change of the concentrations of the elements was observed with increasing
the Ni/Cu content, except the increase in the Ni content in the matrix phase. The XRD
studies of the samples with a different Ni/Cu addition are shown in Figure 4.46, as shown
no new phases were observed by the XRD analysis.

It was observed that the size of the cells of the Sm,(Co,Fe)17 cellular structure increases
with the Ni/Cu concentrations. The cellular structures have sizes of around 120 nm, 160
nm and 200 nm for the samples with 0 wt%, 1 wt.% and 2 wt.%, respectively. As
described earlier, the formation of a small cell interior with homogenous Sm(Co,Cu)s cell
boundary is necessary for the pinning in Sm;Co17 magnets and increasing the size of the
cell would lead to a decrease in the coercivity of the magnets, as observed with the
increase in the Ni/Cu content. To further confirm the relation between the increase in the
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added Ni/Cu content and the cell interior, hence the coercivity, Sm;Co17 magnet with 4
wt.% Ni/Cu was prepared. The fine-cellular microstructure of the 4 wt.% Ni/Cu samples is
shown in Figure 4.47, where the cell average interior size was measured to be 230 nm,
moreover, the boundary Sm(Cu,Co)s phase was formed as inhomogeneous for the sample.
As expected, the magnetic properties of the magnets with 4 wt.% Ni/Cu were very low
with ;H.0f 303.3 kA/m and (BH)max of 146 k] /m3.

Table 4.13: The magnetic properties of sintered Sm,Co;7 magnets with Ni/Cu from 0 wt.%
to 2 wt.%. for the magnets is higher than 1500 kA/m.

B [T »Hc[kA/m]  (BH)max [K] /m?]

100 wt.% SmzCo17 1.10 816.48 226.9
99.8 wt.% Sm;Co17- 0.2 wt.% Ni/Cu 1.10  816.93 226.8
99.5 wt.% Sm;Co17-0.5wt.% Ni/Cu 1.10  780.35 215.6
99 wt.% Sm;Co17 - 1 wt.% Ni/Cu 1.08  748.2 203.7
98 wt.% Sm;Co17 - 2 wt.% Ni/Cu 1.08  688.2 188.3

Figure 4.45: The coarse-grains (left) and the fine-cellular (right) microstructures for the
Sm;Co17 magnets. From top to bottom: 0 wt.% Ni/Cu, 1 wt.% Ni/Cu, 2 wt.% Ni/Cu.
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Table 4.14: The matrix phase composition (in at.%) for the sintered Sm;Co17 with Ni/Cu of
0 wt.%, 1wt.% and 2wt.%.

Sm Co Fe Cu Zr Ni

100 wt.% SmzCo17 11.0 58.0 228 595 231 -
9 wt.% SmzCo17-1wt.% Ni/Cu 108 574 221 595 236 111

98 wt.% Sm:Coi7 -2 wt.% Ni/Cu 10.7 572 219 6.09 215 2.04

2 wt.% Ni/Cu

Intensity (a. u.)

1 wt.% Ni/Cu
0.5 wt.% Ni/Cu

0 wt.% Ni/Cu

20 30 40 50 60 70 80
26 (deg)

Figure 4.46: XRD patterns of the sintered Sm;Co17 samples with 0 wt.% Ni/Cu, 0.5 wt.%
Ni/Cu, 1 wt.% Ni/Cu, 2 wt.% Ni/Cu.

Figure 4.47: Fine-cellular microstructure of the Sm,Co17 magnets with 4 wt.% Ni/Cu.

In order to locate the added Ni/Cu and as it was not visible by SEM and XRD analysis,
TEM study for the sample with 2 wt.% was performed (Figure 4.48); the latter was chosen
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as it was the start for the noticeable deterioration of the magnetic properties. The
concentration of the Ni element was shown to be higher in the cell boundary phase, as
shown by a line scan in the figure. The presence of the Ni in the cell boundary phase
hindered the formation of the appropriate cellular microstructure at the applied
conditions which would result in decreasing the intrinsic coercivity and the pinning
strength of the cell boundary phase with a negative effect on the magnetic properties. The
same behaviour was observed by Tang et al. [115] for the study conducted in the
replacement of Cu by Ni in the Sm;Co17 magnets.

