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ABSTRACT

Neodymium-iron-boron (Nd-Fe-B) magnets were first sintered in the early 1980s.
They are known for their applications in technologies such as wind turbines,
electric cars and hard drives. This material presents brittle behavior, which makes
its machinability difficult by conventional methods such as turning and milling. In
this context, the machining aspects of this material with unconventional methods
such as electrical discharge machining (EDM) became relevant. The aim of this
study is to understand how the variation of EDM machining parameters influences
the results of surface integrity, roughness and magnetic properties of Nd-Fe-B
magnets. A Nd-Fe-B wind turbine magnet block was machined into samples by
the wire electrical discharge machining (WEDM) process. This wind turbine block
was machined with an AgieCut Challenge machine from the manufacturer
Charmilles using a molybdenum wire with a diameter of 0.18 mm. Based on the
literature and the available parameters of the machine, four cutting conditions
were chosen: roughing, semi-finishing and two finishing conditions. After the
machining, the surface roughness, surface morphology, chemical composition,
coercivity and remanence of the samples were analyzed. The resulting
roughness for each cutting condition was characterized with a Taylor Surf
rugosimeter, Form TaylorSurf il20 model and the data for all samples treated with
MountainView software. To evaluate the surface morphology, chemical element
map and cross section, optical microscopy (OM), scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS) techniques were used. The
results showed that a phenomenon of spheroidization of the machined material
occurred mainly for the roughing condition, where a layer of remelted material in
the form of spheres was not removed by the dielectric and was stuck on the
surface of the material. This layer of spheres caused a considerable increase in
the roughness values and also a significant detrimental effect in the magnetic
properties of the samples, when compared with the samples machined by the
semi-finishing and finishing conditions. Based on the analysis, the following
conclusions could be drawn from this work: although the WEDM process is
indicated for Nd-Fe-B machining, the use of post-processing is necessary to
eliminate the layer of remelted material that remains on the surface, which has
an impact on the magnetic properties of the magnets with a reduction of 30% in
coercivity and 27% and remanence for magnets machined by rough machining
when compared to finishing machining.

Keywords: Wire electrical discharge machining, rare-earth magnets, EDM, Nd-
Fe-B.
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RESUMO EXPANDIDO EM PORTUGUES

Introducao

O processo de corte por descargas elétricas ou eletroerosdo € amplamente utilizado
para operagdes de usinagem em que a precisao e a geometria complexa do corte sao
importantes requisitos de projeto. Na fabricacdo de imas condutores, este processo é
empregado para cortar os blocos sinterizados de ligas magnéticas. Uma dessas ligas €
composta majoritariamente de neodimio, ferro e boro. imas de neodimio-ferro-boro (Nd-
Fe-B) sdo amplamente utilizados devido ao seu alto valor de produto de energia em
tecnologias como turbinas edlicas, carros elétricos e discos rigidos. Este material
apresenta comportamento quebradico e fragil, o que dificulta sua usinagem por métodos
convencionais como torneamento, serramento e fresamento. Nesse contexto, tornaram-
se relevantes os aspectos de usinagem desse material através de métodos néao
convencionais, como a usinagem por descargas elétricas, do inglés, electrical discharge
machining (EDM). O presente trabalho tem como objetivo entender melhor como os
parametros de eletroerosao a fio afetam a rugosidade, integridade da superficie e
propriedades magnéticas de amostras de Nd-Fe-B obtidas a partir de um bloco de ima
de aerogerador. As amostras foram usinadas em formato de paralelepipedos quadrados
com lado de 5mm e altura de 250um. Foram escolhidas quatro condigbes de corte,
sendo uma delas classificada como desbaste, duas condicdes semelhantes
classificadas como condicdes de semi-acabamento e uma condicdo de corte
classificada como condicdo de acabamento de acordo com as especificacbes da
maquina utilizada. O material do fio utilizado foi molibdénio e o dielétrico uma solugao
de 6leo mineral e agua destilada. As amostras com altura micrométrica foram
caracterizadas com a utilizacdo de rugosimetro, microscépio 6ptico, microscopia
eletrbnica de varredura e com magnetdmetro de amostra vibrante. Os resultados obtidos
foram utilizados nas caracterizagdes serviram para comparar o nivel de dano que cada
condicdo de corte causou nas amostras com relagdo a integridade de superficie e
propriedades magnéticas como remanéncia e coercividade.

Objetivos

O objetivo principal deste estudo é avaliar a influéncia de diferentes condi¢des de corte
composta por diversos parametros de usinagem por descarga elétrica a fio na
morfologia de superficie, rugosidade, subsuperficie e propriedades magnéticas de
amostras usinadas com diferentes condi¢cdes de corte. Nesse contexto, os objetivos
especificos sdo apresentados a seguir:

* Investigar a superficie gerada por diferentes condigdes de corte através de microscopia
Optica e microscopia eletronica de varredura;

» Medir os parametros de rugosidade Ra, Rt, Rz e Rq para as diferentes condi¢des de
corte e correlacionar os resultados com as caracteristicas de cada condicao;

* Analisar de maneira geral a superficie e sub superficie com o auxilio de técnica de pré-
polimento para secao transversal;

* Avaliar o impacto de diferentes condi¢des de corte nas propriedades magnéticas das
amostras através da analise das curvas de histerese, remanéncia e coercividade de
micro imas de Nd-Fe-B usinados via WEDM e correlacionar com as alteragbes
microestruturais



Metodologia

Um bloco de ima de Nd-Fe-B de um aerogerador foi utilizado como material base para
os experimentos. A direcao de facil magnetizacao do bloco é a direcao da altura do
bloco, sendo assim, as amostras de Nd-Fe-B foram usinadas por eletroerosao a fio a
partir deste bloco, de maneira que as amostras possuissem direcdo de facil
magnetizagao também na direcdo de sua altura. As amostras foram usinadas com
quatro condi¢cdes de cortes diferentes, sendo elas uma condicdo de desbaste, uma
condicdo de semi-acabamento e duas condi¢cdes de acabamento. A maquina utilizada
foi uma maquina de eletroerosao a fio AgieCut Challenge FW1U, o eletrodo utilizado foi
de molibdénio com 0,18 mm de didmetro e o dielétrico uma emulsao de agua e fluido
dielétrico composto de 6leo mineral com concentracdo de 20%. O primeiro passo foi
caracterizar a rugosidade das amostras com auxilio de rugosimetro, em seguida a
morfologia de superficie foi estudada com o auxilio de microscopia dptica e microscopia
eletrbnica de varredura. A técnica de espectroscopia por energia dispersiva também foi
utilizada para inferir quantitativamente os elementos quimicos presentes na superficie
das amostras usinadas. Uma vez concluida a etapa de anadlise de superficie, foi
realizada uma analise de secgao transversal das amostras. Para tal, a metodologia de
pré-polimento foi empregada. De maneira que as amostras foram polidas, posicionadas
face-a-face com suas faces que estavam polidas e cortadas transversalmente a direcao
da face polida, de modo que fosse possivel observar como a secao transversal foi
impactada pelas diversas condi¢des de corte. Por fim, as amostras foram caracterizadas
em magnetdbmetro de amostra vibrante, onde suas propriedades de remanéncia e
coercividade foram caracterizadas através do segundo quadrante da curva de
histerese.

Resultados e discussao

Os resultados de rugosidade mostraram que a condigdo de desbaste produziu
resultados de rugosidade média quatro vezes maiores em valor absoluto em relagao a
condicdo de semi-acabamento, e dez vezes maiores em relagdo as condi¢gdes de
acabamento. Com relagdo a morfologia de superficie, observou-se na condigédo de
desbaste, a formacdo de uma camada composta por microesferas. Estas esferas
apresentam composicdo quimica diferente entre elas, uma rica em neodimio e outra
predominantemente composta de ferro livre. Tal fato indica que ocorreu refusao e
formacéao de diferentes fases devido ao grande aporte energético proporcionado pelas
descargas elétricas nesta condicdo de corte. Nao foi observado nas superficies
usinadas pelas outras condicdes de corte mais brandas o mesmo fenémeno de
formacédo de uma camada com microesferas. O que foi observado nesses casos foi a
formacdo de uma camada de material refundido, e também a presenca de cavacos
esferoidizados, porém em tamanho e quantidade consideravelmente menores do que
as superficies usinadas pela primeira condigdo de corte. As analises de segao
transversal mostraram que apesar de danificar significativamente a superficie, a
subsuperficie ndo é afetada nem mesmo pela condicao de corte mais agressiva. Os
resultados de microscopia eletrénica de varredura e espectroscopia de energia
dispersiva indicam que ndo houve impacto na fase primaria Nd.Fe.B na diregdo de
profundidade do corte, mas que houve uma variagédo na profundidade afetada para cada
diferente condi¢ao de corte. Os resultados de propriedades magnéticas mostraram que
as amostras usinadas pela condicdo de corte mais agressiva sofreram um grande
impacto em suas propriedades de coercividade e remanéncia, fato esse devido a
liberagcao de ferro livre durante o processo de usinagem, que por ser considerado um
material magneticamente mole, acabou impactando negativamente as propriedades
magnéticas e curvas de histerese das amostras usinadas por eletroerosédo a fio. As



condicbes de cortes mais brandas tiveram um efeito menor nas propriedades
magnéticas das amostras analisadas. Entretanto, como a magnetizagdo comecga pela
superficie, qualquer avaria na superficie possui um impacto no campo magnético e pode
afetar significativamente o ciclo de histerese do material.

