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Introduction

Introduction

The disovery of NdFeB magnets in 19841] t[3] constituted an important step in the Hisry of
permanent magnets. At that time, the S8o based permanent magnets had to be replaced because
Co was a strategic and expensive materiakA¢@ magnets had strong advantages compared te Sm
Co: they haddrger saturation magnetization, Nd was much less expensive than Sm and Fe is one of
the most abundant elements on Earth. {§éB permanent magnets were first used in hard disk drives
and speakers. More recently, these magnets play a pivotal part in eeéfigignt technologies. Since

they produce the highest energy density among all commercially available magnets, they play a
significant role in motors of electric vehicles and generators of windmills. For instance, higher energy
density means lighter aneéds energy consuming machings.

The outstanding properties of NeeB permanent magnets come from the intrinsic magnetic
properties of the NgFe 4B phasgmagnetocrystalline anisotropy, saturation magnetizatianyl from

their microstucture. Nevertheless, electricahachines operate at about 12IB0°Cand magnetic
properties decrease rapidly with temperature. At 180°C, the anisotropy field dfitheée B phasds
reduced to unaccepted values. This impacts directly the coercivityeaintignet which represents its
resistance to demagnetizatiomo maximize coercivity at the operating temperature, a fraction of Nd
is substituted with heavy rare earth elements such asvidly a content depending on the application
(sefrom [5]). The demand for Dy is particularly high for electrical motors, especially for those
of hybrid electric vehicles which caantain more than 5 wt.% of Dy.

However, the Dy magnetic moments couple antiparallel to the Fe derasdjng to a decrease in
remanence and thus in the maximum energy density provided by the magnet. In addition, Dy is a
strategc elementclassified as a critical raw material by.HUe supply risk is high since China has a
guasimonopolistic position inle extraction of Dy (more than 98 % of the total world production).
Moreover, theprice of Dy has been particularly volatile in the last decade. Considered separately, the
cost of Dy in magnets could represent more than 50 % of the cost of all other alatd¥or these
reasons, endisers of magnets are very reluctant to use magnets containing Dy.

Fig.1: Maximum energy product (Bkixand coercivity of commercial NeeB sintered magnets
according to their compositiofb]
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Consequently, the major driving force for research and development éfé\Bl permanent magnets

is to develop magnets that possess excellent magnetic properties with a reduced conten{4jf Dy
This requires a better understanding of thiek between microstructure and coercivity in these
materials.The key point is the control of the grain size and the distribution of secondary phases at
grain boundaries to prevent magnetizatiogversal and magnetic couplifig]. Many efforts have been
undertalen in the last decade by research groups and the magnet industry to reduce the Dy content
in magnets. During this period, significant progresses have also been obtained in the characterization
of the local chemistry of grain boundarias the nanoscale. T& allowed a better understanding of
coercivity mechanisms in NeeB sintered magnets. Furthermore, micromagnetic simulations have
shown to be efficient in the description of magnetization reversal in realistic polycrystalline models,
taking into accounthe fundamental role of grain boundaries.

The work presented in this thesis has been developed in the framework of a collaborative action
between CEAITEN and Institut Néel. The global objective of the thesis is the better understanding of
coercivity of M-FeB sintered magnets by experimental and numerical approaches. The magnets
studied here are fabricated on the pilot line at GAAEN by powder metallurgy route. The
fundamental activity included preparation of model systems, microstructural and magneti
characterization and numerical modelling.

Nd-FeB hard magnets are obtained by liquid phase sintering of an oriented monocrystalline powder.
Postsinter annealing at low temperature enables the optimal distribution of thinridkd phases at

grain boundaies [7], [8]. Consequently, grains are mostly exchaxgeoupled and it is widely
accepted that magnetization reversal occurs via switching of individual grains. However, magnetostatic
or dipolarinteractions between grains play also an important role in magnetization reversal in such
materials. In this work, a first study investigatbe demagnetizing field effecism NdFeB sintaed
graindecoupled magnetshat can lead to some misinterpretatioof the demagnetization curves
usually measured on magnets. Two different experimental configurations {@ehcloseektircuit)

widely used for coercivity measurement are compared experimentally and numerically.

One of the strategies to improve coercivis the grain boundary diffusion process developed in 2000
[9] and which is now an industrially established technique. It consists in the development eftadre
grains with Dyrich phaes in the outer regions Md:Fe 4B grains. In this work, a second study deals
with the grain boundary diffusion process performed onfNEB sintered magnets using £5o alloys.

The coercive properties are progressively improved after Dy diffusion but the rectangularity of the
measured deragnetization curves is also deteriorated. Microstructural observations and further
magnetic measurements are carried out to establish the link between microstructure and coercivity
and also explain the shape of the experimental demagnetization curvedaftéeis reproduced via
micromagnetic simulations. Moreover, one of the drawbacks of the grain boundary diffusion process
is its limitation to thin magnets. It can thus lead to-@ifused magnets with coercivity gradient. In the
last part, coercivity irgraded magnets is discussed with the help of a diffusion model and further
micromagnetic simulations.

The present manuscript is organized in five chapters.

Chapter | gives a general introduction on the history and properties of permanent magnets. Then, the
microstructure, the fabrication process and the coercivity mechanisms efeNBisintered magnets

are presented. Finally, bibliographic researches about micromagnetism and the grain boundary
diffusion process are detailed.
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Chapter Il describes the fabrit@n process of NdreB sintered magnets at CEATEN. The grain
boundary diffusion process using By alloys is also detailed. Furthermore, the characterization
(microstructural and magnetic) and numerical methods used in the thesis are described.

Chapte IIl deals with the demagnetizing field effects in-NeB sintered magnets. The experimental
and numerical comparison of demagnetization curves measured in-oped closeecircuit is
presented.

Chapter IV concerns the experimental and computational mattaic study of the grain boundary
diffusion process using Bgo alloys performed on NéeB sintered magnets. An important aspect is
the understanding of the shape of the demagnetization curves measured after Dy diffusion with the
help of numerical modetig.

Chapter V constitutes a discussion about coercivity in graded magnets and the reported results are
strongly related to those of Chapter IV.

The main results of this work are recalled in the conclusion. The perspectives of research to further
progressin the understanding of magnetization reversal processes iiFr&8 sintered magnets are
also suggested.
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|. From context to coercivity

|.1. History of rareearth permanentmagnets

The first discovered permanent magnets were the lodestones that provided a stable magnetic field.
Until the turn of the 19 century, magnets were weak, unstable and made of carbon steel. Some
improvements were made with the discovery of cobalt meigsteels in Japan in 1917. Then, the
performances of permanent magnets have been continuously improved since the discovery of the
alnicos(Al/Ni/Co alloys)] v §Z [iD]+This evolution is represented by the increase in the maximum
energy product(BH)ax This latter is a figure of merit for permanent magnets and represents the
maximum energy density that, for a magnet of given volume, can be transformed into wark in
machine that uses the magnshows the rapid improvement in the performances of magnets

v Juvd E v 3Z u] o }( e firsi genefafiow otransition metals and rarearth
alloys, such as S@o systemswasdeveloped However, intheo § 06i[*U §Z %o (E] O } Jv E
drastically due to an unstable supply situation in the Democratic Republic of Congo. At that time, Sm
Co permanent magnets showed the highest (BkBnd the research community was then forced to
replace these magnet# few years later, in 1984, Née-B based permanent magnets were developed
for the first time by Sagawet al.[1] using powder metdlirgy techniques at Sumitomo Special Metals,
and in parallel by Croat al.[2], [3] using meltspinning technique at General Motors. As shown by
the below graph, in almost a century, (Blhas been enhanced, starting fro MGOe for steels at
the early part of the century, taC 0 D'K (JR&B Bhagnets during the past twenty yed4$, [11].

Fig.2: Evolutionof (BH).axat room temperature for permanent magnets during the 20th century and
their relative volume for the same energy denguy.

Moreover, for the same energy density, newly developedR¥® magnets enable an important
reductionin volume or their applications, compatketo former systems. Today, more than 80% of rare
earth permanent magnets implemented by end users aré=e8 magnets|4]

While the maximum energy product represents the strength of a magnet, the resistance to
demagnetization is crucial for the design of electrical machines, regarding the operating temperature.

4
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This second characteristic, named coercivity, will be introdusedore details in the following since

large efforts in magnet industry and research groups have been engaged in the three last decades to
improve this property. @ further optimize magnetic properties of NeeB magnets, emphasis of
research is nowaday®tbetter understand the link between magnetization reversal (coercivity)
mechanisms and microstructure in these materigé$.

1.2. Intrinsic and extrinsic properties of permanent magnets

Rare earth permanent magnets are mainly constituted by ferromagnetic materialsettiabit

E u EI o ] % E}% ES] X dZ ¢ uPv §] %E}% ES] « E P v E o0
completely determined by the atomic composition and the structure of the ferromagnetic phases. It is
important to keep in mind that standard magt characteristics, widely considered for design

%o WE %} U E & S$Z & " £ASE]Jve] _ ¢]Jv SZ u Pv § % E(}EU Vv « E
parameters[12]. In this section, the basic properties of hard ferromagmenaterials are briefly

recalled in order to point out the influence of the microstructure on them.

1.2.1.Intrinsic magnetic properties

1.2.1.1.Definition of the macroscopic magnetization

Themacroscopianagnetizationof a magnetic material is denoted M andrregpondsto the volume
density of internamagnetic momentsThis amount isherefore given in A.#m?3, thus in A/m, while

the polarizationof the material is given by =poM, with J in Tesla andy = 4< x 10" T.m/A the
permeability of free space. When an extermagnetic fieldd (in A/m or Oeis applied on the material,

the magnetic induction Bs expressed as B pm(H+M), with B in Tesl§l3]. The macroscopic
characterization of magnetic materials generally consists in thesoreanent of the evolution of B (or

J) as a function of H. This reveals how magnetization develops in the material and helps determining
the most energyfavorable configurations of the magnetization distribution. In this frame, permanent
magnets display spific features that are introduced below.

I.2.1.2.Hard ferromagnetism

A ferromagnetic materiadisplays aspontaneous macroscopimagnetization that comes frorthe

ordering of individual microscopimagnetic momentsThese latter are carried by atoms and result

from the summation of spin and orbital moments of electrodsSE ve]3]}v u § o ~& U }Ye ]e*%
largest magnetic moment per atofat room temperature) The ordering is related to the exchange

interaction occurring between the magnetic moments.

A materid is hard ferromagnetic when the microscopic magnetic moments are preferentially oriented
along a specific crystallographic direction. This property depends on the magnetocrystalline anisotropy
of the atomic lattice. These three features (high magnetic rantnordering and anisotropy) are
required for hard magnets and are fulfilled with the magnetic phase that constitutes them.

In these materials, neighboringnagnetic moments arestrongly coupled through exchange
interactions. Exchange occurs between eledtic orbitals and induces an internal energy minimization
when the moments are aligned in parallel directions (ferromagnetism) or in antiparallel directions
(ferrimagnetism). Basically, the exchange energy is given9pyl Aw# 1 ¢ v for which the
summation is extended to all couples of microscopic magnetic moments. However, exchange
interactions are a short range effect that develops at a distance roughly equal to the lattice parameter.
The amouniAcharacterizeshe microscopi@xchange stiffnesand is related to the shape of electronic
orbitals and the crystal structure.
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This trend towards parallel or antiparallel distribution of the magnetic moments givew®nisagnetic
ordering at finite temperature and zero field. This results in the occweeaf the macroscopic
spontaneous magnetization M Furthermore, ferromagnetic ordering limited by the thermal
agitation and disappears above tririe temperature d(in K).As expected, the Curie temperature is
proportional to theexchange stiffness

Al

with & the lattice parameter of the considered structure. The exchange stiffness is expressed in J/m
and determines also the exchange length(ln nm).This quantity is the length below which atomic
exchange interactions dominate dipolar interactioliss given by:

el &% [Eq. 3

Magnetic anisotropy corresponds to the existence of energetically favorable directions for
magnetization, related to the crystalline axes (magnetocrystalline anisotropy). In a uniaxial
crystallographic system, the anisopy energy Eis defined as:

'o:d, L -sOEBR E-sOBR, E-;OER E® [Eq.3

K is the ith order anisotropy constantinMJfinv '} ]« §Z VvPo SA v 38Z u Pv 3]l §]}v
and the easy axis. Only the first term is generally consideretlddfeB systems. In the absence of
external magnetic field, magnetization will preferentially lie along tkeagy axis, with either the

positive or negative orientation. The energy needed to align magnetization along any direction
perpendicular to the esy axis is the anisotropy energy.

1.2.1.3.Magnetic domains

Magnetic domains form in a magnetic material as a result of the magnetostatic energy reduction. They
are regionsin which magnetization is uniform, while its direction mayrw from one domain to
another. Magnetic domains are also called Weiss domaietween two magnetic domains of
opposite magnetization, the magnetization vector has to change its direction. The transition area is
called a domain wall. A particular type is the Bloch domain wall for whagdnetization rotates in the

plane of the domain wal[13]

The transition length of magnetization reversal is called domain wall width ateding, (in nm). In
the particular case of a Bloch domain wall, it can be approximated by:

b N&  [Eq. 4]
Moreover, the associated domain wall energy(in J/n¥) can be expressed as:

& N¥#-5s [Eq.§

The hysteresis loop is the most common characé&ion of a magnetic material, underlying many
proceses that imply magnetic domains. Extrinsiagnetic properties that can be determined from
the hysteresis loop depend strongly on the above introduced parameters.




I.From context to coercivity

1.2.2.Extrinsic magnetic properties

1.2.2.1.Hysteresisoop of a permanent magnet: remanence and coercivity

When an external magnetic field i applied to a permanent magnet which is originally in a
demagnetized statehe magnetization Mollows the initial magnetization curve that increases rapidly
and thenapproaches an asymptotic value called the saturation magnetizatipi¥en the magnetic

field is decreased from the saturated state, the magnetization gradually decreases and at zero field
strength, it reaches a nerero value called the remanentagnetization or remanence #MFurther
increase of the magnetic field in the negative sense results in a continued decrease of magnetization,
which finally falls to zero. The absolute value of the field at this point is called the coercive field or
coercinty He. It represents the resistance to demagnetization of the permanent magkmbther
definition says that the magnetic susceptibilitye. the quantity dM/dH is maximal at the coercivity
point. The curve in the second quadrant fromz kb the zero magetization state is referred as the
demagnetization curve. Further increase of H in the negative sense results in a decrease of M until
reaching the-Msvalue. When H is then reversed again to the positive sense, M increases again and
the loop is closedsedFig.3). [14]

This dependence of the magnetization as a function of the applied magnetic field constitutes the
hysteresis loop of a permanent magnet. The evolution of thagnetic induction Bor of the
polarization With H are also hystesis loops. Hard magnets are difficult to demagnetize: they exhibit
a larger coercive field and thus a broader hysteresis loop than soft magnets.

[.2.2.2.Microstructure related magnetic properties

Extrinsic magnetic properties depend on intrinsic properties and on microstruclime remanence
Mr is directly proportional to M depends on the porosity of the material and on the degree of
alignment of magnetic easy axes of the hard magnetic phase cdércive field Hdepends on the
magnetocrystalline anisotropypn the presence of defects in the microstructure and on other
microstructural features such as the grain size, determined by the fabrication pr¢gg$%2]

Hc determines if the magnet is hard andsMirectly impacts the maximum energy product (BKJin
kJ/m®or MGOe)This latter is a figuref merit for permanent magnet©n the hysteresis Ioo@;e

, (BH)axis the area of the largest rectangle that can be inserted under the demagnetization curve.
Its maximum possible value for an ideal systepnid</4. [12]
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Fig.3: Hysteresis loop for a permanent magnet with intrinsic and extrinsic magnetic properties, and
with the (BHj)axredangle in the second quadrantdépted from[15], [16]

|.3. Magnetization reversal mechanisms

1.3.1.Coherent rotation: the Stonalohlfarth model

The StonefWohlfarth model[17] describes magnetization reversal in a ferromagnetic crystal by
coherent rotation involving all magnetic momenig(without formation of domains). In such system,

the magnetic moments are considered to remain parald.a result, the exchange interaction is
neglected in the model and the total energy of the system is the summation of the Zeeman energy
(coming from the interaction with the external field.iHand that tends to align the moments along
Hex), and the magetocrystalline energy that prevents the moments from deviation from the easy
axes.Magnetization is considered to be homogenearsl the applied field is along the easy axis
direction, as shown |kig.4

Fig.4: Coherent rotation of magnetization vectatsscribedy the StoneWohlfarth model[18]
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In the case of uniaxial systems withatg magnetocrystalline anisotropy, there is only one easy axis
for magnetizationDuring reversal, magnetization changes its direction, but not its magnitude. Cases
(1) and (3) correspond to two energy minima, whereas case (2) is the hardnagnetizatin
configuration. Theexternal field required to reverse the magnetic moment and defined as the
anisotropy field His given by:
6A
*o LA,_ﬁEz\ [Eq. §

The anisotropy field in NBe-B magnets, calculated from Knd Msintrinsic properties, is around 8 T
at room temperatureln practice for NéceB magnetsthe measured coercivity is only aba2®30 %
of the theoretical anisotropy field given by the Stotwphlifarth model. This discrepancy is known as

E}AvV[* %o [1H] arjdds attributed to the presence of defects in the microstructure that exhibit
locally reduced magnetocrystalline anisotrofy]. This has been understood by introducing the
concept of the activation volume that represents tsrmallest volume in which magnetization reversal
begins before macroscopic propagation.

1.3.2.Nucleation vs pinning controlled magnetization reversal

Magnetization reversal consists of two steps: it begins at defects, corresponding to the nucleation of
reverseddomains, and then propagation of these reversed domains within the entire microstructure
occurs. Depending on their respective field values, either nucleation or propagatidd be the
process that triggers magnetization reversal and limits coercivity

After nucleation, reversal may propagate in the entire system for a given magnetic field valua: it is
this casecontrolled by nucleation. Alternatively, the reversed domain may be pinned at magnetic
heterogeneities: reversal is, in this case, controldgginning iie. propagationdriven reversal
depicts magnetization configuration in the case of nucleapoming reversal:

Fig.5: Magnetizationconfigurationin the case of nucleatiepinning reversal[18]

Case (1) corresponds to saturation. The direction of the applied field is then reversed and nucleation
starts at (2) with the formation of a small domain with reversed magnetization and itectge
domain wall. At (3), this latter starts to move and then encounters defect points that act as pinning
centers for the domain wall. At (4), a bigger field value is applied for the depinning of the domain wall,
to finally achieve saturation in the oppite direction.

Two models based on the micromagnetic approach have been proposed to describe coercivity in Nd
FeB permanent magnets and to determine the mechanism controlling magnetization reversal. They
will be presated inSectionl.5.2
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It is worth noting that microstructural heterogeneitiés Nd-FeB magnets have a negative effect on
coercivity since they act as nucleation points for reversal. However, in sffs¢ems such as S@o
magnets, heterogeneities may also act as pinning sitpgventing the propagation of reversed
domains, angnaythereforebe crucial for coercivity enhancemerithis underlines thaeed to control
the microstructure to obtairexcellent magnetic properties f@ermanent magnets.

|.4. Nd-Fe-B sintered magnets: fabrication and microstructure

1.4.1.Microstructure of a NdreB sintered magnet

The microstructure of NéeB sintered magnetsypicallyconsists of single crystalline N .B (at.%9
hard magnetic grains with a size between 3 anqud0 These grains are surrounded by a continuous
layer of an amorphous Ndch phase with a thickness of a few nm. Largeridd phases are located
at graintriple junctions.[6], [20]

On the below BSEEM imagéFig.6), taken from[6], the N.FewB single crystalline grains are in grey.
The white regions correspond to Nitth phases. The bright contrast between grains is the continuous
nm-thick grain boundary (GB) phase.

Fig.6: BSESEM image of the typical microstture of NdFeB sintered magnet$6]
1.4.1.1.The NdFe 4B hard magnetic phase

The NdFe4B phase (also called ®r "-phase) crystallizes in the4/mnm space group and has a
tetragonal symmetry. The unit cell parameters are a =&8.8nd ¢ = 12.2 fsedFig.7} [21]. The
magnetization easy axis is alongxas above 135 K but it starts to tilt away frone thaxis below this
temperature(known in the literature as the spin reorientation temperatuf22].

10
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Fig.7: Unit cell crystallographistructureof the NdFeB phase[21]

In the unit cell, Nd atoms with their 4f electron states are responsible for the strong magnetocrystalline
anisotropy. Fe atoms with their 3d electron bands are responsible fohitfle magnetic moment.he

Fe magnetic lattice aples parallel with the light rare earths (LRE) magnetic lafd¢ B atoms
contribute to the thermodynamic stability of the entire structyl].

The substitution of Nd with otheRE elements leads to an important modification of the intrinsic
magnetic properties of the phase. For example, the replacement of Nd by heavy rare earths (HRE) such
as Dy and Tb increases the anisotropy field, whereas this latter is reduced when bititsitsad with

Ce and Gd. Moreover, the saturation magnetization of JHBIB phases is decreased compared to the

one of LREFe4B, because of the antiferromagnetic coing of magnetic momentgTable 1| gives
intrinsic magnetic properties at 295 K for someHEB compounds: the saturation polarizatiosMls,

the anisotropy field pHa and the Curie temperaturecl

Phase MoMs (T) MoHa (T) Te(K)
CeFesB 1.17 2.60 424
PrFesB 1.56 7.50 565
Nd:Fe B 1.60 7.30 585
GaFeB 0.89 2.4 661
ThFe4B 0.70 Cii 620
Dy:Fe.B 0.71 Cin 598

Tablel: Intrinsicmagneticproperties at 295 K for 4B compoundd21]

In addition, important micromaggtic parameters and charactstic length scales are givenpiable2
for the NdFe4B phase: the exchange stiffness A, the magnetocrystalline anisotropy consgtainé K
exchange lengthek, the domain wall widthw and the domain wall energyw.

A (pJ/m) Ki (MJI/m3) Lex (Nnm) w (nm) w (MJ/m?)
8.0 4.9 19 3.9 25

Table2: Micromagnetic parameters and characteristic length scales feF&UB phase[24]

11
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1.4.1.2.Nd-rich secondary phases

In Nd-FeB sintered magnets, there are several differentiidh phases, including metallic and oxide
phases. The larger and more roundedHiish regions are usually oxides, whereas the thin layers in the
Nd:FeB grain boundaries are metallic in charac{@b] t[27]

These secondary phases play a major memagnetic properties. The remanence is reduced in
proportion to the volume fraction of secondary phagés Furthermore, the amorphous metallic Nd
rich phases reduce or remove defects at the surface oFNB grains. It has also been generally
accepted that hese phases do not contain a signifitamount of Fe and therefore amaramagnetic,

thus guaranteeing exchange decoupling of thefdB grains, leading to high coercivi], [28]

More recently, Sepehminet al.[27] used atom probe elemental analysisestimatethe chemical
compasition of Ndrich intergranular layers and claimdtiat the phase is rich in Fe. Thesepared

then a 50 nmthick layer of the same composition and measured a saturation magnetization of about
400 emu/cni ( @.5T). They concluded that the GB phasedt ferromagnetic and the N8e 4B grains

are most likely to be exchangmupled. In this case, magnetization reversal is controlled by the pinning
of domain walls at this GB phase. But this conclusion is still not generally accepted by the research
community, because measuring the chemical composition of-thiok layers betweerum-sized
Nd:Fe4B grains is experimentally ndrivial [6].

As said before, it has been shown that-Mth phases at multijunction sites in N@kB sintered
magnets consist of both metallend oxide compoundf25], [26} facecentered cubic (fcc) metallic

Nd, double hexagonal close packed (dhcp) metallic Ngpa N&O; (at.%) ctype NdO; and NdO
(at.%) Hrkacet al.[29], [30]studied the coercivity dependence on the int@cés between Ndre B
grains and these Ndch phases, using EBSD, finite element micromagnetics and atomistic models.
Indeed, such interfaces can distort the crystal structure, resulting in distorted layers with lower
magnetocrystalline anisotropy that tacas nucleation sites for magnetization reversal, being
detrimental for coercivity. The metallic dhcp Nd produces the largest distortions FeMs, followed

by atype NdQO; and then by metallic fcc Nd;tgpe N&Os; and NdO, which all produce similar
distortion. As a result, the removal of metallic dhcp Nd phases from the microstructure is crucial to
improve coercivity.

Sasaket al.[31] reported quite recently that there are two types of GB phases in a standard sintered
Nd-FeB magnet: one is the crystalline GB phase perpendicular to thesedswyf NdFea 4B grains with

a Nd content higher than 60 at.% and the other is the amorphous GB phase par#flel¢axis of
Nd.Fe4sB grains with a lower content of Nd (about 35 at.%). This latter GB phase is assumed to be
ferromagnetic and the intergrain exchange coupling in-AédB sintered magnets is therefore
anisotropic. Thisnisotropic nature in the chemicalbmposition of the grain boundaries was also
investigated by Zickleat al.[32].

For NdFeB sintered magnets, magnetic properties such as coercivity and remanence depend strongly
on the magnet microstructure. This latter mus controlled during the fabrication process.

1.4.2.Industrial productiorprocess: sintering

The industrial sintering process of {#dB permanenimagnets is schematically shovwrl-‘lig.S

12
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Fig.8: Industrial production route of NHeB sinteredmagnetsand pseudebinary phase diagram
(Nd/B = 2)f the NdFeB ternary systeni11]

The alloy witha typicalcompositionNdisFe7Bs (at.%)is produced via a rapid solidification technique,

00 NaSEEIUP X dZ Vv ES 3 % ]* 5Z %}A E % E} p 3]}v (E}u §Z
hydrogendecrepitated and further milled into a fine singteystalline powder the particle sizeof
whichlies between 3 and 1m. This powder is then filled inmold, aligned in a magnetic field and
compacted. The obtained green compact is finally sintered and annealed afterwards at lower
temperature. The magrtds coated to be protected against oxidation.

The individual steps of the industrial sintering process will berdest in more detaiin Sectio
andll.2| Other production routes exist for NEeB permanent magnets, such as the HDDR process and
hot-deformation[28], that will not be covered in this work.

1.4.3.Application fields and limitaths

Nd-FeB permanent magnets have the highest (Bkiat room temperature. They play a significant

role in energy applications, such as in the motors of hybrid electric vehicles and in the generators of
windmills. They contribute to both the saving of electric power and the reduction eé@idsions in

these devices[4]. However, these devices have opéngt temperatures of about 12080°C and
magnetic properties such as remanence and coercivity decrease rapidly with temperature. As a result,
coercivity is reduced to unacceptable valuesnsximum operating temperatures. An increase in
coercivity at room temperature is therefore needed.

One way of improving coercivity of NgeB magnets is to substitute some Nd atoms with HRE such as

Dy or Th. This leads to an increase of the anisotropy diedl to coercivity enhancement. Nevertheless,

the substitution of Nd with Dy has also some major drawbacks. For instance, Dy addition leads to a
decrease of theemanence because of the antiferromagnetic couplirgpé Sectio, and it

directly impacts the (BHjx value. Furthermore, Dy is a critical and strategic elenvembse prie is

high and fluctuating. Most of the known Dy resources are in China andnit®polistic market

*]Spu 8]}vo 8} 38z "E &E ESZ E]Je]e_ Jv TiiiX § 8Z 8§ SJu U 8§Z % E
$/kg (2018: 200 $/kg).

Ore major objective of the research community is now to developf&B permanent magnets that

possess exlent magnetic properties at room temperature with a reduced content of HRio.oé
control of the microstructure during the fabrication process is therefore needed.

13
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1.4.4.State of the artcurrent strategies to improve coercivity

Since the discovery Mid-FeB magnets, coercivity has gradually been improved thanks to a better
control of the fabrication process. Furthermora,the last two decadesdescription of coercivityn
Nd-FeB magnets has also been improved, particularly thankdeweelopmens in microstructural
characterizationThe better understanding of magnetization reversal processes letémtcoercivity
enhancement in NdFeBmagnets[4], [20].