Figure 4.48: The cellular structure of the 2 wt.% Ni/Cu magnets (parallel to the c axis of
the 2:17 phase), showing the lamellar Zr(Co,Fe)s; phase (left). A line scan showing the
increase of the Ni content in the cell boundary phases (right).

428  Other way to recycle SmzCo17 magnets: strip casting

The strip-cast Sm;Co17 produced from using the sintered magnets as the starting material
has an oxygen content lower than 0.02 wt.%. Figure 4.49 and Figure 4.50 show the
microstructure and the XRD patterns of the strip-cast material, respectively. The
microstructure of the strip-cast material was similar to the one for book moulding with
very fine columnar grains of less than 5 pm. The composition of the matrix phase was
measured by EDX to be 24.33 wt.%, Sm, 49.6 wt.% Co, 18.92 wt.% Fe, 4.85 wt.% Cu and
2.3 wt.% Zr, which is similar to the matrix phase in sintered magnets. Hence recovery of
less than 50% was achieved out of the starting material; the strip-cast material was not
proceeded to produce recycled magnets. However further experiments are planned to
increase the recovery value and to continue the recycling scheme by the production of
sintered magnets from the strip cast both by applying HD or a normal crushing route.

S pm

Figure 4.49: BSE images for a strip-cast product from sintered Sm,Co17. Refinement in the
microstructure was observed after strip casting.
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Figure 4.50: The XRD patterns showing the similarity of the peaks for the book-moulded
(rich in Co as in Figure 4.30, left) and the strip-cast Sm;Co17 material.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

HD has been shown to be an effective technique for the recycling of both SmCos and
Sm;Coi7 magnets. A pressure of hydrogen as low as 1 bar can be applied for the
decrepitation of SmCos magnets, where the decrepitation reaction starts with the reaction
of Sm-rich phases of a composition close to Sm;Co7. On the other hand, at least 20 bars are
required for Sm;Co17 magnets, because of the lower Sm content in the Sm;Co17 magnets,
where the highest Sm content phase in the magnet is Sm(Co,Cu)s. Sm(Co,Cu)s is the phase
which starts the hydrogen absorption and the decrepitation in Sm,Co17 magnets. By using
a conventional sintering technique, the decrepitated powders were used for the
preparation of recycled magnets containing more than 98 wt.% recycled material for both
SmCos and Sm>Co17 magnets with as good magnetic properties as the original magnets
before recycling. For SmCos the properties of the recycled magnets were; B-= 0.94 T, ;H
>1500 kA/m, (BH)maxof 171.1 kJ/m3 and for SmCo17; B-= 1.09 T, ;4. >1500 kA/m and
(BH)max = 218.3 KkJ/m3. The HD process was also applied to fresh as-cast SmCos and
Sm3Cos7 alloys, pressure of 1 bar of hydrogen was sufficient for the decrepitation of all the
used alloys; except the Sm»Co17 alloy with a low Sm content of 24 wt.%, a pressure of 4 bar
was required.

SPS technique was used for the consolidation of the recycled powder to produce
isotropic recycled magnets. The process was shown to be effective for the preparation of
SmCos magnets with very good magnetic properties of 4. over 1500 kA/m. The
microstructure of the SPS-ed SmCos sintered at 900 °C magnets showed to contain SmCos
matrix phase with Sm,Co7, which is similar to the conventional sintered magnets. The SPS-
ed samples also showed relatively good magnetic properties at 180 °C. On the other hand,
SPS-ed Sm;Coi7 magnets showed to have poor magnetic properties, because of the
complex structure required for the magnetic properties which can only be formed at slow
conventional heat treatments. The microstructures of the SPS-ed Sm;Co17 samples show to
be inhomogeneous with the formation of several impurity phases.

Polymer-bonded magnets were also shown to be a good alternative procedure for
processing Sm»Co17 recycled powder. Relatively good magnetic properties were achieved;
B-=0.58T, ;H.->1500 kKA/m and (BH)max= 56 k]J/m3. For SmCos magnets, the properties
of the magnets were poor because of the oxidation of the Sm-rich phase during the
atmospheric heating step.