Consideragoes finais

Em geral, é possivel concluir que a usinagem por descarga elétrica a fio € um processo
de usinagem adequado para a fabricagdo de imas a base de terras-raras. Quanto mais
agressiva a condig¢ao de corte, maiores serao os efeitos observados em sua superficie,
€ que, por sua vez, tera um efeito significativo nas propriedades magnéticas dos imas.
Também foi observado que uma condicdo de corte muito agressiva provoca uma
segregacgao de elementos quimicos na superficie de imas de Nd-Fe-B, o que provoca
um fendbmeno de amolecimento magnético para as amostras usinadas por condi¢des de
corte agressivas e se intensifica conforme a relacdo superficie/volume da amostra
aumenta. Apesar de o processo de eletroerosao a fio ser consideravelmente deletério
para a superficie, ndo foi observada a presenca de dano intenso na sub-superficie do
material. A superficie dos im&s de Neodimio-Ferro-Boro por sua vez ficou
consideravelmente afetada para todas as condi¢cdes de corte, fazendo-se necessario o
uso de pds processamento na fabricacao destes imas para aplicagbes de engenharia,
pois a camada de material refundido e desproporcionado é prejudicial para as
propriedades magnéticas.



1 -INTRODUCTION

The process of electrical discharge machining (EDM) is widely used for
machining operations where the accuracy and complex cutting geometry are
important design requirements. EDM is used for machining conductive materials,
the electrode necessary for the discharge can have various types of forms like
disk, cylindrical and wire. Wire-EDM is one process used in the manufacture of
conductive magnets, this process is used to cut the sintered blocks of magnetic
alloys. One of these alloys is mostly composed of neodymium, iron and boron.
Neodymium-iron-boron (Nd-Fe-B) magnets are widely used because their high
energy product value in technologies such as wind turbines, electric cars and
hard disks. This material has brittle and fragile behavior, which makes it difficult
for conventional machining methods such as turning, sawing and milling. In this
context, the aspects of machining of this material with unconventional methods,
such as electric discharge machining became relevant. This machining method
is widely used in the manufacture of Nd-Fe-B magnets because its ability to
generate complex geometries, and applications where high cutting accuracy is
required. Nd-Fe-B magnets are known to present the highest maximum product-
energy per unit of mass between the available magnets, being used whenever
space and weight reduction are design requirements in power generation and
electrical conversion machines [1]. Nd-Fe-B magnets are used in clean energy
technologies such as wind turbine generators and hybrid or electric car batteries.
As the demand for such technologies increases, the global rare-earth elements
industry has taken steps such as increasing inventories, seeking to exploit
economically viable deposits, and efforts to obtain efficient manufacturing and
recycling routes for such elements [1,2]. In addition to the search for new mineral
reserves for the exploration of REEs, a new source that began to be strongly
considered from 2010 on is e-waste, especially in Japan, where it is estimated
that there are about 300,000 tons of REEs in electronic products discarded [3].

Sintered rare-earth Neodymium Iron Boron magnets are typically
produced by powder metallurgy and behave as hard and brittle material.

Machining brittle materials, such as ceramics or certain types of glass, using
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traditional machining processes like turning and sawing can be challenging and
often impractical due to the intrinsic properties of these materials [4]. Because
electrical discharge machining is a contactless thermal process, it is a widely
known option when machining Nd-Fe-B magnets. Researchers reported a
dramatic decrease in magnet flux density when these are subjected to highly
aggressive rough machining conditions [5]. The literature needs information
regarding the correlation of surface damage and impact on magnetic properties
results for Nd-Fe-B magnets machined by wire electrical discharge machining.
Since machining is an important step in the manufacturing of these magnets, a
study on how the wire electrical discharge machining parameters influence the
surface quality and magnetic properties is needed. Therefore, the present study
conducted an evaluation on surface integrity and its correlation with magnetic
properties for samples machined by wire electrical discharge machining in

different conditions.

1.1 — RELEVANCE OF THEME

Brazil has a reserve of 22 thousand tons of economically viable REEs to
be explored, having the second largest reserve after China [3]. In this context, a
Brazil-Germany partnership was signed with the objective of bilateral cooperation
for the development of the entire production chain of rare earth magnets. The
project called REGINA - Rare Earth Global Industry and New Applications,
involves several German and Brazilian institutions, and aims to develop magnet

manufacturing technologies based on REEs.

Given the high added value of the raw material, the scarcity of resources
and the environmental impact, it is important to investigate the process of
machining these magnets not only by conventional manufacturing methods, for
example cutting turning and grinding, but also with processes such as wire
electrical discharge machining. It's important to better understand how this

thermal process will impact factors like surface damage and magnetic properties.
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1.2 - OBJECTIVES

1.2.1 - Main objective and specific objectives

The main objective of this study is to evaluate the influence of wire electrical
discharge machining parameters on the surface, roughness, subsurface and
magnetic properties of machined Nd-Fe-B samples. In this context, the specific

objectives are presented below:

e Investigate the surface generated by different cutting conditions through
optical microscopy and scanning electron microscopy;

o Measure the roughness parameters Ra, Rt, Rz and Rq for the different
cutting conditions and correlate results with characteristics of each
condition;

« Make a general analysis of the surface and sub-surface using the pre-
polishing methodology;

« Evaluate the magnetic potential impact on the hysteresis curves,
remanence and coercivity of Nd-Fe-B samples machined via WEDM and

correlate with microstructural changes.

23



2 - LITERATURE REVIEW

The fundamental concepts and theories of this work will be discussed in

this section.

2.1 - ELECTRICAL DISCHARGE MACHINING

The wire electrical discharge machining process is a manufacturing
process based on material removal using electrical discharges. Between the
manufacturing processes, the norm DIN 8580 classifies EDM as being a “thermal

removal” process, as illustrated in Figure 1.

DIN 8580

roup 3.4: Removing
DIN 8590

Figure 1 - Simplified DIN 8580.

2.1.1 - Electrical discharge machining removal phenomena

The physical, electrical, photonic and thermal phenomena that occur
between a pair of electrically conductive electrodes immersed in a liquid or
gaseous dielectric when submitted to a voltage are complex and not yet fully
elucidated [6]. The most accepted model for an electrical discharge is explained
in three steps, which are characterized by a combination of “skin” and “pinch”
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effects. During the first step, there is an electrical potential difference gradient.
The voltage between the electrodes accelerates the electrons, and in the path
between the electrodes the electrons collide with the atoms and molecules of the
dielectric, then transferring kinetic energy to the electrons of the atoms and
molecules they collide with. This transfer of energy is manifested in three ways:
vibrational, rotational energy of the molecules, and the lifting of electron orbits
from the outer orbits of free atoms and atoms bound to molecules, causing an
excitation and ionization by impact in the quantic level during the process, starting
with the ignition (phase 1 from Figure 2) and ending when the voltage is turned
off and the debris are expelled from the cutting zone (phase 4). If the collision
energy is high enough, electrons from the last layers are thrown out of the domain
of the atoms of the dielectric. Part of the energy supplied to the electrons of atoms
and molecules that had previously collided with electrons is returned in the form
of photons, making the phenomenon visible [6]. This mechanism and the fact that
the electrodes are at a minimum distance for the discharge to occur ends up
causing the dielectric to break and then an electrical discharge begins. Due to
the skin effect, the current is restricted almost exclusively to the cylindrical surface
of the newly formed discharge channel.

In the second stage of the discharge, the constant current is concentrated
in a minimum section, due to the pinch effect. This current concentrated in the
central region gives rise to the plasma channel, which has high temperatures in
the order of 25.000 K. This extremely high temperature causes the fusion and
evaporation of a certain volume of material, so that the plasma channel and the
bubble gasses constantly increase. During the third stage, which starts with the
turn-off of the electricity, the skin effect takes place one more time. After that, the
gas bubble and the plasma channel collapse and the partially liquid and partially
evaporated material is catapulted out, which is then the fourth step at the end of
an electrical discharge cycle [7]. Figure 2 shows the stages of electrical discharge

as well as the behavior of voltage and current during the stages.
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Figure 2 - Stages 1, 2, 3 and 4 of an electrical discharge [7].

2.1.2 - Parameters during an electrical discharge machining process

The process explained in the previous sub-section can be examined with
more details on the graphics of current and voltage per time. As it can be seen,
the voltage increases and a discharge between the electrodes happens,
repeating this cycle during the material removal. The initial phase, termed the
ignition phase, signifies the duration during which the high open circuit voltage i,
applied across the working gap, transitions to the relatively lower discharge
voltage ue, typically ranging between 10 and 40 V. This time interval is referred
to as the ignition delay time, denoted as tq [us]. Following this, the second phase
commences immediately, characterized by a rapid surge in current to the
discharge current e [A], resulting in the formation of a plasma channel enveloped

by a vapor bubble.
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The third phase, known as the discharge phase, involves the sustained
presence of a high-energy, high-pressure plasma channel for a specified
duration, represented as te [us]. This phase leads to the melting and evaporation

of a small amount of material from both the electrode and the workpiece.