Current strategies to improveoerciviy are given ifiTable 3|and will be further detailed in the
following:

Strategies Mechanism Assessment
Reduced say field in thevicinity of  Numerical modelling: the stra
GB field decreases with grain siz
Amorphous phase formed during

Grain size reduction

Defect reduction at GB SEM/TEM characterization

annealing
Exchange decoupling ¢ Formation of a thin and continuous SEM/TEM characterization
: non-magnetic GB phaseudng : )
grains . Numerical modelling
annealing
HRE diffusion at GB Enhanced anisotropy in the vicinity ¢ SEM/TEM character_lzatlon
GB Numerical modelling

Table3: Strategies to improve coercivity.

1.4.4.1.Grain sizeeduction

Qoercivity is known to bémproved with the reduction of grain siz(ee. The limit gain size,

below which oxidatioroccurs, is 2.5um for the conventional fabrication process (jet milling under
nitrogen atmosphere and pressing) andull (}E SZ %o E e+30(jetemillgd&rider helium
atmosphere and without pressing), developed by the research team of Sagawa. Sempéet al.

[33] fabricated highcoercivityand Dyfree Nd-FeB sintered magnets with a grain size of aboyini,

He]VP 8Z]e "% @E *¢0 ¢+ <¢]vs E]JVP %o E }sinteréd dtate wasE3GA KB/, Jar $Z
better than the value for conventional magnets wahgrain size of fim (around 950 kA/m). More
recently, Sagawat al. [34] A 0}% 3Z "V A % @E *+0 s % E} e+ 5} Z] A
alignment degee and homogeneity of magnets.

Fig.9: Evolution of coercivity with grain size for sintered magnets (triangle symj2a).
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Coercivity enhancement caused by the reduction of graincsinebe interpreted in two wayfRamesh

et al.[35] calculated hysteresiloops of polycrystalline NgeB sintered magnets and suggested that
the coercivity increase witlthe reduction of the grain sizdollowing a logarithmic dependencés
explained by the smallatefed density on the grain surface. Smaller graans therefore less likely to

act as nucleation points for magnetization reverdabre recently, Bancet al. [36] used numerical
modelling to show that the logarithmic decay of coercivity with increasing grain size comes from the
logarithmic increase in the demagnetizing field near the edges of a grain. Magnetostatic interactions
are thus less important for smaller grain size.

1.4.4.2.Defect reduction at GB

Postsinter annealing (PSA]J relatively low temperature$< 900KJeads to a tremendous increase in
coercivity. PSA depends strongly on the magnet composition and the coercivity optimum is reached
for a given PSA temperature. In theginal work of Sagawet al.[1], optimal magnetic properties for
Nd-FeB sintered magnets were obtained after annealing888K(610°Q. Moreover, Shinbat al.[8]
performed twostage PSA: &073K 800°Q followed by 773K $00°Q. They suggested that PSA at
temperatures above the N#eB eutectic point a938K(665°Q leads to the formation of a small
amount of liquid phase and to an uniform distribution of the-ith phase, forming the nrthick GB

phase The second PSA, penfned below the eutectic poinmoothes grain boundaries and decreases
defect density, thus preventing nucleation of reversal domakfter PSA, continuous thin layers of
amorphous Nerich phase are found along the grain boundaries.

1.4.4.3.Exchange decoupling of grains

X Cu, Aland Co

The addition of some elements in the base magnet composition has also an important impact on
magnetic properties. This combined with aptimized PSMKcreases magnetic properties.

The addition of Cu leads tooercivity enhancement, even in very small proportion (@26). Cu
} ev[S %o vV SCE § S§Z Z E u Pv S] %Z -+ Vv (}EuU- MS 8] Ju%olpv
temperature of 508°@37]. Cu decreases significantly the melting temperature of theribld phase
leading to a better wettability of the intergranular phase, when PSA is done at a temperature near the
eutectic point[7], [27], [38], [39] After PSA, Cu has been shown to segregate at grain boundaries: this
was observed by Kimt al.[40] using STENEDX technigue and by SepeAminet al.[27] by means
of 3D atom probe tomographylhe formation of such a @ich layer leads to exchange decoupling
between NdFe4B grains which is beneficial to coercivity

According to Strzeszewsdt al.[41] and Knocklet al.[42], the addition of Al promotes wettability of
the intergranular phase. Moreover, Mottramt al. [43] and Sadullahoglet al. [44] showed that Al
penetrates the hard magnetic grains and hence de@sasmanence. Nevertheless, Al leads also to
coercivity improvement by the formation of the paramagnetic Nd(Fgphiase that reduces magnetic
coupling between grains.

In addition, Mottramet al.[45] studied the role of Co as addition element in-NeB sintered magnets.

Co substitutes Fe of the hard magnetic phase and increases the Curie temperature. However, it also
contributes to the formation of theintergranular and ferromagnetic Nd(Fe,&g@hase that is
detrimental for coercivity.

Al, Cu and Co can be added at the same time in the base composition to combine their effects and
finely tune magnetic propertiegsee Chapter v
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X Ga

In 2016, Sasaki al.[46] characterized the microsicture of Gadoped NdFeB sintered magnets of
composition Nei.ePrFe7.1B51Cw.1Ca cAb.sGavs (at.%). GB chemistry after PSA was studied using
SEMEDX and aberraticoorrected STEM. Ga hdmeen shown to enhance wettability of grain
boundaries, beaase of theformed Nds(Fe,Ga): (at.%)phase located at triple junctions. The GB phase
has the composition (Nd,RBeuFe; 4Cus 4Gav s (at.%) with a small amount of Fe, and has a thickness of
10 nm. This phase is then assumed to be-fesromagnetic and demuples hard magnetic grains,
explaining thel.8 T(1432 kA/m)coercivity obtained after PSA. This value is achieved for an average
grain size of im and further grain size refinement could lead to even higher coercivity values.

In 2017, Soderzniét al. [47] observed magnetization reversal of theade exchangelecoupled Ga

doped and of conventionaNd-FeB sintered magnets, by magnetptical Kerr effect (MOKE)
microscopy. In the standard magnet (with exchangeupled grains), reversed domains suddenly
propagate throughout many neighboring grains along the easy axis. Such a cascade type of magnetic
domain propagation is only observed in the standard magnet. Onagheary, the Gadoped NdFe-B

magnet (with exchangdecoupled grains) reveals switching of individual graifise cascade
propagation of magnetization reversal is, in this case, suppressed by the thickagnetic GB phase.

The hypothesis of exchangiecaupled grains seems to be valid.

In 2018, Xt al.[48] investigated the microstructure of Efyee NdFeB sintered magnets that contain

0.1 at.% of Ga. These magnets show a less important gain in coercivity after PSA but a better
rectangularity of the demagnetizatiaurve, compared to magnets containing 0.5 at.% of Ga, as shown
on the below demagnetization curv Note that the magnets containing 0.1 at.% of Ga have
finer NcbFesB grains and a higher Al concentration in their base composition.

Fig.10: Demagnetization curves of &intered (dashed curves) and psgtter annealed (solid curves)
Nd-FeB sintered magnets containing 0.1 at.% (red) and 0.5 at.% Ga (j#aJk]48]

Xu et al. found a high Fe concentration in the GB phase of magnets containing 0.1 at.% Ga: the
intergranula phase isassumedto be ferromagnetic and grains are thtisought to be exchange
coupled. This explains the better rectangularity of the demagnetization curves. In this case, coercivity
is governed by the pinning of reversed magnetic domains at thisrfexgmetic GB phase, accounting

for the observed coercivity increase, even with a smaller Ga addition. In conclusidop&aNdFe

B sintered magnets are good candidates to achieve very high coercivity at room temperature and
without the use of HRE.
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1.4.4.4 HRE dfusion at GB

HRE can be incorporated into /@B sintered magnets by the grain boundary diffusion process. The
latter enables the diffusion of HRE mainly along grain boundaries, as well as the formationraftHRE
shells with enhanced anisotropy field the outer regions of N&feB grains. This process will be
descrited in further detail in Secti

In addition to the development of miostructural characterizatiom the past years, micromagnetic
simulationsplays nowan imprtant role in a quantitative understanding ofiagnetization reversal
processes in N&eB permanent magnetsn relation with some microstructural features.

|.5. Micromagnetic simulations and models

1.5.1.Micromagnetic simulations (LandaushitzGilbertformalisn)

Micromagnett simulations treata ferromagnetic material as an assembly of small magnetization
vectors and predicts the magnetization states andaiyits by solvig a timeevolution equatior{49].
They aregenerally based on two assumptions:

- The magnetization M and all other quantities are continuous functions of the sfzaizbler.
- The norm M of the magnetization vector is constant and uniform in any homogeneous
material, and at zero or finite temperaturfl3]

Based on these two assumptions, constant magnetization modulus equgtiofi; L /;“ :7;can
be written, for whichm(r) is the unit vector to describe magnetization distributions.

I.5.1.1.LandauLifshitzGilbert (LLG3quation for ferromagnetic materials

The time evolution omagnetizationis computed at different applied magnetic fields by solving the
LandauLifshitzGilbert (LLGllifferential equation:

%L O Ht.cEU" HXTHQ; [Eq. 7

vis §Z PCE}u Pv §] & 8]} v r ]sThe fimthighvitand sidé ®rm describes the
magnetization precession around the effective magnetic fidld The second rigkhand side term

describes the damping process that leads magnetization to the minimum energy state, parallel to the
effectivefield. dZ]s o 85 E ] o0} $§Z v P 3]A E]A S]A }( 8Z §}5 0 '] [+ (
the magnetizatior{50]:

" " Y4 4
&t ek F=22*  [Eq. §
dZz 8}S5S o u Pv 8] '] e[EiS the surdoPsgveral energy terms:
"iei L "oE" £vE %uRE [Ea. 9

E is the Zeeman energy and corresponds to the energy of magnetic moments in an external applied
magnetic field. This energy tends to align the magnetization along the external appliethigklthe
magnetocrysalline anisotropy energy and arises from the combination of cnfighl effects (coupling
between electronic orbitals and the lattice) and of spibit effects (coupling between orbital and spin
moments). It leads to the tendency for the magnetizatioratign along some preferential axes, called
easy directionsin a solid Eex is the exchange energy between neighboring sitesis called the
magnetostatic or dipolar energy and is the mutual Zeertygne energy that arises between all
moments of a magrt&c material through theistray field.[13]
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dz 8}3 o u Pv §] '] [ (E nction@f@agnetizatiopM and the external applied
magnetic fieldHex: can be expressed as:

“lEilY @ 35 LT SFEt 8y E&,:y;EEAAZ,@B:'I'ID;GF—ét%a/?@S [Eq. 1

In this equationfi is the magnetocrystalline energy densi#y,s the exchange stiffnesd)sis the
saturation magnetizationMy is the kth component of the magnetization vectd and Hp is the
dipolar field.

1.5.1.2.Application of micromagnetic simulations femromagnetic materials

Micromagnetism allowshe competition between the above energy terrtts be investigatedgiving

rise to characteristic magnetic length scales, and is at the origin of the complexity of magnetization
distributions in hard magnets[13]. The equations [Eq. #10] pave the way for micromagnetic
simulations liable to describehe dynamic behavior and complex magnetization patterns in
ferromagnetic materials.

However, the numerical resolution is based on time and geometrical discretization schemes that
require very fine time steps and meshing compatible with the exchange lengtiard magnets
(around 1 nm), leading to a considerable limitation of the size of studied systems. An approximation,
based on an energy minimization scheme in which dynamic aspects are not considered, could be
helpful but the implementation of these mianmagnetic simulations remains restricted to small
volumes of several regular grains. Typically and providing that a defect -gefgemined in the
meshed geometry, the simulation could naturally describe the nucleation phase as the onset of
magnetization eversal in this zone, as well as the accurate domain wall structure separating the
nucleus and the rest of the magnet. The propagation of the domain wall in the meshed volume could
also be explicitly described with an account for the effect of-homogen@us properties.Some
geometrical and microscopic details such sdmrp edges and corners gfains can be explicitly
described.

1.5.2.Micromagnetic and global models

Some models have been proposed to describe quantitatively how the external field could thigger
magnetization reversal in a ferromagnet in which some nucleus is assumed to be present, without
consideration on the time evolution or the spatial variation of magnetizat@ambined and/or fitted

to experimental results, these models have broughtetter understanding of the magnetization
reversal processes in NeeB magets and shed light on the link between coengiviand
microstructural features.

As for micromagnetic simulations, the physical basis of these models lies on the Gibbs energy
minimization, combined with further simplifications made on the calculation of the dipolar energy. In
the simplest cases, some analytical solutions were derived. Chronologically, these models have been
designated as micromagnetic and global modele mcromagetic model was developed by Aharoni

[51], [52] and more recently by Kronmillet al.[53] t{55], while theglobal modehas been proposed

by Givordet al.[56].

1.5.2.1.Micromagnetic model (MM) basexh nucleation

X Assumptions of the MM

The MM aims at decribing howthe external conditions o field and temperature produce
magnetization reversadtarting in a critical region of a graiwhere nucleation occurs by coherent
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rotation [10]. The MM assumes that theritical field in this regioms proportional to theanisotropy
field Ha of the hard magnetic phasgiike in the Stonewohlfarth model,see Sectiofi.3.1) and thus
the coercive fieldHcis expressed as:

“uL U FOgubi L U2 FOgub  [Eq. 11

Ms is the spontaneous magnetizatiorn. describes the reduction in coercivity due defects and
misorientation Nef is the effective demagnetiz@in constant accounting for the dipolar field resulting
from local magnetostatic interactions near sharp edges and corners of the microstryégjreThe
parameters r and Ner are determined from the temperature dependent valuesH{T), H(T)and
ML) by plotting HT)/ML(T) versus T)/MgT)and fitting a straight lin¢36]. In the literature,r v
Nett are assumed to be temperature independent, even if theoretically they arelnahis model,
nucleation is considered to be the determining mechanism for magnetizaéeersal. For instance,
values ofr P0.3 are compatible with a nucleation mechanism, whereas valuegs@®.3 may include
both pinning and nucleation mechanisms for magnetization rev¢s3al

Kronmdilleret al. assume that uniform coherent rotation of the magnetization vectors occurs during
magnetization reversal in the defect regidhe StonerWohlfarth model[17]is used as a reference in
the MM. In the case of Stoné&Wohlfarth systems, the angular dependence of coercivitylfeing the
angle between the applied field artde easy axis) is expressed as:
A L 5
A 4 aan >0ag -

[Eq 12

The above equation refers to magnetization revergabcess starting from a defect undergoing
coherent rotation. However, the exact nature of defects is not described into detdseral
improvements have beeachieved by considering that the defect can be represented by a shell around
the grain, in which the anisotropy is reduced to zero. Moreover, the link with thedegmaded inner
phase is depicted by different profilesteplike, linear and quagiarmonic anisotropy perturbations
[10]. Hence, nucleation and propagation of reversal can be described.

X Micromagnetic model based amucleation and propagation

Aharoni[52] assumed a stefike anisotropy profile with §z) = 0 for zZ0d and K(z) = Kfor z Pd,

where d is the defect size andiK the anisotropy constant of the main phase. The minimization of the

§18 0 '] [ (E vV EPC AJSZ s Z v V]*}3E}%C % E}(Jo A+ o0 po §
nucleationfield Hy and passage fieldgH{corresponding to the passage of the nucleated domain wall

from the soft to the hard magnetic phase) were compared. FoD dw/4, Hy is higher thanHp,

indicating that nucleation determines magnetization reversal. Both fields are approximatively equal

for d L w/4. For d P w/4, magnetization reversal is rather governed by the propagation of the

domain wall.

Abraham and Aharorjb1] then considered a linear variation &f: this latter was taken as zero in a
part of the defect region and was assumed to increase linearly to its constant value in the remaining
part. The nucleatiofield Hydoesv[S Z vP 0}3 Ju% E A]5Z §Z cK}( 5 %o (M

Fukunagaet al.[58] used a numerical approach to styithe effect of magnetic inhomogeneity on the
magnetization reversal in a sintered {#@B magnet, according to the model in which the anisotropy
and exchange constants decrease linearly on the surface $#feMH grains. A local decrease of the
exchange constant has no significant effectkiy) whereas a decrease of the anisotropy constant
causes a remarkable reduction of.H he K values are smaller compared with those reported by
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Aharoni[52]. Finally, the simulated angular dependence of coercivity is in good agreement with the
experimental results for a reduced anisotropy ctams in the 3050 A surface region of the grain.

Kronmdller[53] considered another profile for the anisotropy in a planar defect region of halfwidth

A
_:V,L-:»;Fm:i‘a:_ [Eq. 13

K(») corresponds to the anisotropy within the ideal matrix adfidenotes the reduction of anisotropy
at the center of the inhomogeneous region. Assuming this type of anisotropy profile, the passage field
Heis found to be:

6‘
el ooy [Eq. 13

The passage fieldr decreases with increasing defect width.

Conclsion: For smalldefect (soft) regions (dO wi/4), coercivity is limited by nucleation. For large
soft regions, it is rather limited by propagen.

=

1.5.2.2.Global model (GM) based on activation volume

X Assumptions of the GM

The GM was proposed by Givoedal.X hvo]l §Z DDU ]88 } ev[8 (E o0 § ]JE SoC
anisotropy of the main phase. Whatever the involved coercivity mechanism, magnetization reversal
develops through thermal activation of a critical volume @faersed magnetizatiofb9]. Therefore,

the GM is based on the formation of a magnetization heterogeneity, which isatiypecdomain wall.

The energy barrier that must be overcome for magnetization reversal is ndiedt must be
proportional to the increase in the domain wall energy of the critical nucléus w5, where wlis
the domain wall energy within the nucleus asi$ the surface area of the nucle[i]. Furthermore,
the domain wall energy can be written &$ "OL U, R 7, where ris a geometrical parameter that
takes into account the relation between the surface and the volurokthe critical nucleu§s9], [60]
Note here that the domain wall energy within the nucleus is assumed prdportional to the domain
wall energy in the main phasey [59].

X Expression of the energy barridy

When an external field equal to the coercifield H:is applied, the energy barriet can be written as
follows[10]:

ial &R &, E 8R4 b1 ° E ¢o olEQ. 13

The first two terms on the rigHtand side of the above equation correspond to the interaction energy
with the external applied field and to the interaction energy with the dipolar field, respectively. The
third term 4 expresses the thermal aetation energyand is equal to 25 kB1].

X Expression of coercivitycas a function of temperature

Combining the above expression of the energy bardawith the dimensional considerations of the
first paragraph, one obtains:

Up R 7L &R | &.,E&Rguli° EtwG6 [Eq. 16.]

4R &, L U R 7F&Rgulbi° FtwG6 [Eq.16.2]
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“ul—z 7 FOguly Ftwg  [Eq. 163]

where 5 L G %R/ i is the magnetic viscosity coefficient, experimentally accessible from magnetic
after-effect measurementsIn addition, the critical volume v is assumed to be equal to the

experimentally derived activation volume.y10], [56]

So, from the above equation, it is obvious that the GM relates coerdwitintrinsic magnetic
properties lomain wall energyw and saturation magnetization §1of the main hard phase through
r and Ng coefficients. The coercivity is also related to the activation volumevhich can be
experimentally determined from M=f(theasurements[60]

X Determination of the activation volume as a function of temperature

Using the relationR L G 9\_!\45_ / ],VA(T)can be determined B/(T)is known. Moreover, the magnetic

viscosity coefficiens, is defined ash L 5WU géwhereSis the magnetic viscosity anek is the
irreversible magnetic susceptibilifg2]. The coefficieng, has the dimension of a fluctuation figlti0].
It is experimentally observed that the magnetization decreases linearly with the natural logarithm of
time. This is mathematically expressed/asP, L / 4 F 5 H: P, &lence, the magnetic viscosBgan be

calculated by determining the ggpe of the magnetization time variation5(L F @ /\/\@ HF‘) Time

effects are more obvious when the applied field is close to therave field[18]. In addition, the
irreversible magnetic susceptibility; is determined by dM/dHineasurements. For instancey is the
difference Tys4 TcacF Tagbetween the total experimental susceptibility and the reversible
susceptibility that representthe slopes of the recoil loog48]. ConsequentlyS(T)can be deduced
at each temperature from afteeffect measurements at several applied fields nelarva(T) is then
calculated using appropriate dalues for NeFe 4B and the experimental values of ). [60]

X Analysis of the temperature dependencetdf

The equation giving the temperature dependerufeé:is equivalent to:

*,L*, Etwg L E;é_, F Ogubi [Eq. 171]

A 2 -
% L e F OsuulEq. 172]

HOE % @& * v3e 3Z (] o v 8§} @ A E+ §Z u Pv 38]1 8]}v ]J( 8Z CEu o
plotting the reduced parameterdM sas a function ofw/p1oMgval” (appropriate values foMgT) and

w(T) must be taken), a linear depdence is obtainedThis indicates thatr (slope of this line) is
temperature independent for a given magnet and tihgi (the negative of the intercept with the

vertical axis) takes dyn a mean value characterizing the effective dipolar interactions during
magnetization reversal59], [60]

X Magnetic properties of the activation volunwe

In the GM, the activation volume corresponds to a #wrform state of magnetization. In a
ferromagnetic material, the length that characterizes such-oaiform magnetization state is the
domain wall widthw;. Hence, the experimentally obtained activatienlume w can be compared with
§Z A opwd dlculated for the NgFe B phase. The ratioaVw?® can be plotted as a function of
temperature (se. This gies information about the differences between the intrinsic magnetic
properties of the activation volume and those of the main ph#sg]
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Fig.11: Thermal variation of the ratiosw® in NdFeB sintered magnet$59]

For NdFeB sintered magnets, the ratios | w® is roughly constant up to room temperature and
increases dramatically at higher temperatures. The proportionality betweenv W at low
temperature shows that the magnetic properties of the activation volume are not very different from
those of the bik [59]. If nucleation was the determinant coercivity mechanism, the anisotropy of the
activation volume would differ stragly from the main phase anisotropy. As a result, magnetization
reversalis not limited by nucleatiorOn the contrary, magnetization reversabislieved to berather
governed by passage and expansion mechanifis.

ConclusionThe MM and GM approaches show that, except fznall defect zones (with reducediK
coercivity is controlled by the passage/propagation of reversal into the raffiected zone ith non-
reduced K). Thishas been recently confirmed by Banet al. [64].

1.5.3.Main results of micromagnetic simulations

Unlikemicromagnetic and global models, micromagnetic simulations aim at describing magnetization
patterns without simplifications on the dipolar field and exchange interactions. Consequently, this
approach helps to understand the role of the grain size and shamof coupling/decoupling phases

at GB.

Most of the micromagnetic simulations presented here are performed wWith software package
FEMMEFinite Element MicroMagnEticsyhich is a hybrid finite element / boundary element method
code[65].

1.5.3.1.Influence of grain size on coercivity

As explained in Secti the size of NgFesB grains habeenshown tohave an influence on the
coercive ield and its thermal stability. In addition to the already described worlRamhestet al.[35]

and of Bancet al.[36], Schreflet al.[66] showed that a decrease of the grain size inse=acoercivity
because the magnetostatic interactions between the grains are less effective and therefore lead to a
decrease of the demagnetizing field. Kronmulédral. [67] also showed that dipolarlongrange
magnetic stray fields reduasoercivity maity for large grain sizes.

SepehriAmin et al. [50], [68]used finiteelement micromagnetic simulations to understand the link
between grain size and coercivity for exchaigeipled polycrystalline anisotropic NeeB siriered
magnetg.Table4|gives the simulation parameters used&8].
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Simulation parameters Simulation 1 Simulation 2
Model dimensions 8 x 8 x fum?® 400 x 400 x 40am?3
Grain shape Polyhedral Polyhedral
Grain size 0.7um/2.7um 30 nm /50 nm /130 nm
|J.0Ms= 161T

Intrinsic magnetic properties of Determined between 300 anc

) K = 4.5 MJ/m[69]
Nd:Fe.B grains A =12.5 pJ/m 400K
Nature of the GB phase Exchangeoupling /

Table4: Simulation parameters used[B8].

For the simulation 1, tetrahedral meshegre generated and the LLG equation was solved at each
node using the FEMME softwdi@h]. The results showed that coercivity increases by 0.4 T when the
grain size is decreased from 2.7 to Quih. Moreover, themagnetization curves demonstrate a
decrease in the maximum susceptibility as the grain size is reduced. For instance, for grafdlsizes
um, a twostep initial magnetization curve can be observed. On the one hand, the initial high
susceptibility observetbr largesized grains comes from the easy displacement of the domain walls
within the multidomain grains. On the other hand, srefled singlelomain grains require higher
magnetic fields to reach saturation because of the pinning of the domain walie &B phase.

Furthermore, Sepehwiminet al.calculated the stray field generated from the reversed surface grains
for different grain sizes (1, 2 and 4um) and showed that the maximum stray field decreases as the
grain size decreases. Larger strajdBénduced by a larger grain size lead to magnetization reversal of
the neighboring grains at a lower external magnetic field, being detrimental for coercivity.

A second model (see paraters of simulation 2 iTable4) was used by Sepekfiminet al.to study
the influence of grain size on the temperature coefficient of coercivity

>L ,"A_', Hsrr [Eq. 18
A

Demagnetization curves were calculated aarection of temperature from 300 K to 400 K (increments
of 20 K)Fig.12|shows the temperature dependence of the simulated coercive field for 30, 50 and 130
nm-sized grains.

Fig.12: Thermal dependence of coercivity for modeleeRd& magnets with average grain sizes of
30, 50 and 130 nnj68]
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To enable a permanent magnet to be used in motors, the lowest absolute value]ef <]JE o X dZ
*Jupo 3]}v <Z}A §Z St ]« §$Z ZgikPeZof £30 h@ Thi® @sultvindicatdet the
temperature coefficient of coercivity deteriorates with increasing grain size. It is in good agreement
with the experimental observations made by ldtial. [70] on hotdeformed NdFeB anisotropic
magnets.

In addition, Sepehhminetal. o} & Eu]v 3Z A o unfor)No-FeR siriered magnets
by plotting theHA(T)/M4{T) versus MT)/MgT)and further fitting(sedFig.13), based on the MM. The
slope and the intercept of the fitted lines give v <k respectively.

Fig.13: Dependence of M swith HYM sfor Nd-FeB magnets with average grain sizes of 30, 50 and
130 nm.[68]

The effective demagnetizatioconstant N« was shown to increase with the grain size, being consistent
with the grain size dependence of the stray fidlduet al.[70] also found that a decrease in the grain
size leads to a loweM.s for hot-deformed magnets.

To conclude, the increase in coercivity with decreasing grain size is attributed to the reduction in the
stray field arising from neighboring grains. The temperature coefficient of coer¢ivity Ju % E}A A]3Z
decreasing grainize because of the lower effective demagnetization conshkat

1.5.3.2.Influence of grain shape on coercivity

The grain shape (especially the edges or corners of a grain), which is one critical microstructural
parameter of permanent magnets, can affect the lodamagnetization field distribution and thus
have a significant contribution to the magnetization reversal. Forsteal. [71] calculated energy
barriers on a columnashaped ferromagnetic grain and showed that the energy barrier required for
magnetization reversal.€. coercivity) increases with the column length. Fukadal.[72] evaluated

the effective demagnetization factder for Nd-FeB sintered magnets with different grain sizes and
shapes: they reported higher demagnetion factorsfor plateletshaped ferromagnetic grains. Bance

et al. [73] reported that by changing the shape of soft magnetic particles from spheres to long wires,
the nuckation field and thus coercivity can be enhancedetyal. [74] performed micromagnetic
simulations to study the effect of grain shape inN&B magnets and showed that the coefity can

be almost doubled by changing the grain shape from the triangular prism to the spheroid.
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SepehriAmin et al. [50] calculated demagnetization curves of single®MghB grains with the same
volume, but with different aspect ratios. &smallest coercive field was obtained for single platelet
shaped grains and the highest coercivity was for elongated grains. These results are in agreement with
those of Bancet al.[73]. Moreover, they calculated the demagnetization field (prior to the nucleation

of a reversed domain) for grains of different shapes: péatshaped, cuboidal, tetragonshaped and
spherical. The value of the demagnetization field decreases by increasing the aspect ratio from the
plateletshaped to the elongateduboidal grain, and the minimum demagnetization field was found

for the spherial grain.

