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Helmholtz coil measurements show
kJ

magnetic strength (BHmax ) of 25.41 m3 ,
matching sintered ferrite magnets typically used in the automotive industry,
where the recycled magnets are intentionally used.

Crushing the powder,

which is required in the recycling process, seems to lower BHmax . Additionally, nylon 6 is UV treated which indicates improvements in terms of tensile strength and BHmax of the manufactured magnets.

Resumé

Dette studie omhandler genbrug af rotormagneter fra Grundfospumper, hvor der foreslås en
ny proces til fremstilling af genbrugsmagneter til potentiel brug i bilindustrien. Denne proces er
baseret på nedknusning af returnerede rotormagneter, med det formål at genbruge magnetpulveret sammen med en termoplastisk binder. Dette studie omhandler specikt ekstruderingen og
sprøjtestøbningen af ikke-magnetiseret og epoxybundet neodym-jern-bor magnetpulver (20056079) blandet med nylon 6.
I denne sammenhæng, opnås et magnetindhold på 60.7 vol.% ved brug af dobbeltsnekke
ekstrudering. Dette giver en magnetydeevne (BHmax ) og densitet på hhv. 25.41 mkJ3 og 4.09 cmg 3 ,
med en tilsvarende ultimativ tensilstyrke op mod 46 MPa. Målet er at konkurrere med sintrede
ferritmagneter, allerede anvendt i bilindustrien, som typisk har BHmax og densitetsværdier
mellem henholdsvis 25 mkJ3 til 31 mkJ3 og 4.9 cmg 3 til 5.1 cmg 3 samt ultimativ tensilstyrke på 34 MPa.
Korrosionsmodstanden for de sintrede ferritmagneter er dog væsentlig bedre end for de bundne
genbrugsmagneter. Resultaterne antyder at genbrugte magneter produceret i dette studie har
potentiale til at erstatte nogle eksisterende sintrede ferritmagneter i bilindustrien. Ydermere kan
densiteten, tensilstyrken og magnetydeevnen formentlig forbedres ved eksempelvis at optimere
nedknusningsprocessen og dermed pulverstørrelsen samt ved at anvende overadebehandling i
form af en UV-behandling af nylon 6, hvilket er diskuteret i rapporten.
De tekniske aspekter er det primære fokusområde i dette studie og derfor er implementeringsløsninger og generelle håndteringsløsninger af de indkomne pumper ikke foreslået i detaljer,
men derimod fremhævet og diskuteret til sidst, da disse er kritiske for at fuldende den ideelle
genbrugsproces. Den ideelle genbrugsproces involverer bl.a. sortering af mange forskellige
indkomne pumpetyper samt adskillelse af magneter fra rotorskallen, som ikke er designet til
adskillelse. Dette skal undersøges nærmere i fremtiden, hvis genbrugsprocessen skal implementeres.
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Preface

This master thesis is made by group 1.124 studying Materials Technology at the Department of
Materials and Production at Aalborg University. The study is made in cooperation with Sintex
and Grundfos with the purpose of investigating the recyclability of magnets used in Grundfos
circulator pumps.
The title of this study is Improving Magnetic and Mechanical Properties of Epoxy Coated and
Nylon 6 Bonded NdFeB Magnets and elaborates on our previous proof-of-concept study on how
to recycle the magnets of interest. The report is divided into seven chapters, with the rst being a brief introduction to the purpose of the study. Chapters 2-5 include theory, experimental
parts and conclusions. Chapter 6 deals with the implementation of the recycling process and
chapter 7 is a nal conclusion of the entire study.
References in this study are made as gure x.y, table x.y etc. Sources are cited by number
in the form [x] and are listed in the bibliography at the end of the report. When the citation
appears before a full stop it refers to the preceding sentence and if it appears after a full stop
it refers to the whole section. Figures lacking references are produced by the group itself.

Simon Rokohl

Lennart Nielsen

June 2nd, 2017

Chapter 1

Introduction

This study is carried out in cooperation with circulator pump manufacturer Grundfos and
its subsidiary company, Sintex. Recently, Grundfos has launched a recycling program where
pumps return after approximately 20 years in service. As of today Grundfos has only launched
the recycling program in Denmark and today it is an expense for the company. Grundfos
plans to extend the recycling program to other countries to return more pumps in the future.
The recycling program will be extended as soon as it is evident that recycling of pumps is
protable for the company. This study is part of this investigation, achieving attention from
R&D department at Sintex and circular economy department at Grundfos.
When used pumps return after roughly 20 years in service, they are separated and sorted
in dierent materials in order to recycle correctly. One interest of the company is to recycle
the rotor magnets, however, a recycling process for the magnetic material has not yet been
developed. The purpose of introducing a recycling process of magnets is two-fold; the company
wants to recycle as many parts of the pump as possible and furthermore earn prot by selling
recycled magnets. Sintex already manufacture magnets for automotive applications, so the
obvious choice is to manufacture recycled magnets from Grundfos pumps which Sintex can
sell to the automotive industry. It is in both companies interest to implement a recycling
process if it yields recycling of existing materials and new products on the market, possibly
resulting in an increased revenue. However, the recycling process needs to be investigated prior
to implementation, and is hence the purpose of this study.
The suggested recycling process is illustrated in gure 1.1. In the rst step (1), the pumps are
disassembled and the magnet rotors are sorted from other materials. In the second step (2), the
rotor is demagnetized, the magnet is extracted and crushed into powder. In the third step (3),
the magnet powder is mixed with thermoplastic binder and extruded to obtain a homogeneous
mixture of magnet pellets with binder. In the fourth step (4), the magnet pellets are injection
molded in order to obtain recycled magnets bonded with thermoplastic.
All four recycling steps need to be thoroughly investigated in order to implement the entire process. However, this requires the study of several aspects. Hence, we have decided

1

to focus on step three and four, which are primarily concerned with the technical optimization of recycled magnet properties. This is necessary in order to obtain magnets of a certain quality that can compete with existing magnets in the automotive industry. If the
recycled magnets are not able to match the properties of existing magnets in the automotive industry, there is no reason to implement the recycling process of this type of magnet.
In cooperation with the companies, the authors have discussed which challenges could be faced during the study
of the recycling process. The challenges that could be
faced are partly based on observations made in our previous study with the same topic in focus, see appendix
A.
Previously, it was proven dicult to achieve similar
amounts of magnet powder per unit volume in the manufactured magnets compared to other studies concerned
with bonded magnets, resulting in signicantly weaker
magnetic strength. In order to obtain a higher magnet
powder content in this study, processing equipment at
Teknologisk Institut suited for the particular purpose is
used. Additionally, issues regarding the compatibility between magnet powder and thermoplastic, resulting in poor
mechanical strength, was observed. In order to improve
the compatibility between magnet powder and thermoplastic a simple and cheap method utilizing ultraviolet
(UV) light treatment of the thermoplastic prior to processing the recycled magnet, was suggested. Both things
are discussed in detail in the following chapters.
This study is divided into seven chapters in total. Chapter two discusses the chemical modication from the UV
treatment. Descriptions of the chemical reactions which
alter the thermoplastic will be included along with a discussion of the parameters in the UV treatment which can
be adjusted, potentially enhancing the bonding between
thermoplastic and magnet powder. In chapter three the
manufacturing of the magnets is the main topic, where
it is also discussed how to improve the magnet powder
Figure 1.1.: Flowchart illustrating
the suggested magnet recycling procontent. In chapter four magnetic properties will be incess.
vestigated, along with loss of magnetic properties during
processing and service of recycled magnets. In chapter ve

2

the mechanical properties are discussed depending on the manufacturing procedure. In chapter
six it is considered whether recycled magnets can full the requirements for the automotive
industry, in order for the companies to decide if this way of recycling rotor magnets should be
investigated further. Lastly a conclusion is made in chapter seven including a summary of the
entire study.

3

Chapter 2

UV-treatment of Nylon 6

2.1. Introduction

UV treatment of nylon 6 is the major focus in this chapter. First, an introduction to the
purpose of the treatment along with an introduction to related materials which need improved
compatibility. Theory regarding the chemical reactions that might occur during the treatment
are afterwards presented and discussed. This is followed by a discussion of experimental parameters that can be varied during UV treatment. Lastly, experiments are carried out in order
to characterize potential changes to the thermoplastic as a consequence of treatment with references to the reactions that can occur. Furthermore, it will be evaluated how the polymer is
optimally treated, using our available equipment, for further use in the nal recycled magnet.

2.1.1. Materials used in this study
The magnetic material under investigation is identical to the powder found in rotors of
Grundfos pumps. The magnet powder material is bought from Magnequench and is of the
type neodymium-iron-boron (NdFeB) coated with epoxy (20056-079)1 . This magnet powder is
compression molded and used in Grundfos pumps. After 20 years in service the pump returns,
whereas the pumps are disassembled and the magnet material have potential for recycling. The
NdFeB magnet, which contains epoxy that is cured in the compression molding process, is a
solid mass which needs to be broken down into smaller fragments in order to be reused as
powder in a new process. This is done by crushing, which inevitably will cause some areas of
the NdFeB powder to have areas not coated with epoxy. The crushed NdFeB powder is mixed
with a thermoplastic in order to process it. The interactions between crushed magnet powder
and thermoplastic might be complex since both NdFeB and epoxy are likely present on the
surface because of the crushing, see gure 2.1.

1 The

powder contains 1.55 wt. % epoxy and 0.20 wt. % zinc stearate.

5

Figure 2.1.: Illustration displaying crushed NdFeB magnet particles containing bare areas and areas

coated by epoxy, both covered by nylon 6. Thus, nylon 6 needs good compatibility with both epoxy
and NdFeB powder surfaces.

The thermoplastic polymer must have good compatibility with epoxy and NdFeB in order to
improve the adhesion at the interfaces of the materials. Bare NdFeB powder readily oxidises
when exposed to air at elevated temperatures [1] [2], resulting in a hydrophilic iron oxide layer
on the surface of the magnet [3]. The epoxy is of the type diglycidyl ether of bisphenol A
(DGEBA) seen in gure 2.2, and contains hydrophilic oxygen groups as well. Hence, it is
likely desired to choose a polar polymer with chemical groups able to hydrogen bond to the
oxygen-containing groups on both epoxy and NdFeB. Nylon 6, seen in gure 2.3, is specically
chosen due to its; low price, low processing temperature and presence of frequent carboxyl and
nitrogen groups, yielding the possibility of forming a substantial amount of hydrogen bonds to
the magnet particle [4]. The choice of polymer is discussed in detail in our previous proof-ofconcept study included in appendix A.
The higher amount of chemical groups able to hydrogen bond might increase the likelihood
for the polymer bonding strongly to the magnet powder surface and/or epoxy coating. This
could eventually increase density and mechanical strength of the manufactured bonded magnet,
where failure is believed to occur between polymer and magnet powder. Hence, it might be
possible to achieve improved mechanical and magnetic properties of the nal bonded magnet.
Thus, it is of interest to increase the hydrophilicity of nylon 6. This can possibly be achieved
through UV treatment which is discussed thoroughly in the following2
2 The

UV treatment could be implemented as part of production line facilities, e.g. in the feeder of extrusion
equipment. Notice that the idea of utilizing UV treatment is to increase the hydrophilicity of nylon 6, which
might also be obtained by utilizing a dierent polymer. The choice of a dierent polymer would most likely
alter the cost of the nal bonded magnet. Price, implementation of UV treatment and choice of dierent
polymers could be a subject of future study.

6

Figure 2.2.: Chemical structure of DGEBA epoxy resin. [5]
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Figure 2.3.: Chemical structure of nylon 6. [4]

2.1.2. UV treatment of nylon 6
The idea of utilizing the UV treatment of nylon 6 is to improve the compatibility with
magnet powder, possibly resulting in a strongly bonded magnet. The purpose of this section is
to discuss chemical reactions that possibly occur when nylon 6 pellets are exposed to UV light
in order to understand the eects on the polymer. This should open up for an understanding
of how the best compatibility with magnet powder is obtained.
When UV light is incident on the polymer, energy can be absorbed at the nylon 6 surface
and in the air molecules between UV light source and polymer. The specic energy of the UV
light source depends on the wavelength of the light, and determines which chemical bonds can
be dissociated leading to further reactions that aects the polymer. The energy of the UV light
is discussed in the following. UV light dissociates chemical bonds by supplying energy, allowing
two bonded atoms to abstract a single electron each. This means that each atom afterwards
contains an unpaired electron, a so-called radical which is reactive. These radicals are initiators
of the reactions discussed in the rest of the chapter. This section deals with the formation of
oxygen radicals in air above the nylon 6 surface and the formation of radicals directly on the
polymer, both induced by UV light. The following reactions and end products are discussed in
detail.
Energy of UV light

The energy of UV light is able to split chemical bonds in constituents found in atmospheric air
and at the polymer surface. The energy required to dissociate specic chemical bonds depends
on the chemical constituents involved in the bond, hence it is of interest to know how much
energy the UV light provides and which bonds are prone to dissociation. It is straightforward to
calculate the energy of the UV light, knowing the frequency, f, and multiplying it with Planck's
constant, h [6].
E = hf
(2.1)

7

For the given wavelength of the light source used in the experiments in this project, λ =
254nm, the frequency can be found as f = λc with c being the speed of light (3 · 108 ms ), giving
3·108 m
f = 254·10−9s m = 1.18 · 1015 1s . Using this in equation 2.1 with h = 4.1357 · 10−15 eV · s [7], the
energy of the UV light becomes
E254nm = 4.1357 · 10−15 eV · s · 1.18 · 1015

1
= 4.88eV
s

The energy of the UV light incident on the nylon 6 surface can dissociate covalent bonds
found in atmospheric gasses, which is discussed in the next section.
Oxygen radicals

As mentioned, this study utilizes a UV light source with a wavelength of 254 nm. At this
wavelength, ozone in atmospheric air splits into molecular oxygen and a reactive oxygen radical
with an unpaired electron [8] [9].
hf(254 nm)

O3 −−4.88
−−−−→ O2 + O*
eV
The reactive oxygen radical might afterwards bond to the polymer surface resulting in additional
oxygen-containing species on the polymer backbone. This could yield chemical groups such as
hydroxyls, carbonyls and carboxyls, potentially increasing the hydrophilicity of the polymer.
However, due to the low amount of ozone in the atmosphere, roughly 10-20 parts per billion
[10], this is not expected to occur to a large extent compared to the reactions discussed later.
If a shorter wavelength of UV light (186 nm) is utilized, it is possible to split molecular oxygen
into reactive oxygen radicals. This might form more reactive radicals since oxygen is present
in a substantially higher amount than ozone in the atmosphere [10], and that two radicals are
formed.
hf(186 nm)

O2 −−6.67
−−−−→ 2 O*
eV
This can potentially increase the hydrophilicity of nylon 6 additionally if many oxygen groups
attach to the polymer surface. [8] [9]
Bond dissociation in nylon 6

UV light might cause direct scission of nylon 6 if the energy of the UV light exceeds the
so-called bond dissociation energy required to separate two atoms in the polymer chain [11].
The energy required to separate two atoms are given in various data-sheets [12] [13]. This
energy depends highly on surrounding atoms [12] making it dicult to assess this energy for
polymers directly from table values. Nonetheless, it is possible to estimate the energy required
to dissociate the chemical bonds of polymers, for instance for nylon 6,6, a nylon similar to
nylon 6 used in this study [14]. In [14] the bond dissociation energies of the polymer backbone
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are estimated to be in the interval 4.93-5.29 eV at room temperature (25 ◦ C ) [14]. The energy
depends on the nature of the bond, for instance a covalent carbon-carbon bond requires lower
energy to break than bonds of more ionic character, for instance the amide bond between
the carbonyl carbon and nitrogen [11] [14]. The energies are slightly above the energy of the
incident UV light, so based on this, the bonds on the polymer backbone should not dissociate
and no chain scission occurs.
The bond dissociation of the polymer backbone might be aected by other things than the
relative strength of the individual bonds. When UV initiated bond dissociation like this occurs,
two atoms split where both atoms abstract one electron from the shared bond [15]. This forms
highly reactive unpaired electrons, dubbed radicals, on both atoms [15]. These can be stabilized
by suitable surrounding atomic constituents [15]. Several studies report that nylon chains often
dissociate at the amide bond between the carbonyl carbon and nitrogen, even at wavelengths
around 290 nm [16] [17], which are longer and less energetic than the wavelength used in this
study (254 nm). The reason why the polymer backbone is reported to be frequently broken
between these two groups are most likely due to the lone pair electrons of the double bonded
oxygen and the fact that no electron withdrawing groups are present nearby the carbonyl carbon
and nitrogen, both things likely stabilizing the free radicals.
Assuming that the energy of the UV light dissociates the bond at the nylon 6 chain, the most
probable site for bond dissociation is between the carbonyl carbon and the nitrogen, the initial
radical formation is seen in gure 2.4.
CH2 C

N

O

H

CH2 C∗

CH2
hν

(1)

+

O

N∗ CH2
H

(2)

(3)

Figure 2.4.: Degradation mechanism involving scission of the amide bond, initiated by UV radiation.

The radicals are indicated by ∗ . [18]

This reaction is the initiator for further conversion reactions. The carbonyl radical (2) is able
to rearrange becoming a primary carbon radical (4) and release carbon monoxide gas (5).
CH2 C∗

C∗ H2

+ CO

O

(2)

(4)

(5)

Furthermore, the primary carbon radical (4) can be degraded into a shorter chain (6) upon
the release of ethylene gas (7).
CH2 CH2 C∗ H2

(4)

C∗ H2

(6)

+ CH2 CH2

(7)
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The reaction might terminate before this happens by coupling with another radical, either a
molecule or another polymer chain. Formation of gaseous by-products are undesired, however,
the UV treatment is not reported to release harmful gasses and is accepted as environmentally
friendly compared to other surface treatment methods [9].
Dierent radicals can possibly be present at this stage; a carbonyl radical (2), a nitrogen
radical (3) or a carbon radical at the end of a degrading chain (4)/(6). These radicals can
attack a neat nylon 6 chain and abstract a hydrogen, forming a new radical (8). When these
radicals attack neat nylon 6 the attack typically occurs at the carbon next to the nitrogen
group. This preferable site of attack is most likely caused by the lone pair of electrons at the
nitrogen group next to the carbon radical able to stabilize this radical.
CH2 C

N

O

H

+ P∗

CH2

CH2 C
O

(1)

(2)/(3)/(4)/(6)

N C∗ H

+ PH

H

(8)

Additionally, two radicals might combine and crosslink (9).
2

CH2 C
O

N C∗ H
H

!

O

H

CH2 C

N

CH

CH2 C

N

CH

O

H

(8)

(9)

The probability of crosslinking is aected by the crystallinity of the polymer, since in amorphous areas radicals move more freely and readily participate in crosslinking reactions [18].
Hence, strong hydrogen bonding and crosslinking might not exist in the same regions, i.e. a
high crosslinking density is likely present in the amorphous regions whereas the crystalline
regions are dominated by hydrogen bonds. [19]
When the radical (8) is formed from the initiation caused by UV light, this radical might
further react with oxygen in the air and form a peroxide radical (10). The peroxide radical (10)
abstracts a hydrogen, either from the same polymer chain or another (PH) [4] [20], forming
so-called hydroperoxides (POOH) at the polymer backbone (11). The radical formed at the
carbon of which the hydrogen is abstracted from (12), can then undergo the same oxygen
uptake and the hydroperoxide formation reaction propagates. The mechanisms governing this
are presented in gure 2.5 and 2.6.
CH2 C

NH

CH2 C

CH2
hν

O

(1)

O

(8)
Figure 2.5.: Initiation step.
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NH C∗ H

CH2 C
O2

NH

O

CH2 C

CH
O O∗

PH

(10)

NH

O

+ P∗

CH
O

OH

(11)

(12)

Figure 2.6.: Propagation step.

During the propagation step, hydrogen is abstracted as a consequence of breaking a C-H bond,
a step which requires signicant activation energy and is expected to be the rate-determining
step for this reaction [4]. The rate of this reaction furthermore depends on the temperature,
where an increase in temperature will result in an increase in number of propagation steps [4].
Ending the UV light exposure should terminate the formation of additional radicals. Hence,
the radicals combine, eventually crosslinking the polymer chains containing radicals and/or
the polymer chains combine with other molecules containing radicals. The polymer chains can
combine through dierent radicals; carbon radicals can combine with carbon radicals (P∗ +
P∗ −−→ PP), carbon radicals can combine with peroxide radicals (P∗ + POO∗ −−→ POOP)
and peroxide radicals can combine with peroxide radicals. The latter reaction is seen in gure
2.7, and will not cause crosslinking but release atmospheric oxygen and form a carbonyl group
on one polymer chain and a hydroxyl group on the other polymer chain [21] [22]. All three
termination reactions are expected to occur, but the major product can be tailored by adjusting
the oxygen content in the surroundings [4] [23] [24]. This could be tested in a future study to
see the eects in order to optimize the end product from the UV treatment.

Figure 2.7.: The termination reaction when two hydroperoxides combine. [4]

Furthermore, it has been reported that peroxide radicals can react with neighbouring oxygen radicals and form epoxy groups upon the release of oxygen gas [24]. Thus, epoxy groups
can possibly be introduced to nylon 6. If this is the case, epoxy groups can possibly undergo
nucleophilic attack from oxygen-containing groups from the magnet powder during compounding and bond covalently with the magnet powder surface [15]. In that case, this would likely
increase the bonding strength between the two materials in the nal bonded magnet.
Additionally, carbonyl groups might also be introduced to the nylon 6 chain, for instance

11

because of oxygen radicals, as described previously, or by rearrangement of the hydroperoxide.
The carbon of the hydroperoxide might donate the hydroxyl group (OH) upon formation of
a carbonyl group [25]. Additional carbonyl groups could lead to the formation of pyrrole
compounds as suggested in the reaction between dicarbonyls and primary amines [18].
R
CH

CH2 CH2 CH

O

O

+ RNH2

N
+ H2 O

This results in a brownish discolouration, which is reported for nylon 6 in another study [26]
when the temperature is increased above 120 ◦ C .
In short, the potential reactions which can occur upon UV treatment are chain scission, chain
shortening, crosslinking and introduction of hydrophilic groups. All reactions might occur to
some extent and are summarized in gure 2.8.

Figure 2.8.: Overview of the potential reactions occurring directly on nylon 6 as a consequence of

exposure to UV radiation.

The UV treatment is expected to aect two things in nylon 6. 1) The treatment introduces
additional oxygen-containing groups and 2) the treatment causes the molecular weight of the
polymer to change (because of chain scission, crosslinking and/or chain shortening). These
changes are expected to aect the adhesion between nylon 6 and NdFeB magnet powder. The
12

adhesion is of major interest, since mechanical failure of this magnet composite material might
occur at the interfaces between the two materials. Hence, it is of interest to improve the
adhesion, since a weaker adhesion is expected to cause failure at lower stresses. The next
challenge is to gure out how to improve this adhesion, between nylon 6 and NdFeB magnet
powder containing epoxy in some areas of the surface.
When the bonded magnet is processed, the NdFeB powder is solid whereas the polymer is
molten, hence it is favourable for nylon 6 to wet the surface of magnet powder. Thus, it is of
interest to consider how to improve the wetability of NdFeB magnet powder where the liquid
is nylon 6. The wetability might be improved by for instance reduced viscosity of nylon 6, a
lower surface tension of nylon 6 and an improved binding anity between the two materials.
These three things are expected to depend on changes in oxygen-containing groups in nylon 6
and changes in molecular weight which are aected by the UV treatment. An overview of what
is expected to occur during the UV treatment is seen in gure 2.9.

Figure 2.9.: Flowchart of what is expected to occur upon UV treatment of nylon 6. UV treatment

might aect the molecular weight and/or the amount of oxygen-containing groups of the polymer.
These changes are expected to aect the surface tension of nylon 6, the viscosity of nylon 6 and the
binding anity between polymer and magnet powder.

Hence, the improvement of mechanical and possibly also magnetic properties of the bonded
magnet is expected to be possible by means of altering the given properties of nylon 6. Thus,
the rest of this chapter is devoted to investigating the changes that occur in nylon 6 by means
of UV treatment. However, prior to discussing the results of the UV treatment experiments on
nylon 6, it is considered which parameters can be varied during UV treatment.
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2.1.3. Parameters of UV treatment
To obtain the desired properties of nylon 6 this section will discuss the experimental setup of
the UV treatment seen in gure 2.10. In this study the nylon 6 pellets are placed approximately
10 cm from the UV light source with a UV transparent glass on top.

Figure 2.10.: Schematic description of the experimental setup for UV-treating nylon 6.

To obtain the desired changes in nylon 6 upon UV treatment, certain parameters can be
changed during the treatment. The following parameters are reported to aect the UV treatment and will be discussed in the following; [9]
• Atmosphere
• Light energy
• Power of light source
• Distance between light source and polymer
• Exposure time
Atmosphere

According to the discussion in section 2.1.2, ozone will dissociate into molecular oxygen
and reactive oxygen radicals when exposed to 254 nm light. If more ozone gas is present more
reactive oxygen radicals are expected to form. Hence, it might be of interest to purge additional
ozone gas at a constant ow, resulting in the UV treatment occurring under faster steady state
conditions. [9]
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Light energy

A shorter wavelength of UV light could also be utilized in order to make atmospheric oxygen
split into two radicals at 186 nm as described in section 2.1.2. This would yield additional
oxygen radicals since molecular oxygen is more abundant in the atmosphere than ozone. The
increased amount of oxygen radicals could potentially increase the chance of introducing polar
chemical constituents such as hydroxyls, carbonyls and carboxyls on the polymer surface. This
could enhance the hydrophilic character of the surface. However, if molecular oxygen is highly
absorbing at this particular frequency, the UV light might not be incident on the nylon 6
surface, hindering direct generation of radicals on the polymer. This would most likely change
the outcome of the UV treatment. A possible way to avoid atmospheric oxygen absorbing the
light at 186 nm could be to utilize a polychromatic UV light source. Hence, it should be studied
in detail which reactions are initiated by means of the given energies, both on the polymer and
in the gas.
Power of light source

The power of the light source is important since it governs the ux of photons over time,
i.e. the amount of light in a given area per unit time (also known as irradiance). When
light is incident on either polymer surface or being absorbed by oxygen in the atmosphere, the
radical reactions discussed previously, are initiated. Hence, the amount of reactions that can
be initiated during a time interval are determined by the power of the light source. Thus, a
light source with more power would most likely increase the amount of reactions occurring in
a given time, but should in principle not alter the outcome of the UV treatment compared to
longer treatment times using a less powerful light source. [9] [27]
Distance between light source and polymer

The distance between light source and polymer has an inuence on the light incident on
the surface. The lamp might not radiate UV light directly towards the nylon 6 sample being
treated. If UV light is radiated in other directions the irradiance at the polymer surface is
decreasing with distance between light source and polymer. This means that the amount of
radical reactions initiated in a given time interval potentially decreases and the eect of the
UV treatment possibly diminishes, similar to utilizing a UV light source with less power. The
distance between UV light source and nylon 6 might have an inuence on whether radicals
mainly form in air or on the polymer surface. The increase in number of radicals generated
directly on the polymer might be a function of the distance between light source and polymer,
since all the light might not reach the polymer if air absorbs it. If the UV light source is
placed in the vicinity of the polymer, the oxygen radicals generated in air might be present
next to the surface and react with the polymer immediately. On the other hand, a minor air
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gap also includes fewer oxygen/ozone molecules. Hence, the distance between UV light source
and polymer might have an inuence on which initial radicals are primarily formed, possibly
aecting the end product from the UV treatment. However, a study reported that UV light
induced the same contact angle on a silicon surface with a UV treatment lasting 60 minutes
with a distance of ve mm compared to a treatment of 75 minutes with a distance of eight cm
[28]. Note, that there might be dierences in the particular surface chemistries obtained along
with dierences in the penetration depths of the treatments. [9] [27]
Exposure time

The longer time nylon 6 is exposed to UV treatment the more radicals are expected to form.
Furthermore, increasing the power of the light source will most likely yield more radicals during
a shorter treatment time. The same eect is expected to be achieved by decreasing the distance
between light source and polymer, if neglecting the eect from whether the radical formation is
dominated by the gas phase or directly on the polymer. Hence, it is in principle only necessary
to vary one of these three parameters to achieve the same eect. In this study it is decided to
vary exposure time. The UV light source used in this study only has the possibility to utilize
254 nm monochromatic light and no ozone gas is present in the laboratory, limiting this study
to investigating the eect from dierent times under UV exposure.
2.2. Materials and Methods

Nylon 6 pellets are UV treated for various times and afterwards characterized in order to
identify changes upon treatment. To investigate and characterize the eects of UV treating
nylon 6, several experimental techniques are utilized. These characterization methods include;
Energy-Dispersive X-Ray spectroscopy (EDX), swelling measurements, rheological characterization, Fourier Transform Infrared (FTIR) spectroscopy, Dierential Scanning Calorimetry
(DSC), contact angle measurements and lastly tensile tests on injection molded nylon 6 bars.
EDX is deployed to measure the oxygen content present in pellets of nylon 6 treated with UV
for various times, since the oxygen content is expected to increase with prolonged UV-exposure.
Swelling measurements are carried out in order to investigate the crosslinking density, which
is also expected to depend on the UV treatment time. The rheological characterization investigates the ow properties of the material whereas FTIR analysis investigates the types of
chemical bonds present in the material. DSC should reveal information regarding the crystallinity of the polymer. Contact angle measurements with water on injection molded nylon 6
bars is used in order to identify changes in hydrophilicity. The nal method of characterization
is tensile testing of injection molded nylon 6 bars to investigate the mechanical strength of
nylon 6 upon UV treatment.
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2.2.1. UV treatment
Prior to UV treatment, nylon 6 from BASF of the type Ultramid B35SK is dried at 80 ◦ C for
16 hours. The polymer pellets are distributed evenly on a glass plate with the distance between
UV light source (UVGL-58 Handheld, 6 Watt, Upland USA) and polymer being approximately
10 cm. The wavelength is set to 254 nm and individual samples of nylon 6 are treated for either
5, 10, 15, 30, 60, 120 or 240 minutes. During the treatment the powder is agitated regularly to
increase the surface area of treatment.

2.2.2. Energy-Dispersive X-ray spectroscopy analysis
EDX is utilized in order to identify oxygen content changes throughout the dierent batches.
Pellets from each UV treatment time are loaded onto a multi-sample holder and held in place
by double sided tape. The sample holder is afterwards placed in the vacuum chamber of a Zeiss
Evo LS15 Scanning Electron Microscope (SEM). An X-ray detector (Oxford X-Max 50mm2 ) is
set to an angle of 40 degrees [29] to the samples and used to detect the energy of the X-rays
released from the polymer samples upon exposure to the electron beam of 15 keV. The energy
of the X-rays are used to characterize the amount of atomic constituents of nylon 6 where
oxygen is of specic interest. An area on ve dierent pellets are investigated for each UV
treatment time to ensure a representative average of measurements. The atomic constituents
are found and the traces from other elements than oxygen and carbon are removed, so that
the compositions of the two major atomic constituents are found. The atomic composition are
compared for all pellets of nylon 6 treated with UV for various times.

2.2.3. Swelling measurements
To investigate the crosslinking which might occur upon UV treatment, the nylon 6 pellets
treated with UV for various times are used in swelling experiments since the degree of swelling
is dependent on the amount of crosslinking [30] [31]. The pellets are dried in an oven for
four hours at 110 ◦ C in order to ensure complete drying [32]. Afterwards 10 pellets for each
treatment time are weighed and placed in separate glass beakers with excess de-mineralized
water. After 20 hours in water at room temperature the pellets are gently wiped with lint
free paper and weighed again where after the swelling of the polymers can be presented as a
percentile weight gain.

2.2.4. Rheological characterization
The polymers treated with UV for various times are analysed by means of a Discovery HR-3
hybrid parallel plate oscillatory rheometer. The plates are heated to 260 ◦ C and the respective
polymer pellets are placed on the bottom plate and allowed to melt for ve minutes. Afterwards,

17

the trim gap function is used where the spacing between the plates is decreased to 1050 µm.
Hence, the top plate makes contact to the melt and excess polymer is removed manually. The
geometry gap function is afterwards utilized decreasing the distance between the plates further
to 1000 µm and the polymer is left to relax for ve minutes. The strain is set to 5 % and the
angular frequency is varied from 600 rad
to 0.6 rad
. Two separate experiments are carried out
s
s
and an average of the measurements are plotted.

2.2.5. Characterization by Fourier Transform Infrared spectroscopy
FTIR spectroscopy is used to analyse functional groups appearing in nylon 6 treated with
UV light for various times. An Attenuated Total Reectance FTIR (ATR-FTIR) with a zinc
selenide crystal in contact with the sample is used for the measurements. The spectrometer is
a Perkin Elmer Spectrum One FTIR-ATR and four dierent polymer pellets are investigated
in the interval 550-4000 cm−1 for each batch and an average of each is presented.

2.2.6. Dierential Scanning Calorimetry
DSC is used to nd the enthalpy upon melting and thus the degree of crystallinity for the
nylon 6 pellets treated with UV for various times. The measurements are carried out by means
of a TA DSC Q2000 with nitrogen purge gas, where pellets from each batch are loaded into
hermetic aluminium pans. The temperature is stabilized at 20 ◦ C and afterwards increased to
◦C
260 ◦ C at a rate of 20 min
to observe the melting peak around 215 ◦ C .

2.2.7. Contact angle measurements
A droplet of de-mineralized water is added to injection molded nylon 6 tensile test bars with
various UV treatment times, and the contact angle between droplet and surface is measured.
An image is captured for each sample and computer software is used to measure the angle.
In total ve tensile test bars for each UV treatment time are used to produce representative
results. The nylon 6 tensile test bars are prior to measuring cleaned with isopropanol to ensure
the bars have a clean surface as contaminants on the surface might distort the results.

2.2.8. Tensile tests
The neat and UV treated nylon 6 batches are injection molded into tensile bars (ISO 527 type
5A) by means of a Thermo Scientic Haake Minijet II. The feeding cylinder is heated to 260
◦
C and lled with polymer. The injection pressure of the piston is set to 800 bar and applied
for ve seconds along with a corresponding holding pressure of 600 bar held for an additional
ve seconds. The temperature of the mold is set to 80 ◦ C . Seven tensile bars are produced for
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each polymer batch. Tensile tests are carried out without an extensometer on an Instron 5944
mm
tensile testing machine with a crosshead speed of 50 min
.
2.3. Results and Discussion

This section presents the results of the described characterization of neat and UV treated
nylon 6. First, the focus will be the measure of oxygen content through EDX analysis and
the measure of crosslinking density by means of swelling measurements. Afterwards, the ow
properties and molecular weight changes are identied through rheological characterization.
Subsequently the measure of chemical bond types, mechanical strength and crystallinity of
nylon 6 is carried out. These are all expected to depend on changes in the polymer, especially
molecular weight and oxygen content.

2.3.1. Energy-Dispersive X-ray spectroscopy analysis
The results obtained from EDX experiments are presented and discussed in this section.
The results are illustrated in gure 2.11 where oxygen content is plotted as a function of UV
treatment time. The average value of the 10 measurements for each treatment time is indicated
with a cross whereas the errorbars indicate standard deviations3 .
In general, it is seen that the average oxygen content seems to be fairly constant over the
entire UV treatment range. The average values of the oxygen content vary slightly which is
most likely a result of the deviation in the results illustrated by the large errorbars. These
uncertainties in the measurements might be caused by error sources in this experiment. The
UV treatment might not treat all surfaces homogeneously because not all surfaces are exposed
directly to UV light. Furthermore, since the measurements are carried out by point analysis,
only a small area of each pellet is investigated, at these specic points the oxygen content is
varying signicantly, almost 10 wt. % for 120 minutes UV treatment time.

3 The

results are computed using standard procedure of obtaining variance and standard deviation of a sample.
n
n
P
P
xi
xi −x̄
2
The mean value is calculated as x̄ =
n , the variance as s =
n−1 and standard deviation as
SD =

√

i=1

i=1

s2 . Every plot from this point forward including errorbars is produced using this procedure. [33]
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Figure 2.11.: Oxygen content found using EDX for neat and UV treated nylon 6.

During UV treatment the atoms near the surface are primarily oxidized. The UV light might
be absorbed by these atoms and furthermore atoms in the bulk might be limited by oxygen
diusion resulting in a low reaction rate below the surface of some reactions discussed in section
2.1.2. EDX analysis is not a surface sensitive quantication method, since the electron beam
penetrates into the bulk of the polymer, possibly causing X-rays to be released from parts
of the polymer not aected by the UV treatment [34]. This might blur the signal and make
the potential dierence in oxygen content at the surface unmeasurable. Another approach to
investigate the oxygen uptake near the surface could be to utilize surface sensitive methods
such as Auger electron spectroscopy or X-ray photoelectron spectroscopy in order to detect the
oxygen content in the top layers near the surface. This could for instance reveal information on
which type of oxygen groups are present on the surface, e.g. carbonyls or hydroxyls, making it
possible to identify which reactions might dominate during the UV treatment. [29]

2.3.2. Swelling measurements
Swelling measurements are used to identify the amount of crosslinking in nylon 6, i.e. the
crosslinking 
density. The swellingratio is dened as the percentile weight gain after water
uptake [35];

Waf ter −Wbef ore
Wbef ore

· 100% . A low swelling ratio is associated with a high crosslink-

ing density and vice versa [30]. In other words, the polymer is not able to absorb as much
water when the polymer chains are highly crosslinked. After weighing, the swelling ratios are
calculated for all samples and plotted as a function of UV treatment time, as seen in gure
2.12.
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Figure 2.12.: Swelling ratios, displayed as percentages, for nylon 6; neat and UV treated at dierent

times.

In general it seems that the swelling ratio decreases with UV treatment time, which means
that the ability to absorb water decreases and the crosslinking density increases. Hence, longer
UV treatment possibly results in more crosslinks between the polymer chains. The swelling
ratio seems to decrease linearly with UV treatment time as illustrated by the linear t to the
measurements. This indicates that even though nylon 6 pellets are treated with UV for four
hours, the crosslinking of the polymer chains seems to occur at the same rate throughout this
time-frame. Hence, if a high crosslinking density in nylon 6 with respect to the nal bonded
magnets is desired, it is favourable to have a long UV treatment time since the crosslinking
seems to continue for long time.
The measurements show quite large variations from the linear t as observed from the data
points and the R2 value of the linear t, which is 0.8098. This value indicates that the t is not
excellent, however, many sources of error exist. For instance, even though the measurements
are carried out for 10 pellets, more pellets could be utilized and/or the experiment could
be repeated to verify the reproducibility. Furthermore, the pellets are wiped gently before
weighing to remove excess water, obviously there will be some variations in between the pellets
depending on how much water is present on the respective surfaces. Lastly, many measurements
are made for neat nylon 6 and for short treatment times (5-10-15 minutes). Maybe it would
be favourable to carry out additional measurements at UV treatment times longer than those
in these experiments. It could be of interest to see if the crosslinking behaviour continues
at longer UV treatment times. Furthermore, it could also be of interest to study the average
molecular weight between each crosslink in the polymer which can be calculated using empirical
parameters and the swelling ratio. [31]
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2.3.3. Rheological characterization
The rheological measurements of nylon 6 pellets treated with UV for various times are seen
in gure 2.13. The complex viscosity for the polymer is plotted as a function of angular
frequency of the rheometer plate. It is assumed that the Cox-Merz rule can be applied to
the measurements, which suggests that the complex viscosity plotted as a function of angular
frequency corresponds to the apparent viscosity as a function of shear rate, η(γ̇) = η ∗ (ω) [36].
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Figure 2.13.: Parallel-plate rheometry measurements of pellets of neat nylon 6 and pellets treated

with UV for various times. The temperature of the heating plate is set to 260 ◦ C and the complex
viscosity is plotted as function of the angular frequency.