The fourth and final phase, marking the conclusion of the process, is the
collapse of the plasma channel when the electric energy is deactivated, leading
to the forceful ejection of molten material. This moment, termed the interval time
(to [Ms]), involves the expulsion of a portion of the molten and vaporized material
due to the flow of dielectric fluid across the gap, while the remainder solidifies in

the newly formed crater and its vicinity.

Throughout the interval time (to), there is also a cooling process for the
electrode and workpiece, accompanied by the de-ionization of the working gap.
These steps are crucial to facilitate the effective dispersion of subsequent
discharges across the surfaces of both the electrode and the workpiece. This
iterative process continues until the desired part geometry is achieved [8]. The
parameters explained above are shown in Figure 3, which the first graphic shows
the voltage per time in milliseconds and the second graphic the maximum current

during discharge per milliseconds.
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Figure 3 - Discharge diagram for EDM [9].

. Qi [V] — Voltage between part and electrode before the discharge;
. Oe [V] — Average voltage while discharge occurs;
. U [V] — Average voltage during the whole machining operation;
. td [us] — Delay ignition time, which is the time interval between application
of voltage (i and beginning of discharge;
. te [us] — Discharge duration time, which is characterized by the time when
the dielectric tension is broken and the discharge is occurring;
. ti [us] — Pulse on time, which represents the pulse duration time td + te;
. to [us] — Pulse off time, which represents the time between two
consecutives discharging time on ti;
. tp [us] — Discharge cycle time, represents the sum of ti + to;
. ie [A] — Maximum current during discharge;
. Te [A] — Average current during discharge;
. T - Duty factor, represents the ratio between time on (ti) and discharge

cycle time (tp);
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Since this is a thermal process, all the parameters that influence the
amount of energy delivered to the cutting zone like intensity of the current, for
example, will generate a damaged surface due to the thermal impact generated
by the discharge. As observed by another authors, an increase in the discharge
current will have an effect on surface integrity, the increase of the pulse time will
also affect the level of damage proportioned to the material being machined. For
machining conditions with high energetic input in the parts, the remained surface
is likely to have a poor-quality result. Non-uniformity of recast layer, incidence of
multiple pores, and cracks characterize those surfaces machined with more

aggressive machining conditions. [9]

2.1.3 - Variations of electrical discharge machining process

One of the advantages of the EDM process is its high application flexibility
in relation to the electrode geometry. In the case of EDM by penetration it is
possible to make engravings, cuts with samples and holes. It is also possible to
perform cutting with disk, wire, flat and planetary grinding [10]. Figure 4 illustrates

some forms of application for the EDM process.
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Figure 4 - Electrical discharge machining by (a) diving, (b) blade, (c) wire, (d) disk, (e) planetary
gringind, (f) plane gringing and (g) drilling [10].
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In the case of penetration EDM, the tool electrode will have the negative
shape of the part and can be made of metallic material or other materials such

as graphite for example.

2.1.4 - Wire electrical discharge machine basic scheme

In the case of wire EDM, the electrode will necessarily be a metallic wire
composed usually of molybdenum or tungsten with diameter usually ranging from
0.05 to 3.00 mm. In addition, the part in an WEDM process can be submerged in
the dielectric fluid or can be subject to a jet of dielectric fluid, so that the dielectric
fluid is directed to the working gap (contact region between electrode-tool and
electrode-piece), as illustrated in Figure 5. With respect to the wire, it may or may

not be continually renewed and its movement may be continuous or reciprocating.

Tensioners and
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Figure 5 - Wire electrical discharge machine basic scheme.

The tensioning of the wire is done by means of pulleys that also serve to
position the same. Wire control is carried out by computer numerical control,
which programs the path of the wire. The fixation system is often composed of

bars, screws and staples to fix the part. Since EDM is a process that doesn’t
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involve forces, the part fixation could even be done with magnets. Another
peculiarity of wire EDM is the fact that the dielectric used is generally
demineralized water. Regarding dielectrics based on hydrocarbons,
demineralized water has good washing conditions and there is no formation of
solid products resulting from the decomposition of the dielectric [8].

The EDM process has many advantages over conventional machining
processes. Among them we can mention the ability to generate highly complex
geometries, the ability to machine materials with high hardness and great
flexibility of the process. As a disadvantage, it can be mentioned that only
conductive materials can be machined by EDM, the high heat input due to
electrical discharges and the complexity of the process in regarding the

phenomena during the discharge [10, 11].

2.2 - NEODYMIUM-IRON-BORON MAGNETS

The maximum energy product (BH)max is @ measure of the magnetic
energy density that can be stored in a magnetic material. The maximum energy
product (BH)wmax, which is the main indicator of the strength of a magnet, provides
a figure of merit with respect to the magnetic performance of magnets. Sintered
Nd-Fe-B magnets have received a lot of attention since their development in the
early 1980s [12]. The graph in Figure 6 illustrates the evolution of the (BH)wmax of
several magnets over the last 100 years, where the cylinders give and idea of
(BH)max per volume for the different magnets. Noting that rare-earth based
magnets have a considerably higher maximum energy product than those that do

not have these elements, with an emphasis on the Nd-Fe-B magnets [13].
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Figure 6 - The evolution of the (BH)Max over 100 years [13].

2.2.1 - Structural properties of Nd-Fe-B magnets

Intermetallic compounds of certain rare earths and transition metals can
be transformed into permanent magnets with high remanence and coercivity
through processing via powder metallurgy. In this process, the compounds are
reduced into particles of size in the range of a few micrometers, and then
compacted and aligned under the application of an external magnetic field. By
this process the magnet becomes anisotropic and has its energy-product
maximized in one specific direction. The mechanical strength of the compact, as

well as the alignment of the particles, is a consolidated treatment

The Nd-Fe-B magnets are constituted by a primary Nd2Fe14B whose
crystal structure is tetragonal, containing 68 atoms per cell unit [13], as illustrated
in Figure 7. The primary phase has received great importance due to its excellent
intrinsic magnetic properties. However, it is known that the magnetic properties
of Nd-Fe-B magnets strongly depend on the microstructure, distribution,

composition and properties of the neodymium-rich phase [14].
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Figure 7 - Tetragonal unit cell of Nd based rare-earth magnets [13].

During the sintering process another phase rich in Nd is formed with the
presence of a liquid phase. Several researches have shown that this rich phase
is found in grain boundaries and in triple points, observed as thin layers in the

nanometric order [13, 14], as illustrated in Figure 8.
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Figure 8 - Typical high-resolution backscattered electron (BSE) scanning electron microscopy

(SEM) image of a sintered Nd-Fe-B permanent magnet [13].

In Figure 8, the dark gray regions correspond to the crystal grains of the
Nd2Fe14B phase. Brightly imaging areas are so-called “Nd-rich” areas, which are
mainly present at triple junctions of grain boundaries. There are at least two
contrasts in the Nd-rich phase triple junction grains, suggesting the existence of
multiple phases. Grain boundaries are also observed with inhomogeneous

contrast [14].

2.2.2 - Nd-Fe-B magnets manufacturing

The production of Nd-Fe-B magnets involves several steps. After being
reduced to metallic form with an ingot format, they are submitted to the casting
process in vacuum induction furnaces [15]. The molten alloy can be cooled and
deposited in molds for the production of ingots or rapidly cooled in the form of
ribbons by the “strip-casting” process, which consists of the fast solidification of
the metal when it comes into contact with a cooled disk [16].

Once the alloy has solidified, the hydrogen decrepitation technique is used
to break up and brittle the material as shown in Figure 9. The use of hydrogen in
the manufacture of rare earth magnets has been studied since 1978 and in the
case of Nd-Fe-B magnets the interaction between the hydrogen atoms with the

alloy leads to an exothermic reaction, which in turn leads to a decrepitation of the
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ingot [16]. After decrepitation, the material is submitted to the milling process to
reduce the particle size, in order to achieve a particle size between 3 ym and 15
pum [15, 16].

[Autor] [Autor]

&3] 11
» Hydrogen
Mining > Foundry - decreptation =)

[12] [15] [Autor]

- I — I -

Figure 9 - Simplified manufacturing process of Nd-based rare-earth magnets.

Pressing and
magnetic
allignment

These particles can be compacted and aligned under the presence of a
magnetic field or not. It is noteworthy that the non-application of a magnetic field
during compaction generates a non-textured or isotropic magnet [15]. After
compacting, the magnets are subjected to a sintering heat treatment, with
temperatures in the range of 1000 - 1100 °C under high vacuum, or under an
inverted atmosphere to reach more than 95% of the theoretical density. Once
sintered, the magnets are machined. After the machining, the magnets must be
coated, as they are highly reactive in the presence of oxygen. Coatings can be in
the form of monolayers with materials such as nickel, copper, chromium, zinc,
epoxy, gold or multilayer [17]. Once coated, the magnets are magnetized and
ready to use. Figure 9 illustrates the whole basic process of manufacturing
sintered Nd-Fe-B magnets. Nd-Fe-B magnets have been used in many
engineering applications, being part of the magnets developed for engines, as

long as other magnetic compounds [18].
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2.3 - ELECTRICAL DISCHARGE MACHINING OF Nd-Fe-B MAGNETS

Nd-Fe-B magnets emerged as an economic alternative, despite the
complexity of its manufacturing. Another factor that adds to the complexity of
manufacturing Nd-Fe-B magnets is the fact that these magnets are known to be
fragile materials with high hardness, low machinability, which requires the search
for more appropriate machining techniques for these materials [19].