Further calculations were performed by Sepelminet al.on the influence of the demagnetizing field
on coercivity, but this time for exchang®upled models with different grain shapes. The volume of
all models igshe samgTable5|gives the simulation parameters used i0]:

Simulation parameters Simulation 1
Model dimensions Cubic: 128 x 128 x 12#n®
Grain shape Platelet t Cubict Columnar cuboid
Grain size /
Intrinsic magnetic properties of /
Nd.Fe 4B grains
Thickness: 2 nm
|J.oMs: 05T
Nature of the GB phase K = 0 MJ/r#
A=4pJ/m

Table5: Simulation parameters fdb0].

By introducing this type of GB phase in the simulation, thg=N¢B grains are assumed to be partially
exchangecoupled. The modeled geometries with different grain shapes are preseml‘ ted.14

Fig.14: Modeled geometries with plateletcubie and columnar cuboighaped NeFea4B grains that
are partially exchangeoupled[50]

Simulated demagnetization curves of the three above models are shTWg.lB
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Fig.15: Simulated demagnetization curves for the models with different grain shigiys.

The model with plateleshaped grains shows lower coercivity and by changing the grain shape to cubic
and columnar cuboid, coercivity increases. As determimeiously, coercivity can be improved by
increasing the aspect ratio of biée4B grains in order to reduce the stray field.

To conclude, the largest coercive field value is obtained for grains with highest aspect iratios (
columnarshaped grains)Thisresult is independent othe considered model (either singgrain or
coupled multigrain) in the micromagnetic simulations. The grain shape dependence of coercivity is
explained by the grain shape dependence of the demagnetization field. This lateedused for
columnar or sphericaishaped grains.

1.5.3.3.Influence of GB phase on coercivity

Micromagnetic simulations can also give an insight into the influence of the chemical composition and
the structure of the GB phase on coercivity oflNeB based permanegmagnets[49], [50], [75]{[77]

Liuet al.[76] found a clear correlation betaen the Nd concentration in the GB phase and the coercive
field for hotdeformed NdFeB permanent magnets. The same research tdd@@] studied the
influence of saturation magnetization of the GB phase on the demagnetization g¥anethese
magnets. Simulatioparameters fo[76] and[70] are given ifirable6

Simulation parameters Liuet al. [76] Liuet al. [70]
Model dimensions Cubic: 400 x 400 x 400n3 Cubic: 300 x 300 x 300n3
Grain shape Cuboid Platelet
Grain size (125:25) x (200£25) x Lat'eral' diregtion; 60 and 150 nm
(100+25) nri Longitudinal direction : 30 and 75 nm
Intrinsic magnetic HoMs=1.61T MHoMs=1.61T
properties of NeFe 4B K =4.5 MJ/m K =4.3 MJ/rh
grains A =12 pJ/m A =12 pJ/m
Thickness 4 nm Thickness 3 nm
HoMs=[0-1.2] T HoMs=[0.031.2] T
Nature of the GB phase K =0 M/ K = 0 M/
A =1[08] pJ/m A =[12] pJ/m

Table6: Simulation parameters f¢g76] and[70].

In [76], tetrahedron meshes were applied with a size of 2 nm at grain boundaries and 7 the at
center of NdFe4B grains. The LLG equation was solved at each node using the FEMME software and
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demagnetization curves were then simulated: coercivity is enhanced by the reduction of the saturation
magnetization of GB phase (caused by its increasidgcdhtent). For the model containing a
ferromagnetic GB phas@dVis= 1.2 T), nucleation starts at a much lower magnetic field than for the
sample containing a nemagnetic GB phas@dMs= 0 T). In the case of a ferromagnetic GB phase,
reversed magneticamains can easily propagate into neighboring grains. For gerommagnetic GB
phase, the pinning strength increases and the propagation of reversed magnetic domains is prevented.
The improvement of the pinning force of the GB phase is caused by thagecire Nd content.

In[70], tetrahedral meshes of 3 nm were applied fbe GB phase and the LLG equation was solved at
each node with the FEMME software. Simulated demagnetization curves for the models with grain
sizes of 60 and 150 nm are shoimFig.16

Fig.16: Simulated demagnetization curves for taformed NeFeB magnets with different grain
sizes and GB phase saturation magnetizatipr3)]

The two exchangeoupled modelsgpMs= 1.2 T and A = 12 pJ/m) show the same coercivityl&f B,
independent ofthe grain size. The weakly exchargripled model |oMs= 0.03 T and A ={dJ/m)

shows a larger coercivity of 4.05 T. The decrease in saturation magnetization and the minimization of
the ferromagnetic exchange coupling between,R&B grains leads to higher coercivity values. In
addition, the magnetization configuration duridgmain wall propagatiofsegFig.17) was studied in

the 60-nm-grainsized model with various GB phase saturation magnetizations (0.03 and 1.2 T). Red
and blue colors correspond to Ml s= +1 and1 states, respectively.
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Fig.17: Magnetization configuration during aoain wall propagation of modeled hoeformed
magnets with 6enm-sizedgrains and various GB phase saturation magnetizatioty.

On the one hand, when applying an external magnetic field, several nucleation domains of reversed
magnetization can be observed in the GB phase in the exchamg@ed model|foMs= 1.2 T) and they

propagate easily into neighboring grains. So, no domain wall pirotiagrsin the exchange&oupled

model. On the other hand, for the weakly exchamgeipled modelioMs A 1 Xii deU  ~1]P1 P_ }u ]\
wall configuration is observed at theB phase, typical of a strong pinning strength, leading to higher
coercivity.

Zickleret al. [32] performed micromagnetic simulations to study the influence of the anisotropic
magnetic properties of the GBs on coercivity of anisotropic sintered heavyeaate free NdFeB
magnets. The graindundaries parallel to the-axis with a large Fe content are calle@s. The grain
boundaries perpendicular to the-axis with a low Fe content are calleedGBs.According to the
simulation results, the coercive field related to th&Bs is higher by ¥ compared to the coercivity
related to the yGBs. For instance, theGBs switch earlier than the@Bs.Fujisakiet al. [49] also
studied the orientation dpendence of GB properties on coercivity, using large scale parallel
computation. They reported that a reduction of the exchange stiffness and the spontaneous
magnetization of the GB phase parallel to thaxis enhances coercivity of N@B sintered magns

more efficiently than that perpendicular to theaxis.

Micromagnetic simulations explaining the squareness of demagnetization curves were also performed
by Xuet al.[48]. Models with ferromagnetic and neierromagnetic GB phases were constructed and
correspond toNd-FeB sintered magnets containing 0.1 at.% and 0.5 at.% of Ga, respectively.
Simulation parameters for the exchangeupled case (magnets with 0.1 at.% of Ga) and for the
exchangedecoupled case (magnets with 0.5 at.% of Ga) are gi For the exchangeoupled

case, the intrinsic parameters of the GB phase were determined by experimental microstructure
analysis anéb initiocalculations. These parameters depend on thematon of the GB phase with
respect to the easyxis (eaxis).
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Simulation parameters Exchangecoupled case Exchangedecoupled case
Model dimensions Cubic: 250 x 250 x 250n° Cubic: 250 x 250 x 2%0n®
Grain shape Polyhedral Polyhedral
Grain size 64 equiaxed grains 64 equiaxed grains
Intrinsic magnetic MoMs=1.61T MoMs=1.61T
properties of NdFe..B K = 4.4 MJ/th K = 4.4 MJ/rh
grains A=8pJm A=8pJ/im

Sideplane GB phase
Thickness 2.2 nm

LloMsZ 060T
K =0MJ/m?3 Thickness 6 nm
A=7.14 pJ/im MoMs=0T
Nature of the GB phase cplane GB phase K = 0 MJ/r
Thickness 3 nm A=0pJ/m
LloMs: 0.22T
K =0 MJ/rh
A =3.98 pJ/m

Table7: Smulation parameterdor [48].

The nodels used if48] are shown ifFig.18

Fig.18: Micromagnetic models for (a) the exchargmupled case (0.1 at.% of Ga), (b) éixehange
decoupled case (0.5 at.% of J4B]

In both models, a grain at the surface having a misalignment angle of 45° and of reduced anisotropy
energy acts as nucleation point for magnetization reversal. The models were meshed with
tetrahedrons ranging from 1.3 t@.5 nm in size. The demagnetization curves were calculated by
minimizing the free energy of the systems in a decreasing magnetic field. The simulated
demagnetization processes and their respective magnetizatiofigiaration are shown ‘Iﬁig.lg
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Fig.19: (a) Simulated demagnetization curves for the excharmsled casgb) Same for the
exchangedecoupled case. (c) Magnetization reversal process for the exclcangéed case. (d)
Same for the exchangwecoupled casg48]

For the exchangeoupled case, good squareness of the demagnetization curve is observed, whereas
squareness is ateriorated when the grains are exchandecoupled. Moreover, in the case of
exchangecoupling, magnetization reversal starts from the nucleation grain and then casgoele
reversal of neighboring grains happens. This is in agreement with the brutati@dincmagnetization

in the demagnetization curve and leads to its good squareness. On the contrary, for the exchange
decoupled case, magnetization reversal starts from the nucleation grain and then individual reversal
of neighboring grains occurs. Thiga&ains the higher coercivity but also the deteriorated squareness
of the demagnetization curve.

To conclude, micromagnetic simulations can give additionedrnmation and interpretation to
microstructural effects on coercivity in NeeB magnets. Coendgty depends strongly on the chemical
composition of the GB phase and therefore on its intrinsic properties. The shape of experimental
demagnetization curves can also be explained by simulations and is mainly determined by the
ferromagnetic (or not) natw of the GB phase. Recently, more realistic models have been developed
and take into account the change in properties of the GB phase depending on its orientation with
respect to the easy axis. However, models in micromagnetic simulations have often dexs af
magnitude smaller grain size than real -ReB sintered magnets, owing to the limitations of
computation power.
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|.6. The grain boundary diffusion process (GBDP) iReMBi

sintered magnets

1.6.1.Benefits of coreshell microstructure

The grain boundary diffusion process (GBBPa way to incorporate HRE into {RdB sintered
magnets. This method was proposed in 2000 by FRark&l. [9]. In this process, N&eB sinteed
magnets are coated with HRE in different forms and undergo a subsequent heat tred#8gnthe

latter enables the diffusion of HRE from the surface into the magnet, mainly along grain boundaries
[78]. Coreshell structures can be obtained by GBINY,HREJFea4B phases are formed in the outer
region of NdFe.B hard magnetic grains. On the below ESEM imagéFig.20), the NdFeuB cores
appear dark and the HREeh shells are brighter.

Fig.20: BSESEM image of a Bgoated NdFeB sintered magnet frorfv9].

The HRE diffuses from the grain boundaries into theFNgB phase because ahe concentration
gradient Moreover, the rejection of Nd from the (Nd,HEHE4B shek results in a thickening of the
GBphase[80].

For NdFeB sintered magnets, it is generally accepted that nedigation reversal ifnitiated by the
nucleation of reersed magnetic domas in a locally reduced magnetystalline anisotropy region,
e.g.at grain boundarie$6], [53], [81] This lower an@ropy can be compensated by the addition of
HRE Ements using GBDP. Indeed, thter enables the selective deposition of HRE in the vicinity of
grain boundaries, forming HRIEh shells with an enhanced anisotropy field and thus increasing
coercivity[78], [80] Another reason for the coercivity enhancement after GBDP is the increase of the
grain boundary phase thickngsleading to the improvement of the magnetic isolation of hard
magnetic graing30]. In addition, the use of HRE can be minimized by GBDP, as well as the sacrifice of
remanence(see Sectidh4.1.), since the substitution of Nd by HRE is limited to the regiar grain
boundaries.However, the diffusion length has a limitation affew millimeters and it is therefore
challenging to upscale this process to magnets with larger f82¢s

The GBDP has been studied extensively in the last years. A lot of works have been performed with
GBDP on N#&eB sintered magnets using DyFEbntaining powders, metallic vapor and eutectic
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alloys, which Wl be further detailed here. fie HRE diffusion in hateformed NdFeB magnets has
also received a lot of attention in the past yeffg], [83]t[86].

|.6.2.State of the art
1.6.2.1.GBDP using Dy/Adontaining powders

Dy/Tb-containing coatings have been used #fudion sources for GBDP on-NdB sintered magnets.

Table8jandTable9dgive experimental parameters used in some works for different coating techniques:

. Nakanuraet al. Soderzniket al. Samardzijeet al.
Reference Kimet al. [87] [88] [89] [90]
Commercial 48 M N52 NdEeB Nd-FeB sintered Anisotropic
Base material Nd-FeB sintered magnets (1.2 wt.% sintered NdFe4B

sintered magnets

magnets Dy + Th) magnets
_ Magnet 12x12x5 40 x 10 x 14.5 14X 8x 3.5 16 x 16 x 2
dimensions (mm)
TbH powder Tbk powder TyO; powder

Diffusion source TbF powder slurry

ethanol slurry ethanol slurry ethanol slurry
. . . . . . Electrophoretic . .
Coating technique Dip-coating Dip-coating deposition Dip-coating
GBDP 900-960°C, 6h, 800-900°C, 10 875°C, 10h, 850°C. 10h
vacuum 110h vacuum

860-960°C, 10h,
argon and 440 500°C, 1h 500°C, 1h 500°C, 1h, argon
520°C, 2h, argon

Postdiffusion
annealing

Table8: Experimental parameters for GBDP using Dgfrtaining powders

Reference Baeet al. [91] Maet al. [92] Kimet al. [93] Loweet al. [94]
NdbkoF&aiBo.o7M2. T(?:zéss;;;g:: :
4 (Wt.%, M=Cu, ) o NdkeDys.oF@aB1.oM2.5
Base material  Al, Co, Nb) (wt.%, M=Co, (Wt.%, M=Cu, Al, Co, NGoo DYz o @a1.oCavo
' Al, Ga, Cu) . Cu.1 (Wt.%)
sintered . Nb) sintered magnets
magnets sintered
magnets
Magnet 10x12x 3.6
dimensions 10x10x5 10x10x5 10x10x5 8x5x5
(mm?3) 3.6x12x10
DyH. (Dyh
and few Dyh)
e ) powder- y Rareearth foils (Dy, Tb
Diffusion DyR/DyH: ethanol Dyh powdgrethanol Ce and Gd) with 25 pn
source ethanol slurry . solution )
polyvinyl thickness
pyrrolidone
slurry
Coating : . : . : Foilsattachedto
technique Dip-coating Coating Dip-coating magnets
GBDP 900°C, 2h 850°C, 6h 900°C, 2h 900°C(1.5, 6, 10h)
P‘;S::g;‘fii'g” 500°C, 2h 465°C, 4h 500°C, 2h 500°C, 2h

Table9: Experimental parameters for GBDP using Dyf@itaining powders
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In these studies, corshell microstructures have been obtained after GBDP. The thickness of the shells
decreases from the magnet surface to its center part. For exampj@0]nthey are 1 um-thick near

the magnet surface and their thickness is reduced to a few tens of nm in the center of the magnet.
These structures suppress the nucleatidmeversed domains at the interfaces between the main and
Nd-rich phases: coercivity is therefore enhanced. For exampl@7ij coercivity of the base magnet

is 15.28 kOe (1216 kA/m), increases to 21.04 kOe (1674 kA/m) after GBDP and is further increased to
24.86 kOe (1978A¢dm) after postdiffusion annealing.

In addition, the research teams [A2] and [93] investigated the anisotropic diffusion mechanisrin

Dy. GBDP was performed along and perpendicular to the easy axis. Results of both works are in good
agreement: coercivity enhancement (compared to coercivity of thesia®red state) is more
important when GBDP is done in the direction parallel to tlsyaxis. This is attributedto the
anisotropic distribution of the Ndich phase thafcts as a diffusion channel. Thaserks thus show

that diffusing HRE algnthe easyaxis is the best wayotenhance coercivity oNd-FeB sintered
magnets.

In[94], the diffusionof different RE (Dy, Th, Ce and @) studiedn Dy-containing Nd~e-B sintered
magnets Demagnetization curves after GBDP for different times are shdwig2dlfor each diffused
element:

Fig.21: Demagnetization curves after diffusiah900°Cor differenttimes. Shaded bars correspond
to coercivity and remanence range for reference samplesineated without RE diffusiorfi94]

Both Dy and Tb lead to an increase in coercivity compared to the reference sampite Ce and Gd
deaease it. Unlike for HRE, Ce shows no shell formation. Moredwegualuation of diffusion speeds
highlights that Tb diffuses significantister than Dy in these magnets.

1.6.2.2.GBDP using metallic vapor

GBDP using metallic vapor as the diffusion source \gasstudied in some works detailed in the below
Tablel0,
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Watanabe L .
Reference et al. [95] SepehriAminet al. [78] Kimet al. [96]
Nd-FeB N Al G and
Base sintered  \04oPTo.oF@C0.2B1LoG@1Clbs Ni%l.j;%el?:lgc E:b.:Cfl;wf\IQ).:Cgséab
material (Wt.%) sintered magnet 4.30Yr. 566510 Lb.1A D 15 B 958,05
magnets (wt.%) sintered magnets
Magnet
dimensions 3x3x2.8 5x5x5.5 6.5 x6.5x6.5
(mmd)
Diffusion
source Tb vapor Dy vapor Dy vapor
Coating 3D . .
technique  sputtering Vapor deposition Vapor deposition
GBDP 900°C, 800-1000°C 950°C, 4h
12h, argon
Post
diffusion / 500-600°C, 13h, argon 520°C, 1h
annealing

Tablel0: Experimental parameters for GBDP using metallic vapor.

In [95], the Thtreated magnet showedn important gain in coercivity (from 950 kA/m for the-as
sintered state to 1980 kA/rafter GBDPand naosignificantdecrease in remanendérom 1.44 T to 1.43
T). In[78], SEM analysis showed that the thickness of the formed sheti®ases fromite surface to
the center of themagnet in good agreement witlthe above mentioned works. Furthermoratom
probe tomographydetermined that the Dy content ithe shelk near the surface and in the center of
the bulk are 3.3 and 1.4 at.%gpectivelyln[96], very high coeeivity of 3 T (2387 kA/m) was achieved
in Dy-containing NdFe B sintered magnets after GBDP and subsequent-@giffstsion annealing. This
is attributed to the formation of a secondary Bigh shell after postiffusion annealing. During the
latter, a largg amount of Dy atoms diffuse from the GB phase to the primarsidbyshell. A higher Dy
concentration is therefore achieved at the interface between the GB phase arsgtomdary Dyich
shell.

1.6.2.3.GBDP using eutectic compositions

Compared to hydrides, flumtes and oxides, GBDP using eutectic alloys with low melting points has a
much higher diffusing efficiency. Indeed, these alloys melt into liquid and infiltrate faster into the
sample at elevated temperaturg97]Tablel1jand Table12|give experimental parameters for works
using eutectic compositions as diffusion source:
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Reference Oonoet al. [98] Tanget al. [99] Luet al. [97]
Nthe.sDy.0P 1. 7F@aCo .
Nd-CeFeB sintered .
Ba® material 09281.01Ab2Clb.os magnets with 22 wt.% Commercial NS0 NéeB
(wt.%) sintered sintered magnets
of Ce
magnet
Magnet dimensions 7X7Xx5 A " A ~
(mm?®) 7X7x6 6 /& o 0 &N
ThroCulio
Dy73N io.5AlL7.5 eutectic o Prs25Thi7sClso
Diffusion source alloy mixed with NO%;}I’I(EW;?‘;Z;C()?;/O) PreoToAbo
paraffin y PrsoTioCusAls (at.%)
alloy ribbons
Coating technique Painting / /
GBDP 900°C, 3h, vacuum 900°C, 413h 900°C, 4h
Postdiffusion 500°C, 3h 470°C, 2h, argon 500°C, 2h

annealing

Tablell: Experimental parameter®f GBDP using eutectic compounds.

Reference Luet al.[100] Chenet al. [101] Leeet al.[102]

Commercial
. N0oDYs 00F@aBo.oM2 3
Commercial 38 M Nd  Ndho.36P13 53 &aBs.92C0 o (W%, M=Cu, Al, Co

. . 0n) o
FeB sintered magnets ¢sCuw.1(at.%) sintered Nb) sintered magnets

Base material

magnet
Magnet dimensions "8 x 5 15 x 15 x 4 12.5x12.5x5
(mnr’)
PrssCus2 .
Ethanol solution of
0
Diffusion source by DDngLkgat %) [;f?ect?ﬁ()c(Zﬁif) DyCo, DyCo + Cu an
350Ys3-Lbolal. 7o y DyCo + Al powders
alloyribbons
Coating technique / / Dip-coating
GBDP 900°C, 4h 865°C, 3h, vacuum  880°C, 8h, vacuum
Postdﬁqumn 500°C, 2h / 530°C, 2h and 500°C
annealing 2h, vacuum

Tablel2: Experimental parameters for GBDP using eutectic compounds.

In those works, the role of low melting point elements such as Cu and Al on the Dy diffusion behavior
was studied. It has been shown that both Cu and Al act as carriers for Dy atoms owing to their solubility
in the Ndrich GB phase, which leads to the enbament of Dy diffusivity during GBDP. Moreover, the

Al addition also promotes wettability of diffusion alloys. The presence of Co in diffusion alloys improves
the temperature coefficient of remanence. For example[1@1], the latter is improvedrom -0.140

%/°C t0-0.095 %/°Gfter GBDP. Finally, the anisotropic diffusion medsrarof Dy was also studied by
Chenet al.[103]usingDy»oQuso (at.%) eutectic alloy for GBDFhe nagnet diffused parallel to the easy

axis showed much higher squareness factor (0.92) than that diffused mpaiquetar (0.83).

To conclude, the coercivity enhancement by GBDP can be explained by two microstreettinad<:
the Dyrich shells that increase the anisotropy field and the continuous and thin GB phase formed after
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postdiffusion annealing that isolates Mek4B grains. Other works using poweldending methods or
concerning intergranular addition of all@pwders will not be covered here.

1.6.3.Micromagnetic simulations on ceshell structures

Micromagnetic simulations have been performed to simulate esirell structures obtained in GB
diffused NdFeB magnets. The two main codes used for these simulationd~BMME[65] and
OOMMF (Object flented MicroMagnetic FrameworlK104].

Banceet al.[81] calculated the temperatur&ependent magnetic properties of a single-Ne 4B grain

to study the influence of a hard (Nd,Dy®4B shell on its magnization reversal. Thgeometry of the
studied grain wa dode@hedral and its diameter v&a50 nm. 3 single grain models were introduced:
1) the pure NeFesB grain, 2) the NgFe 4B core with a soft outer-Bm-thick defect, 3) the Ndrei.B
core with a hardd-nm-thick (Nd,DyFea.B shell and soft outer-8m-thick defect.Intrinsic magnetic
properties for the NeFe 4B and(Nd,Dy)Fe B phases at 300 and 450 K are givgiiatlel3

Magnetocrystalline Saturation Exchange
Phase T (K) anisotropy constant  polarization 4 stiffness A
Ky (MJ/m?3) (T) (pJ/m)
Nd:FesB 300 4.30 1.613 7.70
Nd:Fe 4B 450 2.90 1.285 4.89
(Dya7Nds3)2Fe14B 300 5.17 1.151 8.70
(Dya7Nds3)2Fe14B 450 2.70 0.990 6.44

Tablel3: Intrinsic magnetic properties for the Ma4B grain and the (DyNdk3)Fe4B hard shell at T
=300 K and T = 450[K1]

Demagnetization curves we computed by minimizing the microagnetic energyfor decreasing
external field.At both studied temperatures, the reduction in coercivity caused by the soft defect is
canceled out by the hard shell. Moreover, the soft surface defect doubles the size of the activation
volume(see Sectio|m.5.2.2 , Whereas the hard (DyNds3).Fe4B shell reduces it by about one third.

Zickleret al. [105] carried out micranagnetic simulations on cofghell structuresobservedin DyF
treated Nd-FeB sintered magnets. This work studigee influence of theGBphase and its intrinsic
magnetic propeties on magnetization reversalheLLG equatiorsisolved at each node of theesh
using the FEMME softward&he original model structure consists of 8&:Nal.B grains of dimensions
100x 100x 100 nn¥, separated by 4nm-thick GB phaseTo simulate the corshell structure, an 8
nm-thick HREFesB (HRE = Dy, Tb) shell is put betweerGBphase and the Né#Fe.4B grainsas shown
in|Fig.22
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Fig.22: Finite element model consisting of 8;N&B grains separated by a 4 Amck GBohase and
separated from the GBhaseby an 8nm-thick HRE-e 4B shell[105]

The input parameters for thersulations are given jiablel4

Magnetocrystalline Saturation .
Phase anisotropy constant polarization 3 Exchange stiffness A

Ky (MJ/m?) ) (pJ/m)
Nd.Fe B 4.9 1.61 7.7
Dy-Fe4B 4.5 0.67 7.7
ThFe4B 6.13 0.7 7.7

Non-magnetic GB 0 0.001 0.077

Paramagnetic GB 0 0.75 0.077
Softferromagnetic GB 0 0.75 2.5

Tablel4: Intrinsic magnetic pioertiesfor the NdFe4B grains, the Dyand Tb enriched shells and
the GBphase[105]

The simulated coercivity is 4.65 T when the GB phase isnmagmetic or paramagnetic in the case of
Dy-rich shells, and 4.66 T in the case ofrith shells. The coercivity is reduced to 3.58 T when the GB
phase is sofferromagnetic in the case of Brich shells, but it has a more important value of 4.34 T for
Thrich shells in that case. The presence of HRE elements between the GB phase ang-&w8 Nd
grains acts as a protective shield against nucleation of reversed magnetic domains and as a pinning
layer preventing their propagation.

Oikaweet al.[106] simuated magnetization reversal processes for (Nd;Bg/B sintered magnets with
coreshell structures having different Dy concentrations in their shells and cores, using the energy
minimization method. The purpose of this work was to understand whether llogiag of NdFe.B

with Dy priorto GBDP is essential to achieve high coercivity or not. Simulations were performed using
a supercompute(1728 cores)ln the model, eaclf the 125Nd-FeB grairshas a coreshell structure

and is separated from its neigbrs by a GB phase. The pkaof each grain is polyhedral and is
generated from the Voronoi tessellation of a culidne model size is 36@B00x 300 nn? and consists

of about 20 million tetrahedral elements (mesh size of 2r§.nThe thicknesses of both GB phase and
shelsare set to 5 nn{segFig.23).
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Fig.23: Structure of the polycrystalline model created by Vortessellation of a cubgl06]

The GB phase is set to be an amorphous soft magnetic layer, leading to exchange coupling between
the hard magnetic graing.o stat a simulation, the Kvalue of a given grain located at the edge of the
model is set to 1/10 of the;K/alue of NdFea4B to act as a nucleation poifdr magnetization reversal

and as a source of domain wall propagation. Calculatagnetization reversal patterns shedthat

the origin of coercivity is the pinning of reversed domains at grain boundaries and the anisotropy field
of the shell influences the domain wall pinning strength. In addition, Dy alloying in the initial sintered
magnets is not essential to achieve high coercivity after GBDP since coercivity has been shown to be
independent of the Dy composition of the core (if the shell thickness is greater than 15 nm). The
challenge is to increase the Dy concentration in theldloehchieve a high value of anisotropy field,
necessary for high coercivity.