It was possible to remove all the coating material on the magnets, surface by reacting
with 1% Br/DMF or ethanol solutions for less than 20 min or sieving the decrepitated
powder; only 2 wt.% of the coating was left in the decrepitated powder. The presence of
coating residuals on the magnetic properties of the magnets was studied, where it was
shown that coating residuals up to 2 wt.% can be present in the SmCos recycled powder
and 1 wt.% for Sm2Co17, without much effect on the properties of the recycled magnets.
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Strip-casting technique was also studied. It was shown that this technique was a
possible effective recycling route for the magnets. Its downside was relatively low
recovery because a large amount of material was discarded as waste.

5.2 Future Work

The possibility of the decrepitation of as-cast Sm-Co alloys at low pressures of
atmospheric level opens the possibility to use HD as a crushing method industrially. Fresh
sintered Sm-Co magnets by using HD process for crushing instead of the hammering
process will be prepared after milling the decrepitated powders and to compare the
properties of the magnets with the industrially produced ones.

Strip casting was also shown to be an effective technique for removing the oxygen from
the magnets to be recycled, but as we mentioned this results in wasting a large amount of
the material. The parameters of the casting will be studied to decrease the amount of the
waste material to lower than 20 wt.% and the strip-cast recycled material will be used for
the preparation of sintered magnets after crushing or HD and milling.
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Appendix A
Safety and Health Issues

This section is devoted to anyone who would like to know more about the background of
the risk associated with the given work or the precautions required to apply it.

A1 Hydrogen Decrepitation

The process of hydrogen decrepitation involves applying hydrogen gas, where high
pressures may be needed to break the solid samples. The type of the vessel in which the
decrepitation is being performed should be non-reactive at all to the hydrogen gas.
Introducing other gases to the vessel with hydrogen gas should be done only after careful
investigation about the possible interactions.

Mostly, after decrepitation, the materials keep some of the hydrogen absorbed in its
microstructure. Hydrogen may be released by time or at certain temperatures and the
previous note should always be remembered when storing or further processing the
material.

A2 MagneticField

There is no data about the hazardous effects due to the exposure to magnetic fields, even
strong ones. However, in case of the presence of any metallic materials in or/and on the
body; as pacemakers, bracelets and watches, the exposure should be avoided due to the
possible interaction between the field and the metallic components. Moreover, the
magnetic field generated by the magnets can be very strong; therefore handling the
magnets should be carried out with great care to avoid injuries.

A3 Bromine

Bromine is a fuming liquid which evaporates at room temperature. Always wear the
appropriate safety equipment when handling and open the bottle containing the element
only inside a fume hood. It is recommended to put the bottle in an ice bath before the
usage in order to decrease the evaporation of the element.

A4 Unexpected Problems During the Reproduction of the Work

Problem: Sensitivity of Sm-Co for sintering and heat treatment temperature, especially for
SmCos which might result in bad magnetic properties for the produced magnet.

Solution: Check the temperature and the partial pressure stability, the leaking of the
furnace, the oxygen content, and the quality of the inert gas.
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A5 The Safety Symbols for all Used Materials

Table A.1 shows the safety symbols for all the used materials in this study. Before starting
work with any of the material, checking the safety symbols and material safety data sheet
is recommended.

Table A.1: Safety symbols for materials used in this study.

Material Form used GHS label NFPA 704
label
SmCo Powder
Sm Powder
Cu Powder
H» Gas
Ar Gas
Co Powder
Ni Powder
Fe Powder

HCI Liquid




A.5. The safety symbols for all used materials

Table 1: Safety symbols for materials used in this study.

Material Form used GHS label NFPA 704
label
HNO3 Liquid
MeOAC Liquid @
EtOAC Liquid &
Ethanol Liquid &
DMF Liquid &
EG Liquid @
Br: Liquid @
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Appendix B

The Function of Permanent Magnets in Some
Industrial Devices

Permanent magnets (PMs) are those which create their own persistent magnetic field
when magnetized by an external magnetic field. The function of permanent magnets in
different appliances and instruments is usually one of the following:

— to convert mechanical energy to electrical energy,
— to convert electrical energy to mechanical energy,
— to use the attraction or repulsion between two magnets,

— to control electrons or ions.