In the EDM of Nd-Fe-B magnets, a good surface quality can be obtained
using low current discharges and short pulse duration. As the pulse duration
increases, the singular energy of each discharge increases and causes greater
and deeper damage to the surface, thus decreasing the re-solidification of the
molten material [20, 21]. The current also influences the surface quality of
magnets machined by EDM. As illustrated in Figures 10 and 11, using a current
above 27 A, the microcrack formation mechanism is intensified and there is a

rapid deterioration in surface quality [22, 23].

Surface roughness (um)
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Figure 10 - Relationship between pulse duration and surface roughness (peak current: 14.2 A;

pulse off time: 18 ps) [23].
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Figure 11 - Relationship between peak current and surface roughness [23].

Being a fragile material, Nd-Fe-B magnets have little resistance to tensile
stresses [23]. When subjected to EDM, the surface of these magnets undergoes
a large and instantaneous temperature variation, which results in the formation
and propagation of thermal cracks. When the material is subjected to this thermal
cycle, a complete temperature gradient is established based on the properties
and flux of the dielectric as well as the properties of the materials. With the sudden
heating, local shear stresses arise because the material that is expanding cannot
be separated from the material that is in the interior and with a lower temperature.
The situation is reversed in sudden cooling and when these internal stresses are
greater than the binding strength of the material, breakage or removal of whole

grains occurs [22].

The machining of Nd-Fe-B with electrical discharge machining can leave
different surface defects such craters and presence of cracks. When these cracks
connect, they can cause the removal of a whole grain [22]. Figure 12 illustrates
the chips derived from the EDM of Nd-Fe-B magnets, the thermal cracks formed

and the grain removal mechanism.
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Figure 12 - (a) Picture of debris, (b) microstructure of machined surface and (c) model for whole

grain removal [23].

2.4 —VSM AND MAGNETIC PROPERTIES

The Vibrating Sample Magnetometer (VSM) is based on the vibration of a
sample in a magnetic field to produce an alternating electromotive force (EMF)
within a set of suitably placed pick-up or sensing coils. This induced EMF is
directly proportional to the magnetic moment (m) or magnetization (M) of the
sample under test. VSM’s are used widely, since magnetic properties can be
measured for a diverse range of sample sizes and configurations, i.e., powders,
solids, single crystals, thin films, and liquids, and because they are particularly
well suited to allow measurements at both low and high temperatures. In the
development of rare-earth magnet materials, the VSM has been used extensively
to measure saturation, remanence, coercivity, anisotropy fields, etc., and also to
measure temperature dependent parameters of interest, for example Curie
temperatures. The VSM is an open loop measurement in that the sample and
field source (e.g., electromagnet) do not constitute a closed flux line loop. Hence,
the measured parameters must be corrected for demagnetization effects to yield
the true intrinsic material parameters most often of interest for permanent magnet
materials. In the open loop measurement, the internal field experienced by a
sample differs from the applied field owing to an internal demagnetizing field

which depends on the sample geometry under test [25].

The VSM measures magnetic moment (m) as a function of applied field
Happlied. The equations that relate open loop (VSM) to closed loop measurements

are:
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M=m/V

Where Magnetization “M” has (A/m) unit, “m” is the moment measured by
the VSM and given in electromagnetic unit (emu) and V is the sample volume in

cubic centimeters.

The internal magnetic field H is given in (kA/m) and it’s related to the applied field

Ha also given in (kA/m) by the following equation:
H = HApplied — Ng M

Where N4 = sample demagnetization factor. Values for Nd may be
determined empirically or analytically, with these equations is possible to treat the
data obtained with VSM and to plot the hysteresis curves for all samples

machined with different conditions.

The magnetic induction B (T) is given by the following equation:

B =y, (H+M)

Where o is the vacuum magnetic permeability and equals to 4110”7
T.m.A-1. With this equation is possible to obtain the hysteresis curves of magnetic

induction as a function of the internal magnetic field and magnetization.

A ferromagnetic material, when in the presence of an external field (H) can
be represented by a magnetic induction (B) as a function of this external field in
a graphic called hysteresis curve [26, 27]. Figure 13 represents a hysteresis curve

for a ferromagnetic material.
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Figure 13 - Typical hysteresis cycle of a ferromagnetic material [27].

In the first quadrant of the hysteresis cycle it is possible to observe a
dashed curve that represents the magnetization process. Point (a) indicates that
H = 0 and that the material has misaligned magnetic domains. By increasing the
intensity of the applied field, point (b) is reached, which represents the saturation
magnetization (Ms). Point (c) is reached by ceasing the application of external
field, which represents the remaining magnetic field in the material, a property
known as remanence (Br) [28, 29].

If a field with the same intensity is applied, but with opposite polarity, called
the reverse field or demagnetizing field (-H), the point (d) is reached in the second
quadrant of the hysteresis loop. This point indicates the field required to reduce
the magnetic induction to zero, and is known as coercivity (iHc). When the
application of the reverse field persists, point (e) is reached, which is the

saturation magnetization, but with the opposite polarity to that observed in point
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(a). Analogously, the whole process is repeated in (f) and (g), and the complete
hysteresis loop is formed [30, 31]. The concepts reviewed in this chapter will help
to understand the planning of this work, as well as the results which will be

presented in chapter 4.
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3 — MATERIALS AND METHODS

This section will present the materials and methods used for the

development of this work.

3.1 -ACTIVITIES FLOWCHART

The first step of this work was to machine samples from a wind-turbine

block. This block was machined down to samples having 5 mm by 5 mm of area

and height equals to 250 ym. The samples were machined by the machine that

will be presented in section 3.4 and then the samples were submitted to a

roughness, general surface morphology and magnetic properties analysis with

the equipment presented in this chapter. Figure 14 shows the activities flowchart

for the Part | of this experimental work, which aimed obtaining results of

roughness, general surface and magnetic properties.

Sample Machining

Characterization

WEDM

General Surface

Second guad. hysteresis

Part | - Flowchart

Il .

Roughness

Figure 14 - Activities flowchart - Part .

Results

* Ra, Rz, Rte

Ra;

*  Morphology;
*  Chemical

map;

*  Magnetic

properties;

The Part Il of this work was planned to study how the machining process

would affect the cross-sectional layer of the samples. In order to do that, the

samples were prepared using a pre-polishing methodology as shown in Figure

15.
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Figure 15 - Activities Flowchart - Part I1.

This methodology consists of preparing two samples that would be at first
polished and then positioned face to face, after they were positioned in the
machined the machining process was done transversally to the height of the
samples in order to study how much the cut would affect the sub-surface of the
samples. Figure 18 shows the second part of this work which aimed to study the

cross-sectional impact on the samples after machining.

3.2 - CHARACTERIZATION EQUIPMENTS AND LABORATORIES

In this section the experimental equipment used in this work will be
discussed. The evaluation of the experiments was made with the support of the

staff and equipment of several partners:
e LMP - Mechanical Precision Laboratory;
¢ MAGMA - Magnetic Material Group;
e |IFSC - Federal Institute of Santa Catarina;
e LCM - Laboratory for Microstructure Characterization;

e LABMAT - Materials Laboratory;
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e LabCAM - Multiusuary Laboratory for Magnetic Materials Characterization;

e CERMAT - Ceramic and Composite Materials Research Center.

3.3 - Nd-Fe-B SAMPLE

The first part of the experimental procedure used in this work was to
machine Nd-Fe-B samples from a commercially available Nd-Fe-B grade N42
coated block used in wind turbines. The wind turbine magnet had two different
coatings. The two coatings were removed with acetone (CH3COCHS3) prior to the
machining process. The wind turbine block dimensions were a transversal
section of 29 mm per 38 mm and 91 mm length shown in Figure 16. The block
was then machined down to a workpiece with 5 x 5 mm? section and 29 mm

length, the direction of the workpiece length is the easy magnetization (Z axis).

o

X ¥

Figure 16 - Half of the initial magnet block and its layers along with workpiece and microblade

samples.

The workpiece was fixed in the machine with staples and machined in
samples with a blade shape transversally to the easy magnetization direction
according to Figure 17, the samples needed to be machined like this in order to
make it possible to observe their magnetic properties with VSM analysis. The
samples once machined were cleaned with acetone and stored in an anaerobic

chamber.
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Figure 17 - Fixed sample [31].

3.4 - AgieCut CHALLENGE FW1U MACHINE

The machine used to carry out the experimental cuts is a wire EDM machine
model AgieCut Challenge FW1U from the Swiss machine manufacturer Charmilles.
Figure 18 shows the machine available at IFSC. The machine is controlled by
computational numerical control (CNC) and can exchange data with other
computers and control systems. The movement of the fixing table in X, Y, U and
V can be carried out roughly by manual control coupled to the machine or

precisely by supplying the desired position.
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Figure 18 - AgieCut Challenge FW1U available at IFSC.

3.5 - MOLYBDENIUM WIRE

The tool chosen for the experiments is a commercially available
molybdenum wire with 0.18 mm diameter. This tool is recommended by the
manufacturer’'s manual and is known for being flexible which avoids the breakage

of the wire during the machining process.