Helbiget al. [82] carried out micronagnetic simulations tadentify the specific nucleation site for
magnetization reversal in (Ndy)}FeB coreshell model magnets preparedykcosintering NdFeB

and (NdDy)}FeB powders. The modelag constructed and discretized imin-sized cubic meshes,
according to the real microstructure, derived from SEM and Kerr microscopy analyses. In the model,
the GB phase is nemagnetic and the grains are thus magnetically decoupled. It is also assuated th
the boundary of each grain is covered by ant@thick defect edge layer of magnetocrystalline
anisotropy K¢ ThelLLGequdion was solved at each node by tif@OMMFsoftware. Simulation
results revealed a strong dependency of the coercivity of thdyaed grain on ®% When K€ s
small, nucleation of magnetization reversal occurs at the shell surface and the incre£4¢ lebids

to an increased grain coercivity. Finally, higher values¥8?f¢ause a shift of the nucleation site from
the shdl surface to the grain core.

The OOMMF software was also used by Cheml. [103] and Liet al. [107] to investigate the
anisotrgpic diffusion mechanism during GBDP on sintereeF8 magnets. Both works conclutle
that GBDP alonthe direction parallel to the easyxis is more effective to improve coercivity than that
along any other direction. For instancen the direction parallel to the easwxis, the initial
demagnetization needs to overcaa much higher energy barrier.

|.7. Problematic of the thesis

Coercivity irlNd-FeB sintered magnets has beentensively studied with the purpose of HRE reduction
(critical materials) and the last two decades have brought decisive advances in microstructural
characterizationas well asn realistic micromagnetic modelling. Among othets crucial role of the
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magnetarystalline anisotropyn the vicinity of grain boundariesombined with dipolar field effest
has been assessed. Among tHeferent strategies to improvecoercivity, the addition of some
elements (Cu, Gahat form eutectic compounds with RiBowing good wettability at grain boundaries
is now widely adopted. is generally accepted that these intergrdmuphases are nemagnetic and
the adjacent grainsare thus believed to be exchanglecoupled. As a resultigh performance
magnetsare assumed to benade of assemblies of grains in whitlagnetizationreverses uniformly
by switching. However, while exchange interactitmetweengrains are negligible, magnedtatic or
dipolar interactions in such a gralam ferromagnetic material play daistinct role from other
ferromagnets. This aspehas not beerfully invesigatedyet, both experimentally anciumerically
The first part of the thesis aims at investigating someuesd of the demagnetizing fieid Nd-FeB
sintered magets andat bringing some guantitative understanding on hahey can affect the matgt
coeravity (see Chapter )lI

Moreover, one of the strategies to improeeercivity consists in developing ceshell grains wittDy

rich phases in the outeregiors of the grainsThis approach is now used in the magnet industry but
still requires optimizaion to improve the thickness ofhe fabricated magnet and the process
efficiency.Furthermore, the choice of a precursor allityat containsCo @lsoconsidered as a critical
material) is of interest since Co is used in magnets for imprdkigigresistance tacorrosion andhe
thermal stability of magnetic properties. Moreovehet solid state diffusion process requira
homogereous distribution of the DYCo diffusion source at the sample surface. It has been
experimentally observed that an im@etallic compound can be more homogeneously deéfeasat

the magnet surface than anugectic alloy.These consideratianhave ledo the study of thegrain
boundarydiffusionprocess in NdFe-B sintered magnets using-Co intermetallic compoundlhis
work constitutes the second part of the theg¢see Chapter l'dnd V.
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Il. Fabricatiomof NdFeB sintered magnetgharacterization

and numericamethods

In order to answer the gquestions related to the coercivity offf&eB magnets and raised at the end of

the previous chapter, different magnet samples have been specifically fabricated and characterized on
the pilot line at CEAITEN. The equipment and processes available on the platform are fully
representative of the magnet industry even if, for researchppses, smaller amounts of material are
produced for each batch. This brings the advantage of a fine selection and a better control of the
composition and microstructure of the sintered magnets (compared to commercial magnets). This
work also takes benefftom a previous investigation performed during the thesis of B. Hugonnet who
studied the role of different alloying elements (Al, Co and Cu) and annealing conditions on the magnetic
performances.

This chapter firstly recalls the fabrication process otesead and Dydiffused NdFeB magnets
implemented in this thesis. For the reference sintered magnets, the experimental work covers
operations from the milling of the starting alloy ribbons to the sintering of green compacts, followed
by postsinter annealig heat treatments for further coercivity enhancement.

Specific attention has been paid to sample preparation for the grain boundary diffusion process (GBDP)
performed on sintered magnets. Both sintered and diffused magnets have been analyzed by the
combiration of magnetic measurements, microstructural characterization and numerical modelling to
support our interpretations. The different methods (characterization, simulation) used for the
interpretation of results are described in the last part of this deap

11.1.From ribbon to green compact

In this work, NeFe-B magnets are fabricated by the powder metallurgy route. In the obtained magnets,
a maximum amount of the hard magnetic IRe\,B phase is desirable, as well as a certain amount of
Nd-rich phase during the sintering process for rapid densification, limited grain growth and coercivity
development. Moreover, oxidation during the fabrication process has to be lirsitazk it impliesa
compositionshift in the NdFeB ternary phase diagram and can therefore leadh® formation of
secondary phases (NdeB,U-Fe, FeB and NeFey) that are detrimental for both remanence
(paramagnetic NgiFe:B.phase) and coercivity (ferromagnetid-e, FeB and Nd-e7 phases).

11.1.1.Strip-casting

For conventional casting techniques, slow cooling rates can lead to the formatitime cibove

u vs$]}v -Fevphase. The Nd concentration dependence of the critical velocity of solidification front

above whichthe formation of NdFe 4B is kinetically favored ovénat of vFehas beerreported in[5].
ME]VP }}B§d8RHJ vy (} E u<¢d g latter is ferromagnetic and therefore couples to hard

u Pv 3] PE JveU Ju%oC]vP } & ]A]3C -FR@n bé [dduxed F peshhings }( r

annealing, but the processtisus costly. A way to get rid of this problem is to use the stagting (SC)

process with rapid cooling rates. This technique is implemented atlCHEAN and is similar to melt

spinning, but with lower wheel speed ({&g.24). NdFeB is obtained in the form of plateldike

(o1 «IE] }ve A18Z 8Z] Iv oo }( Zpv & + }( ...uX
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Fig.24: (Left) Schematic representation of the strgsting method108]. (Right)Fabrication of Née
FeB ribbons byhe strip-casting procesat CEALITEN

The typical microstructure of NBe-B ribbons obtained by SC consists of columns eF&B phase
separated by Ndich lamellar phases (s. The interlamellar spacing between the -hch
phases is about a few micrometers and determines the grain size after milling of theadtga
ribbons. This characteristic length depends mainly on the cooling rate and on the composition of the
starting melt [109]. To conclude, the microstructure obtained by SC has three main advantages
compared to conventional casting methods: the distributmihNdrich phases is fine and thus less

« ve]3]A 3§} }A&] §]}vU &-PBe and the fing(obtained grain size after milling; all lead to
coercivity improvement.

Fig.25: Microstructure of Nd-eB stripcasted ribbongabricated at CEAITEN

The chemical composition of the striiasted ribbons used in this work are givelTablel5| The first

ribbons are used in Chapter Il about magnetic characterization. The model alloy ribbons are used in
Chapter IW }us ' WX dZ viulv 8]}v dZ Jv §Z &E] }wnjountwfREEN( E- 5}
the ribbon.
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Ribbons (Nd+Pr) Dy Fe B Al Co Cu (Ti+Zr)
Chﬁf’ter / 308 05 Bal. 099 025 1 015 007
TR30 295 0.5 Bal. 1 0 0 0 0
chapter_TR32 315 0.5 Bal. 1 0 0 0 0
IV/S/ TR31+Al 305 0.5 Bal. 1 2 0 0 0
TR31+Cc 305 0.5 Bal. 1 0 4 0 0
TR31+CL 305 0.5 Bal. 1 0 0 0.4 0

Tablel5: Chemical composition of the stigasted ribbons used in the thesinounts are given in
wt.%.

11.1.2.Hydrogen decrepitation to coarse powder

After SC, hydrogedecrepitation is performed on the strgasted ribbons to obtain coarse powder.
The different phases pick up hydrogen and as an example, thichigphase reacts with hydrogen to
form mainly NdH Decrepitation leads to the formation of micovacks in theribbon and it is
attributed to the volume increase of the phases during hydrogenation.

Decrepitation of the ribbons has been performed with the device available atLOEN. This
equipment works at room temperature and decrepitation takes a few minuies. hydrogen picked

up by the hard magnetic phase reduces its anisotropy field and has to be removed by a heat treatment
at 200°C under vacuum after decrepitatidri0]. Further heat treatment is performed at 550°C under
vacuum to enable the transformation of Nekhto NdH, which is crucial for the next step of milling.

The complete decomposition of Nédiito Nd and Hlis performed during sintering. After decrepitation

and desorption, the obtained coarse powder can belgasilled.

11.1.3.Jet milling

Jet milling has some advantages compared to conventional milling techniques. First, it is a faster
process. Secondly, the powder is not in contact with machine components and the milling gas is inert,
avoidingcontamination of the powder.

The jet millused at CEAITEN isf the fluidizedbed type (sefFig.26). The coarse powder is put into
the jet mill. In the milling ves$ehe powder is picked up by high velocity nitrogen gas jets. Interparticle
collisions in the nitrogen jets result in the diminution of powder size. Thislmygy milling enables

to maintain the Nerich phase at the surface of hard magnetic grains, wigcimportant to achieve
homogeneous sintering. Furthermore, Hattetial.[111] showed that the grain sizafter jet milling is

of the same order of magnitude as the interlamellar spacing between thedddohases in the SC
ribbon, guaranteeing an optimal distribution of Midh phase and monocrystalline grains.
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Fig.26: (Left)Nitrogen jet milling devicased at CEAITEN. (Right) Typical grain distribution obtained
after nitrogen jet milling at CEAITEN.

A grain size of about 5m is common in industry after nitrogen jet milling. As athgarentioned in
Sectio ultrafine grain size of around dn can nowadays be obtained after helium jet milling,
because of the higher energy of helium jets.

In this work, six jetmilled powders are used for the next fabrication steps. The first one (powder 1)
comes from the ribbon&Nd,Pr)o.sDyo.sF&aBo.9sAl.2sCaClh.15(Ti,Zr).o7 (Wt.%)and is used in Chapter Il
(see the associated grain distributior]Rig.26). The five other powders (powders 2 to 6) come from
the ribbons TR30, TR32, TR31 + Al, TR31 + Co and TR31 + Cu, respe¢iiaslie{Stend Table16).
These five powders are then mixed to obtain the desired composition studied in Chaptet W/The
median diameters DB of these six jemilled powders are given |ifiable16

Jetmilled powder Starting ribbons D50 (pum)
1 (Nd,Pr)o.aDyb sF@aiBo.osAb.2sCaClh.15(Ti,Zr) o7 4.95
2 TR30 5.24
3 TR32 5.14
4 TR31 + Al 4.93
5 TR31 + Co 5.19
6 TR31 + Cu 4.90

Tablel6: Median diameter©50 ofthe six jetmilled powders used in this work.

11.1.4.From powder to green compact

The jet milled powder iBansferred into a glove box under nitrogen atmosphere and is afterwards put
into a cylindrical silicon mold of diameter 14 mm and of height 25 mm. In the glove box, the risk of
pyrophoricity and oxidation of the powder is minimized. The silicon mold thélpowder is then put

into a plastic packet that is sealed under vacuum since further magnetic alignment and pressing steps
are performed outside of the glove box.

11.1.4.1.Magnetic alignment

Magnetic alignment of the powder is performed in a Bitter coil. The alignment cycle is composed of
consecutive magnetic pulses of opposite directions and of decreasing intensity. For each pulse, the
magnetic field intensity and pulse duration are givejT@ablel7| This enables optimal orientation of

43



Il.LFabrication of Nd~eB sintered magnets, characterization and numerical methods

the powder, as well as its demagnetizatiquuise 5) Indeed, if the powder remains magnetized,
isostatic pressing will bess effective and the green compact will be too brittle.

Magnetic field Pulse duration

Pulse Mag/Demag Direction intensity (T) (ms)
1 Mag + 7 5
2 Mag - 6 5
3 Mag + 4 5
4 Mag - 0.5 5
5 Demag + 6 5

Tablel7: Alternating pulses used for magnetic alignment of the powder.

The grains of the powder are mainly monocrystalline. When a magnetic field is applied to
monocrystalline grains, the easy axes are along the field direction. In the case of cylindrical green
compacts, the easy axes are aligned along the revolution axis of the cylinder.

11.1.4.2.Cold isostatic pressing

The last fabrication step before sinteringtige cold isostatic pressing of the aligned powder. The
pressing pressure is mediated through a liquid medium qur case, water) and is applied
homogeneously from all directions. Such a pressing technique does not disturb the powder alignment.
In our case, powder is compacted at a pressure of 1500 bars.

After magnetic alignment and pressing, the green compactahbigjh degree of texture: grains are
aligned with their easy axis of magnetization in the same direction. Moreover, the powder is
consolidated into a mechanically stable green body.

11.2. Sintering furnace

The oriented and pressed green body is then furthersodidated by liquid phase sintering. The latter
consists in the melting of the Nich phase to form a fully dense magnet. The optimal sintering
temperature depends on several parameters: the composition of the green body, the powder grain
size and the amant of impurities. This temperature should be high enough to enable the formation
of enough liquid Ndich phase, as well as low enough to prevent abnormal grain growth. For instance,
low density and larger grain size are both detrimental for the coeycofithe final magnet.

The sintering furnace used in this work is the Lilliput from ECM TechnologifSd<. The sintering
atmosphere is secondary vacuum: heatdtment starts when a vacuum of 9xifnbar is reached.
Moreover, quenching with argon can be performed to freeze the magnet microstructure into a
thermodynamic metastable state. The furnace is also equipped with an integrated glove box, so that
oxygen ad water vapor contamination is minimized during the experiments. However, this
contamination still needs to be better prevented during the displacement of the green body from the
glove box of the lab to the one of the furnace. Moreover, the precise coot@homogeneous furnace
temperature is also challenging during operations.
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Fig.27. Furnace used at CEATEN for sinteringnnealing and diffusion heat treatments.

This furnace is also used to perform the annealingtaedliffusion heat treatments. Both sintering
and postsinter annealing heat treatments are described in further detail in the following section.

11.2.1.Sintering heat treatment

Sintering is composed of two consecutive heat treatments. The first heat treatmeetfisrmed at
750°C to remove the residuab lom NdH. The second one constitutes the real sintering and is done
at 1050 and 1032°C for the magnets studied in Chapter Il aN t&¥spectively. The thermal cycle
used for sintering is detailed|fig.28

Fig.28: Thermal cycle used for sintering.

11.2.2.Postsinter annealing (PSA) heat treatment

After sintering, annealing is performed to enhance coercivity. This PSA consists in two distinct heat
treatments. The first one is performed at 800°C such that theitldphase is in the liquid state. The
second heat treatment is carried out between 470da600°C. The thermal cycle used for PSA is
detailed inFig.29| The influence of PSA on magnetic properties is reported in Chapter IV.
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Fig.29: Thermal cycle used f&SA.

Note also that different annealing heat treatments at low temperatures {8J0°C) can be tested on
§Z e+ u uPv 38X &}E JveS v U Z 8§ SE Su vsS 39DIC AfteE PSAI1% E S
enables the recovery of the rgaetic properties obtained in thassintered state (see Sectigw'.1.]).

11.3. GBDP on N#eB sintered magnets
11.3.1.Sample preparation for GBDP

GBDP on N&eB sintered magnet is performed in this work using 30 eutectic and congruent
melting compounds. DZo binary alloys exhibit low melting points which is crucial to achieve efficient
diffusion. Furthermore, the presence of Co in these alloys makes them less sensitivdation and

Co is also known to improve the thermal stability of magnetic propeaiieihe Curie temperature of

the diffused NdFeB magnetg112], [113] The DyCo binary phase diagram is givejFig.30

Fig.30: Dy-Co binary phase diagram.
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Dy-Co alloys usetbr GBIP are the DyCa4 (at.%) eitectic alloy (i=726°C) and the ¥ a7 (at.%)

congruent melting or intermetallic compoundyF734°C). Both alloys are prepared by mixing Dy and

Co in proper ratios and the ingots are obtained after melting at 850°C for 20 minutes. In a glove box,

the ingots are then cut into flakes and further ground in a mortar. Experimentally, it has been observed

that the grinding of the DyCas intermetallic compound was easier than that of thesfBm4 eutectic

alloy. On the one hand, e, Vv PE}uv 3} %}A E ]I }( }Ipus Al ..uX Kv §
mm-sized particles are obtained after challenging grinding @§QCiys.

The diffused NdFe B sintered magnets are cylindrical, with a thicknesabmfut 5 mm and a diameter

of about 10 mm. Before diffusion experiments, the magnets undergo chemical cleaning in a diluted
nitric acid solution to remove oxidation layers at their surface. The diffusion source used for GBDP is
an ink fabricated by mixindhe DyCo powder with Terpineol. Mixing is performed so that the ink is
composed of about 65 wt.% of E3o powder for optimal viscosity. The ink is then painted on the two
magnet faces that are perpendicular to the easys (revolution axis) so that the gpaet is diffused

with 0.8 wt.% of Dy (s¢eig.31).

Fig.31: Sketch of GBDP directidiffusion is performed along the eaayis.

Since thentermetallic compound DyCa;can be more easily ground, the deposition of the ink at the
magnet surfaces is more homogeneous and diffusion is therefore more efficient than for the eutectic
alloy DysCas. As a consequence, the results presented in Chiapteare mainly obtained for GBDP
using the intermetallic DyCay compound as the diffusion source.

11.3.2.Diffusion heat treatment

The thermal cycle used for GBDP of@yis composed of two distinct heat treatments. The first one

is performed at 250°C to remeuhe residual Terpineol at the diffused surfaces of the magnet. The
second one is the real diffusion heat treatment and is done either at 870°C for 3h or at 920°C for 3 and
12h. The temperature range and duration for GBDP are taken from literfitdrd (good diffusion
kinetics). The thermal cycle used for GBDP is detailEd)iB2
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Fig.32: Thermal cycle used for GBDP.

Furtherannealing heat treatment is required after GBDP ofay In fact, a heat treatment around
900°C leads to a microstructural state equivalent he tassintered one (see Sectidiv.2.]). The
influence of this postiffusion annealing (PDA) on magnetic properties is also studied in Chapter IV.

I1.4. Characterization methods

11.4.1.Magnetic characterization

Magnetic properties can be measured using a hysteresigraph system or artiertraagnetometer
in closed or opencircuit conditions, respectively. The differences between both types of
measurement will be discussed in Chapter Il

11.4.1.1.Closedcircuit measurement: hysteresigraph system

x Principle of hysteresigraph

Magneticproperties are measured in closetfcuit with a hysteresigraph AMBDO-P of Laboratorio
Elettrofisico (sefFig.33). The sample is inserted within the airgap of a metimcircuit(seqFig.33)
situated between two poles made of &0 (d= 2.3 T). The sample surfaces have to be machined in
order to obtain plane sudtes and to avoidindesired airgap and mechanical stress between the
sample and the poles. In fact, air gap or irregularities at the sample surface reduce the measured
remanenceFor example, in the case of our magnet compositions, an air gap of aboutri@ads to

a drop in remanence of 0.04 T, compared to the same measurement with no air gap.
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Fig.33: (Left) Hysteresigraph system used at-CHAN for magnetic characterization in cles&duit
conditions(Right) Sketch of the magnetic circuit in the hysteresigraph syfidisi.

The magnetic fieldH is generated by an electric current circulating in the winding coils. The yoke
structure is large enough to avoid saturation and the distribution of the magneticHisldssumed to

be homogeneous between the &0 poles. The magnetic fiettland the polarizatiodare measured
thanks to a planar drilled probe etpped with pickup coils that allows accurate flux measurements.
The sample is inserted inside the circular hafi¢he probe(se. It is not mandatory that the
probe exactly fits the sample (which is cylindrical in our case).

Fig.34: (Left) Pickup probe for calculation of H and115]. (Right) LFIO0 coil used for magnetic
characterizationn closeecircuit.

As shown ifFig.34| the probe is composed dahree concentric coils. Two of them are designed for
Ju% Ve 3]}V %ol E %} X dZ u Pv 8] (ouA&E "#HEPEYIVP FZS]vve E o A
area_-°* Vv o]u]S8]v P2swrrod@Eding the sample is given by the sumioatof two terms:

OL Og#,E Og#géy* [Eq. 19]

The first righthand term represents the contribution of the sample magnetization which exhibits a
polarizationJand a geometrical sectiof. The second rigithand term comes from the magnetic field
generated by the winding coils. In addition, the magne{ o p&ossing the dashed area[fig.34]
between thetwo external coils of the probe is given by:

Oy L Oy #tyg F #yp; 84 [Eq. 20]
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Thus, the magnetic field ld determined by the measurement of the fltx The turn numbers dand
N, as well as the areas,Aciand Azcan be fitted in such a way that the contribution of the external
field H is exactly compensated:

06#6 L 01/4: #1/5 F #1/5; [Eq 21]

The above endition is fulfilled during the probe building and the flixresulting from the difference
of the two previously defined fluxés then:

O LOFO,L 0g#, [Eq.22]

Taking into account the sectionohthe samplethe measurement of the fluXr gives the value of the
sample polarization The flux values are obtained from the tiAr@egration of the voltage measured
§3Z }Jo ve~ }E]JVP 8} & E C[* 0 AeX

The hysteresigraph is considered to supply an absolmeasurement of the polarizatiod No
correction is performed after the measurement of J. The sample sedidmnthe only required
parameter. The length of the sample is considered for calibration purpose (in order to adjust the
current or voltage inement between two points of the-l curve).

In practice, the measuring coils have a rrmmo thickness which corresponds to the minimal sample
thickness. For nchomogeneous samples, it also leads to experimental values of J averaged over few
millimeters along the sample height. For the {L@Tcoilused in this work (se€ig.34), the minimal
thickness is 2.5 mm.

X Magnetic properties determined using hysteresigraph

The hysteresigraph systeroharacterizes the demagnetization curve of the measured magnet.
Magnetic properties such as the remanencge tBe coercive field fland (BH)axcan be determined,

as well as ke (the value of the field for which magnetization value is OR2Mhe ratioHwedHej is

called the squareness or rectangularity. This ratio can be determined qualitatively by looking at the
shape of the demagnetization curve (Heg. 35).

Fig. 35: Schematic representation of the rectangularity of a demagnetization curve.

The more rectangularity is close to 1, the better it is for the magnet application. For instance, a
deteriorated rectangularity can lead to irreveribmagnetic flux losses, generally for applied field
values higher than jike
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In this work, the sample size is generally around 5 mm (height) and 10 mm (diameter) after post
sintering rectification. The input parameters are the sample thickness, dianve¢gght and density,

and measurements are performed at room temperature. Preliminary saturation under a pulsed
magnetic field of 6 T is required and performed in the laboratory with a Bitter coil prior to each
measurement.

11.4.1.2.0pencircuit measurement: extraicin magnetometer

Magnetic properties are measured in opeincuit using a custorbuilt extraction magnetometer
available at Institut Néel (CNRS) ($8g.36]. Magnetization measurementsan be performed in a
magnetic field range from10.5 to 10.5 T and at temperatures between 2 to 330 K. The required
dimensions for the sample is a cylinder of maximum diameter 6 mm and of maximum height 6 mm to
avoid signal saturation.

A supraconductingoil generates the external magnetic field. The measurement of the voltage in the
resistor determines the current value in the coil and thus the magnetic field value. The magnetization
is determined from the flux variation caused by the sample displaceméfiten both desired
temperature and magnetic field values are reached, the sample is moved between two detection coils
in a homogeneous field area. The displacement causes a variation of the magnetic flux that induces an

electromotive force AL FXTQ at the terminals of the detection coils. The flux variation integrated on

the sample displacement is proportional to the sample magnetization. The sensitivity of the extraction
magnetometer is 5. 10 A/m?.

Fig.36: Extraction magetometer usedt Institut Néefor magnetic characterization in opemircuit
conditions.

Magnetic characterization in opegircuit conditions suffers from the inconvenience that the internal
field sensed by the sample is the applied external field reduogdthe geometry dependent
demagnetizing field. Consequently, a field correction must be applied to determine the internal field
in opencircuit. In closeetircuit measurements, the sample is part of the magnetic circuit and there is
therefore no demagneting field contribution to the internal field. A comparison of both techniques
constitutes the basis of the work described in Chapter .

11.4.1.3.Measurement of the Curie temperature

The Curie temperature is determined by measuring magnetization as a functiempgtature. This
measurement is done in opegircuit on another extraction magnetometer available at Institut Néel
with a magnetic field range frorY to 7 T and a temperature range from 200 to 800 K. The required
dimensions for the sample is a cylindemadiximum diameter 4.4 mm and of maximum height 7 mm.
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In this work, the samples are rectangular cuboids. Prior to each measurement, saturation of the sample
at 6 T is performed. Then, magnetization is measured under an applied magnetic field of 1 T from 300
K to 520 K by increments of 10 K and from 520 K to 720 K by increments of 5 K. The Curie temperature
for each sample is determined at the inflexion point when plotting the second derivative of
magnetization with respect to temperature as a function of ferature.

11.4.2.Metallography

For microstructural characterization, the samples first have to be embedded and properly polished.
The embedding resin is prepared from a mixture of epoxy resin and hardener. Polishing steps are
detailed inTablel8

i . . . Duration Rotation Applied force
Polishing step Polishing disk  Solution (min) speed (rpm) (N)

1 SiC #1200 Water 2 250 15

2 Diamond Water 8 300 20
% S 0O

3 Diamond Ethanol 4 300 10
% *S O

4 Diamond Ethanol 4 250 10
%0 ¢S .

5 Diamond — gypanal 2 200 10
%0 ¢S .
Diamond

6 % o3& 1Xi Ethanol 1 200 10

Tablel8: Polishing steps before microstructural characterization.

11.4.3.Microstructural characterization

11.4.3.1.Scanning electron microscopy (SEM)

In SEM, a focused beam of highergy electrons is directed towards the surface of a solid sample. The
incident electrons are then decelerated in the sample by electample interactionand their kinetic
energy is dissipated as a variety of signals. These latter reveal information about the morphology, the
chemical composition and the crystalline structure or orientation of the sample. SEM analysis is carried
out under vacuum condition® avoid collisions between the electron beam and air molecyid<s]

Typical signals used for imaging include secondary electrons, backscattered electrons,
cathodoluminescence, Auger electrons and characteristiyX. Each signal depends on the electron
sampk interaction volume and has its own imaging resolution. For example, signals due to secondary
and Auger electrons show the best imaging resolution because they are generated in the smallest
volume near the sample surface. Backscattered electrons are geueover a larger volume and thus
result in images of intermediate resolution. Cathodoluminescence is generated over the largest
volume and implies images with the poorest resolutifri.6]

In this work, investigations were carried out using a Gemini MERLINZetss. Samples were coated
with silver paste to make them conductive. Two types of detectors were used during microstructure
analysis. The first one is the backscattering spectrometry detector for which heavy elements appear
brighter than light elementsaiomic number contrast). The second one is the endligpersive Xay
spectroscopy detector which enables quantitative analysis of the chemical composition.
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11.4.3.2.Energydispersive Xay spectroscopy (EDX)

EDX is an analytical technique that can be coupled 8#M. The EDX spectroscopy detectayx
emitted from the sample when it is bombarded by an electron beam. During the bombardment,
electrons are ejected from the sample surface. This leads to electron vacancies which are then filled
by electrons from a gher energy state. An-bay is emitted to balance the energy difference between

the two states of the electror{116]

In addition to elemental characteristicrdy peaks, an EDX spectrum also consists of a continuous
Bremsstrahlung Xay background. Bremsstrahlundi.e. braking radiation) refers to the
electromagnetic radiation produced by the deceleration of an electron when it is scattered by an atom.
The kinetic energy of the incident electron beam is slowed down and its excitation energy is
transformed into theenergy of a Bremsstrahlung photon, satisfying the law of energy conservation.
[117]

The EDX technique enables qualitative analysis of the sample since e@agheKergy peak is
characteristic of the element from which it was emitted. Elements from beryllium to uranium can be
theoretically detectedand the detection limit varies from 0.1 to a few atomic percent. Moreover, it
allows quantitative analysis because the EDX detector measures the relative abundance of emitted X
rays as a function of their energyL.16]

11.5.Numerical methods

In this work,micromagnetic simulations have been performed at the-gudin scale on corshell
models using the FEMME softwaj@5]. Furthermore, magnetization reversal has been simulated
using the Flux 3D software in multggn systems in either closedr opencircuit conditions and with
coercivity gradient. The two approaches are described in more detail in the following sections.