In general nylon 6 shows pseudo plastic behaviour, meaning that at increased shear rates the
viscosity decreases. In other words, the polymer is shear thinning which seems to be the case for
all nylon 6 batches used in this study. There seems to be no signicant dierence in behaviour
between the various treatment times. However, there are slight dierences in the particular
values of viscosity throughout the entire range of angular frequencies. For instance the viscosity
of nylon 6 treated with UV for ve minutes and 30 minutes seems to have similar viscosities
whereas the other batches have higher viscosity. This might be a coincidence, nonetheless, the
measurements are carried out twice and the shown measurements are an average of the two. The
decreasing and increasing viscosities might be explained by competing eects during the UV
treatment. For instance the viscosity might be aected by oxygen uptake, crosslinking, chain
scission and/or shortening, all potentially occurring during the UV treatment, as discussed in
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section 2.1.2.
It is dicult to interpret what causes the dierent viscosities as a consequence of dierent UV
treatment times. One explanation would be varying oxygen content in the nylon 6 pellets which
possibly aects the interactions between the polymer chains. It might also be that the reactions
aecting the molecular weight of nylon 6 has an inuence. For instance, chain scission might
occur rapidly according to the fact that it is the rst step suggested in the radical formation
between carbonyl carbon and nitrogen. Hence, this could possibly lead to shorter polymer
chains if the dissociated chain does not immediately bond to other polymer chains but rather
abstracts hydrogens or small molecules. This chain scission might occur before signicant
radical formation and crosslinking takes place, thus, explaining the decreased viscosity of the
shorter polymer chains after ve minutes of UV treatment.
UV treatment times longer than ve minutes causes increasing viscosity, which might be
attributed to crosslinking. The viscosity decreases signicantly again after UV treatment of
30 minutes. This could be caused by additional chain scission, which might be caused by
oxygen radicals. However, extending the UV treatment shows increasing viscosity, possibly as
a consequence of a dierent crosslinking mechanism. Hence, the reaction rates of chain scission
and crosslinking might dier depending on mechanism.
A dierence observed between the measurements of ve and 30 minutes of UV treatment is
the decrease in viscosity at dierent shear rates. The sample treated for ve minutes shows a
drop in viscosity at lower shear rates, whereas the decrease in viscosity for the sample treated
with UV for 30 minutes includes a larger range of shear rates. This dierence is typically caused
by various molecular weight distributions, where 30 minutes UV treated nylon 6 is expected to
have a broader molecular weight distribution [37]. This might be an indication of additional
crosslinking, chain scission or most likely both after a long treatment time. Note that this
change in dropping viscosity at dierent shear rates is small and is not observed for the other
UV treatment times.
The viscosities are found to be lower for these two samples with UV treatment times of
ve and 30 minutes in the investigated interval of angular frequencies, compared to the neat
sample and the others treated with UV for various times. Hence, nylon 6 treated with UV
for around ve minutes and 30 minutes might be easier to process in extrusion and injection
molding. However, note that for the bonded magnet this behaviour might not necessarily be
similar. In this case the viscosity will also depend on interactions with the magnet powder,
which might make a dierent time of UV treatment favourable with respect to bonding to the
magnet powder and obtaining the bonded magnet that is easiest to process.
The rheology measurements are carried out twice for each UV-treatment. The data shown
in gure 2.13 is an average of these two measurements, where each data set consists of 16 data
points. In table 2.1 the average percentile deviation between the two datasets are shown. It
can be seen that the two measurements are close-to identical in most cases, where the highest

23

deviation between two measurements is 8.36 % in average and the standard deviation is 1.46
%. For this relatively large dierence, it could be an idea to repeat the experiment to ensure
reliability.

Treatment time

Average

difference

between

rheology measurements

Neat

1.09 (SD: 0.17)

5 min

1.98 (SD: 0.79)

10 min

3.12 (SD: 1.19)

15 min

6.16 (SD: 1.13)

30 min

8.36 (SD: 1.46)

60 min

2.03 (SD: 0.43)

120 min

7.46 (SD: 1.35)

240 min

2.63 (SD: 0.77)

 
%

Table 2.1.: The average percentile dierence between the two rheology measurements along with

their standard deviation for the 16 data points in total.

2.3.4. Characterization by Fourier Transform Infrared spectroscopy
The FTIR spectra in the interval 550-4000 cm−1 for the pellets treated with UV for various
times are seen in gure 2.14 and 2.154 . It is seen that the spectra for the neat and UV-treated
pellets for various times seem to be close-to identical. This indicates that no signicant chemical
changes occur upon UV treatment.

4 In
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the interval 1800-2750 cm−1 no peaks are observed and this interval is not shown in the graphs.
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Figure 2.14.: FTIR spectra for neat and UV-treated nylon 6 in the interval 550-1800 cm−1 .
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Figure 2.15.: FTIR spectra for neat and UV-treated nylon 6 in the interval 2750-4000 cm−1 .
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One dierence in the infrared absorption spectrum seems to be present around 1740-1745
cm−1 as seen in gure 2.16. This peak does not seem to be as distinctive for the UV treated
polymers, whereas neat nylon 6 shows a peak in this region. This might be attributed to
carbonyl-containing compounds, for instance esters [38] possibly present prior to UV treatment,
whereas these are altered upon treatment. The peak could also be attributed to aldehydes [39],
possibly present at chain ends of neat nylon 6. Upon UV treatment crosslinking to other
polymer chains might occur and the signal from the aldehyde groups could decrease. However,
it is dicult to explicitly detect any chemical changes to nylon 6. Hence, the UV treatment of
this study might not necessarily change the chemical constituents signicantly, but rather alter
the molecular weight distribution of the nylon 6 through crosslinking, chain scission and/or
shortening.
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Figure 2.16.: Selected area of interest of the FTIR spectra for nylon 6; neat and UV-treated at

various times in the interval 1700-1800 cm−1 .

Some dierences of interest are also observed in the FTIR spectrum in the interval 9001000 cm−1 as observed in gure 2.17. Neat nylon 6, exhibits highest absorption at 980 cm−1
whereas the nylon 6 treated with UV for 240 minutes shows almost no absorption at this band.
The neat nylon 6 is not absorbing as much at 930 cm−1 and 960 cm−1 . These three peaks
are associated with changes in crystallinity, hence, indicating that the degree of crystallinity
changes upon UV treatment. Furthermore, the absorption at 1125 cm−1 observed in gure
2.14 is highest for neat nylon 6. The peak at 1125 cm−1 is attributed to amorphous regions
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in the polymer, whereas the peak at 930 cm−1 is attributed crystalline regions. Hence, it
could be that the degree of crystallinity increases upon UV treatment. This might be caused
by the introduction of additional oxygen-containing groups on the polymer backbone such as
hydroxyls, carbonyls and carboxyls. These groups are expected to hydrogen bond between the
polymer chains and increase the degree of crystallinity. However, no new peaks are observed
in the FTIR spectrum which indicates that the chemical constituents are similar. Hence, the
results from the FTIR analysis indicate that it might be changes in the polymer backbone
that occur through crosslinking, chain scission and/or shortening, rather than introduction of
oxygen-containing groups. [40]
It is dicult to conclude anything explicitly because the FTIR spectra vary in intensity.
Furthermore, dierent peaks are present in FTIR spectra for various neat nylon 6 pellets under
investigation. This could be caused by batch-to-batch variations such as varying end groups
and/or additives, eventually also aecting the obtained results in this study.
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Figure 2.17.: Selected area of interest of the FTIR spectra for nylon 6; neat and UV-treated at

various times in the interval 920-990 cm−1 .

2.3.5. Dierential Scanning Calorimetry
DSC is used to measure heat ow as a function of temperature upon heating the nylon 6
pellets which have been exposed to UV light for various times, the result can be seen in gure
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2.18. The temperature is stabilized at 20 ◦ C prior to measuring and the temperature is raised
to 260 ◦ C to observe the melting peak around 215 ◦ C .
The DSC curves for neat and ve minutes of UV treatment are close-to identical while extending the UV treatment time to 10 minutes and above makes the heat ow more endothermic.
This dierence could be caused by measurement errors, since the heat ows for neat nylon 6
and nylon 6 with ve minutes UV treatment seem to increase rapidly in the beginning and
afterwards follow similar behaviour as the other DSC curves. Nonetheless, the results indicate
that it requires more heat to raise the temperature of the samples treated with UV for 10 minutes and longer. It might be that the UV treatment introduces chemical groups to the polymer
backbone that changes the heat capacity or alternatively the heat capacity increase might be
caused by a higher molecular weight, especially in the case of crosslinking possibly obtained by
the UV treatment.
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Figure 2.18.: DSC measurements carried out on nylon 6 pellets; neat and UV treated for various

times.

To investigate the eects of UV radiation on the crystallinity for each nylon 6 sample, the
degree of crystallinity can be found by dividing the area under the melting peak with the area
under the melting peak for 100 % crystalline nylon 6 (230.1 Jg ). This can be used indirectly to
interpret the amount of hydrogen bonds and changes in molecular weight, since the crystallinity
of nylon 6 is expected to be strongly dependent on these. The calculated degrees of crystallinity
for the various samples are plotted in gure 2.19.
Initially, it is observed that UV-treating for ve minutes does yield an increase in degree of
crystallinity, albeit not of signicance. However, increasing the exposure time to 10 minutes
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increases the degree of crystallinity remarkably. The degree of crystallinity is observed to
decrease slightly again at extended UV treatment times. This behaviour might be caused by
the combination of dierent reactions occurring, aecting the degree of crystallinity. The initial
rapid increase in degree of crystallinity is likely caused by chain scission which occurs as the rst
reaction step upon formation of radicals as discussed in section 2.1.2. If chain scission occurs
lower molecular weight compounds are obtained which can possibly attain a higher degree of
crystallinity.
The decrease in degree of crystallinity at longer UV treatment times might be caused by
crosslinking between the polymer chains, which is expected to occur at a constant rate during
the entire UV treatment as discussed in section 2.3.2. Hence, it might be that the polymer
chains crosslink, resulting in high molecular weight compounds. These higher molecular weight
compounds might not be able to attain as high degree of crystallinity as lower molecular weight
compounds.
The crosslinking density in the UV treated nylon 6 might not be high, resulting in an interconnected rigid network. It might rather be sporadic crosslinking, extending the polymer chain,
causing branching rather than formation of a network structure. This might be the case, since
the glass transition, which is believed to occur around 50 ◦ C even though it is hardly visible in
gure 2.18, does not shift to higher temperatures upon increased crosslinking density, which it
should at high crosslinking densities as for instance in an epoxy network structure [41].
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Figure 2.19.: Degrees of crystallinity, calculated as the area under each respective melting peak

and divided by the enthalpy of fully crystallized nylon 6 (230.1

J
g ),

for neat nylon 6 and nylon 6 UV

treated for various times.
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2.3.6. Contact angle measurements
The contact angle measurements for nylon 6 are seen in gure 2.20, plotted as a function
of UV treatment times. A low contact angle is the result of good anity between nylon 6
and water [9], possibly caused by hydrogen bonds. If nylon 6 has a high amount of chemical
constituents able to form hydrogen bonds it might also bond strongly to the magnet powder
surface.
75
Average

Contact angle [ ]

70

65
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30 min

Neat

50

15 min

55

Figure 2.20.: Contact angle measurements carried out on cleaned nylon 6 tensile test bars. The

blue cross indicates the average value of the ve measured contact angles and standard deviations
are displayed using errorbars.

It is seen that the average contact angle is highest for neat nylon 6 meaning that untreated
nylon 6 is the most hydrophobic sample. When the UV treatment time increases the contact
angle decreases and the wetability of the surface increases. This could mean that more polar
compounds are introduced to the polymer, for instance oxygen-containing groups such as hydroxyls, carbonyls and carboxyls. The decreasing contact angle could also be explained by an
increase in the surface energy of nylon 6, which is possibly a result of increased intermolecular
bonding strength and degree of crystallinity caused by chain scission/shortening of the polymer
chains.
When the UV treatment is carried out for 0-10 minutes the contact angle decreases with
time, possibly attributed to one of the aforementioned explanations. However, the contact
angle increases at times between 15 and 60 minutes of treatment. This behaviour does not
seem intuitive, nonetheless, it might be explained by some of the chemical reactions discussed
in section 2.1.2, possibly causing the contact angle to increase. It might be that crosslinking
causes increasing contact angle, since less hydrogen bonds are expected to form when the
polymer chains bond covalently, which would likely yield a lower surface energy. When the
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UV treatment time increases to 120-240 minutes the contact angle decreases. This might as
previously mentioned be attributed to introduction of oxygen-containing groups and/or chain
scission/shortening which aects the crystallinity and intermolecular bonding strength of the
polymer.
It is dicult to explicitly state which chemical reactions occur during the UV treatment from
these measurements.

2.3.7. Tensile tests
Some of the manufactured tensile bars with neat nylon 6 are seen in gure 2.21, and it is seen
that these samples suer from brownish discolouration. This could possibly be caused by the
formation of pyrrole-containing compounds and derivatives hereof as described in section 2.1.2,
or it could be other chromophores [26]. Since the UV treated tensile bars suer from brownish
discolouration as well, it is expected that elevated temperatures experienced in injection molding
is the cause of this. The brownish discolouration vary throughout the batches and might be
inuenced by the UV treatment but could also merely be a consequence of prolonged exposure
to elevated temperatures for some of the batches.

Figure 2.21.: Injection molded tensile bars of neat nylon 6.

The results from the tensile tests are plotted in the stress-strain diagrams in gure 2.22. It is
observed that the variation in strain-to-fracture for the seven tensile bars varies with dierent
UV treatment times (40 % to 160 %), indicating that the UV treatment alters the nylon 6.
This could also be caused by impurities in the polymer or from the injection molding process.
Nylon is known to absorb water and the drying might not have been sucient, causing water to
be present, creating minor voids in the injection molded specimens. The dierent samples had
various times in the heating cylinder at 260 ◦ C prior to the molding process. This is caused by
the fact that the heating cylinder is loaded manually and the molding process is occasionally not
initiated in rst try resulting in longer time in the heating cylinder. This causes an extended
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melting time and better mixing, possibly resulting in a better reproducibility with respect to
strain-to-fracture for some of the samples as observed in for instance gure c), d) and h).
However, no visible imperfections and/or voids were readily observed on any of the injection
molded bars.
Since the strain to fracture is quite large in some of the tensile tests, the data is narrowed
to include only the initial 10 % of tensile extension in gure 2.23. Thus, Young's modulus and
ultimate tensile strength5 can readily be compared from these graphs.

5 Note,

that the highest stress in gure 2.23 is denoted as the ultimate tensile strength, even though this might
not necessarily be the case, since the stresses during strain hardening immediately before fracture become
higher in some instances.
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Figure 2.22.: Stress-strain diagrams for nylon 6; neat and UV treated for various times.
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Figure 2.23.: Stress-strain diagram for nylon 6; neat and UV treated for various times in the interval

0-10 % strain.
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Based on the plots in gure 2.23 it is observed that the UV treatment seems to aect the
ultimate tensile strength. For neat nylon 6 the ultimate tensile strength is between 62 MPa
and 70 MPa compared to 74 MPa and 79 MPa for nylon 6 exposed to UV for 30 minutes - an
increase of ∼ 19% for the lower limit and ∼ 13% for the upper limit. Exposure above 60 minutes
does not seem to increase the ultimate tensile strength any further, but rather decrease it. This
is possibly caused by the degradative behaviour of the UV induced reactions. It is suspected
that crosslinking and/or the formation of polar groups as a consequence of UV radiation has a
positive eect on the bonding strength until a specic point where it is suspected that scission
and/or shortening of polymer chains during this period has caused extensive damage and will
not aid the tensile strength of the polymer beyond this point.
Young's modulus for the eight dierent UV treatment times are plotted in gure 2.24. The
Young's modulus seems to follow the same behaviour as the ultimate tensile strength. Young's
modulus increases in the interval 0-30 minutes and decreases by further UV treatment up to
240 minutes. Again, this behaviour is likely aected by several things such as oxygen content
and molecular weight of the polymer, which could aect the stiness of the material.
3100
3000
2900
2800
2700

240 min

120 min

60 min

2500

30 min

2600

Neat

Young's modulus [MPa]

Average

Figure 2.24.: Young's modulus plotted as a function of UV treatment times.

2.4. Summary and Conclusion

The UV treatment of nylon 6 pellets seems to be a complex phenomenon since several dierent
chemical reactions occur once the polymer is exposed to UV light. Even though it is not proved
explicitly in this study, the UV treatment might change the chemical constituents of nylon 6
by introducing additional oxygen-containing groups to the polymer. These oxygen-containing
groups will most likely increase the intermolecular bonding strength in nylon 6, besides, they
might be favourable for hydrogen bonding to the oxygen rich magnet powder.
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Furthermore, the molecular weight of nylon 6 seems to change upon UV treatment. The
amount of oxygen-containing groups and molecular weight of nylon 6 is expected to aect
the viscosity and surface energy of nylon 6 along with the binding anity between nylon 6
and magnet powder. These are believed to aect the mechanical strength of the nal bonded
magnet.
One way to change the UV treatment is through the time of exposure. Dierent times of UV
exposure are investigated with the specic setup in this study where it is suggested for how
long time the UV treatment should be carried out. This will obviously depend on the UV light
source, distance to polymer, amount of powder treated simultaneously etc. and might therefore
not necessarily be directly transferable to another UV treatment setup.
Nonetheless, what is believed to be the best UV treatment with the specic setup of this study
is suggested for further use. Hence, the suggested UV treatment will be used for manufacturing
the bonded magnets in this study in order to attempt improving the magnet properties. The
suitable UV treatment time is suggested to be 30 minutes, and is chosen because at
this treatment time, the results of this study show;
• The best mechanical properties of injection molded nylon 6 (highest ultimate tensile

strength and Young's modulus)

• The lowest viscosity in the largest interval of shear rates of all nylon 6 pellets treated

with UV for various times

• A low contact angle (even though other treatment times are more favourable with respect

to this)

Thus, the UV treatment time used prior to processing the bonded magnets in the next chapter
is 30 minutes.
2.5. Perspectives

In this section some of the perspectives in this study are discussed based on what could
have been investigated if more time and dierent equipment was available. One of the things
which could be investigated is the exposure to UV light at longer times. UV light is normally
identied with weathering and decreasing mechanical properties due to breaking of chemical
bonds [23]. Hence, it could be of interest to investigate if the UV treatment reaches a point
at which the mechanical properties of nylon 6 and the nal bonded magnet starts to decrease,
which should obviously be avoided. Maybe this is initiated at UV treatment times above 30
minutes in this study. Another thing which could be investigated is the penetration depth of
the UV light into the nylon 6 pellets and the penetration depth of oxygen radicals. This would
have an inuence on how many atoms below the surface are treated using this method. The
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penetration depth might depend on the wavelength of UV light and would also be one of the
parameters which could be varied in order to tailor the UV treatment. Maybe a distribution of
wavelengths, i.e. polychromatic light could be utilized, which could result in dierent reactions
occurring as discussed previously. The results in this chapter indicate that formation of oxygen
groups, crosslinking, chain scission and chain shortening occur at dierent rates. Hence, it
could be of interest to study the rate at which the particular reactions occur in detail. For
instance, if the UV light source is directed horizontally so that the UV light is not incident on
the polymer surface, it might only be the reactive radicals formed in the air above the polymer
surface that forms oxygen groups on the polymer surface. Hence, it might be possible to nd a
relative number for the rate at which oxygen groups are introduced and probably also indicate
how fast the other reactions occur. It might even be possible to calculate reaction rates of the
particular reactions occurring.

2.5.1. Nylon 6 pellets
Even though the nylon 6 pellets are used as received it might be an idea considering additives.
For instance, the addition of crosslinking agents might increase the tensile strength of nylon 6.
The company manufacturing the polymer might have added additives, since the neat nylon 6
pellets showed slight variations in the infrared spectrum. This might also be caused by batchto-batch variations where the pellets used could be a mix of dierent batches. Hence, the
reproducibility of the bonded magnets and the UV treatment should be tested as well. Maybe
bonded magnets with certain properties are obtained for one batch of polymers whereas the
properties are completely dierent for another batch. Furthermore, the UV treatment might
not yield identical properties when used repeatedly because of several factors aecting the
outcome. It could be crosslinking agents and/or antioxidants that prevents the oxidative eect
from UV treatment [4], added in various amounts to dierent batches of nylon 6.
Batch-to-batch variations with slightly dierent constituents could also aect the crystallinity
of the polymer pellets as received. In crystalline regions oxygen diusion is limited which means
that the oxygen uptake might be minor in these regions. Furthermore, radical mobility is lower
in crystalline regions possibly causing less crosslinking. Hence, the eect from UV treatment
is expected to occur to a higher extent in the amorphous regions, and the eect from UV
treatment is thus dependent on the degree of crystallinity of nylon 6 pellets as received. This
could be investigated by having several batches of nylon 6 and studying the eect on these
pellets separately.

2.5.2. Determination of molecular weight
The presence of low molecular weight compounds is most likely what is detected in the
rheology measurements as discussed in section 2.3.3. However, it might be possible to determine
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the molecular weight distribution explicitly. The molecular weight distribution is likely altered
by the UV treatment and could have an inuence on nylon 6; ow properties, mechanical
properties and the anity to bond to magnet powder. The molecular weight distribution
could be determined by means of gel permeation chromatography where neat and UV treated
nylon 6 are dissolved in an appropriate solvent and injected in the gel column in two separate
experiments. The gel column is able to interact with nylon 6 and lets higher molecular weight
compounds exit the column rst and the relative molecular weight is determined by a light
detector. Thus, the entire molecular weight distribution can be determined by means of this
liquid column chromatography method. [42] [43]

2.5.3. End groups of nylon 6
One thing which has not been investigated in this study is the end groups of nylon 6 polymer
chains. The type of end groups depends on polymerization [43], which is carried out externally
at the company BASF where the polymer is produced. Besides, the amount of end groups
will depend on molecular weight which is also aected by the UV treatment. The end groups
are expected to be either carboxylic or amino groups. The higher amount of carboxylic end
groups will tend to make nylon 6 more sensitive to oxidation. The carboxyl groups are able to
hydrogen bond to hydroperoxides which catalyzes the separation of the two oxygen groups in
the hydroperoxide. This will form an oxygen radical and a hydroxyl radical which might make
the polymer more prone to oxidation elsewhere. Hence, it could be investigated what eect
dierent polymerization methods have on end groups and resulting properties of nylon 6 upon
UV treatment. It is possible to treat nylon 6 so that both end groups of each chain become
either carboxyl or amino groups. Having carboxyl end groups might yield a faster oxidation
rate, whereas amino groups might increase the likelihood of crosslinking. End group tailoring
might be favourable for obtaining desired properties, however, it will introduce an extra step
to the production. [4] [44]

2.5.4. Radicals
Another experimental technique of interest in this study is Electron Paramagnetic Resonance
Spectroscopy [9] [45]. This experimental technique can be used to quantitatively detect radicals
present by measuring absorption of electromagnetic microwaves in a magnetic eld. [9] [45]
[46]. Hence, the relative amount of radicals could possibly be determined during UV treatment
and immediately after UV treatment. The amount of radicals might reach a maximum after
a certain time of UV exposure making it unnecessary to continue treatment. Additionally,
the propagation reaction in gure 2.6 might be self-sustaining after UV exposure and short
treatment times might be sucient.
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2.5.5. UV treating other polymers
Since this study is primarily concerned with nylon 6 and associated optimizations, other
polymers could be of signicant interest as well to further verify UV treatment as a universal
treatment method. Cheaper and more hydrophobic polymers such as polypropylene [47] [48],
could be studied to see if the UV treatment has the same eect, opening up for utilizing
other polymers and still obtain great compatibility with for instance magnet powder. However,
the eect on for instance polypropylene needs to be studied separately, since the chemical
reactions occurring might be completely dierent. When UV light is incident on nylon 6,
radicals are expected to form at carbonyl carbons and nitrogen groups which are not present
in polypropylene. Thus, the radical initiation might not be possible by applying UV light (254
nm) directly to the surface of other polymers. However, radicals formed in air can possibly still
attach to for instance a polypropylene surface. Hence, the experimental conditions need to be
studied and adjusted to the specic polymer, since e.g. a dierent wavelength of UV light and
time of exposure might be required to obtain similar results.
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Chapter 3

Manufacturing

3.1. Introduction

This chapter deals with manufacturing of nylon 6 bonded NdFeB magnets. In our previous
study it was an issue to obtain sucient amounts of NdFeB powder in the magnets in order to
reach magnetic strengths similar to ferrite magnets, typically used in the automotive industry.
The volume percent of NdFeB achieved was 20.5 vol. %, lower than what is obtained for bonded
magnets in other studies; around 60-70 vol. % [49]. The reason is most likely that small-scale
compounding equipment, suitable for research purposes, was utilized, which is not specically
designed for metal powder. Hence, in this study industrial extrusion equipment is used with
the purpose of achieving a higher magnet powder content.
As mentioned in chapter 2, NdFeB powder contains epoxy which might alter the compounding process and the magnetic properties are expected to be lower than for NdFeB powder
solely. Magnetic strength of NdFeB powder solely can be estimated using calculations from the
company Magnequench. This can be seen in gure 3.1, where the obtained magnetic strength
(BHmax , discussed in detail in chapter 4) is plotted as a function of NdFeB powder content.
The magnetic strength increases quadratically with respect to powder content. When dealing
with NdFeB powder containing epoxy, the magnetic strength was measured in our previous
study to be o-set from these values, most likely caused by the epoxy content. Obviously the
magnetic strength will not be the same as without epoxy, but if 60-70 vol. % powder can be
obtained, the magnetic strength might reach values similar to ferrite magnets. If this is the
case, the magnets might be worth recycling for use in the automotive industry where ferrite
magnets, both sintered and bonded, are used [50] [51].
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Figure 3.1.: The solid line represents the magnetic strength as a function of magnet powder content

increasing quadratically based on Magnequench calculations on bare NdFeB powder (20056-070).
The measured magnetic strength from our previous study is indicated as the two points and are
o-set from theoretical calculations since epoxy is part of the magnet powder content. If the powder
content can reach typical values for injection molded magnets, the recycled magnets containing epoxy
might compete with ferrite magnets with respect to magnetic strength. [49] [50] [51] [52] [53]

The magnets will be manufactured with as high powder content as possible in order to see
which magnetic strengths can be reached. Furthermore, both standard nylon 6 and UV treated
nylon 6 will be utilized, in order to see how and if UV treatment aects magnet powder content
along with magnetic strength, mechanical strength and corrosion resistance.
3.2. Materials and Methods

In this section the necessary steps prior to manufacturing as well as the manufacturing
processes are presented and described chronologically.

3.2.1. Curing and acetone treatment of magnet powder
In this study, two types of magnet powder are utilized; 1) as-received NdFeB powder of type
20056-079 from Magnequench and 2) identical powder which has been compression molded
and crushed by means of a Skiold Skivemølle crusher. Analysis and size distributions of the
two types of powder, both containing uncured epoxy, are discussed thoroughly in our previous
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study, included in appendix A. Since, during regular pump-use the epoxy is cured, the powders
with uncured epoxy used in this study1 need to be cured prior to processing.
600 grams of each NdFeB powder type are transferred to a 500 mL bluecap bottle and
is afterwards cured at 150 ◦ C for one hour with manual stirring every 5 minutes to avoid
agglomeration of particles due to the curing epoxy.
The cured powders are left to cool to room temperature before being soaked in excess acetone
to remove uncured epoxy present2 . The mixtures are afterwards left to react for 20 hours and
the excess acetone is drained and the powder is left to dry for eight hours at room temperature.

3.2.2. Manufacturing magnet pellets
The magnet pellets are manufactured using a Berstor twin screw extruder with co-rotating
screws having slight spacing in-between. Initially the extruder is heated throughout its heating
zones; in the rst heating zone the temperature is 230 ◦ C , in the second zone the temperature
is 250 ◦ C and in the last zone the temperature is 270 ◦ C . It is afterwards primed through
processing of excess neat nylon 6 to remove potential contaminants and to ensure that nylon 6
is the only polymer present.
Initially a mixture of 75 wt.% as-received NdFeB and 25 wt.% neat nylon 6 mixture is mixed
and added directly into the feeder, in this case the feeding type is ood feed in which the preblended mixture is poured directly [54]. The screw speed is adjusted throughout the process
and the extruded mixture is collected on a large plate and is after sucient cooling, cut into
pellets.
The NdFeB content is gradually increased by adding additional NdFeB powder to the produced pellets, blending the mixture and re-feeding until 85 wt. % of NdFeB is obtained.
Mixtures of the same weight percentage are made by increasing the powder content in steps,
and this is done for four samples in total;
• Neat nylon 6 and as-received NdFeB
• Neat nylon 6 and crushed NdFeB
• UV treated nylon 6 and as-received NdFeB
• UV treated nylon 6 and crushed NdFeB

3.2.3. Rheological investigation of magnet pellets
The four types of magnet pellets are analysed using a Discovery HR-3 hybrid parallel plate
oscillatory rheometer. Two experiments are run to investigate the magnets at dierent tem1 The

powders used in this study have not been used in Grundfos pumps.
acetone treatment is done for safety reasons because uncured epoxy degrades at temperatures possibly
obtained during processing. A thorough discussion of this can be found in appendix A.

2 The
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peratures. The plates are heated to 270 ◦ C and 300 ◦ C in two separate experiments and the
respective pellets are placed on the bottom plate and allowed to melt for ve minutes. Afterwards, the trim gap function is used where the spacing between the plates is decreased to
1050 µm. Hence, the top plate makes contact to the melt and the excess polymer is removed
manually. The geometry gap function is afterwards utilized decreasing the distance between
the plates further to 1000 µm and the polymer is left to relax for ve minutes. The strain is
set to 5 % and the angular frequency is varied from 600 rad
to 0.6 rad
.
s
s

3.2.4. Manufacturing magnet specimen
The magnet pellets are used to injection mold tensile test bars (ISO 527 type 5A) and impact
test bars (ISO 180/1U) using a Haake Minijet II. This is done with the purpose of investigating
the mechanical properties in tensile and impact as well as using the tensile bars for investigation
of magnetic properties, since circular sections, 11 mm in diameter, are cut from the tensile bars
by means of a hollow punch and used for magnetic measurements.
Prior to injection molding, the machine is primed with nylon 6, as done in the extrusion
process. The feeding cylinder temperature is 300 ◦ C , the mold temperature is 110 ◦ C , the
injection pressure is set to 900 bar and the after pressure is set to 700 bar. The pressures are
each held for a duration of ve seconds. Six specimen for each type of bar (tensile and impact)
are injection molded to ensure representative results of the mechanical and magnetic properties.
In order to check the actual NdFeB powder content in each magnet type manufactured,
thermogravimetric analysis is utilized. A magnet pellet from each of the four magnet types are
placed on separate weighing boats for use in a TA Discovery Series TGA. The temperature is
◦C
increased to 650 ◦ C at a rate of 3 min
while measuring weight, hence, the weight percentage of
NdFeB powder alone can be measured when reaching temperatures where nylon 6 and epoxy
are completely degraded. Additionally, a similar experiment is carried out for the molded
specimen, where impact bars for the four types of magnets are placed in an oven at 500 ◦ C for
16 hours. These samples are weighed before and after removal of epoxy and nylon 6 and the
percentile weight loss is calculated.
The surfaces of the molded specimen are investigated by a Carl Zeiss Axio Imager 2 light
microscope with 2.5x magnication. This is done in order to investigate if the magnet particles
are homogeneously distributed in the nylon 6 matrix, at least on the surfaces of the molded
specimen.
3.3. Results and Discussion

In this section the results from the manufacturing processes are presented, starting with the
pellets and the manufacturing of these. Afterwards the results from the manufacturing of the
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injection molded specimen are presented.

3.3.1. Manufacturing magnet pellets
The extrusion is successful whereas extruded strands of 85 wt.% magnets are obtained and
cut into pellets for all four mixtures. The pellets for neat nylon 6 and as-received NdFeB are
seen in gure 3.2.

Figure 3.2.: Extruded pellets of neat nylon 6 and as-received NdFeB.

If magnet powder is added in large amounts and/or the mixture is not blended suciently
before feeding into the extruder, clogging between the extrusion screws occurs. It is therefore
essential to gradually add magnet powder and ensure proper mixing of nylon 6 and NdFeB
prior to extrusion.
At some point, the nylon 6 content will be too low for processing due to insucient coverage
of NdFeB particles. For the extruded mixtures at 85 wt. %, grainy structures as seen in gure
3.3, are obtained for some parts of the extruded strands, indicating that this is around the
upper limit of powder for processing of this type of magnet by means of the specic equipment.
In general, it seems that the extruded strands of as-received powder has a more grainy structure
compared to the crushed powder. This is likely caused by the larger particles, making it dicult
to incorporate these in the polymer matrix. However, it can also be due to insucient blending
prior to extrusion. Grainy structures cannot be avoided for any of the powders when a high
powder content is desired. However, it can partly be caused by improper mixing, which can
possibly be tailored through parameter adjustments for the extrusion process, as discussed later
in section 3.5.

45

Figure 3.3.: Grainy surface of 85 wt. % as-received NdFeB mixture mixed with neat nylon 6.

3.3.2. Rheological investigation of magnet pellets
The results obtained from rheological measurements at 270 ◦ C and 300 ◦ C are plotted in
gure 3.4 a) and b), respectively. The complex viscosities for the mixtures are plotted as a
function of angular frequency of the rheometer plate. The previously described Cox-Merz rule
is assumed applicable for these measurements.
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Figure 3.4.: Parallel-plate rheometry measurements of the four dierent types of NdFeB/nylon 6

magnets. The complex viscosity is plotted as a function of angular frequency at a) 270 ◦ C and b)
300 ◦ C .

In general, it is seen in both gure 3.4 a) and b) that the viscosity is higher for the UV
treated magnets throughout close-to the entire range of shear rates. The magnet might be
more viscous when strongly bonded, which is expected to be the case after UV treatment.
However, the increased viscosities can also be explained by dierent densities of the particular
magnets, as discussed in section 3.3.3. In general, it is of interest to obtain a low viscosity in
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order to easier process the magnet mixture and possibly obtain a higher powder content.
Now comparing the viscosities when changing the temperature from 270 ◦ C to 300 ◦ C in gure
3.4 a) and b). Comparison of the graphs illustrates that adjusting the temperature from 270 ◦ C
to 300 ◦ C yields a slight decrease in viscosity, whereas increasing shear rate from 10 s−1 to 100
s−1 yields a more signicant decrease, which obviously requires the screws to be able to attain
high speeds, emphasizing the fact that the screw speed might be equally as important as the
temperature with respect to obtaining a low viscosity for this particular material. Shear rates
obtained in extrusion vary, but is typically around 10-100 s−1 [55]. It depends on the materials
used and especially screw speed, with the latter being easily adjustable during experiments.
The storage and loss moduli for each batch are plotted at the two dierent temperatures,
as seen in gure 3.5. Upon measuring complex viscosity, the storage modulus is the energy
elastically stored in the material whereas the loss modulus is the energy lost due to friction
[56]. When the storage modulus is higher the material is more solid-like whereas the material is
more liquid-like with higher loss modulus. It is seen that the storage moduli for the particular
magnets in most cases are higher than the loss moduli in the shear rate interval, indicating that
the magnets behave more like solids than liquids, as expected, due to the high powder content.
Neat and as-received (storage)
Neat and crushed (storage)
UV treated and crushed (storage)
UV treated and as-received (storage)
Neat and as-received (loss)
Neat and crushed (loss)
UV treated and crushed (loss)
UV treated and as-received (loss)

106

G'/G'' [Pa]

G'/G'' [Pa]

106

105

104

100

101

102

103

Neat and as-received (storage)
Neat and crushed (storage)
UV treated and crushed (storage)
UV treated and as-received (storage)
Neat and as-received (loss)
Neat and crushed (loss)
UV treated and crushed (loss)
UV treated and as-received (loss)

105

104

Angular frequency [rad/s]

(a)

100

101

102

103

Angular frequency [rad/s]

(b)

Figure 3.5.: Storage and loss moduli of the four dierent types of NdFeB/nylon 6 magnets at a)

270 ◦ C and b) 300 ◦ C .

3.3.3. Manufacturing magnet specimen
All four types of magnets are successfully injection molded. Throughout the injection molding
process, it is experienced to be more dicult to process the crushed NdFeB powder. This might
be explained by the exposed hydrophilic surfaces of the NdFeB powder, adhering to the mold
and inner walls of the cylinder. The mixture might also have stronger intermolecular bonds
and require higher temperature and pressure in order to initiate injection molding compared to
as-received powder. Between neat and UV treated nylon 6, no signicant dierence regarding
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processing is experienced during injection molding.
After molding, the tensile bars are weighed to estimate the density of the magnets. The
densities are found by dividing the average weights with the estimated volume of the tensile
bars, resulting in the densities listed in table 3.1.

Estimated densities of magnets


g
cm3

Magnet type

ρ

Neat nylon 6, as-received NdFeB

3.28

Neat nylon 6, crushed NdFeB

3.43

UV treated nylon 6, crushed NdFeB

3.63



UV treated nylon 6, as-received NdFeB 4.09
Table 3.1.: The estimated densities of the injection molded magnets.

In general, it is seen that the densities are signicantly higher than for the magnets produced
in our previous study, which were around 2 cmg 3 . The densities of the four batches should in
principle be very close, since the same amount of NdFeB powder and nylon 6 is weighed and
added in each case. However, the density can be aected by the extrusion and injection molding
processes. The dierent densities are possibly inuenced by the interactions between either
nylon 6 or UV treated nylon 6 and either crushed or as-received NdFeB. If nylon 6 and magnet
powder bind well this might lower the amount of porosities in the bonded magnet, increasing
the density. Hence, it could be that UV treatment causes a better interaction between magnet
powder and polymer. However, the quite large dierences in density might not be explained by
these interactions solely. It is seen that the densities increase with the order they are injection
molded, as seen in table 3.1 from top to bottom. The samples are extruded and injection molded
in this particular sequence, meaning that additional powder, which tends to adhere to the inner
surfaces of processing equipment, might be dragged by the mixture processed last. This could
possibly result in more powder in the samples processed in the end and be a likely explanation
of the increasing density of the molded specimens. Furthermore, the mixtures processed last
might be a combination of the dierent powders and polymers.
From the densities the volume percentages of NdFeB powder in the particular magnets can
be estimated, assuming that a negligible amount of porosities are present3 . The compression
molded magnet powder is assumed to have a density of 6.00 cmg 3 whereas nylon 6 is assumed to
have a density of 1.14 cmg 3 [57] [58].
3 The

volume percentages of NdFeB magnets discussed in this study includes 1.55 wt. % epoxy and 0.20 wt.
% zinc stearate added to the powder to aid in compression molding of the rotor magnets. Hence, the actual
concentration of NdFeB is slightly lower.
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The volume percentage of magnet powder, denoted x, is found by multiplying the density of
magnet powder and nylon 6 with the respective volume fractions and summing these, equalling
these to the overall density for each respective batch, from table 3.1.
x · 6.00

g
g
+ (1 − x) · 1.14 3 = ρbatch
3
cm
cm

(3.1)

Rearranging the equation and isolating x yields an expression for the volume percentage of
NdFeB powder.

g
g
g 
(3.2)
1.14 3 + x 6.00 3 − 1.14 3 = ρbatch
cm

cm

x=

cm

ρbatch − 1.14 cmg 3
6.00 cmg 3 − 1.14 cmg 3

(3.3)

Hence, the volume percentages of NdFeB powder found from the densities are listed in table
3.2.

Estimated volume percentages of magnet powder
Magnet type

vol.

Neat nylon 6, as-received NdFeB

44.0

Neat nylon 6, crushed NdFeB

47.1

UV treated nylon 6, crushed NdFeB

51.2

%

UV treated nylon 6, as-received NdFeB 60.7
Table 3.2.: The estimated volume percentages of magnet powder in the injection molded magnets.