Here we will describe the operational functions of permanent magnets in some devices:

B.1 Electric Motors

Electric motors are electrical machines which use electrical energy to produce mechanical
energy. Let us take an example of a simple PM brushed direct current motor shown below
which contains two essential parts, a fixed stator which is usually a permanent magnet
and inside the stator there is a rotor which is usually an electromagnetic coil. When
applying electricity in the coil, it produces a magnetic field which reacts with the magnetic
field produced from the permanent magnet stator causing the production of mechanical
energy in the form of rotating the electromagnetic coil. This mechanical energy is used to
move cars, rotate fans, fly drones and so on. Figure B. 1 shows a simplified diagram of
electric motors.

B.2 Loudspeakers

Loudspeaker is another device that converts electrical energy to mechanical energy. The
permanent magnet in the loudspeaker is fixed close to a mobile electromagnet coil. The
electromagnet is attached to a flexible material called a cone (diaphragm). Passing an
electric current in the electromagnet causes it to vibrate due to the interaction with the
permanent magnet. The cone amplifies these vibrations to produce sound waves. The
pitch of the sound is controlled by the frequency of the vibration while the amplitude
controls the volume produced. Microphones use the same set as loudspeakers in reverse
mechanism to convert sound waves to electrical signal. Figure B.2 shows a simplified
diagram of electric motors.
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Rotor electromagnet coil connected to a commutator
to reverse the electric current in the coil
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Figure B.1 : A simplified diagram of an electric motor [1].

Cone Coil Magnet

wwav. explainthatstuff com
Figure B.2: A simplified diagram of loudspeaker components [2].

B.3 Hard Disk Drives

Hard disk drives (HDDs) use a magnetic storage mechanism in order to write and store
information on a magnetic coated disk called platter (the mechanism of reading and
writing is fascinating, go and read about it [3]). Usually there are three permanent
magnets in a HDD. A fixed permanent magnet in the actuator which moves the read-write
arm by the interaction with an electromagnet (electrical to mechanical energy), a small
magnet at the end of the read-write arm which is responsible for the reading-writing
actions with the platter, and a third permanent magnet in the spindle motor to allow the
platter to rotate at high speed. Figure B.3 shows the component of a hard disk drive.

B4 Electric Generators

In contrast to electric motors, electric generators convert mechanical energy to electricity.
The mechanical energy is driven from winds as in wind turbines, from water as in water
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turbines, from steam as in steam turbines from human muscle power, etc. An example of
an electric generator is shown below. The permanent magnet here is fixed surrounding a
coil which is connected to the mechanical energy source causing the latter to rotate. An
induced current passes through the coil resulting from the rotation of the coil in the
magnetic field from the permanent magnet. Figure B.4 shows a simplified diagram of
electric generators.

Platter

Spindle motor

Read-write head
magnet

Actuator arm

Figure B.3: Hard disk drive [3].

spindle is
turned this way

induced S
current

direction
through

wire

armature

Figure B.4: A simplified diagram of an electric generator [4].

B.5 Maglev

Maglev is a transportation system that uses magnetic levitation to move vehicles [5].
Electrodynamic suspension (EDS) is one type of the Maglev technologies. In EDS both the
train and the track exert a magnetic field and the train is levitated by repulsion and
attraction forces between them. The magnetic field of the train is produced by PMs or
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superconductors where an induced magnetic field is created in the track to move the train
by the attraction and repulsion forces. Figure B.5 shows the idea of working of EDS.

-:';/-
J,f oA N\

Figure B.5: EDS Maglev [6].

The function of permanent magnets in different appliances and instruments can be
easily manipulated depending on the application in use. This permits them to be used in
an unlimited number of products as in mobiles, televisions, laundry machines,
microwaves, cars, synchrotrons, wind turbines and so on. And any simple idea can permit
the use of PMs in a new set of applications. Go and check some videos for mind blowing
uses of magnets and magnetism.

Some interesting videos:
= https://www.youtube.com /watch?v=ZZEFTEEHOPU
=  https://www.youtube.com/watch?v=Pcw6vHOEiug
= https://www.youtube.com/watch?v=5BeF0z3Ypo4
= https://www.youtube.com/watch?v=1RbsCiorwzl
= https://www.youtube.com/watch?v=IANBoybVApQ
= https://www.youtube.com /watch?v=jiAhiu6UgXQ
= https://www.youtube.com/watch?v=iZ4pQ9-1]1w
= https://www.youtube.com/watch?v=58Gxe2ewHGo
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