11.5.1.FEMME software package

FEMME is a commercial software supplied by the SUESSCO company éopmkddswe T. Schrefl from
Danube University Krems (Vienna, Austf@f]. Basically, this d® solves the LLG equation (see
and gives, by an energy minimization procedure, the magnetization map in a ferromagnetic
material for a given external field.

Finite element micromagnetic simulations performed with FEMME consist of the following steps:

- Creation of thanodel geometry and finite element mesh generation (Salome software)

- Creation of input files (intrinsic magnetic properties, initial state for magnetization vectors and
setting of simulation parameters like the external field direction and the field swieeg) t

- Computation of magnetization reversal (FEMME code)

- Plotting of the simulated demagnetization curve

- Visualization of magnetization reversal in the model (ParaView software)

11.5.1.1.Mesh generation

The Salome prografi18]is used to draw and mesh theadel geometry. It has to be remembered

that the maximum mesh size should not exceed the exchange length of the considered material. In this
work, tetrahedral meshes are used with a size ranging from 2 nm near grain boundaries to 10 nm in
the grain core, repectively. Moreover, the model surfaces are meshed witini2sized triangles. After
generation of the mesh, this latter is exported and further converted into FEMME input files.
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11.5.1.2.Input files for FEMME and computation of magnetization reversal

There are thee other input files necessary to run a FEMME simulation. The first one defines the
material parameters, the second one determines the initial state of magnetization in each grain and
the third one gives the control parameters for the simulation.

The material parameter file contains one line per material group, and 7 columns that correspond to
the magnetic properties of the material. These latter are detail¢@ahle19

Column Name Symbol Unit
Azimuthal angle of the
uniaxial anisotropy

1 axis with respect to z } radians
axis
Polar angle of the
5 unlax_lal anisotropy ” radians
axis with respect to x
axis
3 Uniaxial anisotropy K I
constant
Secondanisotropy
4 constant (unused) Ke I
5 Saturation polarizatior N T
6 Exchange constant A Jim
7 Gilbert damping " /

constant

Tablel9: Columns of magnetic properties in the material parameter input file.

Similarly, the initial magnetization file has one line per material group, and 4 columns that are given in

Table20

Column Name Symbol Unit
1 Line number I /
Unit vector of
2 magnetization in x Mmx /
direction
Unit vector of
3 magnetization in y my /
direction
Unit vector of
4 magnetization in z mz /
direction

Table20: Columns of the initial magnetization input file.

The thirdinput file contains all necessary parameters for the finite element calculation. A first section
gives the problem name, the initial time and the final time of the simulation. An additional parameter
specifies the amount of output files (time interval aftevhich an output file is created). These
intermediate output files are useful to follow the dynamics of the system. In addition, a second section
PJA « 3Z (]Jv]3 o u vs u} o0 *% ](] § ~u *Z ]I YeX dZ 0 *3§ o
diredion and value range.
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When all input files are set, calculation of magnetization reversal is performed using the FEMME code.
The LLG equation is resolved at each node of the mesh. The calculation givéiteanil the time,

the total magnetization in,xy and z direction and the external field along the X, y and z direction. The
evolution of magnetization in the z direction as a function of the external field along the z direction
can be plotted as the simulated demagnetization curve.

11.5.1.3.Visualization of mgnetization reversal

Postprocessing is performed using the ParaView software to observe magnetization reversal within
the model. Images of the magnetization direction distribution can be represented for different external
applied fields. The objective i® obtain a solid that is colored corresponding to the value of
magnetization in z direction. In fact, magnetization vectors aligned along the +z direction a+zd the
direction correspond to red and blue domains, respectively mﬁioTll.S.l.A .

11.5.1.4.Application case

A simulation case of the demagnetization in a cubic grain system taken from the litefati®has

been reproduced using the FEMME software. The model consists ofF& Mdgrains of dimensions
100 x 100 x 100 nitthat are separated by a GB phase of thickness 4 nm and of various nature (non
magnetic and paramangtic) and is represented|fig.37

Fig.37: Finite element model consisting of 8:Rd.B grains separated by arfthick GB phase.
[119]

The intrinsic magnetic properties for the hard magnetic phase and foGB@hase are giver{Table]

Phase Ki (MJ/m?3) E(T) A (pd/im) Ha (T) Lex (Nm)
Nd.FesB 4.9 1.61 7.7 7.65 2.7
Non-magneticGB 0 0.001 0.077 0 440
Paramagnetic GB 0 0.75 0.077 0 0.6

Table21: Intrinsic magnetic properties used[ir19].

The simulatios are performed with the influence of the demagnetizing field witdout misaligment
of the easy axes with respect to the external fielegttrahedral meshes of 2 nm are used in the entire
model. The coercivities obtained by our simulations are compared to the ones obtairfitiOkin

Table22
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ch (T)' . _
GB phase Simulation H (T)-[119]
Nonmagnetic 5.6 (0°) 5.54 (0°)
Paramagnetic 5.1 (0°) 4.79 (0°)

Table22: Simulated coercivigscompared tahe ones othe literature case.

For the case with paramagnetic GB phase, coercivity is overestimated in our simulation by about 0.3
T. This comes from the fact that the meshing is not fine enough to take into account exchange
interactions in this paramagnetic GB phase (exchange length smaller than Thenchmputation with
1-nm-sized mesh elements is not possible with our informatic system.

For the case with a nemagnetic GB phase, the simulated demagnetization curve exhibits one step
and coercivity reaches about 5.6 T ([6g.38). The shape of the demagtization curve and the
calculated coercivity are both in good agreement with those frid9]. In this case, the mesh
elements are largely smaller than the exchange length of themagnetic GB phase.

Fig.38: Simulated demagnetization curebtainedfor the 8g modelwith a nonmagnetic GB phase

Furthermore, an imagef the magnetization configuration is taken during magnetization reversal (see
Fig.39):

56



Il.LFabrication of Nd~eB sintered magnets, characterization and numerical methods

Fig.39: Image of the magnetization configuration dugi magnetization reversal for a nanagnetic
GB phase.

The nucleation of reversed domains in the modéth a nornrmagnetic GB phase occurs at the outer
corners of the modelThis is also in good agreement with the observations magELBi.

Banceet al.[36] provided an interesting assessment of the fact that reversal should occur near the
edges in a cubic grain. They took into account that near the edge, the direction of the self
demagnetizing fieldHp of the cube departs largely from the axial directidre.(the direction of
magnetization). Combined with the axially oriented external field Hhis gives rise to a total field that
forms at a distance of 2.54from the cube border with a smalhgle (\ 4-20°) with respect to the

axial direction (depending on the cube size). Considering that nucleation starts at this distance and can
be locally depicted by the Ston&vohlfarth model, they argued that the switching fielgli$ reduced

with respect to the anisotropy field. As a consequence, the dependence,pfdia function of this

angle is given by:

* 2oL B [EQ.23.1]

with BL c... ‘857 E « <3579 "*°  [Eq. 23.2]
For a cube of 100 nm, they determined a valud afo< to 8° andavalueof f around 0.7 Applied to
the case simulated here for which H7.65 T, this simple consideration leads to an expected switching
field of 5.4 T. Although this result stands foriaolated cubic grain, the value obtained with the above
model (5.54 T) is consistent. It is worth noting that the reduction of the grain coercivity with respect
to the anisotropy field is, in this case, only correlated to the demagnetizing field artd agiossible
degradation of the intrinsic properties {K

This preliminary study made with the micromagnetic model indicates that the description of nanoscale

grain boundaries requires very low mesh size and also that reversal of hard ferromagnetshaaild

be simulated with very refined elements that are smaller than the exchange length (typically 3 nm)

near grain boundaries. Such calibration of the meshing and FEMME set up is relevant for further
simulations of Dydiffused grains performed in ChagutlV.

11.5.2.Flux 3D software

While the FEMME code allows solving the LLG equation taking into account exchange interactions at
the nanometric length scale, the simulation using FEMME of large systems consisting of several
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thousand of micrometric grains is stileyond the capacity (memory) of current computers.
Nevertheless, magnetostatic interactions are of some importance in polycrystalline systems made of
hard ferromagnetic grains and should also be described for a better understanding of coercivity in hard
magnets. Actually, irhigh-performance sintered NéreB magnets, grains are mostly exchange
decoupled and magnetization reversal spreads over the whole polycrystalline material by switching of
individual grains. Basically, the polarization of a given gsaiaversed when the local magnetic field
exceeds the grain coercivif20]t[122]. As a consequence, a pattern of reversed and-remersed

grains that are magnetostatically couplddvelops as log asdemagnetization proceedshe spatial
homogeneity of this discrete pattergoverned by the minimizaih of the magnetostatic energy, is
investigated inChapter Illwith simulations performed using a standard finite element software and
according to an oginal setup described below.

11.5.2.1.Polycrystalline model

In this approach, the polycrystalline magnet material is depicted as a regular array of identical cubic
grains of 1Qum width. Each grain is assumed to be homogeneously polarized along the axial directio
and can switch from the initial positive valito the negative valueMs The magnetostatic problem

is solved by a finite element (FE) commercial software (Flux 3D, Altair) monitored by a specific Python
script. Each grain is meshed with 64 quadratibic elements refined near the edges and corners (see
. In order to reduce the model size, three symmetry planes (x=0, y=0 and z=0) are considered,
allowing ony 1/8 of the total volume to be actually simulated. In the following, the simulations are
labelled with the number of grains used in each direction of the reduced miogle, x n, x n.

The Flux 3D code is used to solve the patrtial differential equatistem for standard magnetostatic
problems in which the induction B and the magnetic field H are the unknowns:

@ B¥a r and NK#¥®L & [Eq. 24 and 25]

The relation between the two vectors depends on the material. Inside the volurferroimagnetic
grains, the relation takes into account the contribution of the polarization J while this term disappears
in nonmagnetic materials (air):

#L A*&E &[Eq. 26]

In the polycrystalline model, the polarization J of hard grains is only allowsditoh and should be
considered as an input data for each gtdyation. The problem is solved into a domain comprising the
magnet, and in some cases the structure surrounding the magnet (closmdt configuration) and a
}vs Jv]vP ~ }Y A& }( byl €Bme} specific elements that take into account the possible long
range extension of the magnetic field in the magnet environment (soo  ~]Jv(]Jv]S }A_*X tZ v
ferromagnetic structure is present, the polarization inside the material is given by:

&L A k€e&  [Eq. 27]

The magnetic susceptibilitfFmay be a function of the magnetic field, tabulated for the selected
materials.
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Fig.40: (Left) Example of a 9x9x9 array of cubic grai(Right) [@tail of a cubic grain meshed withd
cubic quadratic elements

Magnetization reversal occurs in a given grain when the projection of the local magnetic field H along
the zaxis, averaged on the grain volume, exceeds the coercive Higlakssigned to the grain. A
Gaussian distribution of coercivity is ascribed to the individual grains of the array. The mearHglue <
and the standard deviatioVcare fitted to the experimental demagnetization curves. At the beginning
of the simulation, Hthe grains are polarized along the +z direction yielding the remanent state reached
after saturation. An external magnetic field is progressively applied on the magnet by small increments
"Hin the opposite direction. For each increment, the reversaldition is tested on all grains and,
when fulfilled, the polarization of the grains is switched. Since each grain reversal changes the overall
magnetostatic field, the test is repeated until achieving a stable magnetization pattern. Then, the next
step with a new field increment is performed considering the updated grain magnetization pattern.
[Fig41{a) is an example of a demagnetizing curve simulated for an array ceupé 10 x 10 x 5 grains.
Increments of about 10 kA/m are used and some of them have been Iaba) according to
their step numbeb) shows the evolution of the magnetostatic energy computed during the
stabilization loop W for these selected steps. The results are normalized by the value of the
magnetostatic aergy calculated at the beginning of the loopo.Wt can be observed that the
magnetization always converges to a steady value corresponding to an energy minimization.
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Fig.41: (a) FEsimulation of the demagnetion of apolycrystalline array (10 x 10 x 5 cubic grains)
with inputsindicated in the insert. Each point (open red circle) corresponds toitesatiion
performed into the principal steps defined by the increment valuglofb) For some principal steps
(labelled by their number), evolution of the ratio\W, (current energy/energy at the beginning of
the step) during the stabilization loop.

11.5.2.2.Comparison with results obtained by an analytical method

The accuracy of FE simulation can be checked by comparinggsbksrwith those obtained by the
analytical method based on the dipolar approximatjd20] (sedFig.42). An opencircuit configuration
(i.e. an isolated magnet) should be considered in this case since the dipolar approximation is strictly
valid when the flux lines coming from the grain assembly is not influenced by any other neighboring
magnetic material. In the dipolar approximation, each grain is considered to be a point dipole creating
a magnetic field in free space that is a function of the positiamd of the moment carried by the
dipolem:

*&| 7 a&R? 4 a&

8 &l

[Eq. 28]

The magnetic field produced at any point of the array is then computed by the summation of each
dipolar field. The two methods (FE and analytical) give very consistent results for theciopén
configuration as shown |iﬁig.42 (the case corresponds to the data publishedtli20]).
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Fig.42: G@mparison of the demaggetizing curves obtained numerically by the dipolar approximation
(dotted line) and by the FE method implemented in this work (open red circles).

11.5.2.3.Closeeckircuit configuration model

Closedcircuit configurations refer to cases where the magnet is working ihe}o] _ u Pv 8] J& u]S
The hysteresigraph system used for magnet characterization forms a particular-closgt! The flux

lines coming from the sample are channeled by the hysteresigraph yoke and by the pole pieces that

are made of a notinear magnetic material. For these reasons, a FE method has been implemented in

this work for the closedgtircuit simulation considering the following hysteresigraph features: (i) the

external field is created by a coil excited by an electric current and wounthdra ferromagnetic

armature positioned laterally from the sample, (ii) the flux is channeled towards the sample thanks to
vertical arms and planar poles having a large area compared to the sample and (iii) the magnetic field

is determined in the migblane of the sample by a measuring coil. Although simple, this geometrical

model gives a sufficient description of the hysteresigraph system (covlvm@mzwith Fig.33).

[Fig. 43]illustrates the 3D geometrical model simulated by FE. The sample is located between two
symmetical prismatieshaped pole pieces. The yoke is roughly represented by a rectangular armature.
Two electrical coils are wound around the external arms of the yoke. The external field applied on the
sample is proportional to the electrical current. The emtramplitude is selected in order to cover the
range of demagnetizing field. Some details regarding the mesh are vidibig.4#| The size of the
mesh elements in th parts surrounding the magnet are gradually growing from the grain dimension
to a millimetric length scale. Eventually, the model comprises about 100 000 elements. The
computation time is of the order of 10 hours on a standl 6-core-workstation (DELWindows 10).
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Fig.43: 3D geometrical model used for the simulatinrlosedcircuit configuration (hysteresigraph
measurement systen

Fig.44: Details on the mesh at the contact area between the polycrystalline magnet apoline
pieceof the hysteresigrapbystem.

All materials considered in the following simulation are assumed to follow a linear magnetic behavior
(i.e. they exhibit a constansusceptibility and no saturation). However, it has been reported that
localized saturation of the pole piece may occur for elevated applied field values and, in some cases,
can affect the resultfl15]. A simulation run has been performed with a Hovear model appliedo
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the pole piece (the magnetization curve of€e 17% is available in the material database of Flux 3D).

The demagnetizing curves are show(Fig.45| It has beendund that linear and notinear models

give similar results. Due to the large increase in the computation time for thdimear model, further

sJupo 3]}ve Z A V % E(}JEU A]83Z 8Z olv E %% E}A]u §]}vX dZ
the main comwrlusions of the analysis. It can also be noticed that the simulated demagnetizing curve in
closed 1/E u]s }Vv(]PHE S]}v ] u}E&E "E& 8 vPupuo E_ SZ v §Z ]J*SE] uS8]}\
the demagnetization starts when the applied field reachtt® lowest grain coercivity and
magnetization reversal abruptly propagates within the whole sample. This result points out the fact

that the coercivity of the polycrystalline sample is much lower than the average value of the grain
coercivity. This findingill be analyzed in more detail in Chapter Ill.

Fig.45: Simulation of the demagnetition of a polycrystalline sample in closeidcuit
(hysteresigraplsysten) with linear and nodinear magnetic behavior assumptions for thae
piecesThe simulated curves have been fitted to the experimental o lappropriatechoice of the
grain coercivity distribution parameters

11.5.2.4.Limitation of the polycrystalline model

The polycrystalline nael should be seen as a very simplified representation of sintered magnets. First,
the spatial discretization of the cubic grains is not fine enough to capture the demagnetizing field
details near grain boundaries, at a distance for which nucleation octhesswitching field of grains

is therefore considered as an input data disregarding details such as local orientation effects pointed
out in the StoneiwWohlfarth model. The second model limitation comes from the number of grains
that can be simulated (upp 4000). However, in this approach, the grain size is not really a relevant
factor since dipolar effects are averaged over the grain volume, making the results identical whatever
the cube dimension. Consequently, macroscopic magnets are simulated lose$B @f arbitrary sized
grains, the aspect ratio of the array being the same as the magnet. This allows ttersatjnetizing

field to be correctly described at both magnet and grain size. Obviously, the weight of a cubic grain
reversal in the simulatiors considerably higher than the one of a real grain, making highly stepped J
H curves (sg€ig.45).
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l1l. Coercivity of polycrystalline hard magnets

[11.1.Introduction

As pointed out in Chapter |, theainagnetization of hard ferromagnets is intricately dependent on
their microstructure. In higiperformance sintered NéFeB magnets, grains are mostly exchange
decoupled andt is widely accepted thahagnetization reversal spads over the whole polycrystalline
material byswitching of individual grainAt the grain scalethe polarization of a given grain is
considered to reversabruptly when the local magnetic fieldxeeeds the grain coercivityhis latter
implies nucleabn of reversal at nansized defects localized near grain boundaries. The coercive field
also depends on the chemical composition and phase distribution of the magnet. The relationship
between coercivity and the anisotropy field is thus strongly micrastme-dependent and can be
partially clarified thanks to micromagnetic models. Within this scope, Ché{teill present numerical
simulations of magnetization reversal in-Biffused magnets performed with the FEMME software.

However, at the micrometriscale, thespatial homogeneityf the grain reversal pattern is mainly
governed by the minimization of the magnetostatic eneagg cannot be, in practice, studied with the
micromagnetic approach due to the limitation in the model size. These magnetosttgats are of
importance since they could lead to some misinterpretation of the demagnetization curves usually
measured on magnets for design purpofkal], [122] More preciselyattention has to be paid to the
correction applied toopen-circuit measurements to extract the intrinsic demagnetization curie.
difficulty rises from the demagnetizing field shift that is inherent to this kind of experimental technique
and has to be removed from raw data. The first part of this chapter investigates the demagnetizing
field in hard ferromagnets and its link withetgrain reversal pattern in order to propose an updated
protocol for the treatment of opestircuit measurements. To assess the demagnetizing field
correction, the polycrystalline model introduced Sectiorfll.5.2.]is implemented. This original
approach helps the quantitative understanding of the effects of grain reversal pattern in two different
experimental configurations (operand closeetircuit) widely used foraercivity measurementlhen,

in a last part, the polycrystalline model is used to analyze the reversal patterns -inomeomgeneous
magnets, represented in that case by a duplex magnet. The objective is to anticipate the analysis of
magnets with coercivitgradient that are obtained afteDy diffusion and detailed irh@pter IVand \.

111.2. Study of collective magnetostatic effects: experimental

approach

111.2.1.Model for the demagnetization field correction

[11.2.1.1.The usual demagnetizing field correction and validity

For ferromagnetic and ferrimagnetic materials, the internal field felt by the material is the summation
of the external applied field and of the demagnetizing field: HHy, + Hb). The magnetization M is
the source of the demagnetizing field, usually given by:

*,LFO/ [EQ.29

N is a geometrical demagnetization factor and the slope of the magnetization variation wyitts H

1/N. Apartfrom the special case of a sphere for which the demagnetization factors are constant and
identical along altlirections (N= N,= N= 1/3), the values of N evolve spatially in the volume for a
general shaped body. For parallelepipeds, analytical expressions and tables are available to supply
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accurate values of N for a wide rangé shape ratios (for instance,haroni [123] gave analytical
expressions for a = Bh). For a regular solid with a square section (a = b = 1) and a height h equal to
0.5, the spatial distribution of Ns plotted i These values have been computed by the finite
element method presented in Chapter Il. The valuesdeNvithin a range having a minimum of 0.23
and a maximum of 0.70. The averaged values,afélalso reportedFig.46ffor five XY planes located

at different heights. In the mighlane, the averaged value is 0.47, lower than the value averaged over
the whole body (0.5). The averaged value g@filNthe midplane is generally used for fluxmetric
corrections ([Eq. 29 in the case of a magnetization oriented along the axial direction.

Fig.46: Map of demagnetization factors. M XY planes at different heights (htained by FE
computation for a parallelepiped (a = b = 1 and h = 0.5). The values given below each map correspond
to an average value in the plane.

The equation [Eq. d%onstitutes the usual demagnetizing field correction that must be applied to
opencircuit measurements to obtain the real demagnetization curve. For closedit
measurements, no correction is needed since the sample is part of the magnetic circuit and there is no
demagnetizing field contribution (N=0).

One of the assumptions for the Ndity of the above equation is that the magnetization generates
surface magnetic charges (and no volume charges) that give a homogeneous contributiondgioléd

the considered material. In soft magnetic materials, the magnetization state is homogeaeaus
higher scale than that of magnetic domains and only surface charges contribute theHusual
demagnetizing field correction is valid. However, in hard magnets, the magnetization state is
heterogeneous owing to the discrete switching of exchadgeoupled grains. Both surface and
volume charges contribute to Hand the usual demagnetizing field correction is therefore not
applicable to hard magnetic materials.

As a consequence, another demagnetizing field evaluation is required for hard magnetss This
important in the perspective of defining experimental protocols to compare the properties of magnets
measured in opeftircuit to those of other magnets measured in closduit.

[11.2.1.2.The demagnetizing field model (cavity field concept)

With the help of tle cavity field concept, the demagnetizing field in hard magnets can be expressed
in terms of three contribution§s3]:

©edl , 00&  UAO A
*, L * 2R« 00 « JaO0UREg 3

The first contribution is the usual one coming from surface magnetic charges. The second and third
contributions are due to volume charges. They are understood by considering that individual grains
are virtually removed from inside matter, as schematizetbtv inFig.47
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Fig.47. Schematic representation of a heterogeneous granular hard magnet (cavity field concept).

The second contribution repsents the field created in the thugeated cavity. The third contribution
E % E « vSe+ SZ -derdaghet[zng field.

The first term is expressed a‘sfééE FO/. The second term is given by%oi Oy/ , where Nis

the individual graimlemagnetizing factor (taken as 1/3 for spherical grains). The third term is expressed
as *liéoul_é FOy/ ; and depends on the spontaneous magnetizatiog &hd not on the mean
magnetization M, because reversal proceeds by successive discrete swit€imdividual grains. Note

that 4SP&nd {-'do not cancel out, the slope of the magnetization variation is therefore affected

and amounts tol/(N-Ng). This constitutes the so oo *Z & uP_ JEE 3§]}vX /5 ]« A}

that this is true when &%SPdominates {-!leading principally to homogeneous reversal.

Alternatively, when &-'dominates 5P 9magnetization reversal occurs mainly \Gallective
processes. Considering that reversal may have intermediate character between fully homogeneous
(dependence on M) and fully collective (dependence aj il new general expression for the cavity
field may be defined as followW$24]:

*SO?_ ZSFU;[péaOU/ EUL’péGU/i [Eq. 3]

The parameterDgives the weight of collective effects in the cavity fieldt1 when fully collective[3=0

when fully homogeneous)The parametersE°™ and E° are phenomenological and represent the
strength of the cavity field for homogeneous and collective reversal, respectively. The total
demagnetizing field becomes:

*,LFO/ E ZSFU;UjéaOU/ EUlpé@U/] F Oy/ i [Eq. 32
The slope of the magnetiza]}v A &] §]}v ]+ o<} (( 3 v ]e VIA JilE[ Al3ZW
0L 0 F:sF U UR20, [Eq. 33

If the parameter E°™ is taken equal to 1for B=1, the 1/N slope of the usual demagnetizing field

correction is recovered. FOB=0, thel/(N-Ng) *0}% }( $Z ~ZPE }®E 3]}v ]+ E }A E

The reduction in coercivity due to the demagnetizing field (compared to the ideal case for which
coercivity corresponds to the nucleation fielgd &f the grain, R being identical for all grains), by takj
M=0 in [Eq. 3B, anpunts to:

*oL KUPAE so0y/ »  [EQ. 34

dz S$Z& u vs]}v u Pv §]I1]JvP (] o }EE §]}ve ~puep oU ~"Z E
are schematically represented ig.48
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Fig.48. Schematic representation of the demagnetizing field contributions to magnetization reversal.
Black line: reversal in the absence of any demagnetizing field effieetsgraph) Dashed green line:
usual demagnetizing field correcti¢n=1 ard £™= 1). (Middle graph) Dashed red lirso-called
hard demag correctioapplicable in the absence of collective effé¢ats 0 and £2™= 1). (Right
graph) Dashed bhiline: intermediate correctiowhen collective effects are considegdth r and
£ B0). [124]

The above model that takes into account collectiviees in the demagnetizing field expression will
be used in the following sections for the interpretation of demagnetization curves measured in both
closed and opencircuit conditions.

111.2.2.Experimental protocol and results

The magnets studied here are prepdrby the powder metallurgy route described in Chapter Il. The
green compacts of composition (Nd,BgPyw.sFaaBo.9sAb 25CaC 15(Ti,Zrh.o7 (Wt.%) are sintered at
1050°C for 4 h to produce the final magnets. No ggister annealing is performed, so that coercivity
is limited to the order of 1 T to allow measurements in both clesat opencircuit conditions.
However, even if the grain bodary phase is not optimally distributed around grains since annealing
has not been performed, grains are still assumed to be mainly exckdemmipled thanks to the
presence of alloying elements that form namagnetic phases.

After sintering, the obtaineanagnets have the shape of cylinders, 10 mm in diameter and 15 mm in
height. From these magnets, three cylinders of diaméter 6 mm are cut with different thicknesses:

t = 3, 4 and 5 mm. Hereafter, the samples will be referred to as S1, S2 and S3,vebpéddte that

the dimensions of the three samples are chosen such that they could be measured in both afased
opencircuit devices. The opetircuit measurements are performed on the custdmilt extraction
magnetometer under a maximum applied off6 The closegdircuit measurements are carried out on

the hysteresigraph system following saturation under a pulsed magnetic field of 6 T. The
measurements are performed at 292 K on samples S1 and S2 and at 300 K on sample S3.