As for the densities, the volume percentages of NdFeB powder vary, possibly caused by
the sequence of the extrusion and injection molding experiments, referring to the previous
discussion. The theoretical volume percentage of magnet powder can be calculated from the
weight percentage of NdFeB powder (85 wt. %).
vol
vol. % = magnet =
voltotal

mmagnet
ρmagnet
mnylon6
mmagnet
+ ρnylon6
ρmagnet

(3.4)

Inserting numbers (weight percentages and densities).
vol. % =

85.0
6.00 g 3
cm

85.0
6.00 g 3
cm

+

15.0
1.14 g 3

= 51.8vol. %

(3.5)

cm

Thus, the theoretical volume percentage of NdFeB magnet powder is 51.8 vol. % which is
in-between the "actual" volume percentages. This underlines the fact that powder from the
rst experiments adheres to the inner surfaces of the processing equipment and become part
of the magnet mixtures processed afterwards. Hence, the four types of magnets might contain
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traces of each batch. This could possibly have been avoided by extruding excess amount of
nylon 6 through the extrusion equipment prior to processing each batch and/or by extruding
larger quantities of NdFeB/nylon 6 mixtures.
Nonetheless, the powder contents are dierent, aecting results of magnetic and mechanical
measurements on the magnets. However, the fact that the densities are dierent makes it
possible to predict tendencies when increasing the powder content, for instance as seen for
magnetic strength in gure 3.1. This is discussed thoroughly in chapter 4 whereas the eects
on mechanical properties are discussed in chapter 5.
Thermogravimetric analysis

Thermogravimetric analysis of a single pellet for each magnet type is carried out with the
result seen in gure 3.6. The weight in percent relative to the initial weight of the four types of
bonded magnets are plotted as a function of temperature. For all samples, the weight is only
reduced slightly from 30 ◦ C up to 300 ◦ C , which is most likely attributed to water evaporating,
primarily from nylon 6. When the temperature exceeds 300 ◦ C the degradation becomes severe,
most likely attributed to the degradation of nylon 6 and epoxy. Around 410 ◦ C the slopes of the
weight measurements for the neat samples change, i.e. the degradation rates change. It might
be attributed to nylon 6 of dierent molecular weight compared to the UV treated samples.
Above 450 ◦ C weight gain, attributed to oxidation, is observed for all samples and the minimum
value prior to weight gain can be used as a relative measure of the NdFeB powder content since
this is not degraded at these temperatures.
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Figure 3.6.: Thermogravimetric analysis on a single pellet from each type of extruded magnet.

Comparing the weight losses from gure 3.6 with the estimated densities in table 3.1 it is
observed that the weight loss does not correspond with the densities. The neat nylon 6 samples
are expected to have lowest density i.e. minor powder content, but TGA measurements show
lowest weight loss for these, which indicate that the NdFeB powder concentration is highest
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for the neat samples. This result indicates that the magnet pellets vary in concentration and
in another manufacturing process these could possibly be more homogeneous if the magnet
mixture is extruded several times.
A pyrolysis experiment is also carried out on the injection molded samples, where the percentile weight loss is calculated and listed in table 3.3. This result shows that the smallest
weight loss occurs in the UV treated samples with highest densities where the nylon 6 content
is minor. Hence, this result is in accordance with the results from the estimated densities in
table 3.1, which indicates that the NdFeB powder content increases in the order which the
samples are extruded and injection molded. According to table 3.3, the NdFeB content is in
the interval 85.1-95.6 wt. %. Notice that these are very high NdFeB powder contents and
might be lower in practice since oxidation causes increase in weight of all four types of powders
in this experiment.

Weight loss dierence before and after pyrolysis
Magnet type

Wt.

Neat nylon 6, as-received NdFeB

14.9

Neat nylon 6, crushed NdFeB

7.7

UV treated nylon 6, crushed NdFeB

6.3

UV treated nylon 6, as-received NdFeB

4.4

%

Table 3.3.: The percentile weight dierences before and after 16 hours of pyrolysis at 500 ◦ C .

Light microscopy investigation of the magnet surfaces

The surfaces of the molded tensile bars are investigated in the light microscope, the results
are seen in gure 3.7 where a representative area of each specimen is selected. a) represents
neat nylon 6, as-received NdFeB, b) represents neat nylon 6, crushed NdFeB, c) represents UV
treated nylon 6, crushed NdFeB and d) represents UV treated nylon 6, as-received NdFeB. In
general, it is observed that the surfaces are slightly dierent. The neat nylon 6 with as-received
NdFeB contains many magnet particles visible on the surface as seen in gure a). The UV
treated nylon 6 with crushed NdFeB contains a surface which seems to be dominated by micro
roughness as seen in gure c). These dierent surfaces could possibly be explained by dierent
NdFeB powder and nylon 6. However, the two gures on the right, neat nylon 6 with crushed
NdFeB b) and UV treated nylon 6 with as-received NdFeB d) seem to be similar where both
have a more planar homogeneous surface. Thus, the surfaces of the magnet specimen might
coincidently be dierent or vary depending on other things, e.g. local NdFeB powder contents,
total NdFeB powder content and/or temperature gradients in the mold.
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(a)

(b)

(c)

(d)

Figure 3.7.: Light microscopy images of the injection molded magnet tensile bars. a) neat nylon

6, as-received NdFeB, b) neat nylon 6, crushed NdFeB, c) UV treated nylon 6, crushed NdFeB and
d) UV treated nylon 6, as-received NdFeB.

In all four light microscopy images the magnet particles on the surface causes reection of
the light resulting in white spots on the images. Even though the particles might be partly
embedded in the polymer, the white spots can be used as a relative measure of the NdFeB
particle size distributions in between the four dierent magnet types. It is seen that the
particles are on average smaller for the crushed powders in gure b) and c), although larger
non-crushed particles are also present for this powder, which is discussed in our previous study,
see appendix A. In all four images the distribution of the magnet particles on the surface seems
to be uniform and the magnet particles do not seem to agglomerate.
3.4. Summary and Conclusion

Based on results obtained in this study, it can be concluded that utilizing twin-screw extrusion
makes it possible to manufacture nylon 6 bonded magnets with 85.0 wt.% (51.8 vol.%) NdFeB
powder containing epoxy. One should take particular care when loading high concentrations of
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NdFeB due to clogging of the screws. Therefore a gradual increase in concentration was found
to be suitable to avoid clogging.
Additionally, bonded magnets manufactured with UV-treated nylon 6 has the highest density,
indicating that the magnets are tightly bonded and porosities are minor in these magnets.
However, the density increases in the order which the magnets are processed, which might be
attributed to adhesion of powder in the processing equipment. The result is that the four types
of magnets are estimated to have powder content in the interval 44.0-60.7 vol. %.
3.5. Perspectives

This section deals with potential improvements of the manufacturing of bonded magnets for
future work. It would be of signicant interest to investigate alternatives to nylon 6, how to
obtain higher powder content and avoid wear on equipment which might follow when utilizing
a high powder content.

3.5.1. Utilizing other polymers for bonded NdFeB magnets
An aspect not discussed in this study is regarding the use of other polymers similar to nylon
6, potentially lowering the required processing temperature. A lower processing temperature is
of interest in order to avoid loss in magnetic properties. Several articles have reported the use
of nylon 11 and nylon 12 regarding bonded NdFeB magnets which have melting temperatures of
185 ◦ C and 175 ◦ C , respectively, compared to 215 ◦ C for nylon 6 used in this study. However,
it is important that the polymer is solid up to 160 ◦ C required in the automotive industry. If
the polymer softens and delaminates from the magnet powder it might not be suitable at the
required temperatures. Furthermore, the price and the resulting magnet properties aected by
changing the polymer need to be taken into account. [49] [59] [60]

3.5.2. Higher powder content
It might be possible to obtain higher NdFeB contents by adjusting parameters during injection
molding and extrusion, some of which are discussed in the following.
Equipment settings

The settings for the extruder and injection molding equipment could be altered in an attempt
to achieve a higher amount of powder per unit volume. The extruder can be customized to
full specic requirements, for instance the screws can be assembled with dierent modules in
order to adjust the mixing process. The screw might even be extended which could result in
better mixing and higher powder content.
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If another screw of a dierent material or the material of the inner walls are changed, the
friction between equipment and magnet mixture might change, which could aect the obtainable
powder content. The screws could be coated with Teon to decrease friction between screws
and magnet mixture. This would be favourable in terms of avoiding sticking to the screws and
enhance the ow of the material towards the outlet of the extruder. However, this coating will
have a limited lifetime. Besides, it must be investigated if the coating can withstand the high
temperatures without releasing hazardous byproducts. [61]
The inner walls of some extruders are grooved, which can lead to increased friction at the
walls, resulting in a pressure build-up, potentially resulting in a better ow [61][62]. This type
of groove could possibly be utilized in this study as well. However, note that grooved barrels
are more susceptible to wear because of increased stresses between polymer and barrel wall
[63]. Furthermore, the ow can be aected by the temperature of the extruder which can be
adjusted in dierent zones, making it possible to tailor the viscosity of the mixture in specic
regions of the extruder in order to obtain a higher powder content. The screw speed also aects
the ow, pressure and temperature prole within the extruder [64]. These could be studied in
a systematic manner in order to optimize the powder content.
The temperature could also aect the degradation of the polymer which might result in loss in
mechanical properties. The temperature used in the extrusion process is 300 ◦ C , slightly above
the recommended processing temperature range of nylon 6 (230-290 ◦ C [65]), which might aid
in degradation of the polymer during processing. Even though the temperature of the barrels
is set to 300 ◦ C , the actual temperature might be dierent depending on the mechanical energy
applied to the material, aected by materials, geometry and speed of screws. Temperature is
one signicant parameter, but the degradation of nylon 6 will also depend on the time within
the extruder which in turn depends on the material, screw speed, length of extruder, etc. It
is possible to calculate the residence time distribution, which is a distribution of how long
time various portions of the material spend in the extruder. Hence, it can be considered if for
instance the screw speed can be varied or another extruder with dierent dimensions could be
used, in order to avoid degradation of large amounts of nylon 6. [63]
For the injection molding, parameters could also be varied in order to attempt improving the
powder content. For instance, utilizing a higher pressure could result in compaction and a higher
density, resulting in more powder per unit volume. Besides processing of the bonded magnets as
already described, neat nylon 6 with as-received powder is also processed with a lower cylinder
and mold temperature of 270 ◦ C and 80 ◦ C , respectively, along with lower injection and holding
pressures of 800 bar and 600 bar, respectively. This resulted in a density of 3.22 cmg 3 for these
tensile bars, compared to a density of 3.28 cmg 3 for the tensile bars manufactured as described
previously in section 3.2.4. This is a density increase of 1.8 % when increasing both pressure
and temperature. A higher pressure could most likely yield a higher density whereas a higher
temperature might cause more thermal expansion and a lower density. Hence, it could be worth
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utilizing higher pressures and lower temperatures. However, the injection pressure is limited
to 900 bar for the equipment used in this study, but the holding pressure could potentially be
higher and/or maintained for a longer time.
Particle size

The size of the magnet particles might aect the obtainable amount of magnet powder per
unit volume.It might be advantageous if the particles are of uniform size with respect to the
material moving forward in the extruder. However, if the particles are of non-uniform size, for
instance after a crushing process, problems regarding forward movement of particles might arise,
similar to if no coating of the screws or no inner wall grooves are utilized. Hence, it might not
necessarily be favourable to crush the magnet powder into small particles. It might, however, be
more favourable to crush the particles to similar sizes or utilize sieving of the powder. Utilizing
a dierent particle size distribution alters the surface chemistry of the magnet powder which
could possibly aect the anity with nylon 6 and the obtainable amount of powder per unit
volume. Furthermore, the particle sizes of magnet powder and the anity between nylon 6 and
powder might aect the amount of powder in between the screws during processing. This could
possibly inuence the obtainable powder content and air entrapment in the extruded mixture,
causing the density to be lower. Air entrapment is typically an issue for particles with a large
surface area compared to volume [66]. This is the case for crushed magnet particles, making
the study of particle sizes and crushing of magnets prior to processing a comprehensive subject
for future studies. [61]
Thus, the crushing of NdFeB magnet powder prior to processing is of major importance with
respect to obtaining a high powder content. Furthermore, to process the magnet mixture in
injection molding the particles might need an average particle diameter as low as 5-10 µm, lower
than the crushed powder used in this study. This is favourable in injection molding tools where
small runners and gates are required in order to process several small magnets simultaneously.
Therefore additional crushing of the NdFeB powder might be required for this purpose. [1]
Screw mixing

The screws used in the experiments of this study are introduced in the following, along with
how other congurations and types of screws could be utilized in order to improve the NdFeB
powder content in the magnets. The screws used in this study are co-rotating, meaning that
the two screws rotate in the same direction. Furthermore, the screws are slightly spaced with
the channels being interpenetrating. The distance between screws and direction of rotation, as
illustrated in gure 3.8, might change the obtainable NdFeB powder content. [54] [64]
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Figure 3.8.: Dierent types of twin screw extruders. The direction of rotation and the distance

between the screws might aect the obtainable magnet powder content. [64]

In general, a co-rotating system of screws yields a material ow as seen in gure 3.9. The
material ows continuously in a gure eight trajectory between the screws. This type of rotation
should yield the best mixing and highest ow rate of magnet material through the extrusion
equipment. [64]

Figure 3.9.: A co-rotating twin screw setup with associated material ow. [64]

On the other hand, if a counter-rotating system of screws is used, the material is circulating
around each screw and forced to meet in between the screws as seen in gure 3.10. This
type of rotation does not yield the same mixing capabilities and ow rate, however, it might
be advantageous in terms of avoiding solid magnet powder adhering to the equipment. The
counter-rotating screws forces the material forward and improves the forward movement of
particles that are still solid in the rst section of the extruder. This could potentially avoid the
adhesion of magnet mixture to the equipment which is an issue in this study. [64]
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Figure 3.10.: A counter-rotating twin screw setup with the associated material ow. [64]

Another thing which could be changed with respect to geometry of the screws is the distance
between the screws. A dierent distance between the screws might aect the mixing, i.e. the
amount of powder mixed in between the two screws. Utilizing counter-rotating screws with
greater distance between the screws might result in better distributive mixing, i.e. increased
distribution of particles. However, utilizing a greater distance between the screws makes them
unable to crush the particles in the same manner. If closely spaced, the screws can have a
dispersive eect by crushing and separating particles that tend to agglomerate. This could
potentially increase the powder content, since minor particles might be easier to pack. Determining which type of mixing is favourable with respect to obtaining a higher powder content
could be investigated in detail in a future study. [64]

3.5.3. Feeding types
As mentioned earlier, the extruder used in this project utilizes the most common feeding
type, ood feeding, in which the mixture is added directly into a hopper over the feeding
throat, making the throughput rate of the extruded strand directly proportional to the feed
rate. Two alternative feeding types are considered in this section; starve feeding and crammer
feeding, illustrated schematically in gure 3.11.
Starve feeding is typically used in twin-screw extrusion and is especially useful regarding mixtures of several components. Here, two or more hoppers each supply the necessary components
to the feeding throat in a desired ratio, controlled by the feed rate from each hopper. The key
is to choose a higher screw speed than feed rate to ensure no build-up of material in the feed
throat. This could most likely have been useful in this project to avoid build-up of NdFeB
powder and clogging of screws, as experienced. Additionally, it is expected that this feeding
type will improve mixing due to a highly controlled feed rate of both components and it might
not be necessary to recirculate the material several times in the extruder.
Crammer feeding is suitable for low bulk density materials and materials which are dicult
to feed such as the NdFeB powder used in this project. In the hopper, an additional screw is
added to aid in forcing the material into the feed throat. This could be useful on an industrial
scale where large amounts of NdFeB powder need to be processed, which could pose issues
regarding clogging near the feed throat. [54]
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(a)

(b)

Figure 3.11.: Two alternative types of feeding the extruder, a) starve feeding and b) crammer

feeding.

3.5.4. Wear on equipment
Extruding high concentrations of NdFeB powder with minor amounts of nylon 6 raises concerns regarding excessive wear on the equipment used. Therefore, wear associated with extruding these magnets are of specic concern.
Hard abrasive materials such as NdFeB particles used in this project could potentially cause
wear on the extrusion equipment. The degree of abrasive wear depends on the particle size,
shape, hardness and powder content. The wear resulting from the dierent magnets manufactured in this study might thus be dierent because of varying powder content along with
dierent shape and size of the particles, due to crushing. [63]
Concrete testing of the particular wear caused by the NdFeB/nylon 6 mixtures of highest
concentration (85 wt. %) could be carried out in mock-up experiments in which the extrusion
and injection molding processes are simulated using similar materials, geometries, temperatures
etc. This would provide insight to how the materials interact over a longer period of time
compared to the relatively short periods utilized in this project. Additionally the type of
wear which occurs during these processes could afterwards be investigated and determined.
This knowledge could then be used to evaluate which materials to utilize and to how great an
extent these mixtures aect the equipment, and can afterwards be utilized by the company to
design and purchase equipment in order to minimize costs associated with wear. It might be
possible to reduce wear and/or obtain higher magnet powder content by utilizing lubricants
when processing the powder. However, addition of lubricants to the magnets result in a lower
NdFeB powder content decreasing the maximum obtainable magnetic strength.
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Chapter 4

Magnetic Properties

4.1. Introduction

This chapter deals with the magnetic properties of the manufactured magnets in theory
and practice. First, a short introduction to how magnets function along with how to measure
and optimize the magnetic strength of these. Afterwards the loss of magnetic properties are
discussed, which could occur during processing and service of the magnets used in this study.
In the later sections experiments regarding measure of magnetic properties are included.

4.1.1. Magnetic properties
In order to characterize the magnets with respect to magnetic strength a brief introduction
to the measure of permanent magnetism is presented.1
Magnets are typically characterized by their hysteresis loop, as seen in gure 4.1. For a
certain magnet, the y-axis of the hysteresis loop provides information on the internal eld of
the magnet and the x-axis is the applied magnetic eld to the magnet of interest. The magnet
is magnetized by the applied eld and reaches a saturation eld of its internal magnetic eld.
The applied eld is reversed back to zero where an important quantity known as the remanence
(Br ) is seen as an intercept with the y-axis. The remanence is the remaining internal magnetic
eld of the magnet when the applied eld is removed. Demagnetizing the magnet by applying
a magnetic eld in the opposite direction decreases the internal eld further. When the curve
intercepts the x-axis another important parameter is characterized, the coercivity (Hc ). The
coercivity is the magnitude of the applied eld required to remove the internal magnetic eld.
The magnet is magnetized by a larger applied eld until reaching a saturation eld in the
opposite direction compared to the initial magnetic eld. The applied eld can be reversed
once again completing the hysteresis loop. [67]

1 For

a detailed introduction, the authors recommend reading pages 7-10 in appendix A.
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Figure 4.1.: The hysteresis loop with the internal eld of a magnet on the y-axis and the ap-

plied eld on the x-axis. The area of interest is the second quadrant where it is desired to have a
large rectangular area under the hysteresis curve yielding a material suitable for permanent magnet
applications. [67]

The part of the hysteresis loop of interest is the second quadrant in the coordinate system.
The largest rectangular area under the hysteresis loop in the second quadrant denes the
ability of a magnet to function as a permanent magnet without being demagnetized and it
yields the energy which can be stored per unit volume of the magnet. The largest rectangular
area under the hysteresis loop is dened as BHmax and is typically used to characterize the
strength of permanent magnets. A large area under the hysteresis loop is associated with a
strong permanent magnet that resists demagnetization, hence, it is desired to have both high
remanence and high coercivity. [67]
In this study the remanence is found for the four dierent types of magnets. In order
to nd the demagnetization curve, it is assumed that a linear relation between remanence
and coercivity exists, with the coecient relating the two being the recoil permeability (µrec ,
unitless) equal to 1.082 .
Br
Hc ∼
(4.1)
=
µrec

This is an approximation which could be conrmed by measuring the entire demagnetization
curve. Occasionally, a knee in the demagnetization curve is observed as seen in gure 4.1,
nevertheless, BHmax might still be the same value. Based on this assumption, BHmax can be
calculated from the remanence and recoil permeability. [68] [69] [70] [71]
BHmax
2 Note
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Br 2
=
4µrec

(4.2)

that this conversion factor is between units Gauss and Ørsted, the units in this study is Tesla and [ kA
m ]

The goal is to achieve a high BHmax of the magnets manufactured for the recycling purpose.
Furthermore, it is desired that no signicant change in BHmax occurs upon processing and/or
during service lifetime. This is discussed in detail in the following section, where loss of magnetic
properties are the focus3 .

4.1.2. Loss of magnetic properties
Loss of magnetic properties are of specic concern in this study, since the recycled magnets
are exposed to elevated temperatures during processing and service at which permanent loss of
magnetic properties could occur. First, the chemistry governing the loss of magnetic properties
will be described and afterwards the rate of these reactions are discussed in order to predict
the loss at a certain temperature and time of exposure.
Oxidation and hydrogen absorption

The permanent loss of magnetic properties is often caused by oxidation of magnets at elevated
temperatures. When NdFeB magnets oxidize, magnetic properties are reduced because of
the alteration of the NdFeB crystal structure [72], potentially leading to insucient magnetic
performance in required applications. Hence, a discussion of the oxidation is included in this
section, and it is discussed how severe oxidation can be avoided.
The NdFeB magnets contain an outer oxide layer of Fe2 O3 and Fe3 O4 . Below this a layer
of oxidized Nd particles, embedded in an iron matrix, exists. This internal layer with oxidized
NdO particles is reported to grow upon exposure to elevated temperatures where extraction
of Nd from the NdFeB crystal structure occurs. The rate at which this reaction occurs is
discussed later in section 4.1.2. Hence, the crystalline NdFeB structure might break down
leading to formation of an NdO oxide layer, reducing the magnetic strength of the magnet. [72]
The NdFeB crystals are relatively stable structures compared to atomic Nd. An excess
amount of atomic Nd is used in the melt spinning manufacturing of the magnet powder, which
results in a thin layer of Nd-rich phase (≈ 2 nm) surrounding each NdFeB grain (≈ 30 nm).
Atomic Nd can readily undergo oxidation, for instance in the presence of oxygen and water as
seen in the reactions below.
4 Nd + 3 O2 −−→ 2 Nd2 O3
2 Nd + 3 H2 O −−→ Nd2 O3 + 3 H2
2 Nd + 6 H2 O −−→ 2 Nd(OH)3 + 3 H2

(4.3)
(4.4)
(4.5)

The formation of neodymium oxides in the Nd-rich phase can possibly change the overall magnetic properties. Additionally, the hydrogen gas by-product might cause a signicant decrease
3 Note

that what is discussed in the following section are structural changes which result in loss of permanent
magnetic properties that cannot be achieved by re-magnetizing the magnet. For more information, the
authors refer to page 7-10 in appendix A.
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of magnetic properties. The hydrogen gas can be absorbed by the NdFeB crystals as illustrated
in the following reaction.
Nd2 Fe14 B + Hx −−→ Nd2 Fe14 BHx

(4.6)

Thus, the magnetic properties might decrease signicantly when water is present, since hydrogen
gas might be formed and alter the crystalline NdFeB structure. The presence of water near
the NdFeB powder depends on the protective polymer surrounding it. If the polymer is waterpermeable the NdFeB powder might be more prone to oxidation and hydrogen absorption,
which could be true, especially for hydrophilic nylon 6. Furthermore, epoxy is reported to be
an ineective barrier against water. The water penetration of polymer/epoxy and eect of
thickness of polymer layer could be studied in order to gure out how to improve resistance to
oxidation and hydrogen absorption in the bonded magnets. [73]
Hydrogen absorption might not only be aected by the presence of water. This is for instance
reported for NdFeB magnets being exposed to automatic transmission uid at 150 ◦ C , where
hydrogen is expected to dissociate from the uid and be absorbed by the NdFeB crystals.
Hence, this should be kept in mind with respect to the magnets in this study intentionally used
in the automotive industry, if they are exposed to this or similar liquids. Nylon 6 and/or epoxy
might also dissociate hydrogen which could be absorbed by the NdFeB crystals. [74]
When hydrogen is absorbed, the NdFeB crystal structure changes, altering the distance between respective atoms. The distance between some atoms in the crystals increase (e.g. Nd
and Fe atoms) whereas it decreases between others (e.g. Nd and B atoms). These changes
aects the intrinsic magnetic properties such as saturation magnetization4 , Curie temperature
5
and magnetic anisotropy6 . Specically, the changes in these interatomic distances upon hydrogen absorption is reported to increase the saturation magnetization and Curie temperature,
whereas the magnetic anisotropy is lowered resulting in a lower coercivity in the hysteresis loop.
A higher Curie temperature is advantageous in terms of maintaining magnetic properties at
elevated temperatures. A higher saturation magnetization is also preferable, however, the lower
coercivity causes signicant reduction in BHmax . Thus, the hydrogen absorption is not preferable with respect to obtaining a magnet with highest energy per unit volume and functioning
properly as permanent magnet in automotive applications. [74] [76] [77]
The hydrogen absorbed in the NdFeB crystals can be desorbed at elevated temperatures in
the interval 150-260 ◦ C [73]. Thus, it might be favourable to expose the magnet to these temperatures if hydrogen absorption causes a signicant decrease of magnetic strength. However,
it is important to note that oxidation, which also causes decreasing magnetic strength, occurs
4 The

asymptotic saturation value of internal magnet eld when the applied eld becomes high, see gure 4.1.
temperature, which denes the upper limit where the material is no longer a permanent magnet. [7]
6 A measure of whether the magnetization tends to align along an easy axis of the NdFeB crystals. For more
details see, page 7 in our previous study in appendix A or page 12 in reference [75].
5 The
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at an increasing rate when the temperature is increased. The rate of oxidation is discussed
further in the following section.
Rate of oxidation

The rate of oxidation of NdFeB magnets is of interest. If the oxidation rate at a specic
temperature is known, it can be used to predict the thickness of the oxidized Nd layer resulting
in loss of magnetic strength. The rate of formation of the oxidized NdO layer below the outer
surface is estimated in several studies [3] [72]. According to these studies, diusion of oxygen
occurs through the outer layer of Fe2 O3 and Fe3 O4 . The thickness of the NdO layer at elevated
temperatures can be calculated by means of equation 4.7.
χ=

p
k(T ) · t

(4.7)

Where χ is the thickness of the NdO layer, t is the time of exposure at a given temperature
and k(T ) is the rate constant calculated from the Arrhenius equation as seen below.


k(T ) = k0 e

Ea
− RT



(4.8)

Where k0 is a pre-exponential term, Ea is activation energy of the oxidation reaction, R is the
J
gas constant (8.314 mol·K
) and T is the temperature in Kelvin. Studies have calculated values of
the activation energy and pre-exponential term [3] [72], which depends on the exact constituents
of the alloying components used for meltspinning the alloy. If the composition Nd16 Fe76 B8 is
2
kJ
utilized, it is suggested that Ea = 93.1 mol
and k0 = 4.7 · 10−8 ms . These numbers are utilized for
plotting the NdO layer thickness in equation 4.7 as a function of time for various temperatures
in gure 4.2.
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Figure 4.2.: The NdO layer thickness as a function of time in a) a ve minute interval for tempera-

tures 160 ◦ C , 280 ◦ C and 350 ◦ C , and b) in a 250 hour interval for the required service temperature
160 ◦ C .
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In gure 4.2 a), the estimated thickness of the NdO layer is plotted in a ve minute interval
for the temperatures 160 ◦ C , 280 ◦ C and 350 ◦ C . After ve minutes at 160 ◦ C the thickness
of this layer is around 0.01 µm. The thickness of the layer is substantially higher after ve
minutes at 280 ◦ C , 0.15 µm, whereas the layer thickness is around 0.47 µm after ve minutes
at 350 ◦ C . Thus, it is seen that the temperature aects oxidation of the NdFeB crystals, where
the temperature must be kept in mind with respect to thermal demagnetization, processing
and service, since the temperatures must be around 350 ◦ C , 280 ◦ C and 160 ◦ C , respectively.
Assuming that a NdFeB particle is crushed into a spherical shape, the fraction of oxidized
NdFeB (Vf ) can be estimated when exposed to the previously mentioned temperatures for ve
minutes. This calculation is carried out by dividing the volume of the spherical particle minus
the volume of the non-oxidized species with the volume of the spherical particle.
Vf =

4
π(r3 − R3 )
Vparticle − Vnon−oxidized
(r3 − R3 )
= 3 4 3
=
Vparticle
r3
πr
3

(4.9)

Where r is the radius of the NdFeB particle assumed to be 10 µm and R is the radius of
the particle minus the thickness of the oxide layer, which is assumed to be uniform over the
spherical particle. For the three temperatures the following fractions of oxidized NdFeB are
found to be; 160 ◦ C : 0.3 %, 280 ◦ C : 4.4 % and 350 ◦ C : 13.4 %. If the magnet is kept at 160
◦
C for a period of 250 hours it yields approximately the same oxidation of NdFeB as if 350 ◦ C
is applied for ve minutes, as seen in gure 4.2 b). [3] [72]
These calculations should be analysed carefully, the actual measures of oxidation thickness in
this study might vary depending on powder composition, epoxy coating, nylon 6 coverage and
encapsulation of the magnet. Nonetheless, it provides an idea of how long the magnets can be
exposed to elevated temperatures while retaining magnetic properties. These calculations could
be conrmed in practice and be further used if the approximate remanence and coercivity of
the NdO layer can be identied. Then, a calculation of the resulting BHmax of a magnet with
a certain oxide layer thickness could possibly be carried out. However, it is important to note
that the NdFeB particles are not perfectly spherical and contain dierent surfaces depending
on epoxy and nylon 6 coverage.
Furthermore, the rate of oxidation is also aected by for instance the amount of porosities
within the magnet. If porosities are present, oxygen and water have higher accessibility to the
NdFeB particles most likely resulting in a higher degree of oxidation. Water molecules might
penetrate through pores in the surface or through water permeable polymers. This could result
in non-uniform oxidation, where oxidation products are not limited to a shell-like layer near
the surface. Besides, at elevated temperatures when nylon 6 becomes soft or melt (around 215
◦
C ), the material might delaminate and expose the NdFeB particles, eventually resulting in a
possibility for more severe oxidation attack. Delamination is expected to be aected by the
compatibility between the two materials, which depends on the intermolecular bonds but also
the roughness of the NdFeB particles [78], both things might change upon crushing. Hence, the
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oxidation behaviour is aected by several parameters and is dicult to predict exactly. [73]
4.2. Materials and Methods

4.2.1. Magnetic properties
The magnetic measurements are carried out on round specimen cut from injection molded
tensile bars of the bonded magnets. The round specimen are cut using an 11 mm hollow punch
and the remanence for each type of magnet is measured by means of a Helmholtz coil.

4.2.2. Loss of magnetic properties
The loss of magnetic properties of the four types of bonded magnets are studied in two
environments; air at 160 ◦ C and immersed in de-mineralized water at 80 ◦ C . An oven is set to
160 ◦ C since this is the operating temperature required for magnets in the automotive industry.
The water immersion experiment is carried out in order to study if an aqueous environment
accelerates the oxidation of the magnets. The magnets are exposed to these environments for
600 hours and the weight is measured during the experiments. The magnets immersed in water
are wiped with lint free paper prior to each weight measurement in order to remove excess
water on the surface.
Three circular samples (11 mm in diameter) cut from tensile test bars for each magnet type
are used in both experiments to ensure reproducibility. The circular samples are weighed prior
to experiments to track the progression of the oxidation. For the water immersion experiment,
the circular samples are placed in small glass beakers which are lled with excess water and
sealed with a plastic lid to avoid water evaporation. After exposure for 600 hours, Helmholtz
coil is used to measure the remanence for one of the circular magnet specimen from each batch,
in order to detect the loss of magnetic properties upon exposure to these environments.
4.3. Results and Discussion

The results from the experiments with regards to magnetic properties and loss of magnetic
properties are presented in the following.

4.3.1. Magnetic properties
In this section results from the magnet measurements of the four types of injection molded
magnets are discussed. The results from the magnetic measurements yield the remanences,
whereas the recoil permeability assumed to be 1.08 is used to calculate corresponding coercivities and BHmax values. The obtained results are seen in table 4.1.
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Coercivity

 kA 

Magnet type

Remanence

Neat nylon 6, as-received NdFeB

0.2866

Neat nylon 6, crushed NdFeB

0.2745

202.7

13.88

UV treated nylon 6, crushed NdFeB

0.3021

223.1

16.81

UV treated nylon 6, as-received NdFeB

0.3714

274.3

25.41

T

211.7

m

BHmax

15.13

 kJ 
m3

Table 4.1.: Remanence, coercivity and BHmax of the four types of injection molded magnets.

In general, it is seen that the magnetic properties improve for the UV treated magnets. This
might be attributed to an improved density where less voids are present in the magnet because
of stronger bonds between materials. Furthermore, the magnetic properties seem to be better
for the as-received powders compared to crushed powders. This might be attributed to the
fact that crushing and/or compression molding alters the crystal structure and leads to loss of
magnetic properties. It could also be that as-received powders are protected by epoxy avoiding
oxidation and loss of magnetic properties during processing.
Assuming that the demagnetization curves are linearly decreasing in the second quadrant for
the four dierent magnets in this study, the hysteresis curves are plotted as seen in gure 4.3.
The area of the largest rectangle under the lines are largest for the sample with as-received
NdFeB powder and UV treated nylon 6.
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Figure 4.3.: The demagnetization curves in the second quadrant of the hysteresis loop for the four

dierent types of magnets in this study.
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It is important to notice that the dierences in magnetic strength might also be caused by
dierent powder contents in the four types of magnets. The magnet powder content increases
in the order which the magnets are processed, as discussed previously in section 3.3.3. It means
that the volume percentages of NdFeB powder are estimated to increase from top to bottom
in table 4.1. Thus, the resulting magnetic properties can also be presented as a function of
powder content, neglecting the dierences caused by UV treatment and crushing of the powder.
Combined with the results from our previous study, the magnetic strength (BHmax ) is plotted
as a function of powder content, as seen in gure 4.4. It is observed that the BHmax increases
with powder content. The increase follows a second degree polynomial (R2 : 0.9856), similar
to the theoretical behaviour for NdFeB powder without epoxy and nylon 6. However, the
measured magnetic strengths are, as expected, o-set from these values. The slower increase of
BHmax for the manufactured magnets can possibly be attributed to the fact that the volume
percent of magnet powder is composed of both NdFeB powder and epoxy.
Sintered and bonded ferrite magnets are typically used in the automotive industry [50], both
are compared to the magnets manufactured in this study. As indicated by the horizontal
dashed lines on the graph, the manufactured NdFeB magnets have similar magnetic strength
as bonded ferrite magnets when the powder contents are in the interval 44.0-51.2 vol. % [79].
The magnet with 60.7 vol. % powder approaches similar magnetic strength as sintered ferrite
magnets [79]. If the powder content can be increased even further to around 70 vol. %, as
achieved elsewhere [49], the recycled NdFeB magnets might be able to compete with the best
performing sintered ferrite magnets. Furthermore, the advantage of utilizing injection molding
for manufacturing magnets, is that the magnet can for instance be molded around rotor shafts
[51] [80]. However, the best magnet obtained in this study is made with powder which has
neither been compression molded, used 20 years in service or crushed, all three steps of which
might cause lower magnetic strength. Nonetheless, the NdFeB magnets produced in this study
at least seem to be able to compete with some magnets present in the automotive industry,
which can serve as basis for future investigations and optimizations in order to implement the
entire recycling process.
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Figure 4.4.: The measured magnetic strengths from this and our previous study plotted as a

function of the estimated volume percentages of NdFeB powder content. They are tted to a second
degree polynomial which illustrates the magnetic strength tendency as a function of magnet powder
content. It is seen that the manufactured magnets are oset from NdFeB powder without epoxy.
The manufactured magnets reach similar magnetic strengths as bonded ferrite magnets and in the
best case even reach the strength of sintered ferrite magnets. [49] [52] [53] [79].

It is noticeable that the two measurements carried out on crushed powder lie below the tted
line, whereas the two measurements carried out on as-received powder are above the tted line.
This might be an indication that crushing and/or compression molding yields lower magnetic
strength. These might cause an alteration of the crystal structure leading to a loss of BHmax .
The loss of magnetic properties as a function of degree of crushing could be studied in detail
in a future study, since extensive crushing might lead to additional loss of magnetic properties.

4.3.2. Loss of magnetic properties
The loss of magnetic properties are studied by measuring weight dierences as seen in gure
4.5. The measured weight normalized with respect to the initial weight plotted as a function
of time is seen in gure a) magnets exposed to 160 ◦ C and in gure b) magnets immersed in
water at 80 ◦ C .
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Figure 4.5.: Weight measurements of the four types of bonded NdFeB magnets in a) an oven at

160 ◦ C and b) water at 80 ◦ C .

In gure 4.5 a) the weight loss at 160 ◦ C in air is observed to continue through the entire
time interval in a similar behaviour for all four types of magnets. This is expected to be caused
by a slow evaporation of water from the interior of the bonded magnet. Thus, it is dicult to
conclude anything regarding weight gains caused by oxidation from the experiment in air at
160 ◦ C .
In gure 4.5 b) the weight increase caused by water uptake occurs during the rst 30 hours.
Afterwards, the weight seems to be constant throughout the rest of the time interval. There are
slight deviations, most likely measurement uncertainties caused by the amount of water wiped
from the surface of the magnets. Nonetheless, it is dicult to observe weight gains in the rest
of the experiment. The experiment could be carried out for a longer time in order to observe
weight changes, or it might be that the oxygen uptake causes small weight changes dicult to
observe.
When the magnets are immersed in water at 80 ◦ C , gas bubbles are formed on the surface
of the magnets as seen in gure 4.6. This is most likely hydrogen gas formed from the reaction
of Nd with water. The hydrogen gas can possibly react with the NdFeB crystals and alter
the crystal structure, potentially resulting in a lower BHmax as discussed previously in section
4.1.2.
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Figure 4.6.: Evolution of gas from the surfaces of the bonded NdFeB magnets.

The magnets corrode in water, which is clearly seen in gure 4.7. This image is taken after
exposure overnight and severe corrosion is already observed. There seems to be no tendency
whether some of the magnet types resist corrosion better than other. However, the corrosion
resistance of our bonded NdFeB magnets is poor compared to ferrite magnets that are reported
to be insensitive to humid environments [81]. During time, some of the rust formed on the
NdFeB magnets dissociates in the water, and might aect the weight measurements.

Figure 4.7.: Image of the magnets exposed to water overnight with severe corrosion observed. There

seems to be no tendency whether corrosion resistance is better in between the dierent magnets.

Notice that dierent types of oxidation possibly occurs. Rusting of the magnet as seen in
gure 4.7 is one type of oxidation whereas the formation of NdO below the iron oxide layer is
another type, the latter might not be visually observed but still have an impact on the magnet
properties.
The magnet properties for the four types of magnets after exposure to these environments for
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600 hours are listed in table 4.2 and table 4.3. This is illustrated in gure 4.8, assuming that the
relationship between remanence and coercivity is linear and the recoil permeability is 1.08. In
general, it seems that exposure to air at 160 ◦ C causes the largest decrease in magnetic strength
compared to immersing in water at 80 ◦ C with exception of neat nylon 6 and as-received NdFeB.
Hence, oxidation of Nd below the iron oxide layer might depend highly on temperature and
not water content since it seems to occur readily in air at a higher temperature, resulting in a
decrease of magnetic properties compared to water immersion. On the other hand the rusting
occurs to a higher extent when exposed to the water environment.

 

Remanence

Neat nylon 6, as-received NdFeB

0.2017

Neat nylon 6, crushed NdFeB

0.1677

126.3

5.415

UV treated nylon 6, crushed NdFeB

0.1732

130.5

5.778

UV treated nylon 6, as-received NdFeB

0.2397

180.6

11.06

T

Coercivity

 kA 

Magnet type

152.0

m

BHmax

7.834

 kJ 
m3

Table 4.2.: Remanence, coercivity and BHmax of the four types of injection molded magnets exposed

to air at 160 ◦ C for 600 hours.

 

Remanence

Neat nylon 6, as-received NdFeB

0.1930

Neat nylon 6, crushed NdFeB

0.2009

151.4

7.773

UV treated nylon 6, crushed NdFeB

0.2175

163.9

9.111

UV treated nylon 6, as-received NdFeB

0.2666

200.8

13.69

T

Coercivity

 kA 

Magnet type

145.4

m

BHmax

7.173

 kJ 
m3

Table 4.3.: Remanence, coercivity and BHmax of the four types of injection molded magnets im-

mersed in water at 80 ◦ C for 600 hours.
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Figure 4.8.: The demagnetization curves in the second quadrant of the hysteresis loop for the four

dierent types of magnet in this study; a) exposed to air at 160 ◦ C for 600 hours and b) immersed
in water at 80 ◦ C for 600 hours.