The workpiece was fixed in the machine with clamps, performing the
machining of the samples. The wire direction is perpendicular to the easy
magnetization direction. It's important to note that the workpiece samples were

not magnetized.
3.6 — MACHINING CONDITIONS

The machining conditions were chosen among the available options in the
machine and based on literature and the equipment manual [33, 34, 35]. Table

01 was taken from the manufacturer’s manual and shows 4 standard machining
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conditions that were used in this experimental procedure. The condition C821 is
classified as a roughing condition, which has a higher energy input and in turn
causes more damage to the surfaces. Condition C822 can be classified as semi-
finishing, and conditions C823 and C824 are classified as finishing conditions,
which have less energy input and therefore they do not damage the machined

surface as much as the roughing conditions [35, 36].

Table 1 - Main eroding parameters in FW1U WEDM machine.

Machining Cond ON OFF IP
condition

No, (Ws) (Ws) (A)

Roughing C821 24 15 7.0

Semi-finishing C822 05 04 3.0

Finishing C823 31 31 2.0

Finishing Il C824 31 01 25

Table 2 - WEDM machine parameters.

ON Pulse duration.

OFF Time between two pulses.

IP Peak current.
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3.7 - RUGOSIMETER

A Taylor Hobson profilometer model Form Talysurf il20 [37] (Figure 19a)
with a 2 ym stylus tip radius was used to perform the roughness measurements.
The measurement speed was set to 2 mm/s and a 2CR PC filter where the first
and the last sample length was used. According to the norm ISO 3274 [38], it's
necessary a 5.6 mm length in order to measure roughness. However, three cut
offs of 0.8 mm were measured in order to perform the roughness analysis. The
equipment has a 0.001 uym systematic error guaranteed by the manufacturer
[39].

GRRE.

Farm Talyar! -Serien

(a) [36]

Figure 19 - (a) Taylor Surf il20 rugosimeter and (b) Measurement of Nd-Fe-B sample fixed with

plasticine.

For the roughness analysis, a total of 60 samples were machined, 15

samples for each machining condition. The samples were aleatory analyzed with
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the rugosimeter in order to obtain the roughness parameters generated by each
machining condition. The samples were fixed with plasticine and then measured
as shown in Figure 19b. The experiments were repeated twice for each blade
summing up a number of 120 experimental results. These results were treated
with Digital Surf Software.

3.8 — SCANNING ELECTRON MICROSCOPES

Two scanning electron microscopes were used in order to evaluate
surface integrity. The first microscope is from the manufacturer HITACHI model
TM3030Plus. It was used to analyze samples with a maximum ampliation of 2000
times. For further ampliations another microscope was used, this one had the
capability of 10000 magnification and it's a Vega3 Tescan scanning electron
microscope. Both microscopes were used with a voltage of 20kV and using the
imaging functions of secondary electrons (SE) and back-scattered electrons
(BSE) for chemical compositional information. Figures 20 and 21 present
respectively the microscopes TM3030PIlus available at CERMAT and VEGA3

Tescan available at LabMat.

MEVH

------

Figure 20 - TM3030 Plus from CERMAT.
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Figure 21 - VEGA3 Tescan SEM available at LCM.

The specimens were attached in the metallic support with double face tape
for the surface analysis as shown in Figure 22. For the affected layer analysis,
the pre-polishing methodology described in the beginning of this section was

used.

Figure 22 - Nd-Fe-B sample attached to support for surface evaluation.
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3.9 - PRE-POLISHIMG METHODOLOGY

An analysis of the cross section was performed in order to investigate the
depth of the damage suffered by the material when machined by the C821
machining condition and the finishing condition C824. Blocks were prepared with
the pre-polishing methodology. This methodology consists of polishing two blocks
with several sandpapers. After they are polished, the two surfaces are placed
together and the cut is made in the transversal direction to the polished surfaces,
as showed in Figure 23. The sandpapers used were with 80, 120, 220, 400, 600,
800, 1200, 1500, 2000, 2500, 3000 and 4000 grain size. The cross-sectional
results were obtained with a Vega3 TESCAN scanning electron microscope, it

was possible to observe the border's morphology and spectrums.
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Figure 23 - Pre-polishing methodology.
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3.10- EV9 VSM

The EV9 vibrating sample magnetometer (Figure 24) can reach fields up
to 26 kOe at a sample space of 5 mm and 21.5 kOe with the temperature chamber

in place.

ol

LSRR
11

e ——————

Figure 24 - EV9 Vibrating sample magnetometer [40].

The samples were attached to the rod support with white grease and
covered with non-magnetic Teflon tape to avoid sample displacement. The
direction of easy magnetization is on the thickness direction of the samples as

shown in Figure 25.
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Figure 25 - Sample preparation for VSM analysis.

The sample used in this experiment has 5 mm sides and 250 um height
as shown in Figure 25 and its volume is equals to 0.00625 cm?. For the sample
in question, taking in consideration it's dimensions and shape and according to
the litterature, the demagnetization factor (Nd) is equals to 0.875 [40, 41]. The
magnet samples were magnetized with 4.5 T with a magnetic pulse and
afterwards analyzed in the VSM. The selected field setup started in zero field and
went down to - 20 kOe with a 800 Oe step. This setup was design to obtain
remanence and coercivity as well as second quadrant of hysteresis curve. Due
to machine availability, an in order to optimize experiments, it was decided that
only the roughing and the second finishing condition would be examined with

VSM analysis.
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4 - RESULTS

The results will be presented by type. First the roughness results will be
presented along with optical microscope results, followed by surface analysis,

EDS and magnetic properties results respectively.

4.1 — ROUGHNESS RESULTS

4.1.1 — Optical microscope and roughness results for C821 roughing

condition

Hard materials can be machined with the use of electrical discharge
machining having a removal mechanism based on ablation [42]. The roughing
condition (C821) is the most aggressive condition. An optical microscope LEICA
DM 4000M was used in order to obtain pictures from the machined surface with
the roughing condition (C821). Figure 26 exhibits one optical microscope with
100 times ampliation obtained for a blade of Nd-Fe-B machined with the roughing
condition. The pattern is composed of little dots, these dots are spheres of Nd-
Fe-B which remained attached to the surface. These spheres are formed during
the machining process when the temperatures are extremely high, and the

material melts and spherodizes before solidification. Part of the formed spheres
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remains attached to the surface piece. As expected, this condition has provided

the worst roughness results due to their high thermal energy [43].

Figure 26 - 100 times magnetization of Nd-Fe-B blade machined by roughing condition.

The data obtained regarding roughness analysis is plotted in Figure 27
along with one of the surface roughness profiles treated with Taylor iI20 Surf. It
is important to note that each column in Figure 27a represents one roughness
parameter, and the red bars represent the standard deviation for the
measurement that can also be found in Figure 27b. It's also important to notice

that the scales for the roughness profiles are different for each sample.
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Figure 27 - (a) Chart with roughness parameters, (b) roughness parameters presented in a

table format and (c) surface roughness profile.

For further applications, the imperfections on the surface need to be

removed. By having such a roughness value, the magnet is subject to several

different problems. If the surface has a high roughness values, it will lead to faster

oxidation, since water and other impurities can remain in the depths of the

roughness profile [44]. This surface would also need more coating material, so

for the coating of the magnet this surface would need to be removed with further

machining. In addition, the magnets properties are likely to suffer an impact due

to the irregularities of the surface.
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4.1.2 — Optical microscope and roughness results for C822 semi-fining

condition

Figure 28 is an image with 100 times magnification taken with an optical
microscope from the sample machined by C822 condition. It's possible to note
how the surface differs from the previous condition, as this surface was not
covered by the same pattern as in the previous condition. However, it still has
some dotted pattern, but also now remolten material, which will be shown in

pictures taken with SEM in the next sections.

Figure 28 - Optical microscope image of surface machined by C822 machining condition.

The roughness parameters regarding this machining condition were
collected and are presented in Figure 29 along with a surface roughness profile

obtained for one of the surfaces.
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Figure 29 - Roughness results for C822 machining condition.

The results have shown that for this condition there was a reduction in

average roughness (Ra) from 12.66 um to 3.12 ym, when compared to the first

condition. This is expected since this condition is much less aggressive than the

previous, and according to other works regarding EDM, the higher the energy

delivered the more detrimental will be the process for the surface [45]. This

surface would also need to be removed for application, because it has thermal

cracks as it will be shown in next sections and the presence of the spheres is still

a problem for coating processes and magnetic properties for examples [46, 47].

A compilation of all the roughness parameters for all the conditions will be

presented in the end of this section to compare the roughness parameters for all

the machining conditions.

58



4.1.3- Optical microscope and roughness results for C823 finishing

condition

Figure 30 shows the optical microscope image obtained with 100 times
magnification obtained for one of the samples machined by C823 machining
condition. It has a similar visual aspect with surfaces machined with semi-
finishing condition (C822), the whole surface is covered with the same pattern
presented in Figure 26. The energy delivered by finishing conditions is much
smaller when compared to semi-finishing and roughing conditions, therefore the

damage in the surface is less detrimental.

Figure 30 - One hundred times magnification for samples machined with finishing condition
C823.

The roughness parameters results obtained for this condition are shown in
Figure 31 along with a surface roughness from one of the samples. The results
for this condition are even better than the previous condition, this happens
because of the reduction of the energy input in this condition. The advantage of
the machining with the fining conditions is that the surface is less damaged, which

means a smaller impact on magnetic properties and a less fragile magnet [48].
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However, as a disadvantage its possible to mention that this machining condition

takes more time, which implies in a less productive process.
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Figure 31 - Roughness parameters plotted in graphic, table and roughness profile for surface

machined with C823 condition.