The hysteresis curves measdri®r the three samples using both the hysteresigraph system (red solid
curve, slope: 1/ 3},) and the extraction magnetometer (black solid curve, slope:m are shown
in|Fig.49| Furthermore, the opeitircuit measurement with the usual demagnetizing field correction
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(dashed blue curve, slope: IyMind the opercircuit measurement corrected to be parallel to the
closed |E pl]8 UEA ~PE v +}o)argaEhepiesanidth W ilE][

Fig.49: (a) Second and third quadrants of the hysteresis loop for sample S1 of thickness 3 mm. Solid
black curve: raw opeaircuit measurement withoulemagnetizing field correction (sIope:(]@Z)a

Dashed blue curve: opaircuit measurement with the usudémagnetizing field correctiofslope:
1/N). Green solid curve: raw opeircuit measurement corrected to be parallel to the clesieclit

JV ~+0}% W (IE[«X Z «}artuit meEshranengsippe: 1/03 8, Short dotted lines:
tangents at H=FHifor the closeetircuit measurement and for the opeircuit measurement corrected
AlSZ E[X /ve SW }u%o0 § ZC{&SSE (b)]Samé p#ta {grd@he samfsle S2 of thickness 4
mm. (c) Same data for the sample S3 of thickness 5[h@#]
The exerimental magnetic characteristics determined from the above hysteresis loops are collected
in Msis the spontaneous magnetization taken as the magnetizatieasured under 6 T in
opencircuit.  2Jand ;“”are the closedand opencircuit measured coercive fields, respectively.
¢ [ddis the difference in coercivity between the closeahd opencircuit measurements due to
thermal activation effect§59]. [ lepresents the closedircuit coercive field corrected for thermal
activation effects (taking opeaircuit measurements as referencey. g‘”}s the difference between
the closed and opencircuit coercive fields after thermal activation correction., \and OBare the

inverse of the experimental slope determined at Hcfdfthe openr and closeetircuit measurement,
respectively.
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t a 6 6 688 g o L ) )

Sample o kam)  (kAMm)  (KAIm)  (KAIM)  (KA/M) O(kAfm) u u
s1 3 1151(1) 692(1) 650 (1) 20 672 22(2)  0.42(1) 0.015(1)
s2 4  1165(1) 638(1) 599(2) 20 618 19(3)  0.35(1) 0.014 (1)
s3 5  1154(1) 650(2) 591(3) 20 630 39(3)  0.30(1) 0.015(1)

Table23: Experimental magnetic characteristics of samples S1, S2 and S3 (same diaméteim).

The lower coercivity of sample S2 (as measured in clogedit) comes from the fact that S2 was cut
from a magnet made in a diffent run than S1 and S3. This difference in coercivity has no impact on
the current analysis since the differences between omard closeecircuit measurements on a given
magnet are studied here.

For all three magnets, the coercive field at which magnétmavanishes is smaller in opeircuit
measurements than in closedrcuit ones. However, a fully quantitative comparison between coercive

field values is not possible, due to the different contributions of thermal activation to the measured
coercivity h both conditions. For instance, assuming that the magnetic viscosity coefficigat S

constant, two loops measured at two different characteristic timeartd t are shifted in field by

Sin(t/t2). For NeFeB magnets with a coercive field around 1l magnetic viscosity coefficient is

estimated to 4 kA/nj59]. For closegtircuit measurements with thhysteresigraph, the characteristic

time is & Cl s and for opertircuit measurements, itamountste € iii X e & *posSU §Z ZCeS§
loops measured in closedrcuit are shifted towards higher fields with respect to those measured in
opentcircuit, by approximatively 20 kA/m (corresponding © [&%n[Table23). For the purpose of

comparing demagnetizing field effects during opemd closeektircuit measurementsthis field is

subtracted from the closedircuit coercive field and giveslas shown ifTable23| After thermal

activation correction, the experimental differenée coercivity ¢, g"”between closedand open
circuit measurements reaches up to 6.6 %.

Moreover, the inverse of the opecircuit experimental slope ?V”rjs systematically smaller than the
demagnetizing factor N (calculated fraih25], sedTable24). This leads to the overcorrection (also
referred as overskewing in literature) observed on all demagnetization curves when applying the 1/N
usual demagnetizin§eld correction (dashed blue curves). It again highlights the fact that the usual
correction is not applicable to the case of hard magnets.

111.2.3.Analysis and model improvement

The calculated magnetic characteristics determined from the above hysteresisdmgiven i

N is the opertircuit calculated demagnetizing factor.gn\,”nF al s the difference between the
inverse of the experimental slope determinetild=H for the opencircuit measurement and the one
determined for the closedircuit measurement=, \represents the contribution of collective reversal
during opencircuit measurements>2™is a phenomenological parameter for collective reversal and

is taken as 0.5¢, 2-1 the calculated difference between the closead the opercircuit coercive
fields.
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Sample N ua Fua 1 0 6 (KA/m)
S1 0.46 0.40 (1) 0.82 0.5 34.5
S2 0.40 0.34 (1) 0.82 0.5 35.0
S3 0.35 0.29 (1) 0.82 0.5 34.6

Table24: Calculated magnetic characteristics of samples S1, S2 and S3.

The above experimental results illustrate the fact that differences in demagnetizing field effects must
be considered when comparing clos¢éad open-circuit measurements. Remembering thaf}s Pfavors
homogeneous reversal whereasi- favors collective reversal, the closeitcuit configuration should
exhibit a fully collective reversal sincefi>P< 0 in this condition. Under this hypothesis, the closed
circuit demagnetizing field slope 12} should be infinite. This slope repregs the distribution in
coercive field values of individual grains. This intrinsic distribution should also affect the slofg,1/
that characterizes the opeaircuit measurement. It is eliminated in the differenceg"\,”nF al L

i, s This correspond$o the green curves i obtained by applying a slope correction
(17 2y ) to opencircuit curves, so that they become parallel to the respectivseazkcircuit curves.
From [Eg. 3B it can be derived:

FeOdesd L FO/ Foldf@azy/ [Eq. 35

Assuming that N= 1/3, B°"= 1 and ¢=L =\ ,F =2}, with =2}, = 1 (closeetircuit is supposed to
present a fully collective reversal), the parameté?vnncan be obtained. For all three magnets, it is of
the order of 0.82. The absence of significant differences in the contribution of collective effects to
reversalfor the three samples may be attributed to the fact that their shape factors lie in a restricted
range of valueg¢seqll.3.3.3.

Experimentally, it has been observdtht the coercive field is higher in closedcuit than in open
circuit. From [Eq. 34 the calculated reduction in coercivity in opeircuit with respect to closed
circuit is expressed as:

*8OMOGLF BEiP6u/ =N :GLF s:0P%6u/ [Eq. 3

The above expression shows that the reduction in coercivity in -gpenit is related to a difference
in the collective character of reversal (that is more important during clasexit measurements).
a_l3s proportional to E° and the best agreement between the experimental and calculated
coercive field differences is obtained by takil§ C iXAX dZ]s A op % ]Jvs E% E § ]v
the case of collective reversal, just before its magnetizatioensges, a grain is close to the boundary
between two regions, one having a magnetizationsieid the other-Ms The cavity field, which is
determined by two contributions of opposite signs, explains the reduced val&'obmpared to o™
~C iX

To conclude, the above experimental work shows that differences in various contributions to the
demagnetizing field must be considered when comparing hysteresis loops of hard magnets measured
in open and closeektircuit conditions. First, the slope of tleagnetization variation in opeaircuit is
different from that due to usually considered demagnetizing effects. It has been demonstrated that
this usual demagnetizing field correction is not applicable to the case of hard magnets. Furthermore,
a reductionin the opencircuit coercive field value compared to the closatuit one is found, which

is of the order of 25 kA/m for the magnets studied here. This comes from the fact that the reversal
process is affected by how the measurement is madereversdhas less collective character in open
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circuit than in closedtircuit. Due to the longange nature of magnetostatic interactions, this first
discussion is limited to a semuantitative understanding of demagnetizing field effects. A more
guantitative ewaluation of their strength and link with the reversal patterns requires numerical
modeling. This constitutes the work described in the following sections.

111.3.Study of collective magnetostatic effects: numerical approach

The polycrystalline FE modipicted n Sectioaims at yielding a quantitative assessmeht
the previous formalisnior the demagnetizing field that takes into account the collective effesthis
frame, both openand closeetircuit configurations are simulated and the patterns of grain reversal
are compared and discussed in the following section.

111.3.1.Closeekircuit configuration simulation

111.3.1.1 Model parameters

The magnet taken as the reference fbe following simulation belongs to the previous set of samples
(S1) and has an aspect ratio (h/D) of 0.5. Three parameters have to be known for the simulation run:
() the remanence of the grains, taken here as the value of the whole magnet remanendsg, (i3

the mean value of the grain coercivity sstand (iii) the standard deviatioN,. These last two values

have been selected in order to fit the experimental demagnetizing curve obtained with the
hysteresigraph system (closettcuit measurement).

A numerical sample made of#10 x R=10 x =5 cubic grains (corresponding to 1/8 of the whole
sample due to symmetries) has been considgfeéd.50{shows the repartition of the grain coercivity
that is randomly generated at the beginning of the simulation by a gaussian realization.

A few trials with varied values of g£Hand \ic have been necessary to obtain the results reported in
The experimental and simulated demagnetizing curves are found to be consistent with the
following values: <gH-> = 1.08 T (860 kA/m) andic= 0.1 T. It is worth noting that thaistribution

curve of the grain coercivity is shifted toward higher values of the applied field compared to the
simulated demagnetizing curve: the value of the coercive field is about 700 ka/d60 kA/m lower

than the value of <gH-> which can be expined considering the grain reversal pattern.

111.3.1.2 Analysis of the grain reversal pattern

In the 3D array, demagnetization starts from the least coercive grain located in this case at the top.
This is pointed out where first reversed grains are colored in dark grey in two consecutive
demagnetized states. Once demagnetization starts, it rapidly propagates in the grain array by cascade
resulting from strong magneteatic coupling between neighboring graifi$iese cascades form, once

the coercive field is reached (J = 0), large clusters of reversed graifisg$&$. These effects become

more important as the applied field approaches coercivity and generate the increasing large steps
noticeable in the simulated demagnetizing curve (see the left patthat depicts the first
cascade while the right pattern details the final cascade that lead to coercivity). The cascades are the
consequence of the local in@ase in the demagnetizing field felt by nogversed grains when they are
surrounded by top and/or bottom grains that are already reversed [@Ege53). In that case, th
magnetostatic field produced by the reversed grains add in magnitude to the external applied field.

Since this local rise in H occurs when the values of the applied field are close to the local coercive field
(depending on coercivity distribution), it bemes more and more efficient to induce the reversal of

the neighboring grains. The local increase in H acts only at a distance of the order of the grain size and
is more important in the direction of the applied field.
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These considerations explain thevddopment of large and axial stripes, or clusters, observable on the

grain reversal patterns. They also account for the fact that the demagnetizing curve is more

ANE § vPpuo E_ 3Z v HEA <Ju%oC E Av (E}u §Z P EdpscribeE ]A]SC
the demagnetization of the grain array without magnetostatic coupling between grains (ideal curve

plotted in blue solid line ||I>Fig.51 .

Fig.50: Repartition of the grain coercivity in gray scale in the numerical sample used for the
simulation of the closedtircuit configuration(arbitrary units: black = lower value, white = higher
value), he 2D maps are given for eachp{ane starting from the mighlane of the complete grain
array (the numberedicate the position of the X#ane starting from the mighlane towards the
back).

Fig.51: Experimental (black solid line) and simulated (red dots)dewtization curves in the closed
circuit configuration compared to the grain coercivity distribution (blue solid line).
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Fig.52: (Left) Grain reversal patterns for the firsveesal cascade indexedfig.51|(XZ plane
labelled #7 ifFig.50}, the filled and nofiilled squares in the grids refer to reversadl nonreversed
grains, respectivelfRight) Grain reversal patterns for the finaleesal cascade indexedfig.51](XZ

plane labelled #1 ﬁig.SO'.

Fig.53: Schematic representation of the cascade grain reversal in ctigrit.

The experimental-Bl cuve obtained with the hysteresigraph compares well with the simulated one
even if the first one is smoother. Our interpretation lies in the fact that the real magnet is constituted
by a very large number of grains. When the reversal cascades occur, thdyg sbncern each time a

small fraction of grains and the combination of a lot of separate events should lead to the srtdoth J
curve. Thus, the polycrystalline model implemented with a limited number of grains (about 1000)
tends to give an ideal represation of the 3H curve for which each individual grain reversal has a
weight larger than in the real case. It is also worth underlying that cascades of grain reversal are a full
3D process that implies more than one axial layer introduced in the simulgicmally, a quasiD
system simulated by an array made of one layer of cubic grainsrirand n=1) leads to a-Bl curve

that follows the curve deduced from the grain coercivity distribution (blue solid ||Fégis1).
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111.3.2.0pencircuit configuration simulation

111.3.2.1.Shape of the-Bi curve

The numerical sample has also been simulated in epeuit with the same grain coercivity
realization. It allows avoiding a statistidahs that would occur when comparing simulations made
with consecutive realizations, due to the limited number of grains in the model (§0®his case,
reversal begins in the grain®r which the cumulative effect of low coercivity and high local
demagnetization field is criticalge. for whichthe amount [H/Ms t N is the lowest(see mapping in
[Fig.54). In this last term, Mstands for the local demagnetization factor calculafiedeach grairat the
first step when = 0. N depends on the shape ratio of the magnet but is not uniform in the magnet
as previously reped for rectangular sampleld.26]. In this particular run, the first reversed grain is
the same for the openand closeetircuit simulationsThe experimental and simulated curves are
shown iand the grain reversal patterns are reportedfiiy.56/for some selected field values.
The opercircuit simulation exhibits different characteristicsmpared to the closedircuit one

Fig.54: Repartition of the reducegrain coercivity [lIMs t N in gray scale in the numerical sample
used for the simulation in the ope@ircuit configuration (arbitrary units: black = lower value, white =
higher value)the 2D maps are given feach X#lane starting from the mighlaneof the complete
grain array (the numbernsdicate the position of the Xdane starting from the mighlane towards

the back).
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Fig.55: Experimental (solid lines) and simulated (dots) demagnetization curvesdlosiesicircuit
(red) and opereircuit (black) configurations, grain coercivity distribution (dotted blue line), the
magnetic field at the curve knees and at the coercive field are indicated on each curve agdabels

the maps plotted ifFig.56

Fig.56: Grain reversal patterns for selecteeld values indicated the filled and notiilled

squares in the grids refer to reversed and-neversed grains, respectively {@nes ranked from

the y=0 to higher y positionsdremented from left to right).i®ulation of a 10x10x5 grains array

(symmetry dupicated) with e4c= 0.1 T. Patterns at coercive fielctclosedcircuit (red border) and
patterns at coercive field in opaaircuit (black border).
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111.3.2.2 Analysis of grain reversal pattern

The openrcircuit demagnetization curve evolvabnost linearly with few cascade phases. The pattern

of grain reversal is radically different comparedth@ closedcircuit simulation and exhibitquast
regularly spaceatolumns of reversed grairaigned along the -axis (se¢Fig.56). This behavior is
explained by the fact that, in the opegircuit configuration, the demagnetizing field acting on non
reversed grains comprises the important contribution coming fromwthele sample polarization. This
seltdemagnetizing field acts strongly at low fields since it depends on the average polarization M.
Although being important in the opecircuit case, this contribution vanishes in the clos@duit. This
difference acconts for the quaslinear evolution of the curve in opecircuit. This artefact can be
removed to extract a representative magnet behavior under external field with the demagnetization
field aorrections described in Sectiph.2.1

The pattern of grain reversal corresponds in both cases to the minimization of the magnetostatic
energy. In opertircuit, as expected, the simulation naturally leads to a pattern madetefnaite
columns with opposite polarization since this configuration tends to minimize the magnetostatic
energy.

It has to be pointed out that the simulated cus/&H) follows the experimental osawithout any
parameter adjustment (apart frm the coercivy distribution ofthe grains). More interesting is the
fact that the difference in coercivity obtained numerically between opamnd closeetircuit
configurations @0 kA/m) is very close to éhexperimental value @5 kA/m) reported in Sectidil.2.2

111.3.3.Discussion about collective effects

111.3.3.1.Relation between grain reversal pattern and collective effects

The cavity field, introduced in the previous section to describe the demagnetizing field, reflects the
magnetostatic interactions felt by each grain (not yet reversed) from the surrounding grains. In this
formalism, the cavity field can be seen as a comBih}v }( NZIYUIP v e 8§ BuU % E} %o}
the average polarizatiomM U v A loo $]A _ § E uMsildE e%eddrts jgnthe efféct of

the adjacent and nomeversed grains.

*00¢ gF U R0y E U [Eq. 4]

The parametr Dgives the weight of collective effects in the cavity field. Its value was found from
experimental data to be larger in the closenicuit configuration, for which collective effects are
maximal (0’ = 1), than in the opeircuit case for which theseffects were found to be lower®® =

0.82). In this formalism, a pronounced collective character means that the cavity field experienced by
a nonreversed grain is mostly a fraction oigMs. The simulation in the closedrcuit condition clearly
shows that when reversed grains form large clusters, the second term of the cavity field (seg)Eqg. 3
is dominant since on average noeversed grains are surrounded by nm@versed ones, except at the
interface with clusters. This is a strong argumargmorting the previous formalism that assumed the
role of collective effects.

The parameter2°™ was previously inferred to be close to unity while the last teBtwas assumed

to be equal to 0.5 considering that, before its reversal, a grain is cloaebtundary between two
regions with opposite magnetization directiarfshis is again consistent with the grain reversal patterns
exhibiting large clusters oriented along the axial axis.
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It has to be pointed out that this unique fitting paramet&® accowuts both for the slope of th&1(H)
curve in opercircuit and for the coercivity difference between opemd closeecircuit measurements
that is given by:

*oL (PAFE s P36,/ . [Eq. 37

While this parameter value was fitted a@xperimental results in the previous section, an identical
value (DP = 0.82) is obtained with the polycrystalline model without making any other assumption
than the grain coercive field dispersiot= 0.1 T).

111.3.3.2 Effect of sample aspect ratio

The influenceof the sample aspect ratio on collective effects has been analyzed by the finite element
simulaion.below reports the different cases studied inighparametic study. Thesecond

and third cases correspond to the extreme values of the h/D values used in the experimental approach
(h/D = 0.5 and h/D = 1). Two other geometries have also been modeled: the case 1 is a thin sample
with h/D = 0.2 and the last casedn elongated one with h/D = compares the experimental
demagnetization curves in opesircuit with the numerical ones for the two cases with median values

of D. The difference in the slope of the curve is mainly due to the evolution of the self
demagnetization factor that depends on the sampleexgwatio. This is confirmed in which

the values of the parametebthat accounts for the weight of collective effects have been extracted
from the four computed demagnetization curves. For each case, the vallBisadeduced from the
slopeofthed, WEA ~E[ }EE 3§ C 38z PE v } E A3 The alvdse]}v
of Ny = 0.33 andE°™ = 0.5 have been kept constant. This data shows that the weight of collective
effects, evaluated by the coefficied) remains nearly constantl= 0.82) within the range of shape

ratio values used in the experimeaitstudy, confirming the previous analysis. For flat samples (h/D =
0.2), the model predicts that collective effects should decreaBes (0.62), whereas they should
become more important for elongated sampleB= 0.90) The grain reversal patterns plottéddr J=0
confirm this trend, exhibiting more clusters as h/D increa@@e® the pattern at the mid plane for
h/D=2,i.e. for the lowest local sellemagnetization factor <N). Finally, it can be inferred that the
behavior of an infinite elongated samplesasured in opestircuit tendsslowlyto the case of a finite
length sample tested in closedrcuit.
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Aspect ratio h/D=0.2 h/D=0.5 h/D=1 h/D =2
Size of the model 10X 10 x 2 10x 10 x5 10 x 10 X 10 10x 10x 20
(kX Ny X ny)
Apparent slopeE [ 0.59 0.44 0.28 0.16
of JH curve
Weight of

collective effectsD 0.62 0.82 0.82 0.90

Grain reversal
pattern at J=0
(coercivity)
in the top XY plane
of the sample

Grain reversal
pattern at J=0
(coercivity)
in the mid XY
plane of the
sample

Table25: Influenceof the sample aspect ratio on collective effects.

Fig.57: Comparison of simulated and experimentally measured demagnetization cuppenin
circuit for two different aspect ratios (h/D = 0.5 and 1).

111.3.3.3.Influence of the grain coercive dispersion on collective effects

With this low standard deviation valu€j®is found to be close to unity which is correlated to a reversal
grain structure tha does not form a fully homogeneous pattern, even in opacuit. Actually,
reversed grains tend to be aligned and form egrainwide columns axially oriented. It is worth noting
that when the standard deviation is raised from 0.1 T toT.2he parametr DPdeduced with the
polycrystalline model becomdswer (= 0.6) meaning a reduction dhe weight ofcollective effecs.
The simulation also shows a larger difference between coercivity values inamenloseecircuit and

a less inhomogeneous patteof grain reversal is found in ope@ircuit (segFig.58).
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Fig.58: (Top) Demagnetizing curves in the closéduit (red solid line) and opaircuit (black solid

line) configuratios obtained by simulation of 10x10x5 grains array anek= 0.2 T. (Bottom) Grair

reversed patteraat the coercive field in opetircuit, the filled and nofilled squares in the grids

refer to reversed and nereversed grains, respectively (XZ planes rdtik@n the y=0 to higher y
positions incremented from left to right, duplicated symmetries).

111.3.4.Experimental validation

While the simulation of demagnetization in closeidcuit predicts large clusters of reversed grains with

a size that exceeds largely tgeain size, the openircuit configuration tends to induce finer reversed
zones with a length scale of the order of the grain dimension. An experimental approach has been
implemented in order to determine if this difference in reversal pattern could beexvesi. For this
purpose, a polarization mapping of the magnet has been performed on partially demagnetized
samples. A Hall probe mounted on a three axes displacement fixture, and able to measure the three
components of the induction field over a sampleshzeen used (SENIS device). The distance of the
sensor to the sample surface is 40 and the displacement step is 100 pm. With these
characteristics, only clusters of the same dimension (> 0.1 mm) can be reasonably observed.

The test consists in compagthe induction field maps measured over the same magnet sample in the
following conditions: (i)ithe remanent state that followmagnetic saturation performed with a field

of 7 Tusing aBitter coil (ii) after demagnetization of the sample performed Hye hysteresigraph
(closedcircuit) up to the coercive fieldnd (iii) dter the complete sample demagnetization obtained
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in an opencircuit condition via the Bitter coil operating in a mode where gradually decreasing
hysteresis loops are followed up tioe full demagnetization state.

The maps of the induction field obtained in those three states are reportdgirs9land iffFig.60
The upper face of the cylindrical sample (10 mm diameter in that case) has been scanned and the axial

component Bis plotted. As expected, the mapping reveals only field variations with extensions large
than 0.1mm. Over the saturated samp|Ei§.59), the magnetic field is very homogeneous, especially
in the central part. No defect in the sample polarization isblésiThe decrease in the, Balues
observed near the circular edge is consistent with the axisymmetric tilt on the field direction expected
in the free space close to a uniformly polarized sample.

Fig.59: Induction field map omponent, scale in mT) measured with the Hall probe over tl
sample in theemanent state after saturation.nE value of Bindicated in the insert is the spatiall
averaged value performed inside a 10 mm circle (dotted line) correspdodimg sample

dimension. e values on axes correspond to the scanning position in mm.

Maps of induction recorded over the sample demagnetized in the closied in the opercircuit
configurations are compared In the first case, very large fiicheterogeneities are revealed

with several adjacent and distinct zones having opposite polarization directions. In the second case,
the induction field is homogeneous in the central part and keeps only small (negative) values in the
rim region (with thesame sign than the induction measured in the initial saturated state). This last
feature results from the fact that, in opetircuit, reversal is easier to initiate at the center part of the
sampledue to a higher sellemagnetizing field factor in this ze. Iare also plotted the grain
reversal patterns computedn the top XY plane of the sample, showing the appearance of large
clusters in closedircuit whilethe grain reversal pattern is more diffuse in oparcuit.
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Fig.60: (Left) Residual induction field maps ¢Bmponent, scale in mT) measured with the Hall probe
over the sample in the demagnetized state achieved in closadit (top) and in opertircuit via the
Bitter coil(down). e values of Bndicated in the insert are the spatially averaged values performed
inside a 10 mm circle (dotted line) corrensding to the sample dimensiorh& values on axes
correspond to the scanning position in miRight) Grids correspond to the grain reversal patiern
simulated on the highest XY plane at J=0.

The observation of large heterogeneities with the Hall prdlas been reproduced with the same
sample submitted to repeated cycles and also checked with other samples. Furthermore, the induction
field map measured over a sample (of diameter 6 mm) after its demagnetization performed by the
extraction magnetometer (openircuit) up to the coercive fielid reported iand compared to

the corresponding map after demagnetization in clos@@duit. In terms of homogeneity of the
induction field, the maps |Rig.61jare consistent with those jRig.60
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Fig.61: (Left) Residual induction field maps ¢Bmponent, scale in mT) measured with the Hall probe
over the sample in the demagnetized state achieved in closedit. (Right) Same measmnent in
opencircuit using the extraction magnetometé@e values of Bndicated in the insert are the
spatially averaged values performed inside a 6 mm circle (dotted line) corresponding to the sample
dimension. The values on axes correspond to the scanning position in mm.

Our interpretation is that such measurement revelaligge clusters in the reversal pattern that could
be consistent with the polycrystalline model prediction. In ojincuit, field variations predicted by
the model occur at the scale of grains and cannot be observed with this protocol.

111.4.Magnetostatic coujithg in heterogeneous magnets

The previous results established the role of cascade effects on the shape of the demagnetizing curve
measured in closedircuit. Actually, the polycrystalline model predicts that demagnetization is
triggered by the first reveesd grains and that thee) HEA <Z}po ( SUE Z]PZ Necpu E v o
case of a narrow dispersion of the grain coercivity. In this paragraph, two cases are considered in order

to analyze how the-Bi curve squareness can be affected by some heterogeseéitithe magnet. The

objective is to supply some interpretation elements of the experimental results obtained on specific
samples which will be detailed in Chapterahd V.

111.4.1.JH curve of a twayrainpopulation magnet

111.4.1.1 Model parameters

In this first case,hte polycrystalline model is applied to a sample made of two populations of grains
with different mean coercivity values randomly distributed in the array (10x10x5). The first population,
with the lower coercive field, represents here a very small fractibthe total population of grains
(fixed at 3 %) and can be considered as defects. These low coercivity graihs &u.1 T,l4.= 0.1T)

are rather isolated and surrounded by high coercive graingHzpe 1.6 T,l4.= 0.1T) as shown by the
coercivity dstribution map plotted irFig.62|(low coercive grains are filled in black).

111.4.1.2 Analysis of grain reversal pattern

The simulated-H curve of this twegrain-population sample is shown|iig.63| The reversal of the
high coercivity grains that are highly majoritarian (97%) is fdortak anticipated. This is pointed out
by the shift between the curve expected from the coercivity distribution and the simulated curve (gap
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larger than 100 kA/m). The low content of defect grains (3%) has a limited impact on the first statistical
curve bu a strong one on the resultingH curve.

Fig.62: Repartition of the grain coercivity in gray scale in the numerical sample used for tl
simulation of the bimodal grain population magnet (arbitrary units: black = loalere, white =
higher value),lte 2D maps are drawn for each p{@ne starting from the migblane of the
complete grain array (the numbeirgdicate the position of the Xdane starting from the mid
plane towards the back).

The grain reversal patterns pelinderstanding the degradation of theHJcurve squareness (

. As expected, all low coercive grains firstly reverse (point #15) and in turnjnithége cascade
reversals (forming axial stripes seen in points #17 and #19) that affect the surrounding high coercivity
grains. When the sample coercive field is close (point #22), the reversal patterns again form large
clusters as in the homogeneous graimay. The simulated curve compares to an experimental one
obtained on a sintered sample after thermal annealing that exhibits poor squaresess

the distribution of low coercivity grains corresponds to the grain characteristics obtained after
sintering, it is believed that a few grains may remain not fully affected by the annealing and keep their
low initial coercivity after the thermal treatment. Thassumption should be validated by a more
accurate characterization of the microstructure but it is interesting to keep in mind that the
polycrystalline model accounts for a significant loss of tié clirve squareness induced by a low
content of defectgrains (3%).
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Fig.63: Simulated demagnetization curve of the bimodal grain population magnet (red open symbols
with following inputs for low coercive grains:okk> = 1.1 Teyc= 0.1T and for high coercive grains:
<poH> = 1.6 T+c=0.1 T). e coercivity distribution is indicated by the blue solid line for the whole
magnet and by the black solithé¢ for the population 1 aloneh& dotted line corresponds to the
experimental curve of an annealed sample chosen as reference.