4.4. Summary and Conclusion

The results in this section indicate that magnetic strength increases upon utilizing UV treatment and by utilizing as-received powder instead of crushed powder. However, the results of
the magnetic measurements might be aected by varying NdFeB powder content in the four
manufactured magnets. The magnetic strength might rather be a function of NdFeB powder
content as oberved by the second degree polynomial tted to the BHmax measurements in gure 4.4. Hence, it is of interest to improve the powder content even further. Nonetheless, the
obtained BHmax values are somewhat similar to those of ferrite magnets typically used in the
automotive industry. However, the magnets manufactured in this section cannot compete with
ferrite magnets regarding corrosion resistance, where the corrosion seems to be severe for all
types of magnets made in this study. It was not possible to predict the rate of oxidation of the
magnets in practice by the experiments carried out in this study. This could be investigated
thoroughly in a future study, along with some of the things mentioned in the following section.
4.5. Perspectives

In this section some of the things that could be studied in more detail with respect to
magnetic properties are discussed. In general, it would be of interest to consider how oxidation
and hydrogen absorption can be reduced to avoid loss of magnetic properties during thermal
demagnetization, processing and service. Oxidation can be reduced by lowering the temperature
which the magnets are exposed to and the oxygen availability. However, these things might not
be easy to facilitate since a certain temperature is usually required for a specic purpose and
72

oxygen will always be present unless a specic atmosphere or vacuum is utilized. As previously
mentioned, another approach could be to investigate the protecting eect from epoxy or nylon
6. It might not necessarily be favourable to crush the particles, leaving areas of uncovered
NdFeB present on the surface, increasing the chance of water and oxygen interacting with the
magnet surface. However, nylon 6 polymer might be able to protect unexposed areas of NdFeB.
It would be of great interest to study the thickness of both epoxy and nylon 6 layers and their
permeability to both water and oxygen.
It could be an opportunity to utilize additives in order to protect the magnet from oxidation.
One thing which has been investigated is surface modications of magnet powder [82] [83]. The
addition of compatibilizers such as silane coupling agents which aid in protecting the NdFeB
and binding to a polymer has been studied extensively [84] [85] [86]. Furthermore, the magnet
powder manufacturer Magnequench has introduced so-called anti-ageing technology where a
coating of the magnet provides oxidation resistance at elevated temperatures [87]. Besides,
article [88] reports using phytate, a compound naturally found in plant seeds, as corrosion
inhibitor in aqueous salt solutions for sintered NdFeB magnets, which might have similar eect
on the magnets produced in this study. However, this study does not discuss the thermal
stability of additives during for instance extrusion and injection molding. The additives might
decompose at elevated temperatures during processing making the use of these additives useless.
Additives that can sustain high temperatures could be investigated in a future study. However,
it is important to notice that when utilizing additives the amount of magnet powder per unit
volume decreases and the maximum obtainable magnetic strength decreases.
The elevated temperatures experienced during thermal demagnetization and processing might
result in oxidation and loss of magnetic properties. The oxidation could potentially be reduced if
these steps are carried out in an inert atmosphere such as a nitrogen atmosphere. Furthermore,
the crushing might also be carried out in an inert atmosphere, since the exposed areas of NdFeB
might oxidize in atmospheric air.
The oxidation of the magnets might be attributed the exposed bare areas of the magnet
powder that are uncoated by epoxy after crushing, leading to local attack of the magnets. To
determine if this is the case, experiments involving as-received and crushed powder in oxidative
environments could reveal if there are dierences in resistance towards oxidation because of the
dierent degree of epoxy coating. The nylon 6 polymer encapsulating the magnet powder also
has an eect on the resistance towards oxidation, and in general, the oxidation could be studied
as a function of degree of crushing and polymers protecting the surface. It could be carried out
by specically studying the loss of magnetic properties by means of magnetic measurements or
by studying the thickness of the oxide layer, the latter is discussed in the following.
It would be of interest to determine the thickness of the NdO layers near the surface of the
magnet particles in practice. One way to do this could be to cut a molded specimen of the
bonded magnets and polish the surface. The specimen could afterwards be investigated using

73

Scanning Electron Microscopy with backscatter detection to easier distinguish constituents
with various atomic weight [3] [89]. Utilizing this technique makes it possible to observe the
thickness of the oxide layer, since this oxygen rich layer containing lower atomic weight species
yields a dierent contrast in the obtained image [3]. Thus, the thickness of the oxide layer
can be measured for several magnet particles embedded in the polymer matrix. This would
be favourable in terms of measuring the relative loss, since NdFeB crystals become oxidized at
elevated temperatures and permanently lose magnetic strength because of the formation and/or
growth of newly formed and pre-existing NdO layers. Molded magnet specimen manufactured
at dierent processing temperatures or with dierent times of processing could for instance be
compared with respect to the thickness of their NdO layers. Hence, studying the oxidation
during processing, where it could possibly be reduced by lowering the temperature and/or
decreasing the processing time. The thickness of the NdO layers could be studied with dierent
polymers binding the magnet particles. In this case it would provide information on whether
epoxy, nylon 6 or a combination provides the best protection towards oxidation and loss of
magnetic strength. Thus, this extensive experiment would explicitly deal with the cause of the
loss of magnetic properties during demagnetization, processing and/or service. It would reveal
information on how to avoid the loss of magnetic properties, instead of merely measuring the
magnetic properties which would obviously also be of interest.
Another approach to determine the thickness of oxygen layers could be to use a solvent which
can dissolve the oxide layers of Fe2 O3 , Fe3 O4 and NdO. Magnet powder can be soaked in the
particular solvent and afterwards dried in an oven with an inert gas such as argon or nitrogen.
Hence, by measuring the weight before and after removing the oxide layer makes it possible to
estimate the thickness of the oxide layer by knowing the average size and surface area of the
particles.
In order to explicitly nd out whether it is oxidation or hydrogen absorption that causes the
primary loss of magnetic properties, X-ray diraction could be utilized to identify structural
changes in the NdFeB crystal structure. Hydrogen absorption is reported to alter the dimensions of the NdFeB crystal structure. Hence, the dimensions of the crystal structure could
be measured before and after exposure to elevated temperatures and dierent environments.
Thus, a comprehensive study of this would be of interest in order to determine how to avoid a
signicant loss of magnetic properties. If hydrogen absorption is crucial it is most likely preferable to avoid hydrogen rich species and/or water present nearby the NdFeB magnet, referring
to the discussion in section 4.1.2. [74]
In order to enhance oxidation resistance of NdFeB magnets, it could be an opportunity to
change the constituents in the magnet. The original meltspun powder bought from the company
Magnequench exists in dierent variations with various atomic constituents. For instance,
the powder used in this study, 20056-079, contains only a slight amount of cobalt compared
to other powders. Adding for instance cobalt, dysprosium and/or vanadium is reported to
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increase oxidation resistance [3]. An excellent oxidation resistance is most likely not necessary
in typical applications for compression molded NdFeB magnets, and this type of magnet powder
might oer sucient oxidation resistance. However, a better oxidation resistance might be
necessary for the purpose of the magnets in this study, where the magnets are exposed to
elevated temperatures and moisture in the automotive industry. Nonetheless, it is important to
notice that changing the type of NdFeB powder in the Grundfos rotor magnets will rst solve
problems in 20 years when magnets return for recycling. However, if this recycling process
is to be implemented, it might be worth considering it with respect to using another type of
powder. The price and magnetic performance of a dierent type of powder should obviously
be investigated as well.

75

Chapter 5

Mechanical properties

5.1. Introduction

In this section the mechanical properties are evaluated on the basis of results obtained from
tensile and impact tests. Mechanical tests are carried out to study changes in mechanical
properties upon UV treating and/or crushing the magnet powder.
5.2. Materials and Methods

Tensile bars are tested without extensometer using an Instron 5944 tensile testing machine
mm
with a crosshead speed of 1.2 min
. Impact bars are tested with the Izod procedure using an
Instron 9050 CEAST impact pendulum.
5.3. Results and Discussion

5.3.1. Tensile tests
The stress-strain diagrams obtained from tensile tests are observed in gure 5.1.
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Figure 5.1.: Tensile tests for the four types of magnets; a) neat nylon 6, as-received NdFeB powder,
b) neat nylon 6, crushed NdFeB powder, c) UV treated nylon 6, as-received NdFeB powder and d)

UV treated nylon 6, crushed NdFeB powder.

In gure 5.1 the stress-strain diagrams for all four types of magnets are seen; a) neat nylon 6,
as-received NdFeB powder, b) neat nylon 6, crushed NdFeB powder, c) UV treated nylon 6, asreceived NdFeB powder and d) UV treated nylon 6, crushed NdFeB powder. In general, large
dierences are observed in the tensile tests between the dierent types of magnets manufactured.
The neat nylon 6 and as-received NdFeB powder shows highest strain-to-fracture on average.
A large deviation between the individual measurements exists, with one sample fracturing at
around three percent strain and another experiencing fracture at around nine percent strain.
However, the samples have good reproducibility at low strains where the tensile bars show
similar stress-strain behaviour with increasing load. In gure b) for neat nylon 6 and crushed
NdFeB powder, it is observed that the strain-to-fracture is substantially lower, but on the other
hand similar in between the measurements. The ultimate tensile strength is higher on average
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for the crushed powder, but a large deviation between the ultimate tensile strength for the
dierent tensile bars is observed for this type of powder not seen for the as-received powder.
The UV treated nylon 6 bonded magnets in gure c) and d) have lower strain-to-fracture
than those based on neat nylon 6. On the other hand, the magnets treated with UV has a higher
ultimate tensile strength on average. The UV treated nylon 6 with as-received NdFeB powder
has the lowest strain-to-fracture of all four magnets, where the material show brittle behaviour.
This magnet has a lower ultimate tensile strength than the magnet with crushed NdFeB powder.
The magnet with crushed NdFeB powder has a higher strain-to-fracture compared to as-received
powder and has the highest ultimate tensile of all four types of magnets.
Hence, it seems that UV-treatment aects the mechanical properties. Utilizing UV treatment seems to result in a higher ultimate tensile strength and a lower strain-to-fracture. This
might be caused by an increased amount of hydrogen bonds between nylon 6 and magnet
powder, possibly avoiding fracture at low stress which is expected to occur at the interfaces.
Furthermore, utilizing crushed powder results in an increased ultimate tensile strength, possibly caused by a higher hydrophilicity of the crushed surfaces consisting of oxidized magnet
surfaces, instead of epoxy. These oxidized surfaces might be able to form additional hydrogen
bonds to nylon 6 compared to epoxy which is expected to fully cover the as-received powder.
Another explanation would be that smaller magnet particles are, to a greater extent, covered
by nylon 6 and embedded in the polymer matrix. Thus, it might hinder magnet particles from
being in direct contact with each other. This could potentially increase the tensile strength
and the strain-to-fracture, also when nylon 6 is UV treated and where several hydrogen bonds
are possibly formed between the two materials.
In order to compare the tensile tests quantitatively, the averages of the six measurements
are displayed in the initial 1 % tensile strain range in gure 5.2. This range is chosen since
the strain-to-fracture vary throughout the samples, in some cases the tensile bars break shortly
after 1 % strain.
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Figure 5.2.: Averages of the tensile test measurements in the initial 1 % tensile strain range.

It is observed that the tensile stress at 1 % strain is highest for the UV treated samples. This
could be attributed to the additional hydrogen bonds that might form at the interfaces between
magnet powder and UV treated nylon 6. Furthermore, the tensile stresses at 1 % strain are
higher for the respective crushed NdFeB powders compared to the as-received NdFeB powders
for both neat and UV-treated nylon 6. This might be a result of the crushed powder being
better incorporated in the polymer matrix because of the size, avoiding weak magnet-magnet
interfaces. It could also be a result of the crushed powder having a higher amount of oxidized
NdFeB present on the surface, where this surface might be able to hydrogen bond strongly to
the polymer, contrary to the epoxy. The exact stresses at 1 % strain are given in table 5.1. The
results indicate that it is favourable to UV-treat and crush the powder into smaller particles to
obtain higher tensile strength.
For the UV treated samples a strange behaviour of the stress-strain curve is observed from
0-0.2 % strain. The stress required to elongate the tensile bar increases initially, but around
0.02 % strain the UV treated magnets start to ow at stresses below 2 MPa. After around 0.2
% strain, the stress required to elongate the material increases and seems to follow the expected
behaviour again. This odd behaviour might be caused by the fact that self-tightening grips for
the tensile testing machine are used in this study. The serrated grips might indent the magnet
surface and cause plastic ow because of the deformation of the material, which could result
in the plastic ow observed in the stress-strain curve of the UV treated magnets. Even though
the self-tightening grips are tightened with approximately the same force, the force might vary
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in the tensile tests. Furthermore, it might be that the UV treated nylon 6 are softer compared
to the neat nylon 6, allowing the self-tightening grips to easier deform the surface and cause
plastic ow. Whether this is causing the dierence, could be tested by using dierent grips,
for instance side-action grips. It is likely that these grips will slip before fracture of magnets
with high tensile strength, which might make the change of grips a disadvantage in terms of
measuring ultimate tensile strength and strain-to-fracture. However, grips forming no indents
might be favourable in terms of measuring Young's modulus exactly, since the plastic ow of
the UV treated magnets might aect the measure of Young's modulus. [90]
Another explanation of the observed plastic ow could be that the UV treatment aects the
molecular weight of nylon 6 as discussed in section 2.3.3 and/or the interactions between the
polymers. The polymer might be able to ow at these low stresses because of changes upon the
UV treatment. The stress-strain behaviour could also be some kind of strain hardening that
occurs only for the UV treated nylon 6.

Magnet type

Average tensile stress (at 1
strain)



MP a

Neat nylon 6, as-received NdFeB

19.03 (SD: 0.5915)

Neat nylon 6, crushed NdFeB

26.93 (SD: 2.1754)

UV treated nylon 6, crushed NdFeB

34.87 (SD: 0.7338)

%

UV treated nylon 6, as-received NdFeB 31.59 (SD: 3.1657)
Table 5.1.: Tensile stresses measured at 1 % strain of the injection molded magnets, where the

standard deviation is listed for each type.

Young's moduli are measured using the Instron 5944 software and listed for the four magnet
types in table 5.2.

Magnet type

Average Young's modulus

Neat nylon 6, as-received NdFeB

4.49 (SD: 0.578)

Neat nylon 6, crushed NdFeB

4.92 (SD: 0.686)

UV treated nylon 6, crushed NdFeB

5.66 (SD: 0.466)




GP a

UV treated nylon 6, as-received NdFeB 5.20 (SD: 1.825)
Table 5.2.: Average Young's moduli of the injection molded magnets, where the standard deviation

is listed for each type.
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Even though large deviations are present in some of the measurements, the average Young's
modulus increases by utilizing UV treatment and by substituting as-received NdFeB powder
with crushed NdFeB powder. The eect from changing either of these seem to have approximately the same impact on Young's modulus. The changes in Young's modulus are likely
explained by the same things causing changes in the tensile strength, referring to the previous
discussion.

5.3.2. Impact test
Impact bars are tested using Izod procedure to study the energy which the material is able
to absorb before fracturing. This energy is a measure of the toughness of the material, which
is desired in terms of having a strong and ductile material. It is important to have high
toughness in applications where sudden impacts might occur, and the material should in these
circumstances be able to absorb energy immediately and avoid fracture. High impact strengths
could also be of interest in other applications where magnets are subjected to more severe
impacts than in the automotive industry. The measured impact strengths are seen in table 5.3.

Magnet type

Average impact strength

Neat nylon 6, as-received NdFeB

26.60 (SD: 5.56)

Neat nylon 6, crushed NdFeB

17.35 (SD: 3.15)

UV treated nylon 6, crushed NdFeB

10.86 (SD: 4.02)

J 
m

UV treated nylon 6, as-received NdFeB 11.73 (SD: 6.55)
Table 5.3.: Impact strengths of the injection molded magnets, where the standard deviation is listed

for each type.

The measured impact strengths deviate as seen from the rather high standard deviations. The
average impact strength decreases upon utilizing UV-treatment and decreases by substituting
as-received powder with crushed powder. This behaviour is opposite of what is observed in
section 5.3.1 for the tensile strength and Young's modulus. It is possibly explained by strong
intermolecular bonds which results in a minor ability for especially the polymer molecules to
absorb energy and reorient upon sudden impacts. Thus, the magnets might improve in tensile
strength and stiness, but become more brittle and perform worse regarding energy absorption
and resistance to fracture.
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5.3.3. Density dierences
So far the mechanical behaviour of the manufactured magnets have been discussed based on
whether the magnets are made using NdFeB powder (as-received or crushed) and nylon 6 (neat
or UV treated). However, as discussed in section 3.3.3, large density dierences are observed
between the four types of magnets. These dierences might be caused by dierent magnet
powders and/or nylon 6 treatment. Nonetheless, it is observed that the magnet specimen
increases in density in the particular sequence they are manufactured. As discussed previously,
this is possibly due to the powder adhering to inner walls and screws in the extrusion and
injection molding equipment. Hence, the magnet powder content might be increasing in the
particular sequence they are manufactured, possibly also aecting mechanical properties in
this way. In this section the mechanical properties are illustrated as function of the calculated
volume percentages of NdFeB powder. However, it is important to notice that the magnets
with dierent densities are of dierent nature. The results here can serve as basis for further
discussion of how the magnet powder content might inuence the mechanical properties.
In gure 5.3, the tensile strength (tensile stress measured at 1 % strain) is plotted as a function
of NdFeB volume percentage. The tensile strength increases with increasing powder content
except for the measurement with 60.7 vol. %. This might, however, be a coincidence for this
measurement with as-received NdFeB powder and UV treated nylon 6. The tensile strength is
expected to increase with increasing NdFeB powder content [49], however, the nylon 6 content
might reach a level where insucient coverage of magnet particles occurs. This could result in
magnet-magnet interfaces, possibly ceasing the increasing tensile strength behaviour.
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Figure 5.3.: Tensile stress at 1 % strain plotted as a function of vol. % of NdFeB powder.

In gure 5.4, Young's modulus is plotted as a function of NdFeB volume percentage. Young's
modulus shows a similar behaviour as the tensile strength, even though the standard deviations
are high, especially for the measurements 60.7 vol. %. The large deviation could be caused
by the low concentration of nylon 6, since the initial loading of the stress-strain curve might
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be dominated by the elasticity of nylon 6. Hence, when the concentration of nylon 6 becomes
low, it might be dicult to get a good measure of the elastically dominated nylon 6 response.
The deviation might also be caused by the fact that nylon 6 in the magnets at 60.7 vol. %
NdFeB powder are UV treated which could possibly aect the homogeneity and cause deviating
measures of Young's modulus as well. Additionally, since this batch is the last in the extrusion
and injection molding process this deviation might be caused by mixing of powders and polymers
which arise from traces of the previously processed batches.
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Figure 5.4.: Young's modulus plotted as a function of vol. % of NdFeB powder.

In gure 5.5 the impact strength is plotted as a function of NdFeB volume percentage.
The impact strength seems to follow opposite behaviour compared to the tensile strength and
Young's modulus. At higher NdFeB concentrations and thus lower concentrations of nylon 6,
there are fewer polymer molecules able to reorient fast upon sudden impacts, which might be
the explanation of the decreasing impact strength.
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Figure 5.5.: The impact strength plotted as a function of vol. % of NdFeB powder.

In summary, some tendencies seem to be present when plotting either tensile strength,
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Young's modulus or impact strength as a function of volume percentage of magnet powder.
Hence, it might be that the expected increase in powder content inuences mechanical behaviour of the magnets signicantly compared to surface treatment of nylon 6 and crushing of
the magnet particles. However, it is dicult to explicitly determine the cause of these eects.
This could be studied in detail in a future study along with some of the things mentioned in
the perspectives.
5.4. Summary and Conclusion

The results in this section indicate that the tensile strength and Young's modulus increase
upon crushing the NdFeB powder and utilizing UV treatment. On the other hand the impact
strength decreases upon crushing and utilizing UV treatment.
The changes in mechanical properties can also be attributed to density dierences in the
magnets. The density of the magnets increases in the sequence they are processed. Assuming
that no porosities are present in the bonded magnets, the NdFeB powder content increases
from 44.0 vol. % to 60.7 vol. % for the magnets processed rst and last, respectively. It is
suspected that the NdFeB powder content increases when processing the last magnets, since
the powder has a tendency to adhere to the inner walls and screws of the processing equipment,
possibly being dragged by the magnet mixtures processed last. Hence, the results also indicate
that the tensile strength and Young's modulus increase with increasing NdFeB powder content,
but seems to reach a maximum at high powder contents. Furthermore, the impact strength
decreases with increasing NdFeB powder content, but seem to reach a minimum at high powder
contents.
It is dicult to determine the exact cause of increased/decreased mechanical properties, be
it UV treatment, powder crushing or powder content. Unfortunately, this is believed to be a
consequence of the adhesive behaviour of the magnet mixtures during processing. Therefore,
it is suggested to clean the equipment and process excess amounts of magnet mixtures to
ensure a constant and known concentration of NdFeB throughout processing, since identical
concentrations are easier to compare and would have made it clear whether UV treatment
and/or powder crushing has any benets in this regard.
5.5. Perspectives

In this section, it is suggested which things could be studied in detail with respect to mechanical properties if more time was allocated. Dierent mechanical tests could be carried out;
compression, shear and bending. Furthermore, fatigue tests could favourably be carried out
to study the behaviour under periodic loading. No specic requirements for the mechanical
properties of these magnets exist, but it might be of interest to specify requirements or at least
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guidelines for the magnets in order to keep the mechanical properties in mind when considering
the entire recycling process.
The mechanical properties of our magnets can be compared to what is obtained elsewhere
[49]. In [49] the stress-strain curve is found for a magnet with approximately the same volume
percentage of NdFeB powder (59.7 vol. % compared to 60.7 vol. % for our magnets). The
ultimate tensile strength (18.4 MPa) and the strain-to-fracture (0.39 % strain), is substantially
lower for these magnets compared to our magnets. This indicates that nylon 6 is suited as
binder and that UV treatment might improve the mechanical properties of the bonded magnets.
However, Young's modulus is higher for the magnets in [49] (12.7 GPa). The dierences in
mechanical properties for the magnets in the two studies can be attributed to several things; for
instance the epoxy coating, dierent types of nylon as binder, removal of water prior to injection
molding and/or dierent processing conditions. In a future study, several things could be tested
and compared to nd the best solution for the bonded magnets for the recycling purpose.
Article [49] also obtained a bonded magnet with a NdFeB content of 71.0 vol. %. This
magnet has an ultimate tensile strength of 47.8 MPa, higher than the magnets from our study.
It indicates that a higher powder content yields a higher ultimate tensile strength. However, in
our previous study, a higher ultimate tensile strength above 50 MPa was obtained for magnets
with NdFeB contents of 20.5 vol %. The tendency found in this study was also that the tensile
strength increases upon addition of more NdFeB powder. Thus, some of the things causing
dierences in tensile strength in our two studies are discussed in the following.
It might be that higher processing temperature and/or longer residence time for the polymer
in the industrial extruder during this study causes degradation of the polymer leading to loss
of mechanical properties and lower ultimate tensile strength for the bonded magnets compared
to the previous study. This could be investigated in detail in a future study, where the mechanical properties might be further improved by utilizing a lower processing temperature and
an extruder with a dierent length in order to alter the residence time for nylon 6.
The lower tensile strength could also partly be caused by the UV treatment, which is carried
out for a shorter time than in our previous study. According to the results in section 2.3.2,
crosslinking of nylon 6 seems to increase with time. If crosslinked polymer chains result in improved tensile strength of the bonded magnets, it might be worth utilizing longer UV treatment
times.
Another thing which could be the cause of the lower tensile strength is the injection molding
process. A higher temperature of the heating cylinder is used in this study (300 ◦ C ) compared
to previously (280 ◦ C ). The higher processing temperature might aid in degradation of nylon
6, possibly resulting in decreased mechanical properties. Furthermore, dierent pressures are
applied and dierent holding times of the pressures are used in the two studies. In the previous
study a pressure of 800 bar was held for 40 seconds, whereas in this study an injection pressure
of 900 bar is held for ve seconds and a holding pressure of 700 bar is held for ve seconds.
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The higher temperatures and pressures are applied in order to initiate the injection molding
process, which seems to be more dicult with increased powder content. The time of holding
the pressures are decreased in this study, since this is more realistic in production, where a
shorter holding time yields more molded samples per hour. A higher pressure is expected
to yield higher densities of the magnets, whereas a shorter time in the mold might decrease
the degree of crystallinity for nylon 6 since the nylon 6 chains have less time to organize in
a crystalline manner. Both would possibly aect the mechanical properties and the eects
could be studied explicitly by varying one parameter at a time. The crystallinity of the molded
magnets could be studied by means of DSC. It was measured in our previous study but omitted
in this study due to the fact that the densities of the magnets are dierent, likely aecting the
measured heat ows and thus the degrees of crystallinity.
Furthermore, it would also be of interest to test mechanical properties at various temperatures. Even though the magnets can sustain high loads and impacts at room temperature,
these also need to be withstood at both low and high temperatures in order to be used in
the automotive industry. Lastly, humidity could also be varied in order to test if this has any
inuence on the magnets with respect to mechanical properties. Nylons absorb high amounts
of water [91], which could aect both tensile and impact strength.
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Chapter 6

Evaluating the recycling process

In this section the recycled nylon 6 bonded NdFeB magnets are evaluated and compared
to ferrite magnets used in the automotive industry regarding magnet properties, along with a
short discussion of costs associated with production and implementation.
6.1. Magnet properties

To summarize the magnet properties, table 6.1 displays the properties of the dierent magnets
manufactured in this study along with typical values for ferrite magnets used in the automotive
industry. The magnets are compared in terms of density, corrosion resistance, magnetic strength
(BHmax ) and ultimate tensile strength (UTS).

Corrosion resistance

BHmax

3.28

Poor

15.13

24-29

Neat nylon 6, crushed NdFeB

3.43

Poor

13.88

27-32

(UV) nylon 6, crushed NdFeB

3.63

Poor

16.81

37-46

(UV) nylon 6, as-received NdFeB

4.09

Poor

25.41

31-38

Plastic bonded ferrite

2.6-3.6

Excellent

15-18

30-80

Sintered ferrite

4.9-5.1

Excellent

25-31

34

Magnet type

Density

Neat nylon 6, as-received NdFeB

h

g
cm3

i

h

kJ
m3

i

UTS

h

MP a

i

Table 6.1.: Properties of bonded NdFeB magnets manufactured in this study, along with properties

of bonded and sintered ferrite magnets used in the automotive industry. Ferrite magnet specications
are obtained from [50], [80] and [92] while the specications for the NdFeB magnets are obtained
through experiments carried out in this project.

The magnets manufactured in this study are compared to two types of ferrite magnets,
sintered ferrites and bonded ferrites, both used in the automotive industry [50] [51]. The
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recycled NdFeB magnets are of signicantly lower density than sintered ferrite magnets, with
the highest density NdFeB magnet having a 20 % lower density than typical sintered ferrite
magnets. The lower density is caused by the dierent constituents in the magnets and the
nylon 6 content. Hence, a higher nylon 6 content might be better in terms of achieving a lower
density similar to bonded ferrite magnets having lower density than sintered ferrite magnets.
On the other hand the addition of plastic binder lowers the amount of magnet powder per unit
volume and thus BHmax .
BHmax for plastic bonded ferrite magnets is similar to the three NdFeB magnets with lowest
density manufactured in this study while BHmax for sintered ferrite magnets is similar to the
NdFeB magnet with highest density manufactured in this study. Hence, the magnetic strengths
for the recycled magnets made in this study are similar to magnets already used in automotive
applications. If it is possible to achieve even higher powder contents as reported elsewhere [49],
the tendency from gure 4.4 indicates that BHmax of the recycled magnets can reach higher
values than sintered ferrite magnets.
Regarding ultimate tensile strength, the interval of ultimate tensile strengths from the tensile
tests are listed in table 6.1 and can be compared to a typical value of sintered ferrite magnets
(34 MPa) and plastic bonded ferrite magnets (30-80 MPa), where the latter covers a large
interval most likely due to dierent plastic contents and processing conditions. The magnets
not treated with UV have lower ultimate tensile strengths than sintered ferrite magnets whereas
the ones treated with UV have similar or slightly higher ultimate tensile strengths than both
types of ferrite magnets. The ultimate tensile strength also seems to depend on the NdFeB
powder content, and it might be possible to increase this further by altering the degree of
crushing, optimizing the UV treatment and modifying the processing conditions. The corrosion
properties of the manufactured bonded magnets are in general poor compared to the ferrite
magnets. There seems to be no dierence with respect to corrosion resistance between the
various magnets manufactured in this study.
The conclusion of the comparison of magnet properties is that the properties of the recycled
magnets are similar to ferrite magnets, especially regarding BHmax . The ferrite magnets have
substantially better corrosion properties whereas the recycled magnets might be better with respect to density and mechanical properties, at least when compared to sintered ferrite magnets.
As mentioned in this study, several ways to optimize the recycled magnets exist which might
improve the corresponding properties. However, comparing the recycled magnets manufactured
in this study with both types of ferrite magnets, it seems that the properties are similar though
with dierent advantages/disadvantages.
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6.2. Implementation of the recycling process

In order to evaluate whether the bonded NdFeB magnets with similar magnet properties can
substitute ferrite magnets in automotive applications in the future, the implementation of the
magnet recycling process must be considered. The magnet recycling process can be compared
to the production of ferrite magnets where a complete life-cycle assessment should be made.
The dierent types of magnets need to be compared with respect to costs and environmental
impacts, possibly aected by disassembly, manufacturing, maintenance of equipment, disposal
of material and/or further recycling. This should be investigated thoroughly in a future study,
when more knowledge is obtained regarding; number of rotors received, types of rotors received,
how the rotors should be organized and disassembled etc.
If it is not protable recycling the NdFeB magnets, rening of the magnets returning from the
Grundfos pumps might be the best alternative. Rening only yields around $ 2 per kg magnet
material, so if it is possible to gain higher revenue from recycling this would be favourable.
The prot which can be earned depends on the cost of the recycling process along with the
performance that can be obtained for these magnets, aecting the price the customers in the
automotive industry are willing to pay.
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Chapter 7

Conclusion

This study proves that twin screw extrusion and injection molding of non-magnetized and
epoxy bonded NdFeB magnet powder with nylon 6 yields magnet powder content of 60.7 vol.
kJ
%. The obtained magnetic strength (BHmax ) for as-received magnet powder reaches 25.41 m
3
kJ
whereas crushed magnet powder reaches 16.81 m3 where the NdFeB powder content seems to
be lower in the latter. Nonetheless, the results indicate that compression molded and crushed
NdFeB powders have lower magnetic strength than the expected tendency.
By optimizing recycling and processing of NdFeB magnets from Grundfos pumps with compression molded and crushed powder which have been used in service, the magnets can possibly
obtain close-to the same magnetic strength as sintered ferrite magnets (25-31 mkJ3 ) and bonded
ferrite magnets (15-18 mkJ3 ) in the automotive industry.
Additionally, the results indicate that the optimum compatibility between nylon 6 and magnet powder is obtained by UV treating nylon 6 for 30 minutes prior to processing the recycled
magnet. The results on UV treated magnets indicate an increase in tensile strength and BHmax .
Future studies should be focusing on optimizing NdFeB magnet properties further and on implementing the entire magnet recycling process, e.g. sorting, demagnetizing and disassembling
incoming rotors.
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Abstract

This study illustrates that unmagnetized and epoxy bonded NdFeB magnet (MQEP) powder from compression
molded rotor magnets can be recycled
as bonded magnets through crushing,
compounding with nylon 6 and injection molding. A magnet powder content of 57.5 wt% is obtained, yielding
a BHmax of 1.33 mkJ3 , and results indicate that it is favourable to increase
the powder content even further to increase magnetic and mechanical properties. Additionally, nylon 6 is treated
with UV-light in order to enhance hydrogen bonding strength to the MQEP
surface, and the treatment improves
tensile and impact strength, but decreases the BHmax to 0.94 mkJ3 . Even
though successful manufacturing of recycled magnets is achieved, a cheap and
eective solution to handle the magnetized rotors and separate the compressed magnet powder from the stainless steel housing must be found, in order to create revenue of the whole recycling process.
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Preface
This report is the ninth semester project for group 2.223 studying Materials Technology at the
Dept. of Mechanical and Manufacturing Engineering at Aalborg University. The study is made
in cooperation with Sintex A/S, a subsidiary company of Grundfos.
References in this study are made as gure x.y, equation x.y etc. Sources are cited by a number
in the form [x] and are listed at the end of the report. When the source appears before a full
stop it refers to the preceding sentence and if it appears after a full stop it refers to the whole
section. Figures lacking references are produced by the group itself.
The title of this study is Recycling of Epoxy Bonded NdFeB Magnets and deals with the possible
recycling of magnet rotors from Grundfos pumps. The report is divided into three parts:
• Fundamentals, Production and Applications of NdFeB Magnets (chapter 1-4)
• Recycling of NdFeB Magnet powder (chapter 5-9)

• Price and Performance of Recycled NdFeB Magnets (chapter 10-12)

These parts include chapters with theory, experimental parts and conclusions. Important aspects are included in a summary in relevant chapters.

Simon G. Rokohl

Lennart Nielsen

December 20th, 2016
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part 1
FUNDAMENTALS, PRODUCTION
AND APPLICATIONS OF NDFEB
MAGNETS

Chapter 1

Introduction
The Danish company Grundfos produces
pumps, e.g. circulator pumps used for airconditioning and heating, and centrifugal
pumps used for water supply and sewage.
Grundfos is the largest manufacturer of circulators covering 50 % of the market and in
total the company produces 16 million pump
units annually. [1]
Recently, Grundfos has launched a recycling program where plumbers collect the
used pumps during exchange and return these
to Grundfos, where they are paid based on
kilograms of pumps collected. In 2015 a total
of 6057 kilograms was received in Denmark,
of which the distributors are paid approximately $1 per kg of pump. Currently, this
recycling pump program has only been introduced in Denmark, however, it is planned to
be extended to Germany soon, with other European countries to follow.
1.1. Recycling of magnets

At Grundfos the pumps are disassembled
and the materials are sorted in electronics,
plastics, combustibles, stainless steels, copper and aluminium. This is done to reuse
the materials, save money and be eco-friendly.
One of the things the company has not decided how to recycle is the rotor containing
rare-earth magnet powder. Previously the entire rotors including magnet powder has been
handed in as steel scrap. However, the magnet powder is expensive and costs approximately $30 per kg, so it might be favourable

to recycle the expensive magnet rotor. A possibility for recycling is to return the magnets
for rening which earns the company approximately $2 per kg. This possibly results in discarding magnet rotors that are undamaged,
and it might therefore be favourable recycling
either the rotor or to disassemble the rotor
with the purpose of recycling the magnet itself.
The rotors collected during the previous
year at Grundfos are shown in gure 1.1. As
of today, there is no exact bookkeeping of
the number of pumps/rotors received. The
rotors are of dierent size and shape, with
some of the rotors being from pumps manufactured by other companies. An overall estimate is made in order to calculate how many
grams of magnet powder are being collected
during a year. Assuming that the pumps on
average weigh 10 kg and the rotor on average weighs 0.20 kg. The rotor is composed
of an axle, stainless steel cover and magnet
powder, where it is assumed that the magnet
powder makes up 0.15 kg. Dividing the total
amount of pumps received last year: 6057 kg,
with 10 kg per pump gives ∼ 606 pumps. If
each pump contains ∼ 0.15 kg magnet powder
a total of 91 kg magnet powder is collected.
This is a rough estimate, however, it provides
an estimate of how much magnet powder is
being collected. Obviously, more is to come
as the recycling program is extended to other
countries and widely spread to all pump users,
craftsmen and distributors.
Rare-earth magnets are widely used in var3

ious industries and comprise 37 % of the total
market for hard magnets [2]. Hence, the disposal of rare-earth magnets might also be a
research area of interest for other companies
in order to gain revenue.

Figure 1.1.: The box with rotors collected at

Furthermore, if the Grundfos recycling program is extended, more magnets will follow
and it is of interest to consider the possible
recycling pathways of these rare-earth magnets. The dierent ways in which the magnet
can potentially be reused are seen in gure
1.2. First the magnet could be reused as it
is in the same product, i.e. in a new pump if
the magnet is fully functional (1). The magnet could have experienced loss of magnetic
strength and the magnet could potentially be
reused as it is, in a new product where less
magnetic strength is sucient (2). Another
way to reuse the magnet is to crush it into
powder and reuse the powder in the same
manufacturing process (3). An alternative solution is to recycle crushed magnet powder in
a new process in order to make new magnet
products (4). The nal solution is to hand
in the powder for rening in order to receive
approximately $2 per kg (5).

Grundfos during the last year where the rotors
are of dierent size and shape.

Figure 1.2.: The potential recycling loops for rotor magnets from Grundfos pumps.

4

1.1.1. Choice of process
Solution 1 and 2 might be obvious choices
of recycling since this is merely reusing the rotors. It would be straightforward to insert the
rotors into a new pump or a dierent product. However, due to changes in dimensions
and design of pumps in the past 20 years, the
rotor might not t into the new pumps being manufactured. Furthermore, the rotors
might have suered from wear and corrosion
which requires that each rotor is tested prior
to usage in the next product. Hence, the process is too cumbersome and expensive for the
company to benet from and solution number
1 and 2 are discarded as potential recycling
pathways.
Recycling solutions 3 and 4 are processes
where the magnet is crushed and the powder is reused either in the same or a new
process. The straightforward solution might
seem to be number 3 where the powder can
be reused in the same process. However, the
powder is coated with epoxy which functions
as binder in the magnet. When the magnet
is crushed for the purpose of recycling, cer-

tain areas of the powder might become bare,
as illustrated in gure 1.3. This yields a necessity to coat with an additional layer of
epoxy which is time-consuming, costly and
something that is preferably avoided due to
health issues [3]. An alternative is to use recycling solution number 4 where another process is used, preferentially without the addition of more epoxy. Instead of adding epoxy,
a thermoplastic polymer can be added and
the mixture processed yielding a new so-called
bonded magnet. The polymer functions as
binder and can aid in corrosion resistance.
Several methods can be utilized for manufacturing bonded magnets, these are discussed in
chapter 4. Today, Grundfos pumps are still
produced using magnet powder coated with
epoxy, hence, it is of interest to nd a recycling solution since the rotors returning the
next 20 years (at least) contain magnet powder coated with epoxy.
Recycling solution number 5 where the
magnet is rened can be avoided if more revenue is obtained from reusing the magnet in
one of the other recycling pathways.

Figure 1.3.: Crushing of magnet where the powder is coated with epoxy will possibly result in
powder with certain areas uncovered by epoxy.