When compared to the previous semi-finishing condition (C822), the

roughness average value decreased from Ra = 3,12 ym to Ra = 1,24 ym. And

when compared to the most aggressive condition, the roughness average

dropped from Ra = 12,66 ym to Ra = 1,24 ym, which means a reduction of

approximately 90% in this roughness parameter from one condition to

another. This condition can be considered as an intermediate condition between

the rough and finishing conditions.
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4.1.4 - Optical microscope and roughness results for C824 finishing

condition

Figure 32 was taken with an optical microscope using 100 times
magnification. The same pattern observed in Figure 30 can be also observed in
Figure 32. This indicates that the two finishing conditions have a pretty much
similar effect on rugosity regarding Nd-Fe-B samples. Since the two finishing
conditions produced very similar results, they could be use interchangeably. For
all conditions the remaining surface will not be good for the magnet, coating and
mechanical properties of the magnets. As a result, all the surfaces would need

pos processing for an industrial application.

Figure 32 - MO image for last condition with 100 times magpnification.

Figure 33 exhibits roughness parameters obtained with Taylor Surf 120

rugosimeter along with a surface roughness profile.
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Figure 33 - Roughness results for last finishing condition C824.

When compared with the C823 condition, the roughness averaged varied
from Ra = 1,2420 pm in the previous condition and Ra = 1,3212 pm for this

condition.

4.1.5 — General roughness results between all machining conditions
Figure 34 along with Table 3 were plotted in order to better understand the

difference in roughness parameters obtained for all four conditions in the same

scale.
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Roughness parameters results for all conditions
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Figure 34 - Comparative roughness between machining conditions.
Table 3 - Compiled roughness results.
Machining conditions
C824 (2,5 A, 31 s, 01
C821 (7 A, 24 ps, 14 ps) €822 (3 A, 05 ps, 04 ps) C823 (2A, 31 ps, 31 ps)
Roughness Parameters . o e o e o ps) o
(Roughing) (Semi-finishing) (Finishing) o
(Finishing)
Roughness average (Ra) 12,66 174 312 1,03 1,4 0,23 132 044
Root mean square roughness (Rq) 1591 2,20 401 1,25 161 032 1,76 0,61
Maximum height of the profile (Rt) 84,47 14,76 24,79 6,31 1131 3,26 12,39 474
Ten point height of irregularities (Rz) 7045 11,95 19,70 450 8,90 1,69 9,42 2,95

In general, a reduction in the energy input will provide a better surface

quality. And on the other hand, an increase in the energy input (which can be

translated in thermal impact) will also result in an increasing roughness, sphere

formation and damage on the surface. The roughness parameters increased

when the machining parameters such as current and Time-on were higher, as it

can be seen for the roughing and semi-roughing condition. The last two

conditions have produced very similar results, this was expected because their
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similarities regarding machining parameters such as current and Time-On,
despite the fact that they have a very different Time-Off machining parameter as
can be observed in Table 1 and 3.

The following schematic in Figure 35 represents that the bigger the energy
input, the bigger it will be the roughness parameters as well as the damage in the
surface and surface defects. As observed by Amorim et al, an increase on the
energy input delivery to the cutting zone will intensify the removal of the material
and will have bigger impact on surface integrity. In the WEDM, the material
diffusion processes between work-piece and wire electrode are very intense due
to the high temperatures (over 8000 K) that normally occurs during the discharges
[49]. In general, the higher the current the higher it will be the resulted roughness,
presence of tracks, pores, re-molten material and other surface defects. The
presence of this damaged surface is not desired specially for magnetic materials,
the magnetization or demagnetization starts by the surface, therefore the
minimum damage to the surface can have an impact on the demagnetization of
magnetic materials. And the opposite is also true, the smaller the energy input
the smaller it will be the roughness, the surface will be less damaged and it will

contain less surface defects.

* Roughness
* Energy input * Surface damage
' * Surface defects

Roughness
Surface damage
Surface defects

* Energy input

Figure 35 - Relationship between energy input and surface quality.

Next section will present results with scanning electron microscopy that
will give a better image on the sphere-shaped detritus and the other
characteristics of the surfaces machined with WEDM for the conditions presented

in this work. In addition, the section will also provide information regarding the
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chemical composition of the surfaces, this will help to understand the results of

magnetic properties that will be present in the last section of this chapter.

4.2 - SEM AND EDS RESULTS

4.2.1 - Surface morphology generated by C81 roughing machining

condition

The spheres are formed due solidification of material after ablation.
In further images it will be also possible to observe that the ablation effect also
occurs even in spheres that are over other spheres. Both hollow and solid sphere-
shaped chips remain attached to the surface after machining. In Figure 36, a
magnification of 1000 times is shown for the same sample and same
characterization technique. It is possible to understand that the sphere-shaped

pattern is actually composed of several layers of sphere chips. In Figure 36 it can

SEM HV: 15.0 kV | WD: 15.00 mm | | | VEGA3 TESCAN
SEM MAG: 1.00 kx Det: SE 50 pm
View field: 277 pym  Date(m/d/y): 04/22/22 Performance in nanospace

Figure 36 - 1000 times magnification SE image.
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be observed that the chips have different particle sizes, with some of them having

a diameter larger than 20 ym.

The presence of this layer composed of spheres will have various
consequences for the magnets. One consequence would be use of more coating
material, which would make the processing of producing the magnet more
expensive. Another consequence for the magnet is the drop on its magnetic
properties such as remanence and coercivity. So in an industrial application this
layer formed of spheres would need to be removed in other to obtain a better
magnet [50, 51].

In Figure 37, it is possible to observe a large amount of remelted material
and thermal cracks formed due to the highly aggressive temperature cycle. This
cycle creates internal tensions that end up cracking the surface. In addition,
sphere chips that were not completely removed during machining got stuck in the

molten material and became stress points.

A x1.0k 100 um

Figure 37 - Presence of surface defects on Nd-Fe-B sample after machining obtained with
TM3030 Microscope.

This is not desirable, especially for highly reactive materials such as Nd-
Fe-B, as it provides a starting point for corrosion mechanisms to take place,
thereby reducing the magnet's life under harsh environments. The presence of

these characteristics will have a negative influence, especially for magnets with
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a high surface-to-volume ratio, such as submillimeter magnets [52]. This happens
because as a multi-phase, complex ternary system, Nd-Fe-B solidifies
incongruently in the heat-affected zone, leading to a non-homogeneous
distribution of phases. This, in turn, causes an unbalance in the chemical
composition on the surface of the magnet that can cause substantial losses in
the magnetic properties, especially in submillimeter magnets [53]. One should

minimize the molten volume in order to minimize this detrimental effect.

Figure 38 shows the moment where spheres started to be formed on top
of previously formed spheres chips. The spheres are formed due to the high
energy input, which is an intrinsic characteristic of electrical discharge machining.
After one discharge the spheres are created, however they solidify fast and the
following discharge creates another sphere over the recently formed sphere. One
can also see that the spheres sizes vary significantly, going from less than 1 ym
to over 30 ym as shown in Figure 38 Since the roughing condition is the more
energetic, this sphere formation phenomena is more prominent in this condition,

specially the formation of larger spheres and spheres over spheres.

A x1.0k 100 pm

Figure 38 - Debris remain attached to the surface after machining.
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Figure 39 shows a BSE image from the rough machined surface. The
back-scattered electron technique also provided some information regarding
sample composition. The darker areas correspond to lighter elements such as
free iron, a soft magnetic phase, not desired. On the other hand, the lighter areas
correspond to heavier elements such as neodymium-rich phases, non-
ferromagnetic. This segregation happens during solidification, due to high
temperatures reached during machining and it has an impact on magnetic

properties as it will be discussed in next sections.

- e - .
SEM HV: 15.0 kV WD: 14.97 mm 1| | VEGA3 TESCAN

SEM MAG: 3.00 kx Det: BSE 20 pm
View field: 92.3 pm Date(m/d/y): 04/22/22 Performance in nanospace

Figure 39 - BSE image with 3000 times ampliation.

4.2.2 — EDS results for C821 roughing machining condition

An energy dispersive spectroscopy (EDS) was conducted in order
to better understand the chemical composition of the surface generated by C821
rough machining condition. A region was analyzed with 3000 magnification and
mapped regarding its chemical composition. Figure 40 represents (a) the EDS

image of this region and (b) the chemical composition map.
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Figure 40 - (a) BSE image for mapped region and (b) chemical map.

It's possible to observe that purple areas have a predominance of
neodymium and praseodymium, meanwhile vyellow areas present iron
concentration. These images indicate that during machining the main phase of
Nd2Fe14B disintegrates into two phases, having different compositions. This
phenomenon was very present for roughing machining and not so intense for

semi-finishing and finishing machining conditions.

4.2.3 - Surface generated by C822 semi-finishing machining condition

A scanning electron microscope was also used in order to study the
remained Nd-Fe-B surface obtained with the semi-finishing machining
condition. Figure 41 shows a 500 times ampliation image of the resulting surface.
The roughing condition produced a surface covered with spheres, which did not
happen for the surface machined with the semi-finishing machining condition.
This difference happens because the energy input provided by the previous
roughing condition is much higher than this one. The pattern now is formed by
remolten material, craters, cracks and much smaller debris as indicated in Figure

39. The energy input while machining has a direct impact on the sphere formation
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and size, so less energetic machining conditions will generate smaller debris

sizes and a less damaged surface.

e

SEM HV: 15.0 kV WD: 14.96 mm 1 [ | VEGA3 TESCAN

SEM MAG: 500 x Det: SE 100 pm
View field: 554 ym | Date(m/dly): 12/10/21 Performance in nanospace

Figure 41 - Surface generated with semi-finishing machining condition.