Fig.64: Grain reversal patterns fahe foursekcted field values indicated|iig.63
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111.4.2.JH curve of duplex magnets

111.4.2.1 Model parameters

A second configuration has been investigated to shed light on magnetostatic coupling effects. It
consists in a duplex magnet made of a low coercivityFi#8 magnet ilc= 1140 kA/m, 10 mm
diameter and 5 mm height) sandwiched between two symneatrhighly coercive NBeB magnets
(Hc= 1700kA/m, 10 mm diameter and 10 mm height). Both regions have the same remanence (1.3 T)
and the coercivity distribution obtained witpoHz> = 16 Tand 4 = 0.2Tfor the low coercive grains
and<poHc> =2.35 Tand V.= 0.1Tfor the high coercive grainis plotted igFig.65

Fig.65: Repatrtition of the grain coercivity in gray scale in thenerical sample used for the
simulation of the duplex magnet (arbitrary units: black = lower value, white = higher value). 1
maps are drawn for each Xanestarting from the migplane of the complete grain array.

111.4.2.2 Analysis of grain revergadttern

This stack is simulated in the closadcuit testing condition using arrays with the same shape ratio as

the individual magnets. The experimental and simulated demagnetization curves are pI@

and show three main stages: (i) a plateau that extends up toHbealue resulting from the linear
combination of the curves of individual magnets, (ii) a qliasar decrease imagnetizationand (iii)

an abE P% S o}ee }( u Pv §]1 §]}v o JvP 8} §Z " p%o &£ u Pv 3 _} E]
obtained with values d¥l and H extracted at the mieplane, which corresponds to the position of the

measuring coil, is in good agreement with the experimental opafrary to the case for which the

simulated curve is plotted with the averaged valued/cind H.

The grain reversal patterns at selected field value&)Aeported iindicate that the second

stage (ii) can in turn be decomposed into two steps. In a first stdp)(feversal is located in the less
coercive central magnet, its extension shows few cascades and the demagnetizing curve is found to be
broader than he experimental curve of the individual magnet. Then, in the second stEjy (Eversal

enters the high coercive region where grain switching occurs for field values lower than expected from
the coercivity distribution. At the end of the second stageceds effects occur in the more coercive
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magnets (F) and finally, the overall coercivity of the sample is 100 kA/m lower than the value that
would be obtained by a simple linear combination of the respective demagnetizing curves.

Fig.66: Simulated demagnetizing curve of the duplex magnet (in red open symbols, low coercive
grains: <gHz>= 1.6 T andwc= 0.2 T, high coercive grainsodg> = 2.35 T andwc= 0.1 T). fle grain
coercivity distribution in the duplex magnet is gadied by the black dotted lineh@& blue dotted lines

correspond to the experimental curve of each magnet measured separately.
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Fig.67: Grain reversal patterns for the 6 selectedd values indicated |iﬁig.66 (A-F): the filled and
nonHilled squares in the grids refer to reversed and-rerersed grains, respectively ({Znes
ranked from they=0 to higher y positions incremented from left to right).

111.4.2.3 Influence of the axial position of the pigg coil

The grain reversal pattern depicted in the previous section is not homogeneous along the magnet stack
height especially between the points A aaddexed on theH curve. Actually, in the second quadrant
of the hysteresis loop, grain reversal seems logically more developed in the central magnet. This model
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prediction has been checked by the measurement of the residual induction performed itHah

probe device over the central magnet after a demagnetization run interrupted firstly near point D and

then at the coercive field (point F). The corresponding induction maps are prese|fedda| On the

one hand, at point D, the central magnet in found to be quasi fully demagnetized (average residual
induction is low =63 mT) and again, large zones with opposite directions of residual magnetization

are observedX Kv §Z }8Z E Z v U SWwPRWWSIRE]IBZ PMESZ o}A } & JA]SC u
homogeneous and well advanced (the sign of the average induction is reversed as the polarization
would be in the third quadrant, if the magnets were measured separpately

Different JH experimental curves have been successively measured after increasing the axial position
of the coil sensor (with respect to the duplex magnet) by a step of 1.5 mm and starting from a
configuration where the sensor is located at the midnglaAs can be noticed[Fig.69] the shape of

the JH curve evolves with the coil height, featuring decreasing slopes (within the range representative
for the magnet iteraction) as the scanned zone is shifted from the mid plane. This result confirms the
fact that the polarization is actually graded along the stack, being more advanced in the low coercivity
magnet than in the high coercivity one. However, it has to batpd out that, even at the highest coil
position, the H curve remains still influenced by the central magnet. The measuring coil has a
thickness of 2.5 mm leading to values of J and H that should be considered as averaged values over
this height. With aheight of 7.5 mm from the mid plane of the stack, the highest curve covers values
of J and H that could be reasonably considered as inherent to the high coercivity magnet. Invalidating
this assumption, the-Bl curve recorded at this position exhibits paxguareness compared to the
intrinsic curve of the high coercive magnet. This again supports the effect of magnetostatic interactions
upon demagnetization of heterogeneous magnets.

The shift of the experimental curve as a function of the sensor posithsralso been simulated with
the polycrystalline model and the results, plottedFig. 70| are consistent with the experimental
findings. Finally, it has to be keptrirind that the duplex magnet case chosen for the study has a strong
property gradient (larger than the one expected indifused magnets). Even for this extreme case,
the shift on H curves observed by sweeping the pigkcoil remains limited, the coeikity being
moved of 2071 | lu ~C 79X

The main finding of the study made on heterogeneous magnets is that magnetostatic coupling
between grains gives rise to intricatéllurves. More precisely, the loss in squareness observed in the
curves can beorrelated to the presence of low coercivity grains. The early reversal of the weak grains
tends to trigger grain reversal over the whole magnet. However, tReciirve obtained with the
hysteresigraph method, even if it is affected by the heterogeneitiesild not give alone quantitative
information about the amount and the precise repartition of the defective grains. In Chapter V, taking
into account this remark, the polycrystalline model will be implemented and combined to advanced
magnetic measurement® supply quantitative data about the axial profile of coercivity indiffused
magnets.
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Fig.68: (Left) Residual induction field maps ¢Bmponent, scale in mT) measured with Hredl probe
over the low coercivitgample of tle duplex magnet taken in two demagnetized states achieved in
closedcircuit (hysteresigraph) corresponding to the points D (up) and F (down) indettes] 3th

curve plotted i The values ofAndicated are the spatially averaged valuaesasuredn the

10 mm circle (dotted line) corresponding to the sample dimension. The valtresaxes correspond

to the scanning position in mm. (Right) Grids corresponddagthin reversal pattesin the XY plane

locatedat the top of the high coercivitpagnet and at theéop of the low coercivity magnet.
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Fig.69: Experimental-H curves measured on the dex magnet (central low coercivitgagnetwith
h=5mm, high coercive magnets with h=10mm, diameter 10 mm). The measuring coil is positioned in
the middle plane (solid red curve) and then shifted upvisgrcegular steps (t=1.5 mm).

Fig.70: Simulation of thenfluence of the shift of the measuring coil obtained with the polycrystalline
model applied to the duplex magnet configurationnd & values are averaged over a height
equivalent tohalf of the thickness of the central magneer&ors are located at thaid-plane (open
red circles) and at the top end of the stack (open black circles).
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111.5.Conclusions

Demagnetizing field effects have been studied on hysteresis loops of hard magnets measured in both
open and closeetcircuit conditions. Experimentally, it haseen observed that the slope of the
magnetization variation in opeaircuitis different from that due to usually considered demagnetizing
effects. Furthermore, a reduction in coercivity in oparcuit compared to closedircuit is found.
Magnetization reersal is found to depend on the measurement type. The cavity field model developed
here to better describe the demagnetizing field effects in hard magnets predicts that magnetization
reversal has less collective character in opewouit than in closedircuit. In addition, to assess the
demagnetizing field effects, a polycrystalline model has been implemented. The simulated difference
in coercivity between both configuration types is in good agreement with the experimental one.
Moreover, the simulated rexrsal patterns are consistent with the respective collective characters
predicted by the cavity field model. For instance, reversal patterns in the etbsadt condition show

large clusters of reversed grains (fully collective process) whereas thodbeiropencircuit
configuration are mainly made of alternate columns of opposite polarization (less collective character).
Finally, the numerical polycrystalline model can reproduce and explain the shape of experimental
demagnetization curves obtained fouplex magnets. The deterioration of squareness observed for
these magnets can be correlated to the presence of low coercivity grains.

Thework presented in this chapter deals with two complementary and original approaches faeful
the analysis ofthe demagnetizing curve obtained in open and closeetircuit configurations. The
formalism that accounts for collective effects and the polycrystalline finite element simulation
developed in the frame of this thesis are supported by several experimental réRudtsnethodology

is implemented in the following chapters for the interpretation of theél turves of magnets with
coercivity gradient. However, the approach remains of general interest in the domain of permanent
magnet characterization. Actually, closamd opencircuit techniqusarewidelyusedfor determining

hard magnetperformance and the work could be completed in the future to supply some guidelines
for experimenters. This work brings a quantitative understanding of {Hecdirve shapes and also
paves the way for a more detailed study of the influence of some microstructural evolutions during
magnet manufacturing. For instance, polycrystalline magnets made ofcubic grains (involving
differences in the local demagnetizing factor), with size anddmgnment dispersion, as well as the
effect of soft magnetic phases, could be investigated in a future work.
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IV.Experimental and computational study of magnetization reversal it®yiffused NdreB
sintered magnet

IV. Experimental and computational study of magnetization

reversal in D¥Co diffused NdFeB sintered magnets

This chapter describes tlexperimental parametric study carried out about Grain Boundary Diffusion
Process (GBDP) using-Oy diffusion alloys in NEeB sintered magnets. The influence of diffusion
time and temperature, and of annealing before and after GBDP on magnetic propertigsorted.
Moreover, microstructural observations and further magnetic measurements are performed to
characterize the corshell microstructure and the diffusion profile of the GBDP magnets. Finally,
micromagnetic simulations using the FEMME softwaeeaso presented to describe magnetization
reversal at nanoscale in a grain represented by &brell model and to determine the influence of
some microstructural features on the resulting magnetic properties.

IV.1.Magnetic poperties in the asintered state ad after post

sinter annealing (PSA)

IV.1.1.Experimental results

In this work, sintered magnets with the following composition (Nd,P$:B8).1B1Ab sCa sCw.1 (Wt.%)

are used as base magnets (Dy content = 0.5 wt.%). The latter are cylindrical with a diameter of about
10 mm and a thickness of about 5 mm. The average magnetic properties measured on 20 samples after
sintering at 1032°C for 4 h are givefiTiable26] Note that all magnetic properties presented in this
chapter are measured at room temperature using the hysteresigraph systemclpsedcircuit
configuration).

BH
Value Ek(T) Hej (KA/m) Hinee (KA/M) Hhneo/Hej gk\]/r)]nqg;
Average 1.34 832(1.05T) 777(0.9871) 0.93 335
Standard +0.01 +6 +7 +0.01 +7
deviation

Table26: Magnetic properties dbase magnets ithe assinteredstate.

The magnets then undergo pesinter annealing (PSA) at different temperatures for 2 h. Different
annealing temperatures can be tested on the same magnet owing to the coercivity reversibility (see
for the example of successive PSA at 530°C). In fact, a heat treatment arou8a®@after

PSA enables the recovery of a coercivity that is equivalent to that of tamesed state. As reported
in|Table 27] the remanence remains unchanged after the consecutive heat treatments.

Heat treatment k(T) He; (KA/m)
Sintering 1032°C (4h) 1.36 824(1.04T)
+ PSA 530°C (2h) 1.36 1086(1.36 T)
+ 920°C (3h) 1.36 816(1.03T)
+ PSA 530°C (2h) 1.36 1087(1.36 T)

Table 27: Coercivity reversibility for successive PSA at 530°C.

This is similar to the study of Woodcaetkal.[127]that also conerned the reversible and repeatable
increase in coercivity after successive heat treatments performed eRéNRIsintered magnets. Post
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sinter annealing at 500°C for 1h resulted in an increase in coercivity of about 30 % and a subsequent
heat treatment at1050°C for 1 h led to a decrease in the coercive field with a similar magnitude. The
process was repeated several times and coercivity changed by 30 % each time. This relative gain in
coercivity is in good agreement with the one reported for our wofKanle 27]~Ci19+X &UESZ Eu}E
the remanence remained also unchangedli7] after the successive heat treatments. With the help

of scanning and transmission electron microscopy, these eswdte attributed to differences in the
distribution of the Ndrich phases between the low and high coercivity states. For instance, the heat
treatment at 1050°C is far above the eutectic temperatures ofQud(520°C) and the Niath phase
(655665°C) andat this temperature, the edges of Mea4B grains melt. During quenching, the re
solidification of the edges of the Mee4B grains is assumed to reject the-Nch phases from GBs to

the triple junctions, resulting in a poor distribution of the idh phases and thus in a low coercivity

state. In the case of annealing at 500°C, theridd phases at triple junctions melt via eutectic
reactions but no partial melting of MBe4B grains happens. The Nidh liquid then flows along the

GBs by capillary forse leading to an optimized distribution of the ¥dh phases and to a high
coercivity state.

The demagnetization curves of the samples annealed at different temperatures (470, 500, 530, 550
and 600°C) are shownkig.71] together with a demagnetization curve of a sample in theiatered
state.

Fig.71: Demagnetization curves measured after PSA at 470, 500, 530, 550 and 600°C. Theudack
represents the demagnetization curve of thesagered state.

The corresponding average magnetic properties are givdmlohe28| The annealing heat treatments
at 470, 500, 550 and 600°C are each tested on 4 different samples and the heat treatment at 530°C is
performed on 8 different magnets.
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PSA temperature R H Hinee HeodHo (BH)nax
°C) T) (kA/M) (kA/M) kned/ M (kI/n?)
470 134  1052(1.32T) 899(L.13T) 0.86 346

( 0.003) (+13) (* 1) (+ 0.01)  2)
S0 133 1092(1.37T) 915(L.15T) 0.84 339
( 0.002) (+ 6) (* 3) ( 0.002) (1)
530 135  1105(1.39T) 918(1.15T) 0.83 351
( 0.01) (+ 15) ( 10) (+ 0.01) *7)
c50 1.35 961(1.21T) 828(1.04T) 0.86 348
(+ 0.01) (+ 39) (+ 16) (+ 0.02) (* 5)
500 1.36 862(1.08 T) 796(1.00T) 0.92 355
( 0.002) (* 7) (* 2) (+ 0.01)  2)

Table28: Magnetic properties after PSA at 470, 500, 530, 550 and 606&& values between
parentheses correspond to the standard deviation.

After PSA, remanence remains almost unchanged but coercivity shows remarkable improvement
compared to that of the asintered state. The (Bk)figure of merit is also increased compared to
that of the assintered state but does not vary too much between the different PSA (since.(BH)
depends on the square of remanendé pwoHc; > #2). However, the rectangularity of the
demagnetization curveis systematically lowered after PSA (except for PSA at 600°C). By plotting the
evolution of coercivity with the PSA temperature , it can be observed thatn optimum of
coercivity exists for a specific annealing temperature:

Fig.72: Evolution of coercivity with the PSA temperatdige blacksolid line represents the average
coercivity of the asintered state.
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For the studied baseomposition, coercivity is the highest after PSA performed at 530°C (gain of 33 %

in H; with respect to the asintered state). Nevertheless, coercivity also shows high sensitivity to the

chosen PSA temperature. For instance, a huge drop inthe cogfgtive ~}( }us iAi | lu C id 9 ]
observed between the optimal temperature of 530°C and 550°C. This is problematic for industrial
processes since the perfect control of the temperature inside industrial furnaces is challenging.

Below the optimal temperatre (from 470°C to 530°C), coercivity increases steadily. This behavior is
triggered by the Cu addition in theagnet base compositiof®.1 wt.%) and is attributed to the gradual
formation of NdCu or Nd-eCu eutectic phases during PSA via the following 8]} v W Nd #

E p 8§ C AIIE " Wd*>NdCu + NBaz p § C odad, [129]identified in the pseudeo
binary phase diagrar(se. Moreover, Cu is known to improve the wettability of the-Nch
phaseat GBs by reducing the melting temperature of this pha@9]. Coercivity after PSA increases
with the better wettability of the Nerich phase.

Fig.73: Pseudébinary phase diagram (30 at.@u) extracted from the ternary NetFe phase
diagram (wdenotes NgFa:Cu phase)129]

The early works oSagaweet al. [130] attributed the sudden drop in coercivitabove the optimal
temperature to alower efficiency of the eutectic reaction (between Nd andM&B phases in this
case) to remove nanoscale defects by the phase separation process. It is worth noting that the optimal
annealing temperature in the present study is very close to the temperature of the deep eutectic
reaction found in the NdCu binary phse diagram (520°C). Similar results have been obtdoretie

same magnet compositioin the thesis of B. Hugonngt31].

Several investigati® on annealing have been performed by TEM on magnets with similar
compositions. Viagt al. [7] showed that a thin interphase with complex chemistry forms at grain
boundariesand that this phase could be nanagnetic Finally, he genaal mechanisnaccounting for

the increase in coercivity is attributed to the two following proassgi)grain exchange decolipg
thanks to the efficient wettability of the Ndch phase and (ii) curing of defeatse to the eutectic
reaction andhe subsequent phase separation.
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IV.1.2.FEMME simulations: sintering vs PSA

The shape of the-d curves reported suggests that two kinds of defects coulel &ffective on

the studied magnets after sintering: (i) a majority of nanoscale defects located at grain boundaries and
that can be partially removed during annealing and (ii) some dispersed and more extended defects
that could hardly be cured by thermakftment. The presence of these two defect populations could
explain the poor squareness of thédJcurves since demagnetization always starts from the stronger
defects. The objective of the micromagnetic simulation is to compare the harmfulness of defdth

in exchangecoupled anddecoupled grains.

IV.1.2.1Description of the model

Preliminary micromagnetic simulations are performed with the FEMME software package to simulate
magnetization reversal in a simple model depicte The model is composed of 8 cubic
Nd:.FesB hard magnetic grains of dimensions 60 x 60 x 60 Rorthermore, the grains are separated

by a 2nm-thick GB phase of various nature. A defgetre Fepf dimensions 60 x 4 x 4 ris localized

in one of the grains to act as the nucleation zone for magnetization reveesab(that reversal always
starts in the grain that contains the defect). This is original compared to the case eFasdyrain

with near zero anisotropy that is more often used in literature for nucleafitsj, [106] I

only 2 grains are represented for simplification reasons.

Fig.74: Cubic model used for preliminary FEMME simulations.

The input parameters for the NBesB grains, the GB phase and the defect are summariz@dbie
with the respective exchange lengths.

Phase Ky (MJ/m?3) E(T) A (pJ/m) Lex (NmM)
NdFe4B[81] 4.3 1.61 7.7 Ci
Norrmagnetic Gphase 0 0.001 0.077 C 35
[132]
Soft ferromagnetic GB .
phase[132] 0 0.75 2.5 Ci
Defect(pure Fe)[133] 0 2 20.7 C o

Table29: Intrinsic magnetic properties at 300 K of theatifint phases of the model.
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Asmentioned in Chapter Il, the mesh size of the finite element model has to be of the order of the
exchange length of the simulated material. In this work, tetrahedral meshes with a size between 2 nm
(edges of NgFa4B grains, GB phase and defect) and 10(cemter of NdFe4B grains) are used.

IV.1.2.2Simulated demagnetization curves: sintering vs PSA

Two different cases are simulated, depending on the nature of the GB phase: soft ferromagnetic or
non-magnetic. The simulated demagnetization curves are sholf#gia5

Fig.75: Simulated demagnetization curves corresponding goft ferromagnetic (solid recurve) and
to a nonmagnetic (solid blue curvgB phase.

The case with a soft ferromagnetic GB phase is equivalent to tntesed state (discontinuous GB

% Z Y Acdupldd grains) whereas the case with a amagnetic GB phase is similar to the
microstructural state after optimal postinter vv o]JvP ~ }vS]vu}pue ' %o ZdecolpledE Z vP
grains). The defect involved in the reversal nucleation is kept effective in both cases. As observed in
for a softferromagnetic GB phase, magnetization reversal occurs in one step while for a non
magnetic GB phase, it proceeds in several steps. It can also be observed that magnetization reversal
starts later for a sofferromagnetic GB phase, which is upected. This can be inferred from the fact

that the GB phase has a thickness of 2 nm, which is lower than the exchange length, and so that
magnetic domains remain pinned at the GB phase (as reportgtlZ/in Moreover, the shape of the
simulated demagnetization curves is in good agreement with the experimental ones: rectangularity is
close to unity when the GB phase is soft ferromagretid is deteriorated when the GB pdwis non
magnetic (step reversal). The shapes of the simulated demagnetization curves are consistent with the
ones computed if47] and [48] for which extremely sharp and highly sqadrdemagnetization curve

is obtained for a standard sintered magnet (exchange coupling) while round shape curve is simulated
for a Gadoped magnet (exchange decoupling).
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Furthermore, the gain in coercivity is about 44 % for the case with anmagmetic GBohase with
respect to the case with a sefierromagnetic GB phase. The simulated gain in coercivity is higher than
the experimental one (33 %) because of the smaller volume proportion of defects in the simulation
model. The same reason also explains ttghar values found for the simulated coercivities.

IV.2.Magnetic properties after GBDP and pd#tusion annealing
(PDA)

IV.2.1.GBDP using intermetallic compound vs eutectic alloy

After PSA, GBDP is performed onfé&B sintered magnets using the dg@a4 eutectic alby and the

DyssCas7 intermetallic compounc{se. Diffusion is done along the easy axis direction and at
920°C for 3hs(eeSectio. Afterwards, the diffused magnets undergo a poitusion annealing

(PDA) at 530°C for 2h. This PDA is crucial since it has been shown that a heat treatment around 900°C
leads to a coercivity (microstructural state) that is equivalent to that of theimtered state (s

. Moreover, Kimet al.[96] reached a coercivity of about 3 T by subsequent PDA ecoBiaining

(7.5 wt.%) magnets and claimed that this PDA was required because of tbetitigity of the Ndrich

phase (characterized by HAABFEM) after GBDP using Dy vapor.

The demagnetization curves corresponding to the four thermal treatments are shown for both

diffusion sources ||PFig.76

Fig.76: (Left) Demagnetization curves measured for the magnet diffused with the eutectic alloy: after
sintering (black solid curve), after optimal PSA (green solid curve), after GBDP (blue solid curve) and
after PDA (red solid curvégRight) Same measurements the magnet diffused with the intermetallic
compound.

The coercive fields measured after each fabrication step are giyEabile30
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Magnet Fabricaton step He; (KA/m)
Assintered 833(1.05T)
Diffused with the eutectic alloy + PSA 530°C (2h) 1093(1.37 1)
DyseCa4 (at.%) + GBDP 920°C (3h) 1197(1.50 T)
+ PDA 530°C (2h) 1394(1.75T)
Assintered 826(1.04T)
Diffused with the intermetallic + PSA 530°C (2h) 1103(1.39 1)
compound DyCay (at.%) + GBDP 920°C (3h) 1309(1.64 T)
+ PDA 530°C (2h) 1461(1.84 T)

Table30: Coercivity measured after each fabrication step for the magnets diffused widutéetic
alloy and the intermetallic compound.

In the following, the coercivity after optimal PSA is taken as reference. For the eutectic alog, Dy
diffusion leads to an increase in coercivity of about 10 %, whit€®diffusion combined with PDA
raises the coercive field by about 28 %. In the case of the intermetallic compour@p Dijffusion

leads to an increase in coercivity of around 19 %, while combined with PDA, it raises the coercive field
by almost 336.The more important gain in coercivityrfGBDP with the intermetallic compound can

be attributed to its easier grinding, compared to the eutectic alloy, leading to a more homogeneous
deposition of the powder at the magnet surfaces and toamore efficient diffusion process.

The next results will therefore concern GBDP performed with the intermetallic compousddy

Fig.77: (Left) Image of the surface state of a magdéfused withthe eutectic alloyDysCa.. (Right)
Same for a magnet diffused with the intermetallic compoDygCay.

IV.2.2.Influence of diffusion time on magnetic properties

A parametric study has been carried out to analyze the influence of some experimental features on
magnetic properties. The first studied parameter is the diffusion time. For that, GBDP at 920°C for 3 h
and for 12 h has been performed on different-NdB sntered magnets. Afterwards, these latter
undergo the same PDA at 530°C for 2 h. The demagnetization curves of the magnets diffused for
different times are shown The normalized polarization is plotted as a function of the applied
field to focus the discussion on the coercivity changes.
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Fig.78: Influence of diffusion time on coercivity for GBDP usiggC@y intermetallic compound

The corresponding magnetic properties are givgi aile31

Fabrication step Kk (T) Hej (KA/m) Hined/Hoj (BH)nax (kJ/md)
GBDP 920°C (3h) 1.33 1241(1.56 T) 0.72 338
+PDA 530°C (2h) 1.34 1454(1.83 T) 0.66 345
GBDP 920°C (12h 1.30 1224(1.54 T) 0.72 322
+ PDA 530°C (2h) 1.30 1443(1.81 T) 0.65 326

Table31: Magnetic properties after GBDP at 920°C for 3 and 12 h, and after PDA af&32C

Compared to GBDP for 3 h, the remanence is smaller after GBDP for 12 h because Dy penetrates more
into the hard magnetic grains and antiferromagnetic coupling is therefore more important. Moreover,

no coercivity enhancement is measured afterlidur-diffusion, coming from a saturation effect of Dy

in N&bFe4B grains. The rectangularity is also decreased after GBDP (with respect to the rectangularity

after optimal PSA) and further deteriorated after PDA.

IV.2.3.Influence of diffusion temperature on magnasioperties

The second studied parameter is the diffusion temperature. GBDP at 870°C for 3 h is compared to
GBDP at 920°C for 3h. Again, the magnets undergo the same PDA at 530°C for 2 h. The demagnetization

curves for the magnets diffused at different tperatures are shown

Rig.79
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Fig.79: Influence of diffusion temperature on coercivity for GBDP usigg ®yintermetallic
compound.

The orrespondingmagretic properties are given |able32

Fabrication step Kk (T) Hej (KA/m) Hinee/H; (BH)nax (kJ/md)
GBDP 83°C (3h) 1.33 1172(1.47 T) 0.75 339
+ PDA 530°C (2h) 1.34 1375(1.73 1) 0.68 347
GBDP 920°CHB 1.33 1241(1.56 T) 0.72 338
+ PDA 530°C (2h) 1.34 1454(1.83 1) 0.66 345

Table32: Magnetic properties after GBDP at 870°C and 920°C for 3 h, and after PDA at 530°C for 2h.

Compared to GBDP at 920°C, the remanence remaimthanged after GBDP at 870°C. Higher
coercivity is measured after diffusion at 920°C than at 870°C owing to the more efficient diffusion
process and thus the improved distribution of Dy in the magnet microstructure.

IV.2.4.Influence of PDA on magnetic properties

The last studied parameter is the PDA temperature. As shown before, the optimal annealing
temperature prior to DyCo diffusion depends strongly on the magnet composition and is therefore
expected to change after Bgo diffusion. For these experiments, GB&} 920°C for 3 h is performed.
Afterwards, different PDA at 500, 530, 550 and 600°C for 2 h are carried out. For each PDA, the
corresponding magnetic properties are give[Table33

Fabrication step R (T) Hej (KA/m) Hinee/H; (BH)nax (kJ/m°)
PDA 500°C (2h) 1.34 1457(1.83 T) 0.68 344
PDA 530°C (2h) 1.34 1454(1.83 T) 0.66 345
PDA 550°C (2h) 1.33 1455(1.83 T) 0.69 341
PDA 600°C (2h) 1.32 1280(1.61 T) 0.76 337

Table33: Magnetic properties after PDA at 500, 530, 550 and 600°C for 2h.