1.2. State-of-the-art for
bonded magnets

Bonded magnets are the most rapidly growing market within the permanent magnet industry [4]. This is due to the fact that these
magnets are produced at low cost and are easily shaped compared to sintered magnets [4].
The demand for this has implied that bonded

magnets are being used in a wide range of applications, e.g. computer disk drives, portable
drilling machines, printers, video recorders
and the automotive industry [4] [5]. The
automotive industry is especially important
for the company Sintex, which manufactures
magnets for this particular industry. Hence,
this study investigates recycling solution 4
for the purpose of producing recycled bonded

5

magnets in the automotive industry.
Some of the things under investigation for
bonded magnets today will briey be introduced here. The particle size of the magnet powder is of interest [5], since smaller
particles might yield a better packing and
a higher amount of powder per unit volume
can possibly be obtained. This will eventually result in stronger magnets [6]. The polymer binder system is also being heavily investigated, since it aects magnetic properties
and protects the powder from corrosion [7].
Some of the polymers suited for bonded magnets are discussed in chapter 7. Furthermore,
surface modications of the magnet powder
has received great attention, since it is of interest to fabricate a bonded magnet where
the magnet powder adheres well to the polymer [6] [8] [9] [10], which might result in increased mechanical properties of the bonded
magnet. Furthermore, the density of the magnet might increase which yields the possibility of more magnet powder per unit volume,
implying better magnetic properties [6]. The
crushed magnet powder surface is expected to
be covered with epoxy in some areas and have
bare magnet powder in other areas, hence, the
polymer should preferably be compatible with
both magnet surface and epoxy coating. The
magnet powder has frequently been studied
but recycling of epoxy coated magnet powder has to the authors' knowledge not been
studied. Therefore this study serves as an introductory study to investigate the possibility
of recycling epoxy bonded magnets.
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1.3. Aim of this project

The rst experimental step deals with the
crushing process which might inuence epoxy
coating of magnet powder. Depending on
the degree of crushing, it is of interest to
choose a suitable binder system and gure
out how it interacts with the magnet powder.
The next step is concerned with compounding of the magnet powder and polymer into a
well-dispersed mass and later processed into
dense magnets. The goal is to obtain magnets with magnetic properties and mechanical strength matching commercial bonded
magnets on the market. However, the magnets will not be as magnetically strong as the
ones prior to recycling, since adding polymer yields a lower amount of magnet powder which inevitably cannot give identical
magnetic strength. Nonetheless, it might be
favourable to produce the recycled magnets if
the magnetic strength is comparable to other
bonded magnets. Furthermore, it is desirable
to investigate whether these recycled magnets are applicable in automotive applications
where temperatures upwards of 180◦ C need
to be withstood [11] [12]. Lastly, the price is
considered in order to gure out if it is worth
recycling the rotor magnets.
In order to determine which things are to
be investigated, a plan for the potential issues
that could be faced are made in the very beginning of this study. A description of this
plan is seen in appendix A.

Chapter 2

NdFeB magnets
2.1. Introduction to
rare-earth magnets

Rare-earth neodymium-iron-boron (NdFeB) magnets will be the main topic in this
chapter, since this type of magnet is used in
Grundfos pumps. It is the obvious choice of
magnet since it is the permanent magnet, able
to store the highest amount of energy [2]. The
NdFeB magnets can potentially be recycled as
bonded magnets for use in the automotive industry, as described previously. Bonded magnets are already heavily used in especially the
automotive industry where applications include motors (wiper-motors), sensors and actuators [13]. Hence, it is of great interest to
consider the recycling of this type of magnet,
which is the purpose of this chapter.
First, the composition and crystal structure
of NdFeB magnets is described, inuencing
intrinsic properties of the magnet. Second,
the extrinsic properties are described, including the magnetic properties when the magnet is exposed to an external magnetic eld.
Third, changes in the magnets caused by temperature and pressure, are discussed, since
these might cause a decrease in the magnetic
properties during service and/or processing.
Furthermore, it is considered what could be
done in order to improve magnetic properties
by tailoring the magnet powder or possibly
utilizing a dierent type of magnet.

2.1.1. Intrinsic properties
The intrinsic properties are dened as those
depending on the crystal structure of the
magnet. The main properties aected by
the crystal structure are; magnetic moment,
Curie temperature and magnetocrystalline
anisotropy which are described in the following.
The magnetic moment is the sum of the
magnetic dipole moments caused by the electrons in the crystal structure1 . The magnetic
moment per unit volume yields the magnetization, and the magnetization for NdFeB
magnets is highest among the commercially
available permanent magnets (1.61 Tesla at
room temperature) [2]. This is caused by the
particular atomic constituents and the crystal
structure. Each NdFeB crystal is comprised
of two neodymium (Nd) atoms, 14 iron (Fe)
atoms and a single boron (B) atom, arranged
in a tetragonal crystal structure. [2]
The tetragonal crystal structure yields a
structure with magnetocrystalline anisotropy,
which means that magnetization along the
[001]-direction is easier. It is a so-called easy
axis because the magnetic moments tend to
align in this direction. Hence, the magnet
is able to do more work if the axes of magnetocrystalline anisotropy of all crystals are
aligned similarly and the magnet is magnetized in this particular direction. Due to the
manufacturing method, NdFeB magnets used
in the Grundfos pumps today are isotropic,

1 Descriptions

of the origin of magnetic moments and magnetism is excluded in this paper. Excellent reviews
can be found in [2] and [14].

7

meaning that the anisotropic crystals are not
aligned. However, a dierent processing route
yields magnets that can have magnetocrystalline anisotropy, this method is somewhat
more comprehensive and expensive, but a description of other NdFeB powder manufacturing methods is included in chapter 3. [2]
The last intrinsic property aected by
the crystal structure is the Curie temperature. The Curie temperature is the temperature where the ferromagnetic properties are
lost and the magnet becomes paramagnetic.
Above this temperature the magnet will align
in an applied magnet eld, however, the magnetization is an induced magnetization. If the
applied magnetic eld is removed, the magnet has no magnetization, which means that
it is not functional as a permanent magnet
above this temperature. When the Curie temperature is approached, the magnetization is
gradually lost. Hence, it is of interest to have
a magnet with as high Curie temperature as
possible.
By substituting constituents in the NdFeB magnet it is possible to tailor the magnet to achieve e.g. a higher Curie temperature. It could for instance be the addition of cobalt substituting some boron in NdFeB. This will increase the Curie temperature but on the other hand lower the magnetocrystalline anisotropy. No known substitution which increases all three mentioned intrinsic properties. Nonetheless, it is possible
to tailor a specic parameter which is desired
in order to obtain better magnets for a specic purpose. The magnets used in Grundfos
pumps are manufactured by means of NdFeB
powder with epoxy, provided by the company
Magnequench (denoted as MQEP powder).
The powder exists with various atomic constituents depending on which type it is. It
might be possible to nd a powder with certain constituents which is not necessarily better for rst time magnets, but could yield advantages in terms of recycled magnets. However, this will rst be benecial in approximately 20 years when these new magnets are
returned for recycling. [15]
It is also possible to utilize a completely dif8

ferent magnet in order to obtain e.g. higher
Curie temperature than the NdFeB magnet
has. However, this will result in a lower magnetization so it is a trade-o between desired
properties. The Curie temperature is rather
low for NdFeB magnets (∼ 310 ◦ C ), whereas
it is signicantly higher for e.g. samariumcobalt magnets (∼ 750 ◦ C ), another frequently used rare earth magnet [16].

2.1.2. Extrinsic properties
The extrinsic properties are those derived
from the hysteresis curve of the magnet [17]
[2]. The hysteresis curve describes the magnetization of the magnet when an external eld
is applied. Hence, the extrinsic properties dene the magnet behaviour when magnetized
and demagnetized. Furthermore, an important quantity known as the maximum energy
product, can be derived from the hysteresis
loop. First a description of the hysteresis loop
is included. [2]
Hysteresis loop

To visualize the bulk magnetic properties
of a specic material, a plot of the hysteresis
loop is created. In these, the magnetic eld
B or magnetization M is plotted as a function of the applied magnetic eld H which
are related through B = µ0 (H + M ) where
Wb
is the permeability of free
µ0 = 4π · 10−7 A·m
space, Wb is the unit Weber [18]. A typical
hysteresis loop for a ferromagnetic material is
displayed in gure 2.1.

Figure 2.1.: Typical hysteresis loop for a fer-

romagnetic material. [13]

Hard magnetic materials have broad and
square hysteresis loops highly suitable for permanent magnet use. Soft magnetic materials
in contrast have narrow hysteresis loops and
do not retain magnetization as well as hard
magnets. Hence, these are used in other types
of applications, typically in high frequency
applications where the magnetic eld inside
the material changes frequently [15]. [19]
In general, when the saturated magnetic
eld Bs is reached, the magnetic dipoles are
aligned and the magnetic ux density is at
a maximum. When the applied H-eld is reduced back to zero the dipoles remain parallel
and the remaining magnetization is termed
remanence, Br [13]. To reverse the alignment of the dipoles, an opposite magnetic
eld is applied. The second quadrant represents the magnet's ability to resist demagnetization when an opposite magnetic eld
reverts the magnetization. The point where
the magnetic eld reaches zero is called the
coercivity Hc . The coercivity therefore measures the resistance of a magnet to demagnetize. Additionally a factor of signicant importance when analysing the hysteresis loop
is the quantity BHmax , which is the largest
rectangle below the B-H curve. This product corresponds to the maximum density of
magnetic energy which is stored in the magnet. Hence, for hard magnets it is desired to
obtain a high BHmax . [13]

2.1.3. Temperature eects
If magnets are exposed to elevated temperatures they can potentially change the demagnetization curve in the second quadrant of the
hysteresis loop. In other words, the BHmax is
possibly lowered when magnets are exposed
to elevated temperatures, which they are during service and processing. In the following
the dierent changes that occur are considered, because the changes can be either reversible, irreversible or permanent. [15]
Reversible changes

The reversible changes that occur in the demagnetization curve at elevated temperatures

are restored once the temperature is lowered
[15]. Manufacturers usually provide a specic
maximum operating temperature where temperatures below only cause reversible changes
[20]. For the case of the MQEP magnet powder used in this study, the maximum operating temperature is 130-150 ◦ C [21]. Hence,
this type of magnet might suer from decreased magnetic strength at elevated temperatures around 180 ◦ C required in the automotive industry.
References provide a temperature coecient which estimates the percentile change
in magnetization, coercivity and BHmax when
the temperature increases one degree. For instance the magnetization is expected to decrease with a rate of 0.13 ◦%C for NdFeB magnets. At an operating temperature of 180
◦
C the magnetization is expected to decrease
20.8 % compared to a room temperature of
20 ◦ C . Notice, that this model assumes that
the magnetization varies linearly with time,
which might not necessarily be true. [2] [15]
Irreversible changes

Contrary to reversible changes, irreversible
changes remain when the temperature decreases. However, irreversible changes can
be removed and full magnetization can be
achieved by applying a magnetic eld, saturating the magnetization again. Ideally
the changes that occur are reversible, hence,
the magnetization might decrease at elevated
temperatures but remain constant at ambient
temperatures. [20]

2.1.4. Permanent changes
Permanent changes can also occur within
the magnet, which means that a permanent
change in the hysteresis loop has occurred.
This permanent change cannot be reversed
again by magnetizing the magnetic eld to
saturation. It could for instance be caused by
heating the magnet to a temperature where a
polymer that binds the magnet melts and undergoes structural changes. However, permanent changes typically occur due to metallurgical changes within NdFeB. During process9

ing pressure and heat is applied which could
cause structural changes in the NdFeB part,
yielding permanent changes that cannot be
recovered by means of a magnetic eld. [15]
Furthermore, oxidation of the NdFeB surface could also take place, which could potentially cause permanent changes in the magnet. An oxide layer will have a lower coercivity, meaning that it is easier to demagnetize,
resulting in a reduction of the overall maximum energy product. The thickness of this
oxide layer depends on temperature and time
of oxygen exposure. Thus, it is favourable
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to avoid exposing magnets to elevated temperatures and high oxygen levels for longer
periods. [15]
The permanent changes can occur during
processing, hence, the supplier of the MQEP
powder has specied a maximum processing
temperature. If the temperature is kept below
this specic temperature (in atmospheric air
in no more than one hour) the supplier guarantees less than 2 % loss in magnetic strength
occurs. For the powder used in this study the
maximum process temperature is given as 250
◦
C.

Chapter 3

Magnequench Process
In this chapter the processes for manufacturing magnet powder, known as the Magnequench (MQ) processes, are presented and
described. Two approaches for obtaining the
powder are considered in this study, namely
the melt-spinning process and the spinning
cup atomatization, both made by the company Magnequench. The magnet powder
used to produce rotors at Grundfos uses the
melt-spinning process and more specically
the MQ I process. Hence, the magnets that
return consist of powder made by the process described in section 3.1. This section will
also include a description of other processing
routes to obtain non-bonded magnets (MQ II
and MQ III).
There might be dierences in utilizing another type of powder with respect to magnetic
properties, density of magnet, price, ease of
processing etc. Hence, another type of powder made by spinning cup atomization will
be described in section 3.2. This powder
can also be ordered from Magnequench and
it is of interest to know which properties can
be obtained for rst-time and recycled magnets. Changing the type of powder for manufacturing rst-time magnets could possibly
yield better recycled magnets in 20 years, so
it should be viewed as a long term investment.
3.1. Melt-spinning process

The production of NdFeB magnet powder
is often carried out using the melt-spinning
technique, frequently referred to as the Mag-

nequench technique. In this technique an
ingot of NdFeB alloy is melted and forced
through a small orice under argon pressure,
directly onto a water-cooled, spinning wheel
[18]. This gives rise to rapid quenching as
◦
cooling rates upwards of 1,000,000 Cs are
achieved. This rapid quenching causes the
material to solidify into a metallic ribbon
structure, approximately 35µm thick and 1
- 3mm wide. The entire process is schematically shown in gure 3.1. Lastly the ribbons
are crushed into akes of magnetic powder approximately 200µm across and 35µm thick.
[18] [22]

Figure 3.1.: Schematic description of the

melt-spinning process carried out by Magnequench.

The melt-spinning process can be adjusted
through several variables, including metal
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ow rate and rotational speed of the wheel inuencing the quench rate [22]. A high quench
rate during melt spinning is desired in terms
of avoiding precipitation of other phases than
NdFeB, e.g. precipitation of the α-iron phase
[23]. This phase is a soft magnetic phase with
a lower coercivity, lowering the overall coercivity of the magnet. [23]
Furthermore, the quench rate is crucial regarding the microstructure and the size of the
grains on the material surface. A high quench
rate yields an amorphous structure with essentially no grains whereas a low quench rate
yields large grains. If the quench rate is too
high with no grain structure, the coercivity
is low. Contrary, utilizing a low quench rate
yields larger grains resulting in a low coercivity as well. This might arise from each
grain containing several magnetic domains1
with no preferred alignment direction regarding magnetization. At the optimum quench
rate grains of approximately 20-100 nm in diameter are obtained, containing a single magnetic domain each which results in a high coercivity. It is important to control the quench
rate by means of the processing parameters in
order to achieve magnet powder with desired
grain sizes. However, this is not adjusted in
this study, since the powder is bought from
Magnequench. [22]
When these high quench rates are utilized
the magnetic moments of the grains are oriented randomly. As a starting point this
results in no preferred direction of magnetization, in other words what is known as
an isotropic magnet. It is actually prefer-

1A

12

able to obtain anisotropic magnets where the
magnetic moments are aligned, resulting in a
higher magnetization and BHmax . [2]
After melt-spinning the ribbons are crushed
into ne powder as seen in gure 3.2. This
yields powder with a BHmax of 122-128 mkJ3
[21]. The powder can be ordered with different particle sizes and the possible consequences of utilizing powder with dierent
sizes and shapes are discussed in section 3.3.

Figure 3.2.: Scanning Electron Microscopy

image displaying the powder obtained after the
crushing process.

Magnequench has three dierent processes
that can be utilized in order to obtain the nal magnet from the melt-spun powder. The
three processing routes are illustrated in gure 3.3 and will be described in the following.
Note that the MQ I process yields a bonded
isotropic magnet, MQ II yields an isotropic
magnet and MQ III yields an anisotropic
magnet. All types of magnets can potentially
be utilized in the Grundfos pumps.

magnetic domain is an area magnetized in a specic direction. [20]

Figure 3.3.: The Magnequench processes, MQ I, MQ II and MQ III. [22]

3.1.1. MQ I process
In the rst process, MQ I, the NdFeB powder is annealed at approximately 700◦ C in order to make the material ductile and more
workable. Next, an epoxy resin is mixed with
the NdFeB powder in order to coat the particles and improve the corrosion resistance
[24]. The epoxy coating is applied by dissolving epoxy in an organic solvent and spraying
the mixture onto the akes. The organic solvent is removed and afterwards the powder
is ready for compression molding, a process
which is described in section 4.1. After compression molding the material is cured yielding a bonded epoxy magnet. This process
yields crystals that are randomly oriented and
the isotropic nature of the material limits the
maximum energy product BHmax to ≈ 80 mkJ3
[22]. [18] [22]

3.1.2. MQ II process
The MQ II process involves hot-pressing of
the NdFeB powder at approximately 700◦ C
to form an isotropic and highly dense magnet
without epoxy, along with a slightly higher
magnetic alignment compared to MQ I, increasing the maximum energy product BHmax
to ≈ 100 − 120 mkJ3 [22] [18]. Hot pressing combines the powder pressing and heat-treatment
in one step. With hot-pressing heat and force
is applied in a closed chamber in order to

achieve a compact magnet with better BHmax
than MQ I. The disadvantage of utilizing this
technique is the price and production time of
the magnets compared to MQ I. This technique is more expensive since heating and
cooling for each unit is necessary in order to
achieve the compact mass and to release it
from the mold. Furthermore the mold needs
to be exchanged more often. In a future study
it could be interesting to consider switching to
this process and what the costs would be. It
will be more expensive to produce rst time
magnets, however, if the magnets are easier to
recycle it might be favourable to switch to this
manufacturing method in the long run. Additionally, if no epoxy is added in MQ II the
powder can easily be recycled through pathway 3 as illustrated in gure 1.2. [25]

3.1.3. MQ III process
The MQ III process involves a two-step
sequence with the rst step following the
MQ II process in which the powder is hotpressed at around 700◦ C . Afterwards a second hot-pressing at a similar temperature is
carried out using a die with a larger cross
section. In this step the material is compressed to approximately 50 % of the original
height. As this is carried out, internal shear
stresses develop at the granular level which
tend to align the magnetic axes, resulting in
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an anisotropic material and a maximum energy product BHmax of ≈ 400 mkJ3 [22]. This
process is the most comprehensive, but yields
anisotropic magnets and thus magnets with
higher BHmax when compared to the other
processes. Hence, this process could be investigated similarly with respect to cost and recycling, if it is worth switching to this method
in the future. Notice that the recycling of
magnets made from the MQ II and the MQ III
processes, which are not coated with epoxy,
are rst relevant in 20 years when the pumps
with new types of magnets will return. [18]
3.2. Spinning cup

Figure 3.5.: Schematic description of the spin-

ning cup atomization process carried out by
Magnequench.

atomization

An alternative to the previously described
melt-spinning technique, called spinning cup
atomization has recently been commercialized with the purpose of producing spherical
NdFeB powder. The spinning cup atomization uses a spinning cup instead of a spinning wheel. Molten metal is injecting into a
spinning cup and centripetal force causes the
liquid to be transferred to the outside, eventually leaving the cup where the melt is broken into droplets, as illustrated in gure 3.5
[26]. This produces spherical powder as seen
in gure 3.4 and can be an alternative to the
ake-like powder manufactured by means of
melt-spinning. This powder is collected and
afterwards heat treated similar to melt-spun
powder. This results in BHmax values in the
range 80-92 mkJ3 for the powder [27]. [22]

Figure 3.4.: Scanning Electron Microscopy

image displaying the spherically shaped powder
obtained through the spinning cup atomization
process. [22]
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3.3. Particle size and shape

Powders from Magnequench can be ordered
with various particle size. The powder is
sieved and the particle sizes depend on the
mesh used. The Magnequench powder ranges
from mesh sizes of 40 to 150, which corresponds to particles of approximately 420 µm
and 100 µm, respectively. [28]
The smaller particle sizes have a higher
amount of atoms on the surface which most
likely means that more of this powder is
coated with epoxy when crushed for recycling.
Crushing small and large particles to comparable sizes might yield powder with varying
amount of coating, thus the larger particles
might have more NdFeB exposed to the surroundings after crushing. Whether this is an
advantage or disadvantage depends on the interaction with the binder system. The chemical interactions will be described in chapter 7
and whether the surface is coated with epoxy
or not is discussed in chapter 6.
One thing which is necessary to consider
regarding the use of this powder for recycling
is the shape of the powder. The akes manufactured by means of the melt-spinning process is suited for compression molded magnets, however, it might not necessarily be
suited for other manufacturing methods. According to Magnequench, spherical powder

manufactured by means of spinning-cup technique is especially suited for injection molding. It is most likely due to the spherical
shape of the powder where a lower packing degree is obtained, which yields a higher
chance for the polymer to encapsulate the
powder. Hence, it might be worth considering the manufacturing method for rst-time
magnets when choosing the recycling processing method. The considerations of recycling
processing methods are discussed in chapter
4.
The shape of the powder might also inuence the epoxy coating on the surface after
crushing. In general, spherical powder with

the same volume as akes will have a minor
total surface area. However, as seen in gure 3.4 the spherical powder is much smaller
compared to the akes seen in gure 3.2 which
aects the total surface area.
Obviously the choice of powder must also
be based on price and magnet performance,
since spherical powder has a lower BHmax of
80-92 kJ/m3 whereas the akes have 122-128
kJ/m3 . Even though it might be favourable
to utilize spherical powder in the long run, the
process of changing powder might be cumbersome and will only solve problems regarding
recycling of magnets 20 years from now.
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Chapter 4

Life Cycle of NdFeB Magnets
The production of NdFeB magnets from
powder is discussed in this chapter. First,
the existing life cycle of the NdFeB magnets
is described and afterwards the potential recycling processing methods are presented and
discussed. These include calendering, extrusion and injection molding. Lastly, the entire
potential recycling process is described and
an overview is given in a owchart, where the
major research topics for the rest of the study
are highlighted.

4.1. Existing life cycle

At Magnequench the MQEP powder is
spray coated with 1.55 wt% epoxy resin and
mixed with 0.2 wt% lubricant (zinc stearate).
In the compression molding step the powder
is placed in a mold cavity at ambient temperature and a pressure of about 6000kg/cm2
compacts and shapes the powder [29]. The
magnet is afterwards heated to temperatures
of 150-175◦ C for an hour in order to cure
the thermosetting epoxy which functions as
binder in the magnet. This is done in a nitrogen atmosphere to avoid oxidation which
lowers the BHmax of the magnet. Furthermore, if oxygen is present along with an elevated temperature, the powder can possibly
ignite and smoulder due to the exothermic reaction when forming oxides [30]. A schematic
of the compression molding equipment used
to manufacture epoxy bonded magnets is seen
in gure 4.1.

Figure 4.1.: A schematic illustrating the prin-

ciple of compression molding [29].

After the magnets are compression molded
they are pressed into a thin stainless steel
cover. This yields structural support for the
magnet and also functions as cover protecting
against corrosion. The rotors are mounted
in pumps and used in service for approximately 20 years. Temperatures the magnets
are exposed to are within liquid water temperature range (0-100◦ C ). Elevated temperatures can result in irreversible losses or structural changes that lead to permanent losses in
magnetic properties [29]. However, when the
temperature is kept below the recommended
operating temperature (130-150 ◦ C [21]), this
is not expected to cause major irreversible or
permanent changes in the magnet.
When used pumps are returned to Grundfos they are disassembled and sorted. This is
done manually and is a tedious process, especially if more pumps are returned in the
future. It might therefore be necessary to implement an assembly line solution or a fully
automated robot solution where the pumps
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are separated into the specic components in
order to handle the received materials. Additionally the rotors should be sorted depending on size and magnet type, since the rotors
received are dierent. As of today, the only
bookkeeping is on how many kg of pumps are
received, but in the future it would be benecial with an estimate of the amount of NdFeB
powder received. The NdFeB powder could
possibly be separated from the stainless steel
sleeve through crushing, cutting or laser cutting to reveal the powder. This is discussed
in detail in chapter 5.
New possibilities of recycling the magnets
are investigated within this study. Magnets
could potentially be manufactured in a new
process where a loss in magnetic performance
is accepted, however, the magnet might be
cheaper compared to producing new ones for
use in other applications. The magnetic loss
in the recycled magnet can also be caused by
the fact that the rotor magnet in the Grundfos pump experiences magnetic loss due to
the temperatures and environment exposed
to during the 20 years in service. Grundfos
expects a drop in BHmax of maximum 4 %
throughout the lifetime of the pumps. The
expected loss from mixing the magnet with
binder is signicantly higher, around 40 %
[21]. Hence, the drop in magnet performance
from 20 years in service is not expected to
have a signicant inuence compared to mixing with binder, and the loss in service is not
investigated explicitly in this study.

4.2. Recycling the crushed
magnet

Mixing the magnet powder with binder
could open up for a recycling method yielding
bonded magnets. The mixture can be processed in a number of ways, e.g. calendering, extrusion or injection molding [18]. The
three methods will be discussed in the following, and which method to choose for recycling
depends on desired size, shape and properties
of magnets.
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4.2.1. Calendering
In calendering, magnetic sheets are made
by means of rolling a mixture of magnet powder and binder through a series of heated
sheets. This process yields magnets of at
sheets as illustrated in gure 4.2. The sheets
produced are not rigid but more exible since
the binders used for this purpose are often
elastomers like rubber and silicone [22]. [29]

Figure 4.2.: A schematic illustrating the prin-

ciple of calendering [29].

4.2.2. Extrusion
In extrusion either a single or twin screw is
used to mix and melt the mixture of magnet
and binder. A heated barrel surrounds the
screw so both thermal and mechanical energy
is applied to the mixture when the screw rotates and pushes the material forward. The
mixture moves towards the end of the screw
where a heated die is located. This forces
the material into a continuous strip of desired
shape depending on the die. This process
can be seen in gure 4.3. The magnet is cut
into small magnets where this manufacturing
method limits the production to magnets of
the same cross-sectional prole. Both rigid
and more exible magnets can be made by
means of extrusion [22]. [29]

Figure 4.3.: A schematic illustrating the prin-

ciple of extrusion [29].

4.2.3. Injection molding
Injection molding also uses a reciprocating screw and barrel heating in order to mix
magnet powder and binder. Instead of forcing the magnet through a die, the material
is forced into a mold as illustrated in gure
4.4. This gives advantages in terms of forming magnets of complex shape and makes it
possible to produce several magnets in one
shot by multi-cavity tools. It is possible to
mold the rigid magnets directly around axles,
which is favourable in terms of making rotors
for use in the automotive industry. Furthermore, injection molding is also being investigated as manufacturing method for polymer
bonded magnets in the automotive industry
[11] [12]. Hence, injection molding is chosen
as recycling pathway in this study. However,
if magnets of dierent shapes in other applications are desired it might be preferable to
utilize one of the other methods. [29]

Figure 4.4.: A schematic illustrating the prin-

ciple of injection molding [29].

4.3. Potential recycling
process

The Magnequench powder fabrication has
been described along with which recycling
pathway is chosen and how the recycled magnets need to be processed. Hence, an overview
of the entire recycling process suggested in
this study is seen in the owchart on the following page. This will be the starting point
for the rest of the study. This study will investigate the parameters written in italic in order to achieve magnets recycled from powder
containing epoxy, that can possibly compete
with existing bonded magnets in the automotive industry.
Notice that some of the things in the Magnequench and compression molding process
can potentially also be varied. This will, as
previously mentioned, rst solve problems 20
years from now. Nevertheless, it might be
worth considering if this yields better possibilities for recycling magnets. However, the
major focus will be the analysis steps marked
with circles in the ow chart. The rst three
of these will be thoroughly described in the
next part (II) regarding recycling, whereas
the magnet performance versus price will be
evaluated and concluded in the last part (III).
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Magnequench process
An ingot of NdFeB is used as
starting point for the Magnequench process

Melt spinning

Thin ribbon is obtained

Wheel rotation
Cooling

Process steps

crushing
Mesh size

Neodymium flakes are obtained where after epoxy
is sprayed to coat the
flakes

Analysis steps to be investigated in this project

spinning
cup Atomization

Magnet
performance

Recycled magnets

Injection molding
Atmosphere
Temperature
Pressure

Performance, BHmax,
coercivity/remanence
Corrosion testing
Coating

Spherical particles

Compounded magnet mixture

recycling process
NdFeB powder with epoxy
and zinc stearate

compression
molding
Pressure and time
Amount of powder in
mold

Magnets are used in pumps
for 20 years

The pumps return for recycling and are disassembled

Demagnetization

crushing
Time

Heat in nitrogen atmosphere
Demagnetize prior to removal of
stainless steel cover

Crushed powder

polymer is added

Bare NdFeB or epoxy on the surface
Particle size and shape

choice of polymer

compounding
Add plasticizer,
dispersant and/or
lubricant
Amount of NdFeB
Time

Which polymer
Cost/performance
Silane coupling agents
Surface treatment of the polymer
Analyse the surface chemistry

part 2
RECYCLING OF NDFEB
MAGNET POWDER

Chapter 5

Preparation Prior to Crushing
5.1. Introduction

This section considers what should be done
with rotors as received, prior to crushing
and further processing of the magnet powder. First, a method of opening the magnets
to extract the magnet powder is required. It
is necessary to consider how this is done in
the most ecient way without aecting the
magnetic properties. It is also of interest to
consider the implementation of disassembling
the magnets on an industrial scale. Next, it
is necessary to consider the behaviour of the
magnetized powder, since the powder might
stick to other materials in the disassembly
and processing steps. It would perhaps make
it dicult to handle and further process.

are formed probably due to the oxidative behaviour of neodymium [30].
During prolonged cutting with a hack saw
the magnet powder ignites and smolder. This
will denitely pose issues, since water cooling
of the magnets is not an option due to the
fact that more oxygen is added, enhancing the
smoldering. Favourably the cutting should be
carried out in an inert atmosphere to eliminate the presence of oxygen. However, this
will require additional expenses which should
be taken into account regarding the overall
recycling process.

5.2. Removal of rotor cover

First, the magnets are cut open to remove
the rotor cover, and since this is a stainless
steel cover the cutting process is challenging.
The cutting process starts with clamping the
magnet tightly in a machine vice and using a
hacksaw to cut the surrounding stainless steel
cover, revealing the NdFeB magnet powder as
seen in gure 5.1. As observed it is possible
to cut through the stainless steel cover, where
some of the magnet powder adheres to the
hack saw. Even though some of the magnet
powder adheres to the hack saw and the stainless steel cover, most of the magnet remains
as a compact mass not easily extracted. Additionally, when cutting the magnets, sparks

Figure 5.1.: Cut NdFeB rotor with exposed

magnet powder.

Clamping, cutting and extraction of magnet powder could be automated through the
use of robots. If it is possible to set the magnet on re by means of a hack saw it is inevitably also an issue using industrial cut23

ting equipment. Alternatively, laser cutting
might be utilized, however, heat is also generated with this method, and could potentially
worsen the smoldering. These issues need to
be circumvented if implementation on an industrial scale is desired.
Furthermore, issues might also arise regarding the rotors of varying size depending on
which pump they have been used in. This
will require the robots being able to adjust
to the size of the pumps or having equipment
for cutting and separation where the rotors
are sorted depending on size prior to cutting.

5.2.1. Designing for disassembly
It is crucial for implementation of the recycling process to ensure that disassembly of the
rotors is easily done and has potential for automated solutions and as of now, the rotors
are clearly not designed for disassembly. A
dierent and long-term solution to this issue
could be to design the rotors for disassembly in future, making it signicantly easier to
extract the magnetic powder. A bolted-joint
approach to the stainless steel cover, involving appropriate seals, could potentially be a
solution to this issue. This could also make an
automated solution simpler if the disassembly
process merely requires unscrewing of bolts.
A drawback to this solution would obviously
be the bulky design which could possibly interfere with the surrounding stator since the
rotor will not be entirely circular. Therefore
a solution which maintains the rotor shape is
desired. Ensuring the shape of the rotor while
keeping the enclosure sealed might involve difcult and/or expensive solutions. One solution could be to utilize retainer rings to secure
the magnet. By introducing a groove in the
stainless steel cover a retainer ring, of matching dimensions, can be mounted and secured
in place. This solution might however require
seals to ensure proper sealing but should not
aect the rest of the assembly such as the ceramic axle of which the magnet rotor is attached.
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5.3. Magnetic attraction
between powder and
processing equipment

After extraction of the powder from the rotor covers it is of interest to investigate the
magnetized powder behaviour in crushing,
compounding and injection molding equipment. A quick test reveals that the powder
adheres to the outer surface of the compounding chamber of stainless steel. Hence, this
might be an issue inside the chamber where
the magnet powder might adhere to the surfaces, disrupting mixing with the polymer. It
could also be that the magnet powder adheres
to itself and do not mix properly with the
polymer. Hence, magnetic properties of the
bonded magnet could possibly be optimized if
better dispersion of the magnet powder could
be obtained.
Whether this is a major issue could be
tested by utilizing magnetized powder from
the rotors. However, it is not done in this
study because of the fact that it would require
tedious work by cutting several rotors open
and withdrawing powder from these. Each rotor contains approximately 150 grams of powder, making it cumbersome to collect much
material for compounding.
To circumvent magnetic adhesion to the
walls and powder adhering to itself, a solution could be to demagnetize the magnets
prior to disassembly. This could for instance
be done by means of industrial demagnetizers, installed as part of the production line
[31]. The suggested solution will obviously be
an expense to implement in the production,
however, it might be advantageous in terms
of achieving better recycled magnets.
Another way to remove magnetization is
by means of heat. If the magnet is heated
magnetization is gradually lost and above the
Curie temperature it completely vanishes [15].
The Curie temperature marks the transition from ferromagnetism to paramagnetism,
which means that above this temperature the
magnet is no longer functioning as a permanent magnet [15]. Since heat is applied while

processing, it might be possible to avoid any
of the aforementioned issues by utilizing a
processing temperature in both compounding
and injection molding that lowers the magnetization suciently. In the following, a model
is presented to estimate the magnetization as
a function of temperature. Hence, it will be
estimated how much of the magnetization is
expected to vanish at elevated temperatures.

5.3.1. Magnetization at elevated
temperatures
The magnetization M is given in terms of
the amount of atoms per unit volume N and
the magnetic dipole moment per unit volume
µm .
In the case where the magnet is magnetized
to saturation, the equation can be written as:
(5.1)

When heat is applied the magnetization decreases because of misalignment of the magnetic dipole moments. It has been found that
the equation above can be modied in order
to include the temperature dependence, becoming:


µm µ0 M
M = Msat tanh
kT

Where µ0 is the constant vacuum permeability that relates the magnetic eld to the magnetization, k is Boltzmann's constant and T is
temperature. Notice that if the temperature
is low and the magnetization high, the hyperbolic tangent part approaches 1, hence, the
equation reverts to the previous one and the
saturation magnetization is intact. However,
when increasing the temperature the magnetization becomes signicantly smaller than
the saturation magnetization. The saturation
magnetization can be moved to the other side
of the equation and the fraction on the other
sat
.
side is extended with M
Msat


M
µm µ0 M Msat
= tanh
Msat
kT Msat



mµm µ0 Msat
m = tanh
kT

According to equation 5.1, the saturation
magnetization can be written as Msat = N µm .


mµ2m µ0 N
m = tanh
kT

(5.2)

The previously mentioned Curie temperature
Tc is a material parameter that can be calculated using the following equation.
Tc =

M = N µm

M = N µm = Msat

The left side of the equation is dened as m
which is the reduced magnetization, the ratio between the actual magnetization and the
saturation magnetization.

N µ2m µ0
k

Inserting it in equation 5.2 yields:


 
mTc
m
m = tanh
= tanh
T
t

(5.3)

Where the reduced temperature t has been
introduced as the ratio between the temperature and the Curie temperature t = TTc .
Hence, this equation can be used to model
the decrease in magnetization with temperature. Since, m is present on both sides of the
equation the equation is solved graphically for
a specic temperature t. The Curie temperature is ∼ 310 ◦ C for NdFeB [16], and can
be used to plot tanh( mt ) as a function of the
reduced magnetization. Furthermore, the reduced magnetization is plotted as a function
of itself (m0 = m(m)) which yields a straight
line with the slope 1. At the point where the
two curves intersect, the reduced magnetization m is equal on both sides of equation 5.3.
Hence, this particular value of m yields the
reduced magnetization at a specic temperature.
This is illustrated in gure 5.2, where three
dierent temperatures have been used for illustrative purposes; 130 ◦ C , 200 ◦ C and 270
◦
C . Notice that these need to be inserted
as Kelvin in the formula, however, for convenience the temperatures are discussed and
illustrated as degree Celsius. The plots reveal
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that tanh( mt ) intersects the m = m at different values of m depending on temperature.
At the points of intersection the value of reduced magnetization m is found on the x-axis;
at t = 130◦ C the magnetization is 84 % of
the saturation magnetization, at t = 200◦ C
the magnetization is 70 % of the saturation
magnetization and at t = 270◦ C the magnetization is 45 % of the saturation magnetization. Hence, this calculation shows that a
major drop in magnetization is observed at
higher temperatures. If processing temperatures upwards to the Curie temperature of 310
◦
C are utilized it might be that attraction of
the magnetized powder is no issue during processing. Hence, the processing temperature
can be used to, at least briey, demagnetize
the material. Hopefully the lost magnetization is reversible, so that upon cooling the
magnetization is regained.

5.4. Summary

1
m0
tan(m/t130)

0.8

tan(m/t200)
tan(m/t270)

0.6

0.4

0.2

0
0

0.2

0.4

0.6

0.8

1

m

Figure 5.2.: Black: The plot of the reduced
magnetization m as a function of itself, which
yields a straight line with a slope of 1 (notice that all lines are plotted as a function of
m). Blue: The plot of tanh( m
t1 ) where t1 is
◦
130 C divided by the Curie temperature (310
◦ C ). Red: The plot of tanh( m ) where t is 200
2
t2
◦ C divided by the Curie temperature. Green:
◦
The plot of tanh( m
t3 ) where t3 is 270 C divided
by the Curie temperature.

It is important to note that this is a theoretical estimate and the accuracy of this model
on the particular magnet type used in this
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project, should be investigated. Furthermore,
the processing temperature is one parameter,
but more interesting is the actual temperature of the magnet powder during processing.
This temperature might dier from the processing temperature. Issues with MQEP powder adhering to surfaces might arise near the
inlet to the chamber where the temperature
of the powder is not demagnetizing the material suciently. [15] [32] The demagnetization
behaviour of the powder should be studied in
greater detail. It would be preferable to investigate the demagnetization experimentally
in more detail, but other topics are also necessary to be covered in order to manufacture
the desired recycled magnets. Nonetheless,
this chapter has discussed some issues that
might arise with the magnetic powder, and
also their possible solutions.

Based on the hack-saw method used to
open the rotor in this chapter it can be concluded that this method poses issues regarding smoldering of the MQEP magnet powder. Additionally, since the mass is compact
it is not easily extracted, therefore an easier
opening and extraction method of the magnet
powder must be found. This could possibly
require a re-design of rotors, suitable for disassembly. It is also worth considering an industrial disassembly line solution in order to
speed up the process of separating the magnet from the stainless steel cover. The magnetized powder might cause issues by adhering
to itself or processing equipment. However, if
a processing temperature of for instance 270
◦
C close to the Curie temperature (∼ 310 ◦ C )
is utilized, the magnetization is expected to
be 45 % of the saturation magnetization, possibly avoiding adhesion issues of the magnet
powder. Another opportunity is to demagnetize the magnet by means of an industrial
demagnetizer prior to removal of the stainless
steel cover.

Chapter 6

Crushing
6.1. Introduction

In this section crushing of the MQEP powder is discussed along with an investigation
of the particle sizes before and after crushing. The magnet powder is investigated in order to determine whether bare NdFeB and/or
epoxy is present on the surface. The reason
for studying this is due to the surface chemistry, depending on whether NdFeB or epoxy
dominates the surface, which is of great interest when considering interactions with the
polymeric binder systems.
6.2. Crushing the powder

The powder used in this project is MQEPB+ 20056-079 of mesh size 80. It is composed
of NdFeB akes produced by the MQ I process, mixed with 0.2 wt% of zinc stearate as
lubricant and coated with 1.55 wt% epoxy. It
is crushed using a Skiold Skivemølle crusher
and has not been used in rotors prior to crushing. The particle size is investigated by means
of a Scanning Electron Microscope (SEM)
and a particle size analyser. SEM utilizes a
primary beam of electrons that strikes and
ionizes the surface of a sample, releasing secondary electrons. These electrons are captured by a charged detector which converts
the signal in each scanned point to a contrast
based on the height of this point compared to
the surroundings. These contrasts are then
used to generate an image of the sample which
in most instances yield a high resolution com-

pared to light microscopy. [33]
The particle size analyser shines a laser
onto the powder and the measurement relies
on the scattering behaviour of the light. The
angle at which the light is scattered depends
on size and shape of the specic particles.
Hence, measuring the angle of the scattered
light it is possible to construct a plot displaying the size distribution of powder depending
on the amount of light scattered in the respective directions. [34]
The particle size analysis is carried out on
dry, crushed MQEP powder which is fed into
a powder disperser. The powder needs to
be dispersed suciently without damage to
avoid agglomeration of the particles, hence a
dispersive force is applied to the powder. The
force exerted on the powder can be adjusted
through two variables. One way to change
the force is through the feed rate; the acceleration of the vibrating feeder which shakes the
powder in order to achieve proper dispersion.
The other possibility is to change the pressure
applied when forcing the powder through the
venturi into the laser. [35]

6.2.1. Materials and Methods
In order to investigate the particle size and
shape Zeiss Evo LS 15 SEM with accelerating
voltage of 15 keV is used to investigate the
MQEP powder as received and the crushed
MQEP powder. Double-sided tape is cut and
placed onto two separate pin stubs on a multi
sample holder. The individual powder types
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are then deposited onto each pin stub and
loaded into the SEM.
The particle size distribution is found by
means of a Malvern Mastersizer 3000 Particle
Size Analyser. The crushed MQEP powder
is fed into an Aero S dry powder disperser
which forces the powder into a venturi using
compressed air. The pressure used is 2 bar,
the feed rate is 23.2 sm2 and six measurements
are done in order to ensure reliability.