4.2.4 - EDS results for C822 semi-finishing machining condition

In order to study qualitatively the chemical composition variation of the
surface machined by condition C822, an EDS analysis was made for the surface
generated by this machining condition. Figure 42 (a) shows the region studied
with a 3000 times magnification, and (b) shows the map of elements. The
previous rough condition (C821) showed a much more damaged surface, where
the surface itself was covered with this layer of segregated free iron and
neodymium rich spheres. For this semi-finishing condition, the surface also
suffered segregation of elements, but the sphere formation was much less
pronounced because of the lower thermal impact. The lighter areas still

correspond to areas with Nd, Pr dominance, meanwhile the yellow areas indicate
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iron predominance. Even with a less intense dissociation, this surface is still not

ideal for hard magnetic properties, once the microstructure was deeply altered.

o B

25um
(a) (b)
Figure 42 - BSE image obtained for EDS analysis.

Even though this surface presents a less damaged image than the surface
presented for the roughing condition C821, it still has a lot of defects and it would
not be useful for an industrial application. First it has cracks, spheres attached
and these defects can lead to surface crack propagation. In addition, the two
phases are not good for the magnet, ideally the magnets would be all made from
the primary phase with a Nd-rich phase on the grain boundaries and junctions.
Therefore, for an industrial application this remelted layer would be also removed
in order to optimize magnetic properties and mechanical integrity [54].

4.2.5 - Surface generated by C823 finishing machining condition

The finishing condition C823 has 2 A for current, 31 ps for time on and 31
us for time off being considered as a finishing condition. These set of parameters
will create a less damaged machined surface which is shown in Figure 43. As it
was just discussed, even though the surface looks even better now, it would still
not be useful for industrial applications [55]. Therefore, it's possible to say that
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the thermal impact is too high even for the finishing machining condition here

presented.

SEM HV: 15.0 kV WD:.15.21 mm | | VEGA3 TESCAN

SEM MAG: 1.00 kx Det: SE 50 ym
View field: 277 ym | Date(m/d/y): 12/10/21 Performance in nanospace

Figure 43 - Surface generated with finishing condition.

As it can be seen, this surface is composed of remolten material with less

and smaller spheres when compared to rough machining condition. However, this

finishing condition produced very similar results as the semi-finishing machining

condition. This happens because the parameters are very similar, with semi-

finishing machining condition having 3 A for current, 05 us for time on and 04 ys

for time off.

The machining defects found in Figure 41 can be also seen in Figure 43

with one thousand times magnification image showing craters, cracks and

remained spheres all along the surface.
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4.2.6 - EDS analysis for C823 semi-finishing machining condition

Since the parameters for this condition are not so different than the ones
for the semi-finishing conditions, the EDS results are also very similar. The whole
surface is covered with a homogenous distribution of areas with higher
concentration of neodymium/praseodymium and other areas with higher
frequency of iron. The disproportion phenomena are also observed for this
condition, however with less intensity when compared to semi-finishing and
specially with rough machining. Figure 44 (a) indicates an image obtained with
3000 thousand times ampliation of the surface and (b) its chemical map

composition obtained with energy dispersive spectroscopy.

(Rl ceco)

25um 25um
(a) (b)
Figure 44 -(a) BSE image and (b) chemical map for sample machined with finishing condition
C823.

4.2.7 - Surface generated by C824 finishing machining condition

The last machining condition studied in this work has 2.5 A for current, 31
ps for time on and 01 ps for time off. Since these parameters are very similar to
the ones used in the previous finishing machining condition, the results are also
very similar as expected. Figure 45 shows the same pattern observed before for
the semi-finishing and the other finishing machining condition. All the machining

defects can be also found in this surface. When comparing just the two finishing

73



conditions, it's possible to note that the parameter time off played a minor role on

the surface generated.

= Feidhi” i
S8 Spheres | ‘ iy
A Red 5 Craters
: %

| SEM HV: 15.0 kV WD: 15.00 mm | VEGA3 TESCAN
SEM MAG: 1.00 kx Det: SE 50 pm
View field: 277 ym  Date(m/dly): 12/10/21 Performance in nanospace

Figure 45 - SE image of surface after machining process with finishing condition C824.

4.2.8 - EDS analysis for C824 finishing machining condition

As expected, because parameter similarity, the results for EDS for the
finishing condition C824 are pretty much the same as the ones for the two
previous conditions. Figure 44 (a) shows the image obtained of the surface with
three thousand times magnification and (b) the chemical map regarding the same
area. The two major areas containing iron and Nd/Pr are found all along the
surface, indicating that the disproportion had a very similar intensity when
compared to the semi-finishing and C823 finishing machining condition. Since the
results are practically the same for both the finishing conditions, it was decided
for the use of a 5000 times amplification for this last finishing condition analysis
in order to go further with the investigation on the surface composition. It is
important to point that during the analysis it was observed that the 3000 times

amplification would bring basically the same image, so in order to go further with
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the investigation and bring new results, the 5000 times amplification was chosen

and is presented below in Figure 46.

(a) (b)

Figure 46 - (a) BSE and (b) chemical map for sample machined with finishing
condition C824.

The SEM analysis of the surfaces machined with different conditions have
shown that even for the finishing conditions (C823 and C824) surface defects are
still present. The main difference was the intensity of the sphere formation and
also the segregation of the main phase (Ndz2Fe14B) in a Nd-rich phase and an iron
rich phase. Regarding the surface quality, all the samples would still need to be
submitted to post-processing in order to be able to be coated and improving
magnetic properties. The machining time is of course higher for finishing
conditions, since they cut with less energy and therefore more time is needed.
However, measuring the machining time was not in the scope of this work and
another study would be need to understand if it would be the best machining
condition option in terms of productivity. Next section will provide the results
obtained for the cross-section layer which will complement the results displayed
in this section and it will also help to understand the results of magnetic properties
which will be presented in the end of this chapter.
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4.3 — CROSS SECTION LAYER RESULTS

It's possible to observe the impact from the cut towards the bulk with pre-
polishing technique [56]. In order to study the effects not only on the surface but
also towards the bulk of REE’s magnets machined with WEDM, the pre-polishing
methodology described previously. The samples then were analyzed with Vega3
Tescan scanning electron microscope using BSE and SE techniques and the
results are presented in next pages.

4.3.1 — Cross section layer for C821 roughing machining condition

Figures 47 shows the results obtained for a sample machined with the
roughing condition. The images show a layer of sphere-shaped detritus that

remained attached to the surface.

Spheres over spheres

SEM HV: 15.0 kV WD: 14.61 mm | | I VEGA3 TESCAN

SEM MAG: 500 x Det: SE 100 pm
View field: 554 ym | Date(m/dly): 10/04/22 Performance in nanospace

Figure 47 - Cross-section for sample machined with roughing WEDM.
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It is not possible to determine how thick is this layer covering the surface,
however it is possible to observe from another angle the sphere over sphere
formation that happens when roughing machining is used.

Figure 48 is a BSE image of the same sample with one thousand times
ampliation. In this image is possible to observe the presence of cracks on the
material on the machined surface towards the bulk. This microcracks can lead to

whole grain removal if the intensity of the cracking is high enough.

SEM HV: 15.0 kV T VEGA3 TESCAN

SEM MAG: 1.00 kx Det: BSE
View field: 277 ym  Date(m/d/y): 10/04/22 Performance in nanospace

Figure 48 - Cross sectional layer image with 1000 times magnification.

It's also possible to observe the main phase of Nd2Fe14B and Nd-rich areas
presented with lighter color. It's clear that the material was not substantially
affected towards its bulk, which indicates that the WEDM can be very damaging
to the surface, but has no affect towards the bulk of the material and therefore no
impact on the magnetic properties of the magnets. Spectrum 25 represents the

main phase Nd2Fe14B with a gray color, and spectrum 17 represents the Nd-Rich
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region, showing a brighter color when analyzed by BSE technique. Spectrums 25

and 17 are displayed in Figures 49 and 50 respectively.
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Figure 49 - Nd2Fe14B main phase spectrum.
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Figure 50 - Nd-Rich lighter areas.

The presence of the surface and subsurface defects presented in Figure
48 will be a problem for the magnet. The microcracks present in the surface and
subsurface will result in stress generating points, which can lead to mechanical

failure for the magnet. In addition, if the cracks meet, they can also lead to a
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process called whole grain remove, which would be very detrimental for the part
itself as well for the magnetic properties of the magnet since it would be losing
magnetic material and nucleating reverse domains [57]. For an industrial
application the surface and part of the subsurface would need to be removed in
order to assure that all the defects in the surface and subsurface would be

removed.

4.3.2 - Cross section layer for C822 semi-finishing machining condition

Since the semi-finishing and finishing conditions have less energy level
during the machining, the effect on the surface and towards the bulk was less
detrimental. Figure 51 shows a BSE image obtained with one thousand times
magnification. It's possible to observe that the thickness of remolten material and
spheres layer is much smaller than the one present previously. It is also possible
to observe that the same texture towards the bulk composed of Nd2Fe14B and

Nd-rich areas is present for this sample.