6.2.2. Results and Discussion
First, the SEM images of MQEP powder
are examined in gure 6.1, where a) is the
powder as received and b) is the crushed powder. The dimensions of the particles are considered with respect to their lateral sizes. For
the MQEP powder the particles are around
200 µm, varying only slightly in size - corresponding to the assigned mesh size (80).
The crushed powder is smaller than the asreceived MQEP powder, as expected, but also
signicantly more diverse in terms of particle size distribution. The largest particles are

a)

around 200 µm, most likely non-crushed powder, while the smaller particles are below 50
µm in size. This might be due to the MQEP
particles on the surface being in contact with
the crushing wall and having a higher chance
of being crushed compared to the enclosed
particles.
The dierences in size and size distribution
between the two powders could later on affect the compounding and injection molding
process since these might inuence the packing, where a higher density of the bonded
magnets can possibly be achieved with a mixture of smaller and larger particles. Achieving
a higher density with higher NdFeB content
is of interest since it yields better magnetic
properties [5]. However, a certain amount of
polymer is necessary to make bonded magnets, inevitably altering the overall density
compared to neat NdFeB powder.
The signicant contrast dierences observed in both gures might be attributed
to either NdFeB, zinc stearate and/or epoxy
coating, which is discussed in section 6.3.

b)

Figure 6.1.: SEM images of a) MQEP powder as received and b) crushed MQEP powder.

Next, the particle size analysis is carried
out for the crushed powder, as seen in gure 6.2. The size of the particles are plotted
on the x-axis, whereas the density of particles with this particular size per unit volume
is plotted on the y-axis. The particle size dis-
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tribution is not a perfect Gaussian distribution. It is observed that some particles are
indeed present in the interval 1-10 µm meaning that some particles are severely crushed,
giving very ne powder. The average of the
distribution seems to be around 80 µm. Fur-

thermore, the analysis shows that larger particles with a mean value of approximately 800
µm are detected. It corresponds well with the
fact that some non-crushed powder is present,
as discussed previously. However, the 80 µm
and 800 µm seem to be higher values for the
particle sizes than observed in the SEM images, and the likely explanations hereof are
presented in the following.
The particles might have a tendency to adhere to each other during the particle size
analysis, possibly yielding larger particle sizes
according to the measurements. Intermolecular interactions might cause adhesion between
the particles, leading to the observed eect.
It could for instance be hydrogen bonds between the particles. The agglomeration could
potentially be avoided by utilizing a dierent
pressure or feed rate in the powder disperser.
Hence, the particle size distribution experiments could be optimized to achieve better
agreement with the SEM images. However,
the tendency might still be the same since
an amount of both heavily crushed and noncrushed powder seem to be present. In order
to get ner powder it might be necessary to
crush the powder additionally or maybe utilize a dierent crusher. The crusher used in
this study can manually adjust the distance
between the crushing plates, hence, this could
possibly yield particles of dierent sizes [36].
Lastly, notice that the accordance between

SEM images and particle size analysis also relies on the fact that the calculations of powder
size assumes that the powder is spherical [37],
which is not the case as observed in the SEM
images.

6.2.3. Outlook
Utilizing dierent particle sizes and varying
the particle size distributions could be benecial in the research of obtaining optimal
magnet powder for high performance bonded
magnets. Additionally, crushing the powder
for various times could yield smaller particles potentially favourable in achieving dense
bonded magnets. Enhancing the uniformity
of the particle sizes could also be of interest
during the crushing process which could possibly be accomplished through the use of a
dierent crusher. The one obtained in this
study shows that some particles seem to be
untouched. Dierent particle sizes and particle size distributions can possibly inuence
the packability of the powder in the bonded
magnet, where a higher degree of NdFeB powder compared to polymer yields better magnetic properties. The powder also needs to be
uniformly distributed in the mixture, and the
distribution is expected to be better if smaller
magnet particles are present. However, further crushing the particles to obtain smaller
particles might result in a chemically dierent
surface.

Figure 6.2.: The six particle size analyses for the crushed MQEP powder. The major amount of

particles appears to have an average size of approximately 80 µm whereas an amount of non-crushed
powder with an average size of approximately 800 µm remains.
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6.3. Investigating the
epoxy coating

the detection of secondary electrons. The
amount of electrons, and hence contrast differences, depends on the amount of secondary
electrons released from the sample. This will
most likely vary depending on the material on
the surface, hence it might be possible to see
contrast dierences corresponding to a surface of either epoxy or NdFeB. The amount
of secondary electrons detected is also dependent on the topography of the sample which
should be kept in mind.

In this section the epoxy coating on the
surface of the MQEP powder is investigated.
This is done with the purpose of studying whether the surface is coated or uncoated with epoxy after crushing. Two approaches, both involving SEM, are utilized in
this section. The rst approach uses EnergyDispersive X-ray spectroscopy (EDX) to determine atomic constituents. The EDX analysis relies on the fact that electrons from the
electron gun strike the surface and ejects electrons from inner shells of the atoms on the
surface. Each ejected electron generates a
hole which is lled by an electron from a
higher energy state, and the energy dierence
between the two energy states are released
as a characteristic X-ray. These characteristic X-rays can be detected and have varying energies depending on the atomic constituent which they originated from. Hence,
it is possible to determine which atomic constituents are present in certain areas on the
surface. This is utilized in order to detect carbon which should be present in high amounts
where the epoxy coating, covering the NdFeB
powder, is present. [33]
The second approach is to use the contrast
dierences in a regular SEM image made by

The EDX analysis is carried out using a
Zeiss Evo LS15 SEM and an electron beam
energy of 8 keV. The X-ray detector used is
an Oxford X-Max 50mm2 and the angle between the electron gun and the X-ray detector
is set to 45 degrees.
The discussion of the contrast dierences
are based on gure 6.1.

a)

b)

6.3.1. Materials and Methods

6.3.2. Results and Discussion
EDX analysis is carried out to pinpoint the
presence of epoxy in terms of the trace element carbon. Therefore, only the crushed
MQEP powder is of interest since the noncrushed MQEP powder is expected to be fully
covered with epoxy and should give traces of
carbon on the entire sample.

Figure 6.3.: SEM image of crushed MQEP powder a) versus EDX analysis based on crushed MQEP
powder, the red marks indicate traces of carbon b).
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Figure 6.3 a) shows a SEM image where
an area representing small and large particles
is deliberately selected. In b) the EDX analysis is carried out on the same area where
carbon traces are indicated by red. It is observed that carbon traces are present on most
of the sample but lack in certain areas. The
strong carbon signals appear to be present
on larger particles - indicating that these are
potentially covered to a greater extent than
smaller particles which might have bare NdFeB areas on the surface. It is worth noting
that all the smaller particles with minor carbon traces might not be NdFeB powder but
could instead be epoxy leftovers or other contaminants. However, neodymium is detected
widely over the entire surface. Additionally,
zinc is detected on most of the surface which
is most likely due to the presence of the lubricant zinc stearate.
The electron beam energy could aect the
measurement and the carbon signal. Using
a higher voltage the electrons will have more
energy and penetrate deeper into the sample.
This might give a higher amount of X-rays but
on the other hand lower the lateral resolution.
The latter is due to the fact that the electrons
striking the surface get scattered and move in
all directions resulting in overlapping X-ray
signals. Utilizing a high beam current might
even result in the fact that the electrons penetrate through the smaller powder particles
and interact with larger ones below, blurring
the signal from the particles on top. [38]
Turning to the second analysis, gure 6.1 is
the starting point for the discussion. Some of
the particles seen are bright and others dark
which could be caused by several things. In
general, it seems like the smaller particles are
brighter than the larger ones. This could be
caused by the fact that these have NdFeB on
the surface, uncovered by epoxy, resulting in a
higher conductivity and possibly a higher secondary electron signal. However, it can also
be due to the fact that these particles are located on top which yields a brighter signal.
The magnetic moments of the particles
could be aligned in the presence of the established magnetic eld caused by the ow of

electrons from the electron gun. This could
cause varying degrees of conductivity and a
dierent amount of secondary electrons released. Another explanation is that the differences in contrast might be attributed to
varying epoxy layer thickness, which in spraycoating usually is 20 µm thick [17]. Completely uniform thickness of epoxy across the
magnetic particles is impossible and therefore
the thickness will vary to some degree across
the sample, especially for the crushed powder.
It is expected that variations in the epoxy
coating are present since the crushing process inevitably will cause areas of the NdFeB
particles to be coated with a thinner and/or
insucient epoxy layer. Alternatively, since
the epoxy coating is non-conducting it might
result in a build-up of charges on the surface which could distort the image, displaying bright and dark areas depending on the
charged state.
The results from the two methods indicate
that epoxy and NdFeB are both present on
the surface of the magnet powder. However,
it is dicult to see a clear dierence in the
images and explicitly state anything about
covering percentage or epoxy layer thickness.
Hence, other methods should be utilized,
which could have been carried out if more
time was available.

6.3.3. Outlook
If more time was to be spent on investigating the epoxy coating it could be interesting to use an experimental technique to
further analyse areas of the epoxy coating
on the crushed MQEP powder. It might
be possible to utilize X-ray photoelectron
spectroscopy and/or electrochemical methods. Another approach could be to weigh the
powder including epoxy and afterwards burno or chemically remove the epoxy and weigh
again. If the surface area of magnet particles
are estimated and thickness and density of
epoxy is known, the weight of removed epoxy
can be related to how much of the surface is
coated. It is of course an estimate, however,
it might give indications of whether it is pri31

marily epoxy or bare NdFeB that dominates
the surface.
Alternatively, the epoxy coating can be
possibly be removed chemically. This would
allow for a higher content of NdFeB in the
bonded magnet and exclude the analysis of
how much epoxy is present on the surface.
This could possibly be done using various
chlorinated-, organic-, and acidic solvents
such as dichloromethane, toluene and sulfuric acid [39]. Most of these solvents require
heating along with extended soaking times
to allow for the solvents to break down the
cured epoxy. This long-term exposure to solvent and heat can possibly aect the magnetic properties due to interactions with Nd-

32

FeB particles, which needs to be investigated
prior to using this method. Furthermore, the
handling and a way to get rid of the used solvent also needs to be considered.
6.4. Summary

The crushed MQEP powder used in this
project is investigated using SEM and particle size analysis. The crushing process seems
to divide the powder into two distinct particle sizes of ne and non-crushed powder. The
SEM analysis indicates that both epoxy and
NdFeB are present on the surface, however,
the percentile coverage of epoxy cannot be
found explicitly.

Chapter 7

Choice of Binder System
7.1. Introduction

The aim of this chapter is to consider polymer candidates for use as binder in NdFeB
magnets produced through injection molding.
One of the things inuencing the choice of
polymer is the processing temperature, since
NdFeB oxidises and suers from permanent
magnetic losses at elevated temperatures [15]
[40]. Furthermore, it is desirable that temperatures are kept low in order to avoid or minimize degradation of epoxy, an issue which will
be discussed in section 7.2.
In general it is favourable to choose a polymer which has a low melting point allowing
for low temperature processing in order to
avoid the aforementioned issues. Additionally, since the crushed NdFeB powder seems
to have bare NdFeB areas as well as epoxycoated areas it is crucial that the binder polymer is compatible with both interfaces to
achieve a well bonded magnet with high density and good mechanical properties. Lastly,
cost of the polymer is of signicant concern
in order to keep the price per magnet as low
as possible.
NdFeB magnets have a tendency to oxidize especially at temperatures above 150 ◦ C
[40]. The NdFeB magnet performance starts
to decrease as the magnetically hard NdFeB
phase is lost due to oxidation [40]. This might
be avoided by utilizing antioxidants and/or
compatibilizers that can aid in protecting the
NdFeB surface through additional polymer
bonding.

If the temperature is kept suciently low
the epoxy degradation and vigorous NdFeB
oxidation can preferably be avoided. The
polymers should therefore full certain criteria in order to be suited for injection molding. First; the processing temperature must
be in an acceptable range which does not vigorously oxidize the magnet powder or degrade
the left-over epoxy coating signicantly, second; should be chemically compatible with
the epoxy coating and the NdFeB magnet
powder in order to successfully bind the material and third; should be cheap in order to
keep the recycling costs as low as possible
while remaining attractive for the company.
This section starts with a review of the stateof-the-art polymers used in bonded magnets,
followed by a description of the polymers of
interest.
Research papers have particularly dealt
with polyphenylene sulde (PPS), polyamides
(nylons) and polypropylene (PP) as binders
in the production of polymer-bonded rareearth magnets [6] [7] [9] [41]. Hence, these
will be considered in this study where properties, such as chemical structure and processing temperature, are presented along with discussions regarding price per kg.
To our knowledge, no research has investigated the use of polymer-binder systems with
the purpose of compounding and injection
molding using rare-earth magnet powder containing epoxy. Therefore the polymers discussed in other studies and associated results
might not necessarily comply with this study.
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7.1.1. Nylon
Nylon polymers consist of linear macromolecules of carbon linked by polar NH and
CO groups, giving the name polyamides. Various types of nylon polymers exist. Nylons
named with a single number indicates the
amount of carbons between the NH and CO
pairs. This type of nylon has an ABAB structure. For instance, nylon 3, which has three
carbons between these pairs, is seen in gure
7.1. Polyamides derived from diacids and diamines are referred to as polymers of the type
AABB and named nylon x,y with x and y representing the number of carbon atoms in the
diacid and diamine respectively. Nylon 6,6 is
an example hereof which is also heavily used
commercially. [42] [43]

Figure 7.1.: Structure of nylon 3. [44]

The polar groups (NH and CO) comprising the nylon polymers are spaced regularly
which give rise to high intermolecular interactions when crystallizing, yielding a high melting point. Due to the polar nature these polymers tend to absorb water, hence, drying is
required before processing.
The properties of nylons are highly dependent on the amount of NH and CO groups
since a high amount of these give possibility
to form additional hydrogen bonds. A higher
amount of NH and CO groups increases the
polymer density, tensile strength, rigidity,
hardness and resistance to creep. The melting temperature of nylons furthermore highly
depends on the polymer type, e.g.; nylon 8
has a melting temperature of ∼ 180◦ C , nylon
6 ∼ 215◦ C and nylon 6,6 ∼ 260◦ C . [42] [43]

7.1.2. Polyphenylene sulde
Polyphenylene sulde (PPS) is comprised
of phenyl rings with sulphur constituents in
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between as seen in gure 7.2. PPS has a melting temperature of ∼ 280 ◦ C . It is a strong,
rigid polymer absorbing little moisture and is
furthermore a re-retardant. The latter property might be favourable in terms of the easily
smoldering NdFeB powder, potentially assisting in avoiding auto-ignition. The polymer
is brittle and llers and/or bers are often
added to support the polymer [45]. [46]

Figure 7.2.: Structure of PPS. [44]

Since PPS is a rigid polymer it requires
higher operating temperatures than nylons,
around 300-360 ◦ C [47].
This is not
favourable in terms of processing since this
potentially causes degradation of epoxy and
oxidation of NdFeB.
PPS has a unique ability to cross-link in
air through oxidation which could possibly
aect the processing of this particular polymer. This type of cross-linking is not identical to cross-linking which occurs for thermosets. This process occurs at temperatures above 173 ◦ C and results in improved
thermal- and dimensional stability along with
an improved chemical resistance, but it also
increases the melt viscosity which inuences
the compounding and injection molding process. If this polymer is utilized in processing
the eects from this type of cross-linking need
to be investigated. [45] [48]

7.1.3. Polypropylene
Polypropylene (PP) is comprised of the
propylene monomer as seen in gure 7.3. PP
is available at a low-cost while being easily processed in injection molding and having
good chemical resistance. It is missing the
polar groups so it does not exhibit the ability
to form hydrogen bonds. [49]

Figure 7.3.: Structure of PP [44].

PP is of interest compared to the other
polymers since it is signicantly cheaper than
PPS and nylon [50]. The prices for 1 kg of
the discussed polymers as of November 2016
are; PPS: ∼ $11.8 per kg, nylon 6: ∼ $3.5
per kg and PP ∼ $1.9 per kg [51]. Furthermore, PP has a much lower processing temperature of approximately 190 - 250 ◦ C [52].
If high temperatures upwards of 180 ◦ C are
reached in automotive applications, PP might
start to ow which is not favourable in terms
of maintaining structure of the magnet. Besides, surface treatment of PP might be necessary since it is hydrophobic and might not
be compatible with the hydrophilic NdFeB
surface [53]. It is also possible to purchase
commercial PP with e.g. maleic anhydride
grafted functional groups, which increases the
hydrophilicity of this polymer [54]. This is inevitably more expensive and might alter other
properties which is necessary to keep in mind.
Nonetheless, there are advantages and disadvantages of choosing either of the polymers
and the choice will be based on discussions
following in this chapter.
7.2. Thermogravimetric
analysis

7.2.1. Introduction
It is preferable to process the magnet powder at a low temperature in order to avoid
epoxy degradation and NdFeB oxidation as
previously mentioned. The epoxy degradation will cause a decrease in mass and oxidation of NdFeB will cause an increase in mass.
Hence, thermogravimetric analysis (TGA) of
the MQEP powder where the mass is monitored while heating the powder is studied in

this section.
Two types of powder are investigated,
MQEP powder as received and crushed
MQEP powder. Both powders are investigated in order to see if the areas not covered
by epoxy in the crushed powder have any inuence on the oxidation of the powder. The
degradation of epoxy and oxidation of NdFeB
might also be inuenced by whether atmospheric air or an inert gas atmosphere is utilized. Hence, TGA is carried out for both
types of powder in two atmospheres, atmospheric air and nitrogen atmosphere.
The temperature interval chosen for TGA
is based on the processing temperatures of the
three polymers of interest as previously mentioned. Isothermal steps are incorporated at
some temperatures in order to simulate injection molding conditions where the powder is
kept at for example 250 ◦ C for 10 minutes.
Isothermally, the epoxy might degrade or the
NdFeB can oxidize as a function of time [15].
Hence, the TGA data is plotted as a function
of both temperature and time.

7.2.2. Materials and Methods
TGA experiments using a Discovery Series
TGA is carried out on the MQEP powder and
the crushed MQEP powder. The curing program is implemented in the TGA experiment
since the used powder is uncured. The entire
TGA experiment is as follows;
1. The appropriate gas is chosen (nitrogen
or atmospheric air)
C
until 150 ◦ C where it
2. Heating at 20 min
is kept for 30 minutes to cure the epoxy
[55].
◦

C
3. Heating at 20 min
until 200 ◦ C and kept
isothermal for 10 minutes to simulate
injection molding conditions.
◦

C
4. Heating at 20 min
until until 250 ◦ C and
kept isothermal for 10 minutes to simulate injection molding conditions.
◦

C
5. Heating at 20 min
until until 300 ◦ C and
kept isothermal for 10 minutes to simulate injection molding conditions.
◦
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C
until until 350 ◦ C and
6. Heating at 20 min
kept isothermal for 10 minutes to simulate injection molding conditions.
◦

7.2.3. Results and Discussion
The TGA plots are seen in gure 7.4, where
a) is the mass as a function of temperature in
atmospheric air, b) is as a function of time in
atmospheric air, c) is as a function of temperature in nitrogen atmosphere and d) is as a
function of time in nitrogen atmosphere. The
steps where the temperatures are increased in
b) and d) are highlighted in grey.
As evident from all four gures a decrease
in mass of the powder is seen when increasing
the temperature from 30 ◦ C to 150 ◦ C . This
is most likely caused by evaporation of water.
Notice that the mass loss in this temperature
interval varies, in atmospheric air the mass
loss of the as received MQEP powder is greatest, whereas in the nitrogen atmosphere the
mass loss of the crushed powder is greater.
This might be a coincidence caused by the
fact that the experiments are carried out on
dierent days allowing for humidity changes.
The water only makes up around 0.05-0.2 %
of the total mass, which can possibly vary de-
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pending on exposure time to atmospheric air
before initiation of the experiment.
Curing

When looking at b) and d) the mass
change during the 30 min isothermal step at
150 ◦ C can be inspected. This is where curing of the epoxy is expected to take place for
both powders. First, looking at the blue plot
for the as received MQEP powder it is seen
that almost no change in mass occurs during
the rst 30 minutes. A slight decrease in mass
is observed in the nitrogen atmosphere. It
might be water evaporation caused by varying
pressures depending on the purge gas used.
Comparing the blue plot with the orange plot
for the crushed powder, it is seen that a small
mass increase occurs for the crushed powder.
This is most likely due to oxidation of NdFeB taking place in the areas of the crushed
powder where epoxy is absent. Furthermore,
it is seen that the mass increase is more pronounced in the atmospheric air in b) compared to the nitrogen atmosphere in d), this
is most likely due to the presence of more oxidizing agents in atmospheric air compared to
inert nitrogen gas.
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Figure 7.4.: TGA plots where as received (blue plots) and crushed MQEP powder (orange plots)
are shown. a) and b) are from the same experiment carried out in atmospheric air but plotted as a
function of temperature and time, respectively. c) and d) are from the second experiment carried

out in a nitrogen atmosphere, also plotted as a function of temperature and time, respectively. The
steps where the temperatures are increased in b) and d) are highlighted by a grey color.

Heating 150-200 ◦ C

Heating 200-250 ◦ C

Considering the heating from 150 ◦ C to
200 ◦ C in gure a) and c) it is seen that
the mass of the powders remain fairly constant. Keeping the temperature at 200 ◦ C
yields an increase in the mass of the crushed
powder in both atmospheres as seen in gure b) and d), indicating that more of the
NdFeB oxidises. The MQEP powder as received seems to remain at a constant mass in
nitrogen atmosphere, whereas some degradation of epoxy seems to occur in atmospheric
air. The decrease in mass might be explained
by the higher amount of oxidizing species in
atmospheric air that degrades the epoxy.

Inspecting the heating from 200 ◦ C to 250
C it is seen that the masses of the powders remain close-to constant in both atmospheres, except for a slight decrease seen for
the as received MQEP powder in atmospheric
air. Maintaining the temperature at 250 ◦ C
yields a signicant mass decrease for the same
sample, whereas the sample in nitrogen atmosphere remains at a more or less constant
mass. The mass of the crushed powder in
atmospheric air starts to uctuate slightly after approximately ve minutes. It could be a
combined eect of the mass increase from oxidation and decrease in mass from epoxy which
◦
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starts to degrade. On the other hand the oxidation seems to dominate in the nitrogen atmosphere which does not make sense due to
the fact that a very low amount of oxygen
should be present in this atmosphere. The
increase of mass in the nitrogen atmosphere
might instead be caused by nitrogenation of
the NdFeB magnet powder [56].
Heating 250-300 ◦ C

Increasing the temperature from 250 ◦ C to
300 ◦ C yields a signicant decrease of mass for
the powders in atmospheric air, whereas the
powders in nitrogen atmosphere remain more
constant. The mass of the crushed powder
starts to uctuate in the nitrogen atmosphere.
This could again be caused by a combined effect from oxidation/nitrogenation and epoxy
degradation, or it could also be measurement
errors since the weighing boat can oscillate.
Keeping the temperature at 300 ◦ C yields a
signicant degradation of epoxy for all four
samples, indicating that the epoxy starts to
degrade heavily at this temperature. Hence,
the temperature during processing should be
kept below 300 ◦ C .
Heating 300-350 ◦ C
◦

Lastly, increasing the temperature from 300

C to 350 ◦ C does not seem to decrease the

mass of the crushed powder in neither of the
atmospheres. It might be that all epoxy is
degraded in this range. The epoxy in the
as received powder is still degrading at the
temperature increase from 300 ◦ C to 350 ◦ C .
The crushed powder possibly contains more
areas of attack for reactive species, hence this
epoxy is probably removed faster compared
to the as received MQEP powder. Maintaining the temperature at 350 ◦ C for the
last 10 minutes yields a signicant increase
in mass for all four samples, emphasizing the
fact that most of the epoxy is removed and
oxidation/nitrogenation of NdFeB occurs at
this temperature. The crushed powder starts
to oxidize/nitrogenize heavily slightly before
the as received powder, possibly caused by the
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fact that the epoxy is removed in the crushed
powder rst at lower temperature.
General tendencies

The tendency observed for both powders
indicates that utilizing a nitrogen atmosphere
slows both the degradation of epoxy and oxidation (or nitrogenation) of NdFeB, and it
seems like the powder can be stable at higher
temperatures for longer time in inert atmospheres. Hence, utilizing an inert atmosphere
during the processing of the powder might be
favourable.
This result concludes that the processing
temperature of polymer and MQEP powder
should preferably be kept as low as possible in
order to avoid degradation of epoxy. The processing temperature of crushed MQEP powder should be kept below 300 ◦ C . When
compounding and injection molding a certain
amount of heat is applied in order to obtain a
pre-set processing temperature. Due to the
fact that friction between screws and powder induces heat the actual temperature of
the mixture might be higher. Hence, there
must be a certain safety margin between the
temperatures of degradation and the temperatures applied during processing. This limits
the study to PP and nylon, since PPS cannot be processed below 300 ◦ C . Some of the
things that could be done if more time was
available in order to circumvent this issue are
suggested in the following.

7.2.4. Outlook
A solution to avoid epoxy degradation
could be to process the materials in an inert
atmosphere in order to utilize a higher temperature during processing. This procedure
has been tested, with an injection molding
machine being placed within a closed nitrogen
gas chamber mounted with a vacuum oven on
top in order to remove oxygen prior to molding [57]. A solution like this will be expensive
due to the extra cost of power and nitrogen
gas. However, it would be interesting to investigate or at least make a price estimate to

see if it is worth considering for future production.
A third solution could be to utilize additives, making the processing of the polymer and MQEP powder easier and potentially
possible at lower temperatures. It could be
preferable to add plasticizers, decreasing the
viscosity of the melt polymer and making it
easier to process. However, adding plasticizers will alter the mechanical properties which
should be kept in mind. Adding lubricants in
order to make a better release from the mold
when injection molding, might also give good
results [58]. The lubricant, zinc stearate, has
been added to the MQEP powder at Magnequench, and it might be an idea to add
more of this and/or another lubricant. Notice, that the mass loss occuring in gure 7.4
can possibly also be caused by zinc stearate
degradation. Zinc stearate is a compound
made up of a polar head and a nonpolar hydrocarbon tail seen in gure 7.5 [59]. This
compound has a hydrophilic head and a hydrophobic tail, which might give possibilities
of utilizing it as compatibilizer. Thus, it can
possibly function as link between polymer and
NdFeB/epoxy at the MQEP powder surface.

Figure 7.6.: The synthesis and structure of

the epoxy DGEBA. Other co-monomers might
be added which can react with the epoxy group
of the DGEBA resin. [62]

The NdFeB surface is hydrophilic, most
likely due to the fact that an oxide lm of Ndoxide particles is formed upon oxidation in atmospheric conditions. The rate of formation
of this lm is low at ambient temperatures
in atmospheric conditions, but if the magnet
is exposed to temperatures above 150 ◦ C the
oxidation rate is increased signicantly [63].
This lm might make the surface hydrophilic
and possibly less compatible with e.g. polymer and epoxy. Furthermore, when NdFeB is
oxidized, magnetic properties are lost, lowering the overall magnetic properties of the nal
magnet. [64]
7.3. Epoxy degradation

Figure 7.5.: The zinc stearate molecule com-

posed of a nonpolar hydrocarbon tail and a polar head. [54]

The epoxy resin used in the MQEP powder is bisphenol A diglycidyl ether (DGEBA),
seen in gure 7.6. It is synthesized from
bisphenol A and epichlorohydrin.
The
DGEBA epoxy contains oxygen groups that
can be utilized to form hydrogen bonds. Furthermore, certain co-monomers are often used
in commercial epoxies, for example aminecontaining compounds that can also be used
to form hydrogen bonds [60]. [61]

Epoxies can degrade through thermal
degradation [65] [66], and an investigation
of whether this occurs at elevated temperatures during processing is of major interest. If
the epoxy degrades, the degradation byproducts might pose health issues if these are hazardous. A thorough discussion of this topic
follows in this section.
Epoxies are typically not used in injection molding and therefore degradation concern arises. Two types of degradation is of
concern, the degradation of cured and uncured epoxy. Even though the magnet powder is cured when used in rst-time magnets
a small amount of uncured resin might still be
present, hence, degradation of the resin during manufacturing of recycled magnets needs
to be studied as well.
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The degradation of resin and/or cured
epoxy is undesired and vary in terms of products formed. Furthermore the degradation
process depends highly on oxygen-content,
temperature and time [67]. Additionally, the
temperatures at which degradation is initiated vary for cured and uncured epoxy [68]. It
is desirable to ensure that no uncured epoxy
is present, and if this is the case a polymer
with a higher processing temperature can be
utilized. In this section, the degradative behaviour of epoxy is investigated and discussed
in order to form a basis of prerequisites prior
to selection of binder polymer for compounding/injection molding to ensure proper safety.

7.3.1. Safety considerations
Cured epoxy

A study described in the following investigates the degradation of an epoxy synthesized
from bisphenol A and epichlorohydrin cured
with diamine [69]. The epoxy in this study
is synthesized from the same compounds but
cured using heat instead of diamine. However, it is believed that the degradation and
byproducts are similar. The epoxy network
cured by means of diamine appears to degrade
between 300-340 ◦ C when kept at these temperatures for one hour. This forms byproducts such as water, ethane, ammonia, amines
and propene [69]. If the degradation of the
cured epoxy starts to occur at around these
temperatures, it will obviously be favourable
to keep the processing temperature below in
order to avoid these byproducts. Hence, a
polymer binder system which can be processed at a lower temperature must be selected. This emphasizes the fact that this
study is limited to investigating PP and nylon
whereas PPS is excluded due to high processing temperatures.
Epoxy resin

Next, the degradation of epoxy resin will
be discussed where a similar study found that
heating the epoxy resin, also synthesized from
bisphenol A and epichlorohydrin, to 500 ◦ C
40

yields certain hazardous byproducts. The
byproducts formed are carbon monoxide, water, methane, aldehyde (possibly formaldehyde), acrolein, acetone, and allyl alcohol,
where the latter three are the most abundant.
Heating the epoxy isothermally for one hour
at 220 ◦ C yields traces of acrolein, acetone
and allyl alcohol. Thus, these three byproducts are formed at temperatures typically required for processing of most polymers, hence
their formation are described in the following.
[68] Additionally, since acrolein is the most
abundant byproduct, the exposure limit for
this compound is also described.

Hazardous byproducts

Some of the hazardous compounds formed
during degradation of epoxy resin are presented and discussed. Acrolein, which is
the most abundant degradation product of
DGEBA resin, is expected to form from isomerisation of the epoxy groups followed by
rearrangement. This reaction is seen in gure 7.7 where the degradation initiates due
to opening of the epoxide ring. Acrolein can
cause severe irritation if inhaled and is toxic
to human lungs [70]. [71]

Figure 7.7.: Expected degradation mecha-

nism responsible for the formation of acrolein
[71].

The other two principal degradation products, acetone and allyl alcohol, are also hazardous in case of inhalation [72] [73]. Similar
to acrolein, they are expected to form from
opening of the reactive epoxy ring as seen in
gure 7.8 [71].

cussed previously. The powder investigated
here is initially uncured and afterwards cured
at various times to study the curing degree.
This is done in order to investigate for how
long the MQEP powder should be cured at a
specic temperature in order to ensure complete curing. The investigation in this section is carried out on crushed MQEP powder.
Hence, there might be inuences in the heat
ow from the powder not coated by epoxy.

7.4.1. Materials and Methods
Figure 7.8.: Expected degradation mecha-

nisms responsible for the formation of allyl alcohol and acetone [71].

Of the three major byproducts; acrolein,
acetone and allyl alcohol, acrolein is the major byproduct and the one with the lowest acceptable exposure limit: 0.25 mg
for
m3
eight hours of exposure [74]. Hence, it is
of major interest to know if uncured epoxy
resin is present. A small amount of uncured
resin degradation is acceptable according to
the exposure limit, however, it is necessary
to ensure that this limit is not exceeded.
Whether uncured resin is present in the epoxy
might be determined using Dierential Scanning Calorimetry (DSC) as described in the
next section.
7.4. DSC measurements

In order to avoid health issues it is essential
to ensure complete curing of DGEBA epoxy
in the compression molded MQEP powder
from the Grundfos pumps. The MQEP powder used in this study has not been utilized
in the pumps, hence the powder needs to
be cured before further processing. If the
epoxy is not completely cured the reactive
epoxy groups are still present. Upon heating,
the epoxy resin shows lower thermal stability than the cured epoxy and has a tendency
to decompose and release toxic gasses as dis-

DSC measurements are carried out on a TA
DSC Q2000 with nitrogen as purge gas. First
the temperature is stabilized at 30 ◦ C , second
the temperature is ramped as quickly as possible to 150 ◦ C where the powder is allowed to
cure for either 10, 20, 30, 40, 50 or 60 minutes.
Afterwards the temperature is lowered to 30
◦C
◦
whereas the temperaC at a rate of 20 min
◦C
ture is nally increased to 200 ◦ C at 20 min
.
The last step should reveal if any changes has
occurred after curing has taken place.

7.4.2. Results and Discussion
The results from the DSC measurements
are seen in gure 7.9 where curing times are;
a) 10 min, b) 20 min, c) 30 min, d) 40 min,
e) 50 min and f) 60 min.
In the rst heating (1), it is seen that
the heat ow is endothermic (negative) in the
temperature ramp to 150 ◦ C . In all gures a
glass transition occurs around 70 ◦ C and the
exotherm curing reaction starts around 140
◦
C . The exotherm curing reaction is in all
cases followed by a decreasing endothermic
peak. This can possibly be explained as an
additional chemical reaction or degradation
taking place in combination with the curing
[75].
As the temperature is kept at 150 ◦ C the
heat ow changes drastically to become positive as heat is released from the sample. This
might be due to oxidation of bare NdFeB.
The heat ow does not show any signicant
changes during the cooling from 150 ◦ C to 30
◦
C (2).
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Figure 7.9.: DSC experiments carried out on crushed MQEP powder. (1) marks the heating to 150

where the glass transition is observed around 70 ◦ C and the exothermic curing reaction starts
at around 140 ◦ C . When the temperature reaches 150 ◦ C the temperature is kept constant and the
powder is allowed to cure for; a) 10 min, b) 20 min, c) 30 min, d) 40 min, e) 50 min and f ) 60 min.
(2) marks the cooling to 30 ◦ C where neither the glass transition or curing seems to be visible. (3)
marks the nal heating where the glass transition is not visible, but another curing might be taking
place when temperatures above 180 ◦ C are reached.

◦C
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In the last heating (3) from 30 ◦ C to

200 C the heat ow becomes negative again,
however, not as much as prior to curing. This
might be explained by the powder now being cross-linked, more compact and possibly
having a lower heat capacity, requiring less
heat ow to induce the same temperature
change. Notice that the glass transition is
not observed in either the cooling or the second heating cycle. This might be due to curing of epoxy. The glass transition temperature is dicult to observe for crystalline polymers [76], which might also be the case for
the thermosetting epoxy as it cross-links to a
more regular structure. Hence, the fact that
the glass transition is not observed might indicate that cross-linking has taken place, in
this experiment to some extent for all samples. The curing does not seem to occur at
140-150 ◦ C in the second heating cycle, which
also indicates that curing has taken place in
the rst heating cycle. However, as the temperature reaches ∼ 180 ◦ C slight exothermic
peaks occur. This might indicate that uncured resin monomers are still present after
the rst heating and additional curing takes
place when the temperature becomes higher
in the second heating cycle. It seems like
the epoxy cured for the shortest time experiences a larger exothermic peak possibly indicating less curing. It could also be that the
ones cured for the longest time also show this
exothermic peak at temperatures above 200
◦
C . The fact that curing initiates at higher
temperatures could indicate that less uncured
resin monomers are present and higher temperatures are needed in order to achieve fully
curing.
◦

If more time was available it would be of
interest to repeat the experiment and extend
the temperature range, possibly revealing the
entire exothermic peak in the second heating
cycle. Usually, the exothermic curing peak
can be used to estimate the degree of curing
[77]. This is done by taking the area under
the exothermic peak for the cured sample and
relating it to the area under the exothermic
peak for the uncured sample [77]. Hence, the
percentile dierence yields the degree of cur-

ing, however, it is not done in this study due
to two reasons; one, another reaction might
take place simultaneously in the same interval, as previously mentioned. This might affect the area found under the peak. Two, the
fact that the curing does not take place at
the same temperature in the rst and second heating cycle makes it dicult to position a baseline and determine which temperatures should be included to cover the peak.
The reason why the exothermic peaks do not
take place at the same temperature could
possibly be explained by the dierent heating rates used in the rst and second heating. The rst heating rate is set to be as
high as possible in order to avoid curing when
heating. The second heating rate is set to
be lower in order to better observe endothermic/exothermic changes.
It might not be curing that takes place in
the second heating cycle and this exothermic peak could be caused by something completely dierent. Hence, it might be that the
curing degree is very close to 100 % with all
curing times tested in this study, since there
are essentially no exothermic peaks in the second heating cycle at the same temperatures.
It could be interesting to perform tests to detect left-over epoxy resins explicitly, since it
is not possible to determine the curing degree
by means of DSC measurements. If uncured
epoxy resin is present it possibly releases toxic
gasses during processing. Thus, whether uncured epoxy is present is investigated in the
next section.
7.5. Detection of epoxy
resin by FTIR

In order to investigate the MQEP powder and gure out whether uncured epoxy is
present, Fourier Transform Infrared (FTIR)
spectroscopy can be utilized to detect chemical bonds [78]. The presence of epoxy groups
is reported to be around 910-920 cm−1 and
it might serve as an indication of curing degree [79]. If this peak completely disappears,
the degree of curing is expected to be 100 %.
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The experiments are carried out using
a Perkin Elmer Spectrum One FTIR-ATR
Spectrometer in the range 550 cm−1 - 4000
cm−1 with a zinc selenide crystal. Both
crushed and uncrushed powders are investigated.

7.5.2. Results and Discussion
It turns out to be a major issue to get good
contact between the crystal and MQEP powder. For the MQEP powder as received, there
are essentially no detectable peaks but a weak
signal is detectable for the crushed powder,
as observed in gure 7.10. The better contact of the crushed powder might be caused
by the smaller particles having higher packing and larger area in contact with the crystal. However, it is noticeable that no peak
is observed around 910-920 cm−1 for the uncured powder. It could possibly be caused by
poor contact, which makes this method not
suitable in terms of detecting the amount of
uncured epoxy resin. The FTIR could possibly be utilized with success if the powder is
dispersed in another matrix material [78]. It
could for instance be transparent potassium
bromide which absorbs no light in the typical
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7.5.1. Materials and Methods

IR-spectrum [78], hence, avoiding interference
with the signal from the MQEP powder.
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Hence, if the intensity of the peak for the
uncured epoxy is measured initially and related to the intensity of the peak for the cured
epoxy, the relative curing degree can be calculated. Lastly, the FTIR spectrum can also be
used to pinpoint additional substances such
as co-monomers like amine-containing compounds, potentially added to DGEBA. [61]
In this study Attenuated Total Reectance
FTIR (ATR-FTIR) is utilized since the
MQEP powder is not transparent or easily
soluble. In this method the MQEP powder is
placed on top of a crystal with a high refractive index. Infrared light is passed through
the crystal and total internal reectance occurs. The crystal needs to make good contact
with the powder in order to reveal information about the light absorbed. [78]
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Figure 7.10.: FTIR spectrum of uncured and

crushed MQEP powder.

Nonetheless, some of the major peaks found
in the FTIR spectrum can be assigned, possibly yielding useful information regarding the
MQEP powder and epoxy. The peak at
824 cm−1 can be associated with neodymium,
once again emphasizing that bare NdFeB constitute some of the powder surface. The peak
at 1506 cm−1 can be associated with aromatic
groups which is contained in the DGEBA
epoxy as previously described [78] [80].
The obtained spectrum is most likely from
DGEBA epoxy and NdFeB indicating that
both are present on the surface and the epoxy
is not completely covering the surface. The
evanescent wave from the ATR crystal penetrates 0.5-5 µm into the sample [81]. Hence,
if the epoxy layer is thin and the contact between crystal and sample is good, the signal might arise from NdFeB below the epoxy.
The layer is expected to be approximately 20
µm thick [17], but can change upon crushing. However, the observed tendencies support the results from section 6.3 where it is
indicated that crushing leaves some areas of
NdFeB bare.

7.6. Detection of resin by

TGA of MQEP powder

102.2
Cured and acetone treated
Cured
Uncured

102

TGA measurements

101.8
101.6
101.4

7.6.1. Materials and Methods
Three samples of as received MQEP powder are used for TGA in this experiment1 .
One containing uncured epoxy (as received
MQEP powder), one with epoxy cured for one
hour at 150 ◦ C and one with epoxy cured for
one hour at 150 ◦ C where after the leftover
epoxy resin is attempted removed using acetone. In the latter, 15 grams of MQEP powder with cured epoxy are added to a 100 mL
bluecap bottle and acetone is added until the
40 mL mark on the bottle. The solution is
stirred for 20 hours using a magnetic stirrer
to allow for proper mixing and removal.
The TGA experiments are carried out using
a Discovery Series TGA in atmospheric air to
simulate processing conditions. The temperature is ramped from 30-500 ◦ C with a heating
◦C
for all three samples.
rate of 10 min

7.6.2. Results and Discussion
The results obtained from TGA experiments are seen in gure 7.11.

101.2

Weight [%]

Since it is not possible to explicitly determine the presence of uncured epoxy resin using FTIR, another method is required. It
might be possible to determine the presence
of uncured epoxy resin through TGA. The uncured compounds typically degrades at lower
temperatures than the cured epoxy as described in section 7.3. If the epoxy monomers
can be removed the mass degradation should
be lower at temperatures up to 300 ◦ C prior
to degradation of the cured epoxy. The epoxy
monomers are attempted removed using acetone treatment described in the following.
[79]

101
100.8
100.6
100.4
100.2
100
99.8
99.6
99.4
50

100

150

200

250

300

350

400

450

500

Temperature [ °C]

Figure 7.11.: TGA measurements on MQEP

powder as received, cured MQEP powder and
cured MQEP powder treated with acetone.

In the temperature range from 30 ◦ C to
around 275 ◦ C the three powders are not experiencing any signicant mass loss. However, at approximately 275 ◦ C the uncured
MQEP powder and cured MQEP powder
seem to start degrading whereas the MQEP
powder treated with acetone extends stable
behaviour until approximately 300 ◦ C before
degradation initiates. The uncured powder
experiences the highest mass loss of 0.51 %
at 375 ◦ C which is slightly higher than the
mass loss for the cured MQEP powder (0.41
%). This might be due to the fact that more
uncured resin is present which most likely degrades at lower temperatures. Notice, that
even though it is dubbed uncured powder,
which it is before initiating heating, it might
cure during heating with the relatively slow
◦C
. As observed previheating rate of 10 min
ously in the DSC experiments in section 7.4,
there seems to be no signicant dierence
whether the curing time is 10 or 60 minutes.
However, the cured sample seems to experience less degradation, indicating that minor
amounts of epoxy monomers are present when
the powder has been cured prior to TGA measurements.
The MQEP powder treated with acetone
experiences 0.08 % mass loss at around 350

1 As

received MQEP powder is used for TGA experiments in this section since the crushed MQEP powder will
have contradictory weight gains from oxidation of NdFeB. This can be avoided at lower temperatures by
utilizing the as received powder.
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◦

C , signicantly lower than the other pow-

ders. This indicates that acetone has a significant eect on the mass loss of MQEP powder. The likely explanation is that most of
the epoxy resin is removed by the acetone
treatment, whereas the weight loss at temperatures from 300-350 ◦ C might be caused
by remaining epoxy resin or potentially other
compounds being decomposed. It could be
the lubricant zinc stearate which starts to
decompose at temperatures above 250 ◦ C
[82]. The MQEP powder contains 0.2 % zinc
stearate, and a study has shown that at temperatures around 350 ◦ C approximately 40 %
of zinc stearate in a CO2 atmosphere gasses
o [83]. Hence, the 0.08 % mass loss could
possibly be explained as being zinc stearate
byproducts. The decomposition products of
zinc stearate are zinc oxide, carbon dioxide
and carbon monoxide [84], and these are not
considered dangerous compared to the epoxy
resin byproducts [74]. The degradative values
are summarized in table 7.1.

7.6.3. Outlook
If more time was allocated for this project
the detection of epoxy resin could be further
investigated, potentially through mass spectrometry experiments such as gas chromatography to identify decomposition compounds
and determine potential hazardous byproducts. This is of interest since the dierence in
weight percentages from gure 7.11 might be
attributed to decomposition of zinc stearate
and/or other additives and not necessarily decomposition of epoxy monomers. Although
this might be the case, the suspicion cannot
readily be conrmed explicitly by the experiments carried out in this project. However,
it would be of interest to guarantee that no
hazardous gasses are released at higher temperatures, which would allow the usage of
other polymers with higher processing temperatures, e.g. PPS.
7.7. Thermal stability of
MQEP powder over

Maximum mass loss of MQEP powder
Mixture

Uncured (as-received)
Cured
Cured and acetone treated

 
%

0.51
0.41
0.08

Table 7.1.: Maximum mass loss of uncured,

cured and cured and acetone treated MQEP
powder.

When the temperature reaches approximately 400 ◦ C the mass starts to increase,
possibly indicating degradation of the cured
epoxy which results in oxidation of bare NdFeB. This happens in the same manner for all
three samples, illustrating that the processing
temperature should preferably be kept sufciently below this temperature in order to
avoid severe epoxy degradation and NdFeB
oxidation which results in loss of magnetic
properties.
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time

Prior to compounding MQEP powder it is
necessary to ensure stability over time in the
relevant processing temperature range. Temperature, oxygen level and time are aecting
the thermooxidative degradation [67]. Hence,
the degradation is investigated over time in
order to gure out when and how fast degradation occurs. This is done to determine a
maximum temperature at which processing
can be carried out without forming potential
hazardous byproducts causing health risks.
The purpose of these experiments is to monitor the mass loss over time at the temperatures; 250 ◦ C , 275 ◦ C and 300 ◦ C for MQEP
powder since these temperatures are in the
range where degradation starts to occur.

7.7.1. Materials and Methods
Three samples of crushed MQEP powder,
similar to those described in section 7.6.1, are
used. The temperature is ramped from 30 ◦ C

to either 250, ◦ C 275 ◦ C or 300 ◦ C in three
separate experiments, at a heating rate of 10
◦C
and the temperature is kept isothermal at
min
the respective temperatures for 30 minutes.
The uncured sample is only exposed to 250
◦
C where it exhibits severe degradation, as
described in the following.

loss is experienced for the uncured powder
versus less than 0.1 % for the other two samples.
MQEP powder ramped to 275°C
100.1
100

7.7.2. Results and Discussion
The results based on the experiments carried out are displayed in gure 7.12, 7.13 and
7.14, where the mass losses are plotted as a
function of time.
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Figure 7.13.: TGA measurements for MQEP

powder, ramped to 275 ◦ C and kept isothermal
for 30 minutes.
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Figure 7.12.: TGA measurements for MQEP

powder, ramped to 250 ◦ C and kept isothermal
for 30 minutes.

The three MQEP powder samples are
ramped to 250 ◦ C , where the masses are plotted in gure 7.12. At 250 ◦ C the uncured
MQEP powder experiences the largest mass
loss, likely explained by the presence of uncured epoxy resin which degrades at this temperature. The mass loss appears to initiate
right from the beginning of the heating cycle whereas the cured MQEP powder and the
cured and acetone treated MQEP powder experience close-to no mass loss in the heating
cycle. The initial mass loss of the uncured
might be caused by water evaporation. The
slight increase could possibly result from oxidation of the areas not protected by epoxy.
After the temperature has been kept isothermal for 30 minutes, upwards of 0.6 % mass

In the next experiment, involving cured
and cured and acetone treated MQEP powder heated to 275 ◦ C , the masses are plotted
in gure 7.13. As the temperature is ramped
to 275 ◦ C it is observed that the one treated
with acetone weighs the most, opposite of
what is observed in gure 7.12. This dierence in mass at lower temperatures might be
caused by varying water content in the sample. It might also be measuring errors, since
the masses of each sample are in the order
of 10-20 mg, making the weighing boats sensitive to even small changes. In the isothermal step the two powders show dierent behaviour as the cured powder experiences upwards of 0.7 % mass loss while the cured and
acetone treated powder experiences around
0.1 % mass loss. This indicates that acetone treatment inuences the thermal stability over time, most likely because the acetone
removes epoxy resins.
In the next experiment, involving cured
and cured and acetone treated MQEP powder heated to 300 ◦ C , the masses are plotted in gure 7.14. For the cured sample not
treated with acetone, at 300 ◦ C the measurement data suers from large uctuations,
most likely due to the weighing boat hitting
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the walls of the oven. Hence, the data for
the cured powder is tted to a sixth degree
polynomial which is plotted in the gure2 .
MQEP powder ramped to 300°C
100.1
100
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Figure 7.14.: TGA measurements for MQEP

powder, ramped to 300 ◦ C and kept isothermal
for 30 minutes.

◦

When reaching the isothermal step at 300

C , the acetone treated MQEP powder ex-

periences a mass loss followed by a constant mass when maintaining the temperature isothermal, indicating fairly good stability over time as only 0.15 % mass loss is observed. This mass loss might as previously
described be caused by decomposition of zinc
stearate. The cured MQEP powder experiences signicantly greater mass loss around
0.5 %. The loss is not as low as at 275 ◦ C ,
maybe due to the uctuating data and the
t not being perfect. However, this result
still veries that the acetone treatment aects
the thermal stability in a positive manner, reducing the amount of degradation products,
hence also the risk of potential hazardous
byproducts and in the end making it better
for a safe compounding and injection molding process.
Additionally, considering a processing at
300 ◦ C only 0.15 % mass loss is expected
and assuming that all of this is degraded into
the most hazardous byproduct acrolein, an
estimate regarding the safety limit of 0.25 ·
10−3 mg3 can be made to ensure no hazards
2 The

R-squared value is 0.8055.
that this limit is for eight hours of exposure.

3 Note
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when exposing the material to high temperatures3 . Assuming that the binder-system and
MQEP powder are mixed 50:50 in terms of
weight % and using a total amount of 40
grams in the compounding chamber, whereof
20 grams are crushed, cured and acetone
treated MQEP powder with the remaining 20
grams consisting of binder-polymer, acrolein
will comprise a maximum of 0.03 grams. This
means for safe use, a room corresponding to
0.03g
= 120m3 is needed. The room
0.25·10−3 g3
m
which the compounder and injection molding
machine is placed in has a volume well above
120m3 . Hence, it is concluded that if small
amounts of MQEP powder (treated with acetone) is used, the processing temperature can
be safely set to 300 ◦ C . Furthermore, the
compounder is placed under ventilation.
7.8. Choice of polymer

The three polymer candidates discussed
previously can be evaluated based on which
are better suited for use in this application.
PPS has already been excluded due to the
high processing temperature above 300 ◦ C .
The two polymers, PP and nylon are considered potential candidates. In this section the compatibility with DGEBA epoxy
and NdFeB surface will be discussed in order to determine which polymer might be better suited as binder with magnet powder. A
good compatibility is achieved if the polymer
binds well to both DGEBA and NdFeB, potentially increasing the mechanical properties,
density and the magnetic properties since a
higher amount of powder per unit volume
can be obtained. Adhesions between polymer/DGEBA and polymer/NdFeB are caused
by intermolecular bonds. Hence, the compatibility might be improved if the chosen polymer can form intermolecular bonds, such as
hydrogen bonds, with the respective surfaces.
A way to estimate the intermolecular forces
within the polymers can be through the measure of surface energy. The surface energy

is a measure of the energy required to create additional surface area of a material [85].
Thus, a polymer with strong intermolecular
forces has a high surface energy, and might
be able to form several intermolecular bonds,
such as hydrogen bonds, in between the polymer chains. The polymer chains might also be
able to form hydrogen bonds to other materials such as MQEP powder. Note, that other
chemical bonds might increase the surface energy, such as the covalent cross-linking bonds
in cured epoxy, however, it is assumed that
the surface energy can be used as a measure
of the amount of hydrogen bonds in PP and
nylon.
NdFeB is expected to have a signicantly
higher surface energy compared to PP and
nylon, since the NdFeB surface is composed
of a hydrophilic oxide surface able to form
several hydrogen bonds [53]. Hence, choosing a polymer with a high surface energy
might yield better hydrogen bonding to the
hydrophilic NdFeB surface. Nylons might
be suitable for this purpose, since these contain NH and CO groups that can potentially
form hydrogen bonds with hydrophilic surfaces [43]. PP on the other hand is likely
not suitable for this purpose, however, it is
possible to graft this polymer with maleic
anhydride in order to make this particular
polymer more polar [86]. These maleic anhydride grafted polymers can be bought commercially [54]. The polymer could possibly
also be treated by either UV-light or corona
treatment, which might introduce hydroxyl
groups [56]. This would be favourable in
terms of making it hydrophilic and more compatible with e.g. NdFeB. Furthermore, generating hydroxyl groups can also be favourable
in terms of forming hydrogen bonds to the
DGEBA epoxy, since it also contains several
oxygen atoms.
and PP
PP has a surface energy of 30.2 mJ
m2
containing 1.4 wt % co-polymer (grafted with
maleic anhydride) has a surface energy of 38.6
mJ
[87]. PP costs ∼ $1.9 per kg, whereas
m2
the maleic anhydride grafted co-polymer of
PP costs ∼ $2.7 per kg as of November 2016
[51]. It might be preferable to utilize the co-

polymer due to the signicantly higher surface energy, which potentially yields better
magnets. However, instead of utilizing the
grafted PP, nylons could be utilized. Nylons
are of approximately the same price as grafted
PP but some types of nylon yield even higher
surface energies.

Surface energy for selected nylons
Type

Surface energy [

Nylon 6,6
Nylon 10,10
Nylon 6
Nylon 12

42.2
32.0
43.9
37.1

mJ
]
m2

Table 7.2.: Surface energy for commercial ny-

lon types [88].

For nylons the surface energy seems to decrease when the amount of carbon atoms between NH and CO groups increases. It makes
sense since more hydrogen bonds can possibly be formed when more NH and CO groups
are present. The surface energy is slightly
higher for nylon 6 compared to nylon 6,6
which might be explained by dierent crystal
structures [89]. Nylon 6,6 has a substantially
higher melting point of ∼ 265 ◦ C compared to
the melting point of ∼ 215 ◦ C for nylon 6 [43].
This most likely means that nylon 6,6 has a
more crystalline structure with less free NH
and CO groups available for hydrogen bonding at the surface. Thus, nylon 6 possibly
forms more hydrogen bonds to other materials compared to nylon 6,6. Hence, nylon 6
should be better suited for this purpose, due
to a higher surface energy and a lower melting
point, the latter resulting in a lower processing temperature which is favourable in terms
of avoiding loss of magnetic properties and
degradation of epoxy.
Summarizing the discussed polymers, the
optimal choice of polymer in this study might
be either traditional PP due to the low price,
or nylon 6 possibly giving the best compatibility with the magnet powder but obviously
slightly more expensive. These two polymers
will be tested in the following chapter.
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7.9. Summary

Three polymers typically used for injection
molded magnets are considered as potential
candidates in this study; PP, nylon and PPS.
Experiments illustrate that signicant degradation of cured epoxy from MQEP powder
occurs above 300 ◦ C , hence, processing above
this temperature is prohibited, whereas PPS
is excluded due to its high processing temper-

50

ature. Two binder systems, PP and nylon 6,
are chosen for further processing. PP might
be favourable with respect to price contrary
to nylon 6 which is expected to bond strongly
to MQEP powder. Furthermore, it is found
that acetone treatment of the cured MQEP
powder is necessary when heating to ∼ 275
◦
C in order to remove epoxy monomers and
avoid exceeding the safety limit for hazardous
epoxy byproducts.

Chapter 8

Compounding
8.1. Polypropylene as
binder in NdFeB
magnets

The purpose of this section is to investigate the possibilities of compounding crushed
MQEP powder and PP. During this process
the processing temperature is adjusted to
achieve an optimal viscosity and dispersion of
the two compounds in the mixture. The goal
is to achieve a uniform substance that can
be processed in this preparation step prior to
injection molding. PP is chosen as the initial binder polymer due to its low cost, low
melting- and processing temperature, making
it an obvious choice for initial experiment.

8.1.1. Materials and Methods
The crushed MQEP powder is cured at 150
◦
C for one hour and during the time in the
oven, the powder is agitated 3-4 times. Afterwards the MQEP powder is left for 20
hours in excess amounts of acetone prior to
compounding experiments to minimize potential hazards regarding toxic gases formed
from uncured epoxy, as mentioned in chapter 7. Additionally PP, supplied from Borealis (BJ380MO), is dried for three hours
at 70 ◦ C prior to compounding. 50 wt%

PP and 50 wt% crushed MQEP powder is
compounded using a DSM Xplore Micro 15cc
Twin Screw Compounder. The screw speed is
set to 50 rpm and the MQEP powder and PP
is added in small amounts in an alternating
manner. A maximum force of the screws is set
to 7500 N. The mixture is fed into the compounding chamber and allowed to mix for approximately two minutes in the mixing chamber while the outlet is closed. The outlet is
opened and the temperature inside the chamber is adjusted if an inappropriate viscosity
of the mixture exiting the outlet is obtained.
The magnet mixture is collected on a large
plate. Lastly, a small piece of the magnet
mixture is investigated by means of a Zeiss
Evo LS 15 SEM with an accelerating voltage
of 15 keV.

8.1.2. Results and Discussion
The addition of NdFeB particles to PP is
expected to increase the viscosity, hence as a
starting point a temperature of 220 ◦ C , signicantly above the melting point of PP (157
◦
C ) is chosen. At 220 ◦ C the mixture has a
very low viscosity. This is dicult to handle
when collecting the viscous substance, leading
to thin and coiled up solid strands, as seen in
gure 8.1 a). These are dicult to cut into
pellets and the temperature is lowered.
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a)

b)

Figure 8.1.: Compounded mixtures of MQEP powder and PP at a) 220 ◦ C and b) 160 ◦ C , respec-

tively.

After compounding at 220 ◦ C , 200 ◦ C , 180
C and lastly at 160 ◦ C it is found that the
optimal viscosity is obtained at 160 ◦ C . The
compounded strands obtained at this temperature are seen in gure 8.1 b). The collected mixture is dark grey, indicating that
the MQEP particles have been dispersed to
some degree throughout the polymer. However, a closer investigation reveals that the
compounded strands contain varying ratios of
NdFeB and PP. The part of the strand exiting the compounder rst is easily owing
and seems to contain more PP than NdFeB,
whereas the last part of the strand seems to
contain less PP than NdFeB observed as a
grainy surface structure. The varying concentrations of MQEP powder throughout the
mixture might be caused by several things:
1) The mixing duration in the chamber
might be insucient causing the particles in
the MQEP powder to be insuciently dispersed throughout the polymer. However,
since the mixture is compounded four times
this is not believed to be the major cause of
the varying concentrations. 2) The powder
◦
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sticks to the screws and the inner walls of
the compounding chamber. Hence, this could
result in the mixture exiting the compounding chamber not containing equal amounts of
NdFeB particles. 3) Since the materials are
dierent they do not adhere perfectly, most
likely due to the hydrophobic/hydrophilic nature, possibly resulting in poor mixing. This
behaviour can potentially be avoided by using either nylon or a maleic anhydride grafted
PP. However, since maleic anhydride grafted
PP has a melting temperature of 157 ◦ C [54],
similar to regular PP, the applications for this
type of polymer for magnets in the automotive industry which requires stability till 180
◦
C might be an issue [11].
The grainy part of the strand where the major part is NdFeB is investigated by means of
SEM. Signicant porosities are observed and
can be seen in gure 8.2. These porosities
can possibly be avoided by choosing another
polymer, if the cause of the grainy structure is
due to poor mixing caused by the hydrophobic nature of PP.

a)

b)

Figure 8.2.: a) SEM overview image and close-up SEM image b) of the MQEP powder and PP

mixture compounded at 160 ◦ C .

If the porosities observed from compounding are also present when injection molding, the nal magnet product might have
unwanted properties such as low mechanical strength since the material obtained from
compounding PP is brittle and easy to break.
However, a high pressure is applied during injection molding and this might avoid porosities, possibly yielding a more compact material with better mechanical and maybe also
magnetic properties.
8.2. Nylon as binder in
NdFeB magnets

Due to poor miscibility observed when using PP as binder along with the disadvantage of PP not being able to withstand high
temperatures, as required in the automotive
industry, nylon 6 is utilized in the rest of
the study to potentially increase the overall
bonded magnet performance as by increasing miscibility due to the polar nature of this
polymer. Three dierent weight percentages
of crushed MQEP powder is utilized; 50 wt%,
57.5 wt% and 65 wt%, the rest being nylon 6
so no additional additives are utilized. The
reason for choosing these is that the 50 wt%
showed to be possible, although dicult to
compound in the previous experiment with
PP.

In literature, the amount of NdFeB powder
is typically given in volume percentage, where
high volume percentages of NdFeB powder of
60-75 % can be achieved with nylon 11 and
nylon 12 [12]. The density of the MQEP powder (∼ 6.0 cmg 3 ) is remarkably higher than the
density of nylon 6 (∼ 1.15 cmg 3 ) [21] [90], thus,
resulting in a lower concentration of NdFeB
per unit volume in this study compared to
other studies. Hence, the magnets will not be
as magnetically strong as those obtained in
other studies.
The purpose of this study is not to obtain the maximum or optimal mix of MQEP
powder and nylon but merely to investigate
whether or not it is possible to injection mold
bonded magnets containing both epoxy and
nylon. This study is concerned with observing
tendencies of mechanical and magnetic properties when adjusting the amount of powder
in the mixture.

8.2.1. Materials and Methods
The crushed MQEP powder is cured at 150
C for one hour and during the time in the
oven, the powder is agitated 3-4 times. Afterwards the MQEP powder is left for 20 hours
in excess amounts of acetone prior to compounding experiments to minimize potential
hazards regarding toxic gases formed from
uncured epoxy, as mentioned in chapter 7.
◦
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The crushed MQEP powder is mixed with
nylon 6 (Ultramid B35SK) in dierent ratios
to obtain the following weight percentages of
MQEP powder; 50 wt%, 57.5 wt% and 65
wt%. The screw speed is set to 50 rpm for all
mixtures and a maximum force of the screws
is set to 7500 N. The powder mixture is fed
into the compounding chamber and allowed
to mix for approximately two minutes in the
mixing chamber while the outlet is closed.
The outlet is opened and the temperature inside the chamber is adjusted if an inappropriate viscosity of the mixture exiting the outlet
is obtained. The magnet mixture is collected
on a large plate and the obtained strands are
cut into pellets using a pellet cutting machine.

8.2.2. Results and Discussion
The small compounding chamber restricted
processing of the entire mixture at once,
thus the ratio of NdFeB/nylon 6 might vary
throughout processing. In gure 8.3 a) it
can be seen that the NdFeB and nylon 6 are
not perfectly mixed in the feeder. Thus, the
strands of compounded mixture might vary in
composition depending on the ratio of NdFeB
and nylon 6 injected in the chamber. Hence,
the strands are cut and the obtained pellets
are mixed. Afterwards these pellets are compounded again and cut to yield the nal pellets seen in gure 8.3 b).
50 wt%

Initially the temperature of the compounder is set to 240 ◦ C , corresponding to
the lower processing temperature of nylon 6
(slightly above the melting point of 225 ◦ C
[90]). Here the mixture is experienced to be
too viscous for proper compounding. Therefore the temperature is increased to 260 ◦ C ,
with success lowering the viscosity which was
found to be ideal for this particular mixture.
57.5 wt%

Using previous parameters for this mixture
seems to yield a slightly more viscous substance and the temperature is therefore in54

creased to 270 ◦ C yielding a proper viscosity. This mixture is highly dicult to compound due to the minor amount of nylon 6. It
therefore indicates that this mixture is around
the maximum concentration of MQEP powder when processing with this setup.
The reason for the diculty with compounding very high contents of MQEP powder in this study might be attributed to the
following; 1) This study uses nylon 6, which is
not comparable to other types of nylon or different polymers used in other studies. 2) The
size, constituents and shape of the particles
used in other studies might be dierent, since
the commercially MQEP powder exists in different variants. This inuences the obtained
degree of packing, along with the degree of
crushing of powder in this study. 3) The
powder utilized in this study contains epoxy
which might aect the packing. 4) No additional plasticizer and/or lubricants have been
added to the crushed powder in this study.
This is purposely not done to avoid adjusting too many parameters and lowering the
MQEP powder content, however, a comprehensive study solely of plasticizers and lubricants could favourably be carried out. 5) Mixing a high amount of NdFeB with thermoplastics requires highly specialized compounding
equipment [91]. Hence, it could be that the
compounding equipment used in other studies are better suited for this purpose. The
compounder used in this study requires the
powder to be injected into the chamber by
hand, possibly limiting the amount of powder
which can be forced into the chamber. The
compounder used is a small compounder for
experimental and research purposes, it might
be that industrial compounders are able to
mix higher NdFeB contents with thermoplastic binders. It could be that other compounders are able to apply higher shear forces
in order to mix properly. Other compounders
could for instance be manufactured with different screws or for instance a dierent inner surface of the chamber possibly causing
higher shear forces and better slip from the
inner walls, respectively.

Based on the issues with compounding the
previous mixture, the mixture of 65 wt % is
discarded since this will inevitably be more
dicult or even impossible to process with
this setup. Therefore, the highest possible
concentration of NdFeB found in this study
is 57.5 wt %. It might be possible to achieve
higher concentrations around 65 wt % or even
higher, if another setup is utilized or for instance lubricants and plasticizers are used in
order to achieve better mold slip and better
owability. It might also be possible to mix
the powder by means of a higher temperature
and force in order to obtain a higher amount
of magnet powder in the mixture. However, it
is important to keep in mind that the magnet

mixture needs good ow properties in order
to be processed, also in terms of making injection molding later in the process. Furthermore, too much magnet powder might also
cause excessive wear on the equipment.
After compounding, the compounding
chamber and feeder is cleaned. The compounding chamber contains a lot of magnet powder which seems to stick to the inner walls, even though it is not magnetic.
This might be avoided by utilizing the aforementioned solutions. However, these might
aect the process in other ways, for instance a higher processing temperature inuences the magnetic performance and initiates epoxy degradation, whereas adding lubricants/plasticizers yields a lower percentage of
magnet powder in the mixture.

a)

b)

65 wt%

Figure 8.3.: a) MQEP powder and nylon 6 mixed in the feeder of the compounder. b) The pellets
made from the mixture of 50 wt% NdFeB and are approximately 2-3 mm in diameter and 3-4 mm
in height.

When cleaning the feeding system the
feeder seems to have certain impurities after
contact with the magnet mixture. An image
of the feeder after compounding is seen in gure 8.4. It seems like pitting corrosion has
occurred or magnet particles are embedded
in the oxide layer of the stainless steel. This

might result in a necessity to exchange the
equipment more often, leading to additional
expenses.
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tentially enhancing the magnetic properties
of this particular magnet. The nal magnets
can be evaluated based on these properties,
hence, resulting in a discussion of whether or
not surface treatment of nylon 6 can improve
the magnet.1

8.3.1. Materials and Methods

Figure 8.4.: After compounding the feeder

contains minor impurities possibly caused by
NdFeB particles.

8.3. UV treatment of nylon

Parallel to the compounding experiments,
another magnet mixture is also compounded.
The compounding process is the same as the
one for the 57.5 wt% mixture, this one being with the same concentration of MQEP
powder, but with the polymer treated with
UV-light prior to the experiments. The purpose of utilizing UV-treatment in this study
is to obtain additional hydroxyl (OH) groups
on the surface [92], eectively increasing the
polarity and possibly enhancing possibilities
for hydrogen bonding between MQEP powder
and polymer. When utilizing UV-light, hydroxyl radicals are created in the atmospheric
air [93], which can possibly attack the polymer. This could eventually result in more OH
groups on the polymer backbone which are
able to form hydrogen bonds to the surface
of the MQEP powder and within the polymer itself. If more hydrogen bonds occur, a
well-bonded magnet with better mechanical
properties and higher density might be obtained. The higher density might even result
in more MQEP powder per unit volume, po1 If

Prior to compounding, dried nylon 6 similar to the type used in previous experiments
are weighed and spread out on a glass plate
under a UV-light set to 254 nm and left for a
two hour treatment. A pellet of UV-treated
nylon 6 is used in FTIR measurements along
with a dried neat pellet of nylon 6 to investigate the eects from UV-treatment. The
measurements are carried out using a Perkin
Elmer Spectrum One FTIR-ATR Spectrometer in the range 550 cm−1 - 4000 cm−1 .

8.3.2. Results and Discussion
The FTIR spectra for both pellets are
shown in gure 8.5 which shows the interval
500-1800 cm−1 and gure 8.6 which shows the
interval 2700-4000 cm−1 . The intervals not
covered by the gures are of no interest, since
there are no clear peaks and the spectra are
identical for the two polymers.
Immediately from the measurements, it is
observed that the samples are close-to identical, as expected. However, there are certain
dierences which will be highlighted in this
section. For instance, the spectra have some
varying absorption intensities, which might
be caused by dierent compositions for the
two polymers. This might be caused by the
UV-light introducing chemical changes. In
the following, the peaks, where signicant differences between the two polymers occur, are
discussed and the likely explanations hereof
are presented. The peaks are discussed based
on which bond they refer to, hence these

this method is desired it needs to be considered how it should be implemented industrially. UV-lamps
exist in a wide range of congurations. Nylon 6 granules could be UV-treated at arrival and stored for
later use or undergo UV-treatment prior to processing. Maybe it is favourable to make a feeding system
in connection with the compounder where two feeders are utilized, one with nylon 6 and one with crushed
NdFeB powder. In the feeder with the nylon 6 a UV-lamp could be placed, possibly resulting in generation
of hydroxyl groups on the polymer prior to processing.
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are divided into bonds that involve carboncarbon interactions and bonds that involve
oxygen and nitrogen. The reciprocal wavelengths referred to in the text are for the UVtreated nylon 6.

nitrogen;
• 1438 cm−1 : NH deformation [96]
• 1542 cm−1 : Amide stretching [96]
• 1636 cm−1 : Amide stretching [96]

Oxygen

Two peaks can be associated with bonds
involving oxygen, namely the peak at 1236
cm−1 and 1367 cm−1 which might be associated with CO stretching and OH bending [94].
A higher absorption occur for UV-treated nylon 6 at these reciprocal wavelengths which
indicates that more hydrogen bonding groups
are possibly introduced on the polymer backbone. This is favourable in terms of having
more sites for hydrogen bonds. Furthermore,
notice that the peak at 1367 cm−1 shifts to a
higher reciprocal wavelength for the neat nylon, indicating a dierent amount of hydrogen
bonds compared to the UV-treated polymer
[95].
Nitrogen

Four of the peaks highlighted in the spectra seem to correspond to bonds that involve

• 3289 cm−1 : NH stretching [96]

In general, the absorption from nitrogen
bonds seems to be higher for the UV-treated
polymer. Thus, it might be that this treatment introduces nitrogen groups on the polymer backbone. Nitrogen radicals might be
generated in atmospheric air which can possibly react with the polymer backbone, eventually resulting in an additional amount of
nitrogen groups in the nylon 6. If this is the
case, it is also advantageous in terms of forming extra hydrogen bonds [60].
The stretching peaks at 1542 cm−1 , 1636
cm−1 and 3289 are wider for the UV-treated
polymer, which can indicate a higher amount
of hydrogen bonds [78]. This would make
sense if extra OH groups are introduced in the
UV-treated polymer forming extra hydrogen
bonds to the nitrogen containing groups.

Neat nylon 6 vs UV-treated nylon 6
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Figure 8.5.: The FTIR spectra of neat and UV-treated nylon 6 in the interval 500 to 1800 cm−1 .
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Neat nylon 6 vs UV-treated nylon 6
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Figure 8.6.: The FTIR spectra of neat and UV-treated nylon 6 in the interval 2700 to 4000 cm−1 .

Carbon

Seven of the peaks highlighted in the spectra seem to refer to bonds that involve carboncarbon interactions;
• 690 cm−1 : CC bending [96]
• 1169 cm−1 : Tertiary carbons [97]
• 1201 cm−1 : CH2 twisting [96]
• 1301 cm−1 : CH2 wagging [96]
• 2854 cm−1 : Symmetric CH2 stretching

[96]

• 2924 cm−1 : Asymmetric CH2 stretching

[96]

• 3090 cm−1 : Asymmetric CH stretching

[96]

The carbon peaks which refer to bending and
twisting seem to be present to a higher degree
in the untreated nylon 6. On the other hand,
the carbon peaks which refer to wagging and
stretching seem to be present to a higher degree in the UV-treated nylon 6. It might be
that the same amount of carbons are present
in each type of polymer, but due to the fact
that dierent bonds are formed (described in
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the previous two sections), the crystal structure of the nylon 6 pellets might be altered
which could inuence the signal from the carbon bonds.
Another thing of interest is that the UVtreated nylon 6 seems to contain more tertiary
carbons. This could possibly indicate the occurance of crosslinking. Free radicals on the
carbon atoms of the polymer backbone could
be generated in the reactive UV-atmosphere
and this would eventually lead to interconnection of the polymer chains by carbon bonds,
explaining a higher amount of tertiary carbon bonds. If crosslinking is taking place it
can possibly inuence other things such as
ow properties, which is investigated in section 8.4.
The conclusion of the FTIR investigation
is that UV-treatment seems to alter nylon
6. The results might indicate that extra hydroxyl and nitrogen groups are introduced
in the polymer, which might be advantageous in terms of forming extra intermolecular hydrogen bonds in the magnet material.
This can eventually result in better magnets
as previously discussed. However, it might
also be that this UV-atmosphere introduces
crosslinking between the polymer backbones,
possibly aecting ow properties. Hence, it
might be more dicult to process, making

this a disadvantage of the UV-treatment.

8.4.1. Materials and Methods

8.3.3. Outlook

The three types of pellets made from compounding and cutting are used in parallelplate rheometry experiments using a Discovery HR-3 hybrid rheometer where frequency
sweeps are utilized. Initially, the plates are
heated to either 250 ◦ C , 270 ◦ C and 290 ◦ C
and afterwards the pellets are placed on the
bottom plate. The pellets are melted for three
minutes. After melting the trim gap function is used where the spacing between the
plates is decreased to 1050 µm and the top
plate makes contact with the pellets. The excess melt is manually removed and the geometry gap function is afterwards used. This
decreases the distance between the plates to
1000 µm and the material is left to relax for
six minutes. The parameters for the experiments are; strain is set to 5 %, the anguto 0.06
lar frequency is varied from 600 rad
s
rad
.
The
entire
procedure
is
carried
out for
s
all three types of pellets for the three temperatures mentioned previously. It is assumed
that the Cox-Merz rule can be utilized, so
that the complex viscosity plotted as a function of angular frequency corresponds to the
apparent viscosity as a function of shear rate
[101].

Besides UV-treatment, which has been the
focus in this chapter, it could have been of interest to test other treatments to increase the
amount of hydrophilic groups on the polymer.
For instance through silane coupling agents
which is a topic under investigation in several papers [8] [9] [98] [99]. Most of the silane
coupling agents have boiling points below 300
◦
C [100], hence, posing an issue during compounding and/or injection molding of nylon 6.
However, some coupling agents might be able
to withstand elevated temperatures. Testing
these could be done in order to check the compatibility with both NdFeB and epoxy on the
surface of the crushed MQEP powder. Additionally a price estimate could be made and
powder treated with silane coupling agents
could be compared to powder treated with
UV light, in order to nd the best possible
surface treatment for this purpose.

8.4. Rheology
measurements

In this section the ow properties of the
three magnet mixtures (50 wt%, 57.5 wt%
and 57.5 wt% with UV-treatment) are investigated. This is done in order to gure out
whether the materials ow properly, required
in injection molding. There might be dierences in the ow properties depending on the
NdFeB concentration and surface treatment
of the polymer. If the magnet mixture has a
low viscosity and ows easily, it might be possible to process at lower temperatures which
is favourable in terms of avoiding loss of magnetic properties and epoxy degradation products. Hence, the three types of powder are
processed at three distinct temperatures in
order to investigate the ow properties under
various conditions.

8.4.2. Results and Discussion
The results obtained from the parallel-plate
experiments are seen in gure 8.7. For the
three magnet mixtures the viscosity is plotted as a function of angular frequency for
three dierent processing temperatures; 250
◦
C , 270 ◦ C and 290 ◦ C . It is favourable if
a lower viscosity can be obtained by specic
settings during the compounding experiment
to increase the amount of MQEP powder with
the mixture still being processable
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Figure 8.7.: The complex viscosity of the

three magnet mixtures as a function of angular
frequency, plotted at three processing temperatures; 250 ◦ C , 270 ◦ C and 290 ◦ C .

Looking at the graphs, it is seen that the
viscosities resemble each other within the interval of shear rates for the three dierent
mixtures at the particular temperatures. One
thing which is noticeable is that at low shear
rates the viscosity is signicantly lower for
magnets processed at 250 ◦ C compared to
magnets processed at 270 ◦ C and 290 ◦ C , for
all three mixtures. This is contradictory to
the typical behaviour where a higher temperature yields more thermal motion and a lower
viscosity. This might be explained by the fact
that this is around the lower limit of the temperature where nylon 6 can be processed and
the nylon 6 itself has a rather high viscosity at this temperature. The higher viscosity
of the polymer at lower temperatures is most
likely caused by entanglement of the polymer. Hence, when shear forces are applied
during processing, the polymer chains might
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drag each other and the MQEP powder in the
direction of the applied forces. It might be
that more entanglement of the polymer at the
lower temperatures enhances dragging of the
particles in the ow direction. Thus, it could
explain the lower viscosity at lower shear rates
when the temperature is 250 ◦ C . Notice that
at higher shear rates, the viscosity at 250 ◦ C
is of approximately the same value as the viscosities at 270 ◦ C and 290 ◦ C . The rheology
measurements indicate that the shear rate inuences the viscosity heavily, and a way to
tailor the shear rate is by means of the rotational speed of the compounding screws.
Hence, if processing is carried out with a low
screw speed it might be favourable to use a
lower temperature to obtain the lowest viscosity. On the other hand it also seems like
increasing the screw speed in general yields
a decrease in viscosity for the magnet mixture. When increasing the screw speed and
thus the shear rate, it might be that the polymer chains are moving faster. At these higher
speeds the polymer chains are possibly not
as strongly bonded to the NdFeB particles,
which could mean that the polymer can migrate to the surface and dominate the measured viscosity. Thus, it might be that a low
viscosity is obtained at higher shear rates according to the rheology measurements, however, these measurements might be deceptive.