-

SEM HV: 15.0 kV WD: 15.03 mm l VEGA3 TESCAN
SEM MAG: 1.00 kx Det: BSE 50 pm
View field: 277 pym Date(m/d/y): 10/04/22 Performance in nhanospace

Figure 51 - Cross-sectional cut analysis for semi-finishing machining
condition.
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As it can be seen, it was not possible to observe the presence of
subsurface microcracks, which is an indicator that this semi-finishing machining
condition is not as aggressive for the subsurface as the roughing machining
condition. In addition, it was also noticed a reduction in the presence of debris
which is also an indicator that this machining condition did not damage so much
the surface and the subsurface. Moreover, the surface above the subsurface
looks more uniform when compared to the image presented for the roughing
condition. It can be said that for this condition less material from the subsurface
would needed to be removed when compared to the previous condition, however
pos-processing would still be necessary to guarantee a surface and subsurface

free from defects.

4.3.3 - Cross section layer for C823 and C824 finishing machining

conditions

Since the last two conditions are really similar in parameters and results,
the cross-sectional results for these two conditions will be displayed together in
Figure 52. The stains contained in the picture do not reflect another chemical
composition, they are craters that appeared due to sample preparation problems.
In general, it's possible to expect a smaller impact on the magnetic properties for

the samples machined with less aggressive conditions.

-

o 3 oA - )N
SEM HV: 15.0 kV WD: 15.27 mm SEM HV: 15.0 kV WD: 15.45 mm VEGA3 TESCAN|
SEM MAG: 1.0 kx Det: BSE 50 pm SEM MAG: 1.00 kx Det: BSE 50 pm
View field: 277 ym  Date(m/dly): 10/04/22 Performance in nanospace View field: 277 ym  Date(m/d/y): 10/04/22 Performance in nanospace

Figure 52 - Cross-sctional layer for finishing condition (left) C823 and (right) C824.
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It's possible to observe that there was also a reduction in microcracks in
the subsurface, as well as a smaller debris formation for this last two finishing
machining conditions. This last two conditions presented practically the same
results for all the analysis that were made and presented in this work. As a result,
they could be used interchangeably for an industrial application.

When comparing the roughing, semi-finishing and finishing conditions, it's
possible to say that the roughing condition damaged much more the subsurface,
and therefore it would need a bigger material removal in a pos-processing
operation, this would increase the waste of material. On the other hand, the
finishing conditions had a smaller impact on surface and subsurface, however
they still need pos-processing too. The disadvantage of the semi-finishing and
finishing machining conditions would be that they have a slower material removal
rate, it's logical that a less energetic machining condition will also have a less
material removal rate. Taking this in consideration, the choice between rough or
finish machining conditions would depend on the application and the final
objective of the manufactured magnet. Therefore, further specific study and also
studies regarding the productivity would be necessary for deciding which
condition makes more sense to be used in a real-life industrial application. What
can be concluded is that the higher the energy input the higher it will be the
damage on the surface, subsurface and the higher it will be the presence of

surface and subsurface defects such as microcracks and debris.

4.4 — MAGNETIC PROPERTIES OF MACHINED SAMPLES

A VSM analysis was made in order to compare the properties of different
Nd-Fe-B samples. The second quadrant of the hysteresis curve was treated
according to the methodology described previously in order to compensate for
the demagnetization fields. Samples machined with rough condition C821
(current = 7A, Time-On = 24 ys and Time-off = 14 ps) and the finishing condition
C824 (current = 2.5A, Time-on = 31 ys and Time-off = 01 pys) were analysed. For
each condition two different samples were studied. Figure 53 shows the two
graphics, both for the more aggressive condition (blue curve) and for the finishing
condition (orange curve). It is possible to observe that the magnetic properties

such as coercivity and remanence were much more affected by the roughing
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(C821) machining condition than the finishing condition (C824). The coercivity
was reduced by approximately 30% for the sample machined by the roughing
condition and remanence had a 27% reduction when comparing the results
between the two conditions. Magnets applications require strict project
requirements and any degrading on the magnet properties could compromise its

application [59, 60].
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Figure 53 - Second quadrant magnetic properties.

Previously, it was shown that the rough machining had a consequence of
big amount of disproportioned Nd2Fe14B material into Fe and Nd/Pr dominant
regions. Since Fe is a soft magnetic material, the samples machined with rough
condition suffered a more intense magnetic softening phenomenon. Table 4
shows the values for coercivity and remanence obtained for the two samples. As
it can be seen, the results for the finishing condition are much closer to standard
N42 Ndz2Fe14B magnets values for coercivity and remanence [60], indicating that

this machining condition was much less detrimental to the samples.
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Table 4 -HcJ e B values for samples machined with rough and finishing

machining conditions.

Remanence (T) 0.90 1.23

Coercivity (kA/m) -954.68 -1336.73

In general, the experiments with wire electrical discharge machining have
shown that the higher the energy input provided in the cutting zone, the higher it
will be the detrimental effect on the surface, which in turn will have an influence
on the magnetic properties. However, it was also shown in previous chapters that
even for the finishing conditions there was a formation of a remelted layer, which
was composed of distinct areas composed mainly by Nd and Fe. This means that
even for the finishing conditions the use of pos-processing would be necessary
in order to remove this remelted layer, which contains microcracks and debris
that can lead to a mechanical failure of the magnet [61]. Next chapter will bring
the conclusions made after studying all the results that were obtained in this work
as well as future work suggestions to further study in such an interesting and

important field such as machining of rare-earth elements with WEDM.
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5 - CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS

5.1 — CONCLUSIONS

This work analyzed the machining of a commercially available Nd-Fe-B

wind turbine magnet machined by wire electrical discharge machining under

rough, semi-finishing and finishing conditions. The main conclusions are the

following:

The first machining condition C821 (IP =7 A, ON =24 pus and OFF =15
us) presented results of roughness parameters (Ra, Rq, Rz and Rt)
approximately 10 times higher than the last two conditions (considered as
finishing conditions). In addition, the SEM images have shown a much
more damaged surface, consisting of thick remolten material layer
covered with unattached sphere-shaped chips. These chips indicate that
the material was in a liquid state and solidified in this hollow or solid
sphere format. These debris could have different chemical compositions,
the first one believed to be made of neodymium oxide. The second
composition is believed to be made of Fe-a due to its liberation during the
discharging phenomena. Besides this layer, even given the very
aggressive conditions, there was no observation of any considerably

damage towards the bulk of the material.

The second machining condition namely C822 is a semi-finishing
machining condition. This condition produced roughness results three
times higher when compared to the last two conditions and also three
times smaller when compared to rough condition. Which makes this
condition an intermediate condition regarding energy deliver and its
effects on surface. Scanning electron microscope results, however, have
shown that a sphere-shaped chip layer does not constitute this condition.
Instead of that, this condition is made of a cracked remolten layer, having
a mixed composition of Nd and Fe-a dominant areas.
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The last two conditions (C823 and C824) were very similar since the
beginning, having the same almost the same value for current (2 A and
2.5 A respectively), Pulse On Time Ton equals to 31 ps and Tof = 31 ps
for C823 and Tot = 01 ps for the last condition. The results for roughness
were under a six per cent difference in absolute value. SEM and EDS
results have shown also a remolten layer covering the whole surface,
however it was not observed the presence of a chip layer. This remolten
layer has also a mixed composition believed to be made of neodymium

and Fe-a.

The results of the screening tests for magnetic properties have shown a
significant decrease in remanence and coercivity for the magnets
machined with the roughing condition, in addition a magnetic softening
phenomenon was also observed due to the segregation of Nd-Rich and
Fe-a during the machining process. Since magnetization starts on the
surface, it is believed that this impact on coercivity is due the chip layer
that remained attached to the surface, which is composed of two main
phases as previously discussed. Since one of these compositions is made
of Fe-a, which can be considered as a soft magnetic phase, a decrease
in HeJ values was expected. For the finishing condition the values of
remanence and coercivity were closer to the reference values of
remanence and coercivity for N42 class Nd-Fe-B magnets, indicating that
this condition didn’t have the same intensity of magnetic damaged when

compared to the roughing condition.

In general, it is possible to conclude that wire electrical discharge
machining can be a suitable machining process for the manufacturing of
rare-earth based magnets. The more aggressive the condition, the more
negative effects it will be observed on its surface roughness, and which in
turns will have a significant potential magnetic damage effect on its
magnetic properties at least for small samples. In any case, further post
processing, like grinding for example, is needed on the manufacturing of
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Nd-Fe-B magnets in order to remove the remolten layer present on its

surface.

5.2 - WORK SUGGESTIONS

The following suggestions for further studies are based on the

opportunities and difficulties felt during this work:

Evaluate the possibility of the creation of wire electrical discharge
machining parameters in order to minimize the damage on the surface;
Thermal simulation of the discharging process for a defined geometry in
order to understand better the chip formation phenomena;

The machining of bigger magnets with the same machining conditions, but
evaluating magnetic properties with a closed loop measurement;
Evaluation of particle size, chemical composition and magnetic properties
of chip generated by the machining of Nd-Fe-B magnets with WEDM,;
The manufacturing of magnets with these chips generated by WEDM.
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