8.4.3. Outlook
According to the measurements the viscosity is decreasing remarkably when increasing
the shear rate. As discussed, it might be
that the rheology measurements are not representative, nonetheless, an investigation of
whether the viscosity can be decreased significantly by increasing the screw speed could
favourably be carried out. This could eventually result in a low viscosity magnet mixture
where the addition of more MQEP powder is
possible.
In general, it would be of interest to test
the viscosities at several temperatures and
additional concentrations of powder. Several
measurements could be made with each par-

ticular temperature and concentration in order to ensure reliability. Furthermore, details about whether the material behaves as
an elastic solid or a viscous liquid could be
studied thoroughly from the loss modulus and
storage modulus. If the material tends to behave more like an elastic solid, it could possibly mean that the material as a whole is more
coherent. The loss modulus and storage modulus could also be studied using dynamic mechanical analysis. A temperature sweep could
be made in order to observe the eects at elevated temperatures for the material.
If the equipment allowed accurate measurements outside the given shear rate interval,
it could also be of interest to study viscosity
tendencies outside the interval shown here. It
could be that the viscosity has a dierent de-

pendence on shear rate outside the interval
. The shear rates experienced in
0.06-600 rad
s
the twin screw equipment for injection molding and compounding can be calculated [102],
in order to nd the approximate shear rate interval where the equipment is operating.
It might be that the shear rate interval
studied here is narrow compared to what
is experienced in compounding and injection
molding. Shear rates experienced in injecand postion molding can be around 1000 rad
s
sibly even higher in the runners and small
gates of the equipment. Hence, it could be
favourable to utilize other methods for studying the viscosity at higher shear rates. One
way to do this is through capillary rheometry
where shear rates representative for injection
molding can be obtained. [103]
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Chapter 9

Injection Molding
9.1. Injection molding

In this chapter the injection molding process involving the three compounded mixtures of NdFeB and nylon 6 is described and
discussed. Two types of specimens are produced; tensile test bars and impact test bars.
Figure 9.1.: A schematic drawing of the ISO

527 type 5A tensile bars [104].

9.1.1. Materials and Methods
The injection molding is carried out using
a Thermo Scientic Haake Minijet II for all
three magnet mixtures (50 wt%, 57.5 wt%
and 57.5 wt% with UV-treatment). The feeding cylinder is heated to 280 ◦ C and loaded
with the respective powders. The cylinder
is placed on top of the mold, pre-heated to
80 ◦ C , where after an injection pressure of
800 bar is applied to the plunger for a total of 40 seconds, hence, no screw is used in
this type of injection molding machine. Two
molds are utilized, one for making impact test
bars for Izod tests and one for making tensile
test bars. The mold for the rectangular impact test bars of type ISO 180/1U has the
following dimensions; width: 9.75 mm, thickness: 3.10 mm and length: 80.0 mm. The
mold for tensile test bars is shaped for ISO
527 type 5A tensile bars, seen in gure 9.1
[104]. The dimensions are (in mm); l2 : 75, b2 :
12.5, l1 : 25, b1 : 4, r1 : 8, r2 : 12.5, L: 50, L0 :
20, h: 2.

9.1.2. Results and Discussion
Tensile bars

The tensile bars obtained for the 50 wt%
NdFeB mixture are seen in gure 9.2, whereas
the injection molded impact test bars for the
50 wt% NdFeB mixture are seen in gure 9.3.
Uniform bars with a seemingly ne surface
nish are obtained for all three magnet mixtures in both molds.

Figure 9.2.: The injection molded tensile bars

for the 50 wt% NdFeB mixture.
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be investigated in chapter 10.

9.1.3. Outlook

Figure 9.3.: The injection molded impact bars

for the 50 wt% NdFeB mixture.

The injection molded tensile bars are
weighed for the three types of magnet mixtures. The volume of the tensile bar is estimated from the schematic drawing and divided by the average weight of the tensile
specimen for each mixture, thus, the calculated densities are listed in table 9.1.

Density of injection molded bars
Mixture

50 wt%
57.5 wt%
57.5 wt% (UV)

g
cm3

2.10
2.17
1.87

Table 9.1.: Average density of the tensile bar

for the three magnet types.

The density is 2.10 cmg 3 for the 50 wt% and
slightly higher with a higher powder content
for the 57.5 wt% without UV-treatment; 2.17
g
. This makes sense due to the higher dencm3
sity of MQEP powder which is approximately
6.0 cmg 3 [21]. It is noticeable that the density
of the magnet treated with UV has a signicantly lower density of 1.87 cmg 3 , compared to
the mixture not treated with UV. An explanation to this might be the introduction of bulky
side groups caused by the UV-treatment, affecting the packability of the polymeric parts
of the magnet. If the polymeric part of the
magnet has a lower density it should not have
a signicant impact on the magnetic properties if the same amount of powder is present
within the magnet. On the other hand, if
the magnet contains less MQEP powder, this
treatment is not preferable in terms of achieving optimum magnet performance. This will
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If more time was allocated for this part
of the study it could be interesting to test
other settings for the injection molding process. For instance varying the pressure and
temperature in order to potentially achieve a
higher density of the injection molded specimens. This could eventually result in improved magnetic and mechanical properties as
discussed in the following two chapters.
Additionally, DSC experiments can be utilized to measure the degree of crystallinity for
the molded specimens. By comparing the degree of crystallinity when adjusting the injection molding parameters, this could reveal information on whether a higher degree of crystallinity for the mixture can be obtained using dierent settings. If a higher degree of
crystallinity is achieved, it might result in
a higher density. This might be obtained
through higher mold temperatures, resulting
in a slower cooling, giving the polymer chains
time to obtain a more ordered crystal structure. Hence, if the polymer achieves a high
degree of crystallinity in the warmer mold
and a high holding pressure is maintained, it
might be possible to obtain more magnet mixture in the mold. However, this will cause the
cycle time to be extended which is not desired
in terms of cost per magnet. Furthermore,
the thermal expansion of the magnet in the
mould should also be taken into account, and
it might not necessarily be favourable to keep
on increasing the temperature. The degree of
crystallinity can possibly also aect mechanical properties. Therefore, it could be of interest to utilize a dierent molecular weight
of nylon, which would likely change the degree of crystallinity and infuence mechanical,
rheological, magnetic properties etc. The entire injection molding process of the magnets
could make up a study on its own.
Furthermore, it could be of interest to produce extensive amounts of specimens of mixtures with both high and low concentration
of MQEP powder. Thus, it could be investi-

gated if abrasive wear occurs on the mold and
if it is more critical with higher concentrations
of MQEP powder. If this is the case, it should
be part of the price calculations since it will

require exchange of the mold more often. An
estimate of the price per magnet is made in
chapter 12.
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part 3
PRICE AND PERFORMANCE OF
RECYCLED NDFEB MAGNETS

Chapter 10

Magnetic Properties
10.1. Magnetic properties

In this chapter the magnetic properties of
the injection molded magnets are considered.
Prior to investigating the magnetic properties
of the samples, the magnets need to be magnetized. Afterwards the magnets are demagnetized and the second quadrant of the demagnetization curve can be used to determine
magnetic properties, as described in chapter
2.

following. The demagnetization of the magnetic eld (B ) in the second quadrant of the
hysteresis loop is plotted as a function of the
applied magnetic eld (H ) in gure 10.1. The
maximum energy product BHmax dening the
ability for the magnet to function as a permanent magnet can be derived as the area of the
largest rectangle below this B-H curve.
0.1
0.09

50 wt%
57.5 wt%
57.5 wt% (UV)

0.08

10.1.1. Materials and Methods

10.1.2. Results and Discussion
The magnetization of the magnets have
been saturated and the demagnetization by
the applied magnetic eld is considered in the

0.06

B [T]

The magnetic measurements are carried
out on round specimens, hence the injection
molded tensile bars are cut using a 11mm
hollow punch to produce circular specimens.
Three circular specimens are then stacked
since a minimum of 5mm in thickness is required for proper magnet measurements.
The circular specimen are magnetized to
saturation and the demagnetization curve is
measured using an Elettrosico Hystergraf IS300 in closed circuit conditions in agreement
with International Standards IEC 60404-5
and ASTM A977, at 25 ◦ C with a LJT15
measuring coil and LP80 poles at a maximum
.
applied eld of 1600 kA
m
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Figure 10.1.: The magnetic eld versus ap-

plied magnetic eld (B-H curve) in the second quadrant of the demagnetization curve for
the three magnet mixtures. The rectangles
surrounding the largest areas (BHmax ) below
the B-H curves are illustrated as dashed curves
with similar colors for the respective magnets.
Maximum energy product

The maximum energy product BHmax for
each magnet is found as the area of the rectangle below the B-H curve with the largest
area. In order to nd this a linear t is made
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to the B-H curves, giving the two constants a
and b for a linear curve t.
(10.1)

B = aH + b

Multiplying with H yields the B-H value.
(10.2)

BH = aH 2 + bH

In order to nd the maximum value of the BH curve, equation 10.2 is dierentiated with
respect to H and set equal to zero.
(BH)0 = 0 = 2aH + b

Thus, the value of H where this is true is equal
to:
H=−

b
2a

Lastly these values for the applied magnetic
eld are multiplied by the magnetic eld B
at the respective points of the curves to give
the maximum energy products, listed in table
10.1.

Maximum energy products
Mixture

BHmax

50 wt%
57.5 wt%
57.5 wt% (UV)

0.0071
1.33
0.94

 kJ 
m3

Table 10.1.: BHmax values for the three dif-

ferent magnets.

Based on the BHmax values obtained, it
is observed that increasing the magnet powder content by a mere 7.5 wt% signicantly increases the overall magnetic properties whereas the UV-treatment does not seem
to increase, but rather decrease the magnetic
properties as observed in table 10.1. This
might be explained by the fact that the UVtreatment yields a lower density of the polymeric parts because of introduction of extra
chemical side groups. This means a minor
NdFeB content per unit volume is present.
However, the UV-treatment might inuence
other properties such as mechanical properties, as described in chapter 11.
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The BHmax obtained for recycled NdFeB
magnets in this study can be compared to the
BHmax of other commercial magnets used in
the automotive industry, i.e. other bonded
NdFeB or ferrite magnets. Injection molded
NdFeB magnets are found to have BHmax values around 49 mkJ3 . These magnets obviously
have a high NdFeB content resulting in a high
density, typically around 5.0 cmg 3 compared to
around 2.0 cmg 3 for the magnets in this study.
The injection molded ferrite magnets in general have a lower BHmax of approximately
5.0 mkJ3 . Hence, it might be possible to compete with ferrite magnets by adding slightly
more NdFeB. These magnets might be dierent with respect to price, mechanical properties, corrosion resistance, etc. However, it is
also believed that the recycled magnets might
compete with other bonded NdFeB magnets if
for instance dierent compounding equipment
is used, referring to the previous discussion in
section 8.2. [21] [105]
Coercivity and remanence

It is seen that the coercivity (Hc ) and remanence (Br ), where the H-eld and B-eld
is zero, respectively, are highest for the magnets with the highest NdFeB content of 57.5
wt%, seen in gure 10.1. The coercivity and
remanence are both slightly lower for the sample treated with UV, whereas they are signicantly lower for the magnet with 50 wt% NdFeB. The measured values are listed in table
10.2.

Magnetic properties

 kA 

Mixture

Br [T ]

Hc

50 wt%
57.5 wt%
57.5 wt% (UV)

0.0066
0.089
0.073

4.60
62.8
52.4

m

Table 10.2.: Remanence Br and coercivity Hc

values for the three respective magnets.

The fact that the measured magnetic properties decrease accordingly indicate that it is
primarily the NdFeB content per unit volume
and the density that governs the decreasing

coercivity and remanence. Hence, the UVtreatment does not seem to have any specic
eect on either remanence or coercivity.

10.1.3. Outlook
Permanent loss of magnetization has not
been investigated in this study. This could
have been investigated at various temperatures, preferably at temperatures upwards of
180 ◦ C in order to study potential losses at
temperatures obtained in automotive applications. Permanent losses might depend on the
epoxy content on the surface of the MQEP

powder which can protect the NdFeB from oxidation. Hence, the permanent losses of magnetization could be investigated for bonded
magnets manufactured with MQEP powder
with various crushing procedures where a different amount of NdFeB surface is covered by
epoxy. Furthermore, nylon 6 might act as a
barrier towards oxidative attack. Thus, the
permanent losses of magnetization might be
lower when having a higher nylon 6 content.
Besides, the polymer protection could possibly be inuenced by parameters such as the
bonding at the interface and molecular weight
of the polymer.
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Chapter 11

Mechanical Properties
In order to gure out whether the magnets
can withstand mechanical loads in terms of
tensile stress and impacts, mechanical tests
regarding these are carried out for the three
magnets.
11.1. Tensile tests

To investigate the eects of MQEP powder content and surface treatment on the mechanical properties of the magnets, mechanical tensile tests are carried out on injection
molded tensile bars in order to nd strength
parameters that can be related to other commercial magnets.

11.1.1. Materials and Methods
The tests are carried out using an Instron
5944 tensile testing machine with a crosshead
mm 1
. Six tensile bars are tested
speed of 1.2 min
for each magnet mixture; 50 wt%, 57.5 wt%,
and 57.5 wt% treated with UV.

11.1.2. Results and Discussion
The six tensile test measurements for the
respective magnets are seen in gure 11.1.

50 wt%

The tensile test measurement for the 50
wt% magnet is seen in top of gure 11.1.
It is seen that the stress-strain relationships
seem to be fairly reproducible in terms of
similar Young's modulus and ultimate tensile
strength for all six tensile bars. This indicates that voids, inhomogeneities etc. that
could potentially alter Young's modulus and
ultimate tensile strength are minor. However,
the strain at which fracture occurs is spanning
over close to 10 % in tensile strain throughout the six measurements. This could possibly be caused by varying melt times prior to
the injection molding process. The mixture
with 50 wt% is easier to injection mold, without clogging the outlet compared to the 57.5
wt%, due to the higher nylon 6 content. This
means that the molding process is carried out
instantaneously, whereas the other mixtures,
where clogging occurs more frequently, have
longer time to melt in the heating cylinder
when several attempts are required before initiating the molding process. This could eventually result in a more homogeneous mixture,
possibly aecting the reproducibility of the
measured strain-to-fracture.

1 The

tensile tests are carried out without an extensometer, since it is desired to observe the strain-to-fracture
and ultimate tensile strength. The extensometer must not be mounted to the tensile bar while fracture
occurs.
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Figure 11.1.: Tensile tests carried out for the three type of magnets (top: 50 wt%, middle: 57.5

wt% and bottom: UV-treated 57.5 wt%).

57.5 wt%

The stress-strain relationship for the 57.5
wt% magnet is seen in the graph in the middle
of gure 11.1. Similar to the tensile test measurements before, the six measurements show
good reproducibility. Young's modulus seems
to be higher compared to the 50 wt% magnet,
meaning that a higher stiness is achieved
when increasing the amount of NdFeB powder. Furthermore, it is seen that the ultimate
tensile strength on average seems to increase.
This tendency is also reported in [7] when in74

creasing the NdFeB to even higher concentrations, using nylon 11 as binder. Hence, it
might be of interest to use the highest amount
of NdFeB per unit volume in order to obtain
better tensile strength. Article [7] found ultimate tensile strengths of 47.8 MPa for 92.7
wt% of NdFeB and 18.4 MPa for 88.5 wt%
NdFeB. Hence, nylon 6 might be better suited
as binder, since a remarkably higher tensile
strength than for the 88.5 wt% NdFeB is obtained in this study for 57.5 wt% NdFeB, as
seen in gure 11.1. This might be attributed
to the increased ability of nylon 6 to form

hydrogen bonds to NdFeB. Furthermore, the
fact that some epoxy is present on the surface
of the MQEP powder might be favourable,
since epoxy also contains functional groups
able to form hydrogen bonds.
Similarly, the study [7], has found that
the strain-to-fracture increased with increasing nylon content. This does not seem to occur clearly in this study, which might be attributed to the varying strain-to-fracture of
the 50 wt% NdFeB magnet, making it dicult to observe the tendencies.

Tensile stress at 5 % strain
[MPa]
43.6
44.7
51.1

Mixture

50 wt%
57.5 wt%
57.5 wt% (UV)

Table 11.1.: The measured tensile stresses at

5 % strain for the three dierent magnets.

Averages of the tensile tests

60

57.5 wt% (UV)

The stress-strain relationship for the UVtreated 57.5 wt% magnet is seen in the bottom of gure 11.1. Once again the reproducibility of the experiments seem to
be good. Young's modulus is in general
higher for this magnet than the 57.5 wt%
without UV-treatment indicating that UVtreatment increases the amount of hydrogen
bonds between NdFeB and nylon 6, yielding a
stier material. Besides, the ultimate tensile
strength increases on average, which moreover
proves that UV-treatment increases the tensile strength of the magnets.
In gure 11.2 the average of the six tensile
test measurements are plotted in the same
graph. The plot is shown in the range 0 5 % tensile strain. At 5 % strain, the UVtreated 57.5 wt% magnet has a tensile stress
of 51.1 MPa, the 57.5 wt% has a tensile stress
of 44.7 MPa and 50 wt% has a tensile stress
of 43.6 MPa, as listed in table 11.1. This indicates that the UV-treatment aects the tensile strength more than increasing the NdFeB
content from 50 wt% to 57.5 wt%. The UVtreatment yields an increase of 14.3% compared to un-treated 57.5 wt% whereas increasing the NdFeB content from 50 wt% to
57.5 wt% yields an increase of 2.5%.
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Figure 11.2.: Averaged tensile stress-strain

data from the three magnets; 50 wt%, 57.5 wt%
and UV-treated 57.5 wt%.

11.2. Impact tests

In this section the impact test of the three
magnets is discussed. The impact test relies
on striking the magnet with a sudden force
and measuring the energy required to fracture, which reveals information on the toughness of the material. The toughness is a
measure of the energy a material can absorb
before fracturing, and is determined by the
area under the stress-strain curve. Hence, the
magnet has a high toughness if strong and
ductile. [106]
The magnets might experience impacts
when used in automotive applications. Hence,
it is required that the material abruptly is
able to absorb energy and resist fracture
upon impacts. The tendencies for the impact
strength when altering the NdFeB content in
the magnet and when utilizing the surface
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0.12

0.1

Impact strength [kJ/m]

treatment will be discussed in detail in this
section.
Several things can possibly inuence the
toughness, a major one being the conformation of nylon 6 in the magnet. If the polymer
chains are amorphous and able to rearrange
fast upon applied stress, it might increase the
impact strength. Thus, DSC measurements
are carried out on pellets of the magnet powders with and without UV-treatment in order to estimate the dierences in crystallinity.
[58] [106]

0.08
0.074
0.069
0.06
0.054
0.04

0.02

0
50 wt%

57.5 wt%

57.5 wt% (UV)

Figure 11.3.: Average over ve impact tests

11.2.1. Materials and Methods
Impact tests are carried out following the
Izod ISO 180/1U procedure on unnotched
specimens using an Instron 9050 CEAST impact pendulum. Five measurements are made
for each of the magnet mixtures; 50 wt%, 57.5
wt%, and 57.5 wt% treated with UV.
DSC measurements are carried out by
means of a TA DSC Q2000 with nitrogen as
purge gas. The temperature is stabilized at 20
◦
C where after the temperature is increased
◦C
in orto 270 ◦ C at a heating rate of 20 min
der to observe the endothermic melting peak
around 215 ◦ C . For the 50 wt% NdFeB magnet measurements are excluded, since it is expected that the amount of nylon 6 inuences
the heat ow making the measurements noncomparable.

11.2.2. Results and Discussion
Impact tests

According to the ISO 180/1U standard, the
results are presented as the energy required
to break the magnet divided by the width of
the impact bar (3.75 mm). The average impact strengths of the three magnets are seen
in gure 11.3, where the errorbars represent
the maximum and minimum measured impact strength.
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displayed with errorbars for the three magnets;
50 wt% NdFeB, 57.5 wt% NdFeB, and 57.5
wt% NdFeB treated with UV.

It is observed that the impact strength is
lowest for the 50 wt% NdFeB (0.054 kJ
),
m
whereas the impact strength is higher for
the 57.5 wt% NdFeB (0.069 kJ
) and even
m
higher when treated with UV light (0.074
kJ
). Hence, increasing the amount of Ndm
FeB powder in the magnet seems to increase
the impact strength. This can possibly be attributed to a higher impact strength of the
powder than nylon 6. However, neat nylon
6 alone does have a higher impact strength
) than the bonded magnet [107].
(0.145 kJ
m
This might be due to interfaces between NdFeB and nylon 6 where failure can occur.
Increasing the amount of hydrogen bonded
groups seems to increase the bonding strength
at the interfaces as evident from the result of
the UV-treated magnet.
These results are in accordance with the
tensile tests, where the area under the stressstrain curves can be used as a measure of the
toughness and ability of the material to absorb energy. In other words, a larger area
under the stress-strain curve gives a higher
impact strength. Increasing the NdFeB content seems to increase the area under the
stress-strain curve since the ultimate tensile
strength is slightly higher and the strain-tofracture seems to be similar on average. The
UV-treatment also seems to increase the area
under the stress-strain curve by having a signicantly higher ultimate tensile strength and

approximately the same strain-to-fracture as
the other magnets not treated with UV.
As mentioned, the increase in impact
strength with increasing NdFeB content
might be explained by MQEP powder having a high strength. If the loads can be
distributed at the interfaces between nylon
6 and MQEP powder, this might increase
the overall impact strength. The increase in
impact strength when treating the polymer
with UV light might be explained by the increased amount of hydrogen bonds allowing
for stronger bonds at the interfaces and better load transfer. The hydrogen bonds might
cause a stronger material with respect to both
tensile and impact strength, but could also affect the degree of crystallinity. The degree of
crystallinity will be investigated in the next
section by means of DSC.
DSC measurements

The degree of crystallinity can possibly affect ductility and thus toughness of the magnets. This is especially of interest when treating the nylon 6 with UV, since this might alter the degree of crystallinity. A lower degree of crystallinity of the polymer might be
desired, since the more amorphous polymer

regions are better to rearrange upon impacts
and absorb energy, possibly increasing the impact strength. [58] [106]
The DSC measurements of the pellets of
57.5 wt% NdFeB are seen in gure 11.4. The
area under the melting peak, corresponding
to the enthalpy upon melting, can be used
as a measure of the degree of crystallinity.
A larger area under the endothermic melting peak results in a higher degree of crystallinity2 . [108]
The enthalpy upon melting is found for
both samples. It is seen that the area for
the pellet treated with UV is signicantly
higher (36.2 Jg ) compared to the pellet not
treated with UV (28.5 Jg ). Hence, the degree of crystallinity of nylon 6 increases by
27.0% when UV-treated, most likely caused
by the increased amount of hydrogen bonds.
Even though the degree of crystallinity decreases for nylon 6 treated with UV, the overall toughness of the bonded magnet material increases. This emphasizes the fact that
failure occurs at the interfaces, and increasing the bonding strength at the interfaces
seems to be more important than increasing the amount of amorphous regions in the
polymer with respect to increasing the impact
strength.

Figure 11.4.: DSC measurement on 57.5 wt% and 57.5 wt% treated with UV.
2 The

exact degree of crystallinity is not calculated since the area under the melting peak for the fully crystallized mixture is unknown for this magnet mixture. In general, the degree of crystallinity is found as the ratio
of the enthalpy upon melting for the sample with unknown degree of crystallinity, divided by the enthalpy
for the fully crystallized sample.
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11.2.3. Outlook
If more time was allocated for this part of
the study it would be of interest to carry out
additional mechanical tests. This could be
favourable in terms of studying how the increase of NdFeB content aects strength in
for instance compression, shear and bending.
The UV-treatment might also cause a change
in the results of these tests. Additionally
the study of fatigue behaviour of the magnets could be useful since the magnets might
experience periodic loads during their use in
automotive applications.
Furthermore, it would be of interest to consider what happens to the mechanical properties at elevated temperatures, especially for
automotive applications where the magnets,
as previously mentioned, must sustain temperatures up to 180 ◦ C . In the study [7], when
measuring tensile strength at room temperature for a magnet containing 92.7 wt% NdFeB
the ultimate tensile strength of 47.8 MPa is
found, whereas increasing the temperature to
100 ◦ C the ultimate tensile strength decreases
to 12.0 MPa.
The temperature is also expected to aect
the impact strength of the magnets remarkably. The impact strength is expected to in-
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crease at higher temperatures and decrease
at lower temperatures. Hence, the impact
strength could be tested at temperatures below the freezing point also required in the
automotive industry. At a certain transition
temperature when exposing a material to impact test, failure is expected to change from
ductile to brittle failure. Hence, it could be
of interest to study this transition and see if
the magnets have sucient impact strength
at lower temperatures. [109]
There might be room for improving the
impact strength by for instance adjusting
the concentration of NdFeB in the magnet
mixture. The tendency regarding impact
strength (increasing with NdFeB content)
found in this paper might not hold for higher
or lower concentrations. Another possibility
for improving impact strength could be to
utilize various molecular weights or molecular weight distributions of nylon 6. A higher
molecular weight is expected to have a lower
degree of crystallinity with more amorphous
regions which could be favourable in terms of
achieving a higher toughness. On the other
hand it might also aect other parameters
such as hydrogen bonding with NdFeB and
overall viscosity of the mixture.

Chapter 12

Magnet Price
3600 seconds to obtain the cost per second
and multiplying with the cycle time, in this
case t = 20seconds, equation 12.2 becomes

12.1. Price estimate of
recycled magnets

The applicability of the recycling process
must be evaluated in terms of economy since
this is a major selling-point. Even though
the recycling process is eco-friendly it is essential that the expenses are as low as possible to make the process attractive and profitable. Therefore, in this section an estimate of the expenses associated with producing ideal recycled bonded magnets, composed
of 50 vol. % NdFeB powder, will be presented. The costs of injection molding are
considered, where the estimate is based on
producing bonded magnets for use in small
rotors in automotive applications. The expenses associated with injection molding can
be summarized in equation 12.1.
K t = Km +

Kd
+ Kc
N

(12.1)

Where Kt is the total cost per cycle, Km is
material cost per cycle, Kd is tooling cost, N
is number of cycles per tool and Kc is processing costs. The processing costs are dened as
Kc = Ch t

(12.2)

With Ch being the price associated with injection molding for an hour and t is cycle time,
given as seconds. In this estimate Ch is set
to 25 hr$ which is approximately the cost per
hour for injection molding [110], depending on
equipment, downtime etc. Dividing Ch with

$
25 hr
Kc =
· 20seconds = $0.14
3600 seconds
hr

The tooling cost is assumed to be Kd =
$20.000 and the life-span of the mold is expected to cover 40.000 cycles. Obviously, it
would be favourable to perform a test of how
many parts can be produced by means of the
specic mold and material before the mold
needs to be exchanged.
$20.000
Kd
=
= $0.5
N
40.000

The material cost per cycle, Km , is based on
a mold producing 10 parts per cycle. These
parts are thin, hollow cylindrical magnets
typically used in the automotive industry,
seen in gure 12.1. The volume of the magnet
becomes
V = router 2 · π · h − rinner 2 · π · h

= (11.40mm)2 · π · 11.20mm

− (10.25mm)2 · π · 11.20mm
= 876.0mm3 ≈ 0.88cm3

Since the magnet powder is free of cost because it is reused, Km depends solely on nylon 6 costs (0.004 g$ [51]). Using the density
of nylon 6, ρ = 1.15 cmg 3 [90], and assuming it
makes up half of the total volume of the mag79

net, the material cost per part Kmp becomes
V
$
· ρ · 0.004
2
g
3
g
0.88cm
$
· 1.15 3 · 0.004 = $0.002
=
2
cm
g

Kmp =

Multiplying this by 10 in order to get the material cost for 10 parts in each cycle Km . Inserting this into equation 12.1 yields the total
cost per part
Kt = $0.02 + $0.5 + $0.14 ≈ $0.66

Thus, the price of the magnet is primarily
governed by the tooling costs, followed by the
operating costs and lastly the material costs.
To nally estimate the price per kg, the overall density of the magnet is ∼ 3.6 cmg 3 if assumed that a volume percent of 50 % magnet powder is obtained. This is then multiplied with the volume of the magnets to give
the mass; 0.88cm3 · 3.6 cmg 3 = 3.2g . Dividing 1000 grams with the mass per cycle, 10
magnets; 1000g
≈ 31 cycles per kg material.
32g
Finally, the amount of cycles per kg material is multiplied with the total cost per cycle,
Kt = $0.66, giving
31

$
$
cycles
· 0.66
≈ 20
kg
cycle
kg

Hence, the total kg price for recycled magnets is estimated to be $20 per kg. In this
estimate, two things have not been taken
into account; the price for compounding and
the price for separating magnet powder from
the rotors. To compound the mixture industrially, a combination of a twin-screw extruder and a press for injection molding could
be implemented [111]. Hence, the process
could possibly be carried out in one go by
rst mixing and afterwards injection molding.
Thus, the price for injection molding per hour
(Kc ) is not assumed to be signicantly higher
if the two processes are combined. Notice
that the price of purchasing a new combined
compounding and injection molding machine
might be high compared to traditional injection molding equipment.
The price for separation of the magnet powder from the rotors is dicult to estimate.
The separation could be done manually, however, this process is tedious and instead the
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implementation of an industrial robot solution might be desired, but would be a signicant extra investment and require additional operating costs. If the price of $20 per
kg including these extra costs is lower than
the price of producing rst-time magnets, it
might be advantageous to implement the recycling program. However, note that the rsttime magnets and the recycled magnets have
dierent magnetic strengths and applications.
The price for bonded magnets should in
general be kept below $30-40 per kg in order
for the magnets to be price competitive [112].
Obviously the price depends on magnet size,
performance, corrosion resistance, etc. The
advantage of choosing the recycling process
is that no cost is associated with the powder since this has already been paid for in the
production of rst-time magnets. Hence, this
money could instead be spent on a solution to
separate the magnet powder from the rotors.
This, combined with the price of manufacturing the recycled magnet should preferably be
lower than $30-40 per kg.
Nonetheless, even if the recycled magnets
should become more expensive it might still
be attractive for customers who are willing
to pay extra knowing that the magnets are
reused and eco-friendly magnets. Furthermore, introducing this new type of magnet
in the automotive industry could potentially
bring new customers to the company, increasing revenue. [110]

Figure 12.1.: The magnet which calculations

are based upon, measuring Øouter 22.80mm,
thickness 2.30mm and height 11.20mm.

Chapter 13

Conclusion
This study proves that compression molded
NdFeB magnets containing epoxy, can be recycled as new bonded magnets through crushing, compounding and injection molding. The
major results along with the diculties associated with implementation in the industry
will be highlighted in a chronological manner
in the following.
When crushing the epoxy coated compression molded magnets, it seems that the surface consists of areas with both epoxy and
bare NdFeB, hence, a polymer binder system compatible with both surfaces must be
chosen. With the price in mind, the polymer found to be best suited is nylon 6, which
is processed around 270-280 ◦ C . During 30
minutes at these temperatures, TGA results
show upwards 0.7 wt% degradation of the
MQEP powder even though it is cured for an
hour. The degradaton is believed to be caused
by the presence of small amounts of uncured
epoxy. Hence, these are removed using acetone yielding a lower degradation of 0.1 wt%
where the remaining degradation is believed
to be caused by the lubricant zinc stearate.
Necessary safety precautions are taken and
must be kept carefully in mind in future studies, since degrading hazardous epoxy byproducts shall be avoided.
Nylon 6 and crushed magnet powder is
mixed in the compounder, and it is experienced to be dicult to obtain similar amounts
of MQEP powder as found in other studies.
This might be attributed to the used equipment or a dierent type of powder, nonethe-

less, a study has proved that it is possible to
achieve very high amounts of powder (92.7
wt% with nylon 11 as binder) compared to
the highest found in this study (57.5 wt%
with nylon 6 as binder). Three magnet mixtures are compounded and cut into pellets;
one with 50 wt% NdFeB and two with 57.5
wt% NdFeB with one of the mixtures having
nylon 6 treated with UV-light to enhance the
compatibility with the surface of the magnet
powder.
The three types of pellets are successfully injection molded. The test of magnetic properties reveals that the magnet with
50 wt% NdFeB has the lowest BHmax of
0.0071 mkJ3 , whereas the magnet with 57.5
wt% NdFeB has the highest BHmax of 1.33
kJ
and a BHmax of 0.94 mkJ3 is found for
m3
the magnet with the same NdFeB content
with the UV-treatment. Hence, BHmax increases with increasing MQEP powder content. The decrease in Bmax when utilizing the
UV-treatment is possibly attributed to the
introduction of chemical side groups to the
polymer backbone, eectively decreasing the
density of the polymeric parts of the magnet
resulting in a lower amount of NdFeB powder
per unit volume.
Tensile test bars are manufactured by injection molding the three magnet mixtures
and tensile tests are carried out. The magnets fractured at various strain, hence, the
stress required to achieve 5 % strain is used
as a measure of the tensile strength. The
tensile strength is 43.6 MPa for the 50 wt%
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magnet, 44.7 MPa for the 57.5 wt% magnet and 51.1 MPa for the 57.5 wt% magnet with UV-treatment. The signicant increase in tensile strength when utilizing UVtreatment is believed to be caused by the introduction of chemical groups to the polymer
backbone, able to form hydrogen bonds, effectively increasing the bonding strength at
the interfaces. Impact tests also show improved toughness of the magnets when increasing the NdFeB powder content and utilizing UV-treatment.
The price per kg recycled magnet is estimated to be $20 per kg which is lower than
the price for MQEP powder $30 per kg. In order to compete with the price of compression
molded magnets (around $30-40 per kg), the
price of extracting the magnet powder from
the rotors needs to be investigated.
In future studies, the magnets need to be
compounded with a higher amount of pow-
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der per unit volume in order to obtain optimal magnet performance, ready for automotive use. Besides, the price associated with
separating the magnet powder from the housing needs to be determined. This might require the rotors to be designed for disassembly
in the future, since cutting the stainless steel
cover and extracting the compacted magnet
is a tedious and dicult process which also
might result in ignition of the magnet. Instead of manually separating the rotor and
extracting the powder, a robot solution could
favourably be implemented in order to handle this for a large amount of rotors in the future. Lastly, the magnets need to be handled
carefully since these are magnetized after use
in pumps, and might require demagnetization
prior to processing. These are believed to be
the major things which must be investigated
at rst in order to implement this recycling
process on an industrial scale.
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Appendix A

Project issues
In the beginning of this study a risk assessment is made in order to seek out potential issues associated with this project. The
possible solutions to these issues are proposed
based on a comprehensive literature study, see
the following pages. The possible solutions
are evaluated to determine the importance of
each solution and which issues are to be assessed rst. The solutions are evaluated on
company production parameters, study parameters and performance parameters. The
production parameters include:
• Price: The estimated extra costs for the
company associated with implementing
the specic solution
• Value: The estimated value for the com-

pany by implementing the specic solution
The study parameters include:
• Importance: The importance of implementing the solution to nish the

project
• Time: The estimated time spent on in-

vestigating the specic solution

Finally the performance parameters of the
magnet include:
• Environmental impact
• Magnet performance
• Weight
• Corrosion resistance

For each specic solution these eight parameters are rated on a 1-5 scale depending on
whether the inuence is good (5) or bad (1).
The total score for each solution is found and
the most important solutions that need to be
investigated rst are found and highlighted in
green.

i

I. Demagnetization

Issue 1.1: NdFeB magnets can be demagnetized by means of heat. Upon exposure to
heat and oxygen the NdFeB magnet can smolder. Possible solutions:
A. Heating in nitrogen atmosphere.
B. Demagnetization without heat using industrial demagnetizers [31].
C. A combined solution utilizing demagnetization and heat. Calculations of the
necessary temperature in order to reduce magnetization suciently.
II. Crushed powder

Issue 2.1: Magnet surfaces might be in-

suciently covered by epoxy. If exposed to
oxygen and elevated temperatures NdFeB has
a tendency to oxidize. Possible solutions:
A. Surface modication (anti-oxidants,
surface treatment and/or coupling
agents) in order to protect NdFeB or enhance bonding to the polymer, protecting the NdFeB surface from oxidation.
Furthermore, this can possibly enhance
magnetic and mechanical properties.
Issue 2.2: The magnet particles are too
large, potentially resulting in uneven distribution in the polymer bonded magnet. Possible
solutions:
A. Additional crushing in order to achieve
smaller particles and higher packing.
B. Utilize a dierent type of powder e.g.
spherical Magnequench powder or use a
dierent mesh size for new magnets produced. This will, however, only solve
problems regarding recycled magnets 20
years from now.
III. Choice of polymer

Issue 3.1: The magnetic performance de-

creases upon addition of polymer. Possible
solutions:
ii

A. Add as little polymer as possible (investigate degree of packing.)
B. Utilize a polymer that yields a better magnetic performance caused by the
polarity (e.g. polyethylene glycol)
C. Tailor the density by adjusting the
molecular weight and molecular weight
distribution of the polymer. The goal
is a low weight where magnet powder
is the major constituent. However, a
lower limit in terms of polymer content
exists since the magnet powder needs a
binder.

Issue 3.2: The mechanical properties
might decrease when adding polymer, typically due to poor interface between polymer/epoxy and polymer/NdFeB. Possible solutions:
A. Utilize a hydrophilic polymer which can
form hydrogen bonds to NdFeB and
epoxy.
B. Surface modication of the polymer,
e.g. corona discharge or UV-treatment.
In all cases the price per magnet and the
ease of processing for each particular polymer should be kept in mind. Consider also
the stability at elevated temperatures, issue
5.1.
IV. Compounding of
polymer and magnet
powder

Issue 4.1: The magnet powder can poten-

tially agglomerate, resulting in uneven distribution in the bonded magnet. Possible solutions:
A. Utilize additives (dispersants).

V. Magnet performance

Issue 5.1: The magnet performance de-

creases due to high temperatures in processing. Possible solutions:
A. Alter parameters during compounding/injection molding: higher pressure
and/or a lower viscosity (addition of lubricants and/or change of polymer).
B. Process in nitrogen atmosphere to avoid

oxidation.

Issue 5.2: Corrosion resistance of the bonded
NdFeB magnet. Can for instance be tested in
salt fog chamber or iron(III) chloride solution.
Possible solutions:
A. Coating of the magnet.
B. Encapsulate the magnet in stainless
steel cover.

iii

Production parameters

Study parameters

Performance parameters

Price

Value

Importance

Time

Environmental impact

Magnet performance

Weight

Corrosion resistance

3
2
1

5
5
4

4
5
4

4
3
3

1
3
2

3
3
4

3
3
3

3
3
3

Total
26
27
24

Analysis 1 - Demagnetization
Issue 1.1

1.1A
1.1B
1.1C

Analysis 2 - Crushed powder
Issue 2.1

2.1A

4

5

2

2

3

4

4

4

28

Issue 2.2

2.2A
2.2B

2
1

5
2

3
1

5
1

2
3

4
4

4
4

4
4

29
20

Analysis 3 - Choice of polymer
Issue 3.1

3.1A
3.1B
3.1C

5
2
4

5
4
3

4
1
2

3
3
2

3
2
3

4
4
4

4
3
4

3
3
3

31
22
25

Issue 3.2

3.2A
3.2B

3
3

5
4

5
4

3
3

2
1

3
4

4
3

3
4

28
26

2

3

1

3

2

4

3

3

21

3
2

4
4

4
3

2
2

3
1

4
4

3
3

3
5

26
24

2
1

4
4

3
3

2
3

22
22

Analysis 4 - Compounding
Issue 4.1

4.1A

Analysis 5 - Magnet performance
Issue 5.1

5.1A
5.1B

Issue 5.2

5.2A
5.2B

Estimated cost by
Estimated value for
Importance to fulfill the
Estimated time the
applying specific
Sintex by implementing
specific solution in
students should spent
solution. 1 is expensive, the specific solution. 1
order to finish the
on investigating the
5 is cheap
is low value, 5 is high student project, 1 is less solution, 1 is a long
value
important, 5 is very
time, 5 is a short time
important

1
2

3
3

2
1

5
5

Impact on the
environment
1: Negative
3: No impact
5: Positive impact

Impact on magnet
performance
1: Negative
3: No impact
5: Positive impact

Influence on
component mass
1: Increasing mass
3: No change
5: Decreasing mass

Influence on corrosion
resistance
1: Decreased resistance
3: No change
5: Increased resistance