The evolution of coercivity with the PDA temperature can be directly compared to the one with the
PSA temperature |Rig.80
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Fig.80: Evolutim of coercivity with the PDA temperature (compared to the one with the PSA
temperature).

The optimum of coercivity can be reached after PDA at a temperature ranging between 500 and 550°C.
Compared to nowdiffused samples, coercivity shows less sensitiidgtyhe annealing temperature
after GBDP, which is interesting for industrial processes.

The particular microstructural changes at G@iging thermal annealing iDydiffused sample
reported by SepehtAminet al.[80] help understanding this behavior. Actually, the authors noticed
that the Nd atoms of the hard magnetahase replacedby Dy atoms are rejected 8B and forma
continuous Ndrich layer ofwidth 4 nm that enhances exchange decoupling between gradimaet al.
[96] showed that this layer continues to form during P&#d accours for acoercivity enhancement
that is less sensitive to theetting processnvolving Cu

The demagnetization curves measdrafter GBDP and after PDA (ragtvesin|Fig.78landFig.79)|)
exhibit deterioated rectangularity (0.68 after optimal PDA), which is detritakrior potential
applications.Generally,the appearance of microstructural heterogeneitieand more particularly
grain size dispersiorexplains thesedegraded H curves with lowsquarenesq134], [135] For
instance, Bittneret al. [135] studied thegrain sizereductionin sintered magnets bthe He jetmill
process and measuretH curveswith poor rectangularity In this case, they reported abnormal grain
growth lealing to two grainpopulatiors with large andow coercivitygrains (10 prsized distributed
between high coercivitgrains(less thar2 um). Even if the shape of theHlcurvesis very similar to
the JH curves obtained herafter Dydiffusion, the involed heterogeneity is different since abnormal
grain growth can be excluddd our case. Indeed referencesample undergoinghe samediffusion
heat treatment but without Dy-Co coatingexhibits a nordegraded <H curve. The shape of the
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experimentally measred demagnetization curves will be explained in the following sections with the
help of microstructural characterization and numerical simulations.

IV.2.5.M(T) measurements

As mentioned i Co substitutes to Fe of the hard magnetic phase ifF88 sintered magnets

and increases the Curie temperature. Measurements of the magnetizawiolution with temperature
(se under an applied field of 1 T have been performed to indirectly evaluate the penetration

of Co in the hard magnetic grains. The measured magnets have been diffused in the three above
experimental conditions (87028h, 920°€3h and 92°G12h) and further annealed at 530°C for 2 h.

The measurement of a magnet in the optimal PSA state is taken as a reference. The Curie temperature
of each sample can be determined by plotting the evolution of the second derivative of magnetization
(with respect to temperature) with temperature (. The corresponding M(T) measurements

are also given |fig.81

Fig.81: Bvolution of the second derivative of magnetization (with respect to temperature) with
temperaturefor the magnetdiffused in three different experimental conditicarsd for a reference
magnet. (Inset) Correspondingaution of magetization with temperature.

The Curie temperature idefined here aghe xcoordinate ofthe maximumpoint of the second
derivative of M The Curie temperatures of the magnets after GBE¥2 (336 and 337°C for 87038,
920°G3h and 920°@2h, respectively) are slightly higher than that of the reference magnet (330°C).
Zhanget al. [136] reported a Curie temperature around 310°C for-ReB sintered magnets
undergoing the intergranular addition difie intermetallic compound BysCa-.7 (wt.%). In addition,
Chenet al.[101] performed GBDP on NeéeB sintered magnets using the d9@ayo (at.%) alloy and
observed a Curie temperature of about 320°C. The increase of the Curie temperature after GBDP in
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[101], [136](+ 28°C with respect to the reference magnet) is in good agreement with the one in this
work (+ 27°C).

Because the Curie temperature of Bg4B is only 13°C higher than that of JRd4B, the observed
increase of the Curie temperature essentially resditom the diffusion of Co into the hard magnetic
phase. In this work, the addition of Co in the magnet microstructure during GBDP is veryi.emall (
about 0.2 wt.%), explaining the very small increase of the Curie temperature. This is also consistent
with the results reported in V.1.4. and obtained using a diffusion model for Co.

IV.2.6.Characterization of microstructure and coercivity profiles

IV.2.6.1Microstructural characterization: SHMDX

Microstructural characterization is carried out on magnets diffused at 83650@20°€3h, 920°€12h

and further annealed at 530%2h. The SEM images using backscattered electron contrast sl‘@in
are taken at various distances from tbeated surface: 100, 200, 800 et 2000 um. The observations
are performed along the easy axis direction and with the following features: accelerating voltage of 5
kV, working distance of about 10 mm and 5000 x magnification.

Fig.82: BSESEM imagetakenat various distances from the coated surface forrfegnets diffused
in three different conditions.

The grains located in the vicinity of the coated surfde if the first 50 pm, not shown
appear brighter than the grains further away, indicating a higher atomic weight due to Dy. After this
zone (from 100 pm for all samples), the typical eshellmicrostructure of the (Nd,Dyffe4B grains is
observed. The average grain size and thickness of trenbighed shells determined by image analysis
(intercept method) are given |ihable34{for each BSISEM image.
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100 pm 200 um 800 um 2000 um
A";;aeg(e r?]r)a'” 52+09  4+06 42+16 44406
870°Gsh Average trlicknes‘
of Dy shell (umy 103 0.3+0.2 / /
A"s;aeg(e r?]r)a'” 45+06* 4.4%08 4.4+07 48+16
920°G3h Average tﬁicknes‘
of Dy shell (umy 2% 03 1+03 / /
A"s;aeg(e r?]r)a'” 47409 58+15 41+11 44408
920°G12h Average tﬁicknes‘
9 " 16+03 13+04 / /

of Dy shell (um)

Table34: Average grain size and thickness of theibDly shellsletermined fronFig.82|by image
analysis.

*The intercept method has only been penfeed on certain grainse.on those exhibiting a clear core
shell structure.

In addition, EDX maps of Dy are showRim83|for all samples at a distance of 50, 100, 200, 400, 800
and 2000 um from the coated surface.

Fig.83: EDX maps of Dy at various distances of the coated surfacé sangiles.

For the 870°@h diffused magnet, the thickness of the -Byyriched shells rapidly decreases for a
distance between 100 and 200 um from the coated surface [@Ege82| and|Fig.83) and these
structures are no longer observed after 200 um. For the 9:8bf @iffused magnet, the Dgnriched
shells are still pnthick after 200 i from the coated surface and disappear after 400 um. For the
920°C12h diffused magnets, the thickness of the-ghells is more important than the two former
magnets in the near surface region (3200 um) and according the coreshell structure is
still observed at 400 um with prthick Dy shells. These latter are observable until 600 um from the
coated surface (not shown here) and at 800 um, Dy is only present at grain boundaries. According to
the 870°€3h-200 pm, 920°h-400 um and 920°C2h-800 um EDX maps of Dy show a similar
microstructural state. The concentration profiles of these three maps will be more detailecein th
following.

The EDX maps of Dy and Nd at a distance of 100 um are witretheir respective concentration
profiles along a line |Rig.84{for each sample. The lirgtarts from aNd.Fe 4B grain and crosses a by
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enriched shell until reaching the neighboriNgkFe B grain. The normalized weight percentages are
given for Dy and Nd (the wt.% of Fe is not reportgBig84since it is predominant).

Fig.84: EDX maps of Dy and Btla distance of 100 um for each sample with the corresponding BSE
SEM image and concentration profiles along a line.

According t§Fig.84] the elemental maps of Nd and Dy reveal that the formation of(ie, Dy)Fe.sB

shellsis attributed to the replacement of Nd by Dy in the outerioets of theNd:Fea 4B grains The

amount of Dy relatively close to the coated surface in each sample can be directly compared. As shown

by the concentration profiles, it is equivalent in tNebFe 4B grains and the Dgnriched shells (105

wt.%) for the 8D°CG3h and the 920°Gh diffused magnets. The amount of Dy is smaller than the one

of Nd for these two magnets. However, for the 9202h diffused magnet, the amount of Dy becomes

more important in the Dyenriched shell (> 20 wt.%) than the one of Ndk llso particularly higher in

the NbFes }E ¢ ~C i1 A§X9eX dZ]e }u + (E}lu 3z -« sYE28The (( & u v
penetration of Dy into the hardhagnetic grains is the most pronounced for the 92026 diffused

magnet.

Moreover, the EDX maps of Dy and Nd are showWfign85|at various distances from the coated
surface, but for a microstructural state that is similar between all diffused magnet$or which Dy
is only found at grain boundaries).
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Fig.85: EDX maps of Dy and Nd at various distafmea similar microstructural state beeen all
diffused magnets, with the corresponding BBV image and concentration profiles along a line.

The concentration profiles of Dy[Fig.85]«Z}A §Z § 1§ ]+ % & + v § «<p]A o v§ A ]PZ3§
5 wt.%) in the D¥enriched regions for the 870°8h, 920°€3h and 920°@2h at a distance of 200, 400

and 800 um from the coated sfaice, respectively. This shows again that the Dy diffusion is the most
important for the 920°€12h magnet.

The gains in coercivity obtained in this thesis are compared to the ones from the work &f #ife6]
to discuss the role of PDA in the coercivity enhancemen{Kig&6). The coercivity increaségFig.|
are those reported for GBDP performed at 920°C for 3h using the intermetal@m@pmpound
(sedIV.2.3. In[96], the reported gains in coercivity werdaut 75 % and 19 % after PDA at 520°C for
1h (with respect to annealing before GBDP) foffi@g and DycontainingNd-FeB sinteredmagnets,
respectively. For Dgontaining magnets, the amount of Dy in the microstructurd96] (base Dy
composition + Dy diffusion) was much higher thanthe & %} ES ]v §Z]e §Z ] ~C 6 AS:
wt.%), partially explaining the very high coercivity in thesiasered state and after PDA. For-bge
U Pv 8¢U ]88 A « ¢8]J0o0 Z]PZ & ~C 1X6 A3X9 A« C iXi A3X9. pn3 38z 1} &
each fabrication step are in good agreement with ours.
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Fig.86: Coercivig improvementsifter GBDP perforneeat 920°C for 3h and after P@émparedo
the ones from the work of Kim et §6].

The microstructure changessponsible for the coercivity enhancement after PDA were also detailed
in [96] (se. The very high coercivity of 3 T achieved foicbgtaining magnets was explained
by the formation of Nefich phases with higher Nd content and by a higher Dy concentration achieved
at the interface between the Ndch phases and the formed secondaryiiph shell (compared to By
free magnets). Moreover, the GB phase is thicker in the case -ebipining magnet after PDA
because of the more important rejection of Nd to GBs by the substantial increase in Dy substitution.
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Fig.87: Schematidlustration of the microstructures changes after PDA performed ofrésyand Dy
containing NdFeB sintered magnet$96]

IV.2.6.2 Coercivity profile of diffused magnets

In addition to microstructural observation for the diffusion profile of Dy, further magnetic
measurements are carried out on the 92eBIC and 920°C12h diffused magnets. These latter are
polished to remove different thicknesses of the material and coercivity is measured after each
polishing step. This gives information about the coercivity profile of those magnets that will be later
discussedvith the help of the above EDX maps of Dy.

From the practical point of view, the polishing steps consist in the removal of 200, 400, 750 and 1250
pum on each side of the diffused magnet. Polishing is performed with a SiC #240 disk at a veloeity of 40
50 rpm.
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Prior to the measurements on the diffused magnets, a measurement is done on a reference magnet
(in the optimal PSA state) to check the influence of the polishing on the shape of the demagnetization
curve. The measurement is performed after removal d p on each side of the reference magnet

and is shown 1rIFig.88

Fig.88: Measuement of the demagnetization curve after polishing on anexice magnet.

The removal of 250 um on each side of the magnet has no major influence on its remanence or
coercivity, as well as the shape of the demagnetization curve. As a result, the same measurements can
be applied to the case of diffused magnets. Temagnetization curves obtained after successive
polishing on the 920°3h diffused magnet are show Note thatthe normalized polarization
isagainplotted as a function of the applied field to focus on the coercivity changes.

Fig.89: Measuremerd of the demagnetiation curve after successive polishorgthe 920°€3h
diffused magnet.
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Fron1 Fig.89| the values otoercivity after each polishing step for the 92eBitdiffused magnet are
reported in|TabIe 35| The values of H and H.» reported for each demagnetization curve are
determined with the help of tangents, as showrHig.88

As pointed out in the previous section, the gaptween H1 and Hvalues reflects the level of

Z 3 E}P Vv ]S8C Jv 8Z u] E}eSEY SUE X /8 ]« A}ESZ v}3]vP §Z § §Z]+ P
the base magnet (before Dy diffusionhe gap betweerH: and H_.gradually increaseas the

thickness of the removed layer decreases to finally reach a maximal value of 650 kA/m. It is also
interesting that the value of lHHwhich refers to the first knee of theH curves remains nearly constant

whatever the thickness of the removed layer. It coulddssumed that kh corresponds to defects

already present in the magnet before GBDP and thanatdully removed durindg?DA.

Removed thickness

Magnet on each side (um) Hc1 (KA/m) Hx,2 (KA/m) He (KA/m)
0 700 1349 1424(1.79 T)
s 200 677 1309 1367(1.72 T)
Gfgg Agégg(‘: 400 670 1278 1346(1.69 T)
750 703 1235 1305(1.64 T)
1250 690 1197 1269(1.59 T)
PSA 530°C 0 752 1081 1099(1.38 T)

Table35: Values ofk 1, H2 and coercivity after each polishing step for the 928Adiffused and
reference magnets.

Fa the 920°G3h diffused magnet,ite loss in coercivity is the highest for the removal of the first 200
Ru }v Z 14 %)Qhen decreases between 200 and 48 u -1G %) and remains constant
~ 3 %) after 400 pm.

The demagnetization curves obtained after successive polishing on the-92BWffused magnet are

shown ir[Fig.QO

Fig.90: Measuremers of the demagnetization curve after successive polisbimthe 920°€12h
diffused magnet.
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The corresponding values obercivity after each polishing step for the 92a°2h diffused magnet are
reported ifTable36

Removed thickness

Magnet on each side (um) H.1 (KA/m) Hi 2 (KA/m) Hej (KA/m)
0 690 1304 1385(1.74 T)
GBDP 920 200 693 1304 1367(1.72T)
12h + PDA 400 692 1276 1340(1.68 T)
530°C 750 695 1220 1280(1.61 T)
1250 697 1177 1251(1.57 1)
PSA 530°C 0 724 1040 1087(1.37 1)

Table36: Values oH 1, H2 and coercivity after each polishing step for the 92026 diffused and
reference magnets.

Forthe 920°C12h diffused magnet, amdl reduction incoercivity is observed after the removal of the
(JE-S Tii Ru }v -1Z39).Itnc@easesbetwedrii v 011 R4R %Creaches a maximum
SA v di1l v OfAi-BRY¥A~8e v SZ v E2.3%affdr TS0 pm.

In the following, the coercivity of the ngpolished diffused magnetdiis taken as reference (= 1424
kA/m for the 920°€3h difused magnet, = 1385 kA/m for the 920¢2h diffused magnet). The
evolution of the ratio /H0 with the removed thickness on each side is plottelfig.91|for both
diffused magnets. Furthermore, the EDX mappings of Dy are also SHG\i\y)tho shed light on the
link between microstructural characterization and the coercivityasweement.

Fig.91: Evolution of the ratio KH¢; o with the removed thickness for the 9288k and 920°@2h
diffused magnets and respective EDX maps of Dy.
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The losses in coercivity reportedTable35andTable36|can be explained with the help[ig.91]by
correlation with the EDX mappings of.Dds shown before, the highest loss in coercivity is observed
for the first 200 um in the case of the 92038 diffused magnet. For instance, the EDX map of Dy
corresponding to the nopolished magnet reveals saturation in Dy at/near the coated surfacétend

EDX map at 200 um from the coated surface shows the reduced localization of Dy at grain boundaries.
The same conclusion can be drawn for the 92028 diffused magnet for the polishing between 400

and 750 pum on each side (from clear cstesll structues to reduced localization at grain boundaries).

Micromagnetic simulationare here required to understandhe link between the local composition

and the macroscopic coercivity measurement. This can be studied at the grain scale by calculations
performedon a simple model that is representative of the catwell structure experimentally found

in Dydiffused NdFeB sintered magnets, but at a smaller scale due to computational limits. Numerical
modelling is also a helpful tool to explain the shape of thgeexnental demagnetization curves of Dy
diffused magnetsi.e.to explain the deterioration of rectangularity.

IV.2.7.FEMME simulations: cosilell model

IV.2.7.1Scope of the numerical simulation

Micromagnetic simulations are performed at the grain scale on a-sbedmodel using the FEMME
software. The objective is to determine the role of a maagnetic GB phase and of the-bgh shell
(thickness and concentration of Dy) on coercivity in such structures.

IV.2.7.2Description of the model

To simulate magnetization reversalancoreshell structure, the model (s is based on the

one described ifiv.1.2.3 It is composed of 8 cubic grains, each one consistirg MFeJB hard
magnetic core surrounded by(Bd,Dyj)Fe 4B shell of various thickness- nm). The grains are again
separated by a-hm-thick GB phase of various nature. The defect is still localized in one of the grains
to act as the nucleation zonerfamagnetization reversal.

Fig.92: Cubic model representative of a cafeell structure.

The input parameters for the NBei4B grains, the GB phase and the defect are the same| Babile]
The intrinsic magnetic properties for the different-Bgh shells considered in the simulations are
given inTable37| The parameters at 300 K for tkldssDys7).Fe4B phase are taken fronf81]. The K
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and 4 parameters at 300 K for th@NdoDyio)2Fe 4B and (Ndrs sDyes 5).F€4B phases are calculated by
linear interpolations between the values fdicbFesB and(NdssDys7).Fe4B phases, according §82],

[106]. The A parameter is also determined by linear interpolation, which can be questionable.
However, the exchange stiffness of the-figh shell has no major influence on the simulated
demagnetization curve and it also lies in a restricted range of values. In addition, the chosen
(NdkaDyz7)2Fe4B composition for the Dy shell can be justified by the EDX analy$e<2i.](crossing

of the Dy and Nd concentration profiles in the shell region). TheboDyio)}.FeB and
(NdrssDye3 5)2Fe14B compositions correspond to a very local anisotropy enhancensemt to the
intermediate case, respectively.

Phase Ky (MJ/m?3) E(T) A (pJ/m) Lex (NmM)
(NdbsDys7).FesB [81] 5.17 1.15 8.7 CcCo
(NdboDyro)2FersB 4.5 1.51 7.9 ci
(Ndhs.sDyss o)2FerB 4.7 1.38 8.2 C i

Table37: Intrinsic magnetic properties at 300 K of erich shells.

Tetrahedral meshes are used with the same size [#¢.1h2.1for the NdFea.B grains, the GB phase
and the defect. For the Brijch shells, meshes with a size of 2 nm are also used.

In the following, the impact of some model parameters on magnetizatemensal is reported: the
thickness and content in Dy of the diigh shell and the nature of the GB phase.

IV.2.7.3Influence of thickness/content in Dy of-figh shellbn magnetization reversal

The first studied parameter is the thickness of ther@h shell. Irnthe following simulations, the GB
phase is set to be nemagnetic (sefTable29]for parameters), so that the NBeJB grains are
exchangedecoupled. Two different thiclesses are tested for the Bich shell: 5 and 10 nm.
Furthermore, the impact of the content in Dy of the-Bigh shell is also reported. For that, simulations
with different compositions for the Dgich shell are carried out: 10, 23.5 and 47 at.% of e T
simulated demagnetization curves are showﬁig.%
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Fig.93: Simulated demagnetization c@s showing the influence of the -Bigh shellthicknessand
content in Dyon magnetization reversal he red numbers correspond to the screenshfif4

I all simulated demagnetization curves exhibit a stepwise behavior for magnetization reversal
Neither thickness nor content in Dy of the-Bdgh shell have an influence on this stepwise behavior.
However, this latter can be attributed to the presence of the moagnetic GB phase in the model. For
instance, somémages of the magnetization direati distribution are represented at different field
values ifFig.94]for the reference case with @d:Dys7).FeB shell of thickness 5 nm

Fig.94: Magnetization configuratiomluring reversal for the case with(ld:Dys7).Fa 4B shell of
thickness 5 nm and a nenagnetic GB phase (dark blue solid cury€ign93).

Fro magnetization reversal starts from the defect and propagates in the rest of the grain that
contains the defect (lstep: images 1 and 2). Owing to its Amagnetic nature, reversed domains are
pinned at the GB phase and a higher applied field is required for depinning. Then, reversed domains
propagate in the above neighboring grain and 2 grains are thus completelysesl/(29 step: images

3 and 4). After further pinning and depinning processes, reversal of all the remaining grains happens
(39 step). The image 5 corresponds to the magnetization distribution at the coercive field, for which
equipartition of blue anded domains is observed. This discrete switching of individual grains in the
case of a nonmagnetic GB phase is in good agreement with the idea developed in the work of Dobrynin
et al.[120].
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Compared to the simulated case with no Dy shell (dashed black c{Fig98), the above simulations
show that the(Nd,Dy)FesB shellefficiently hincers nucleation of reversed domains from the defect
(when the content in Dy of the Brjch shell is higher than 10 at.%). For instance, the simulated case
with a Dyo shell of thickness 5 nm shows very small improvement in coercivity, since its thickoess is
the same order of magnitude than the one of the defect (4 nm) and because of its low content in Dy.
The Dyrich shell also delays the reversal propagation from the first grain to neighboring grains, which
leads to coercivity enhancement. In fact, thaigin coercivity for the simulated cases with a Dy shell

of thickness 10 nm is about 30 % and is in good agreement with the experimental one reported in

IV.2.1after GBDP using the intermetallic compound and further PDA (+ 33%).

According t the reversal of the first grain (that contains the defect) essentially dependhe
content of Dy in the Dy shell. The propagatioff ¢hd 3%) steps are in addition determined by the
thickness of the Dy shell. Indeed, the curvgBim93)with a thicker Dy shell exhibit higher coercivity,
even if the content in Dy of the Dy shell is smalier. Dy:35 10 nm case shows higher coercivity than
Dys7 5 nm case).

IV.2.7.4Influence of GB phase nature on magnetization reversal

The above section has alreagiyen some information about the impact of a noragnetic GB phase
on magnetization reversal of the studied cesieell model. An additional case with a soft ferromagnetic
GB phase is simulated and is compared to the reference cffSig.68|(Dy:; 5 nm GB nommagnetic).
For this computation, the considered Dy shell is therefore(te:Dys7).Fe B phase with a thickness
of 5 nm.The $mulated demagnetization curve for a soft ferromagnetic GB phase is gi
This case corresponds to GBDP without further annealing, which is still efficiertoércivity
enhancement, as experimentally observed.

Fig.95: Simulated demagnetization curves showing the influence of the GB phase nature on
magnetization reversallhe red numbers correspond to the screenshisg96
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The simulation highlights the fact that the stepwise behavior of magnetization reversal essentially
depends on the nature of the GB phase. Indeed, the model with dewéimagnetic GB phase exhibits
magnetization reversal in one step. The screenshatiseomagnetization configuration during reversal
for the case with a soft ferromagnetic GB phase are shol#igi96

Fig.96: Magnetization cafigurationduring reversal for the case with(HdssDys7).Fa 4B shell of
thickness 5 nm and a soft ferromagnetic GB phase (red solid cmgagﬁ}.

Fro magnetization reversal starts again from the defect zone but propagates in several grains

at the same time (images 1 to 3). Meanwhile propagation, nucleation of additional reversed domains

occurs at the corners of grains (white domains on image 2). Coercivity therefore decreases a lot when
the GB phase is seferromagnetic { 26% with respecto the case with a nomagnetic GB phase).

IV.3.Conclusions

Coreshell microstructures have been obtained by GBDP ofr&i sintered magnets using a0y
intermetallic compound. An experimental parametric study has been done to determine the influence
of diffusion time, temperature and of posliffusion annealing on coercivity. Diffusion performed at
higher temperatures (920°C vs 870°C) leads to a better distribution of Dy in the microstructure and
hence to better coercivity. Diffusion for a longer duratidd (Z Ae i Ze } ev[8 E *po3 ]Jv VvV Ju% @
of coercivity because of a saturation effect in Dy. In addition, ag@iffstsion annealing enables further
coercivity enhancement and lower sensitivity to the annealing temperature (compared to the
coercivitydependence with annealing before GBDP). Microstructural observations in complement to
magnetic measurements were performed to characterize the diffusion and coercivity profiles and to
establish the link between the local composition and the measured ogeffi¢ld. Furthermore,
micromagnetic simulations have been carried out at the grain scale on a simplstmitenodel. By
introducing a defect in the model, its impact on the reversal of exchaongeled and decoupled grains

has been studied. Microstructal features such as the content in Dy and thickness of the Dy shell, as
well as the nature of the GB phase, have a major influence on the simulated demagnetization curves.
On the one hand, nucleation of magnetization reversal from the defect zone edgedBaends on

the content in Dy of the Dy shell (hindered with the increase of Dy content) while the increase of the
Dy shell thickness delays the propagation of reversal, leading to coercivity enhancement. On the other
hand, the nature of the GB phasetdemines the stepwise behavior/shape of the demagnetization
curves. These first computations reproduce well the shape of the experimentally measured
demagnetization curvesi.¢. the deterioration of rectangularity after annealing and GBDP). For
instance, he decreased rectangularity can be explained by the presence of-enagnetic GB phase

that results in exchange decoupling between grains (= stepwise reversal). The simulations are also in
good agreement with the experimental gains in coercivity.

The nexichapter deals with the analysis of the Dy distributions with the help of a diffusion model. The
purpose is to correlate the local Dy content to specific values of coercive fields that will be used as
input parameters for simulations performed with the preusly described polycrystalline model.
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Magnetization reversal will therefore be simulated on multigrain systems representative of magnets
with coercivity gradient to further compare the simulated and experimental demagnetization curves
obtained for the §0°G3h, 920°c3h and 920°@2h diffused magnets.
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V. Discussion: coercivity of graded magnets

The objective of this chapter te propose a discussion on the coercivity of polycrystallineFii8
sintered magnets covering the different scales that have beesstigated. Actually, it has been shown
that the magnet coercivity can be seen as a combination of several physical processes, which justifies
considering this property as extrinsic. Schematically, the triggering of magnetization reversal starts
near gain boundaries at the nanoscale and affects an activation volume of sevetal hem, reversal
propagates into the grain volume, leading to a complete grain switching for a critical value of the
applied field. Finally, magnetostatic interactions betweemilgs generate specific grain reversal
patterns in the sintered parts. These patterns are governed by the demagnetizing field and lead to
second quadrant-Bl curves with shapes depending on the measurement conditions. Consequently,
the experimental coercw field value (kk for J=0) obtained by hysteresigraph measurement needs
further assessment and interpretation.

In the previous chapter, the influence of thermal treatments (annealing, GBDP of Dy) on the triggering
of reversal and the switching field hagen described via magnetic measurements and numerical
modelling at the nanoscale. This chapter enlarges the analysis to the effect of large grain
heterogeneities, as observed after Dy diffusion and unavoidable for magnets with a thickness larger
than 23 mm. In the first part, the Dy distributions are analyzed via a diffusion model in order to
estimate the Dy concentration in grains and at different depths. Then, after ascribing to the grains
some critical values for the switching field that are relatedh® local Dy content, the polycrystalline
model is implemented for the simulation ofH) curves in closedircuit. The simulation allows
understanding the large local values of switching fields that are relevant at the grain scale, compared
to the coercie field measured on the magnet.

V.1.Modelling of dffusion profiles

The diffusion of Dy and Co from the surface coating into the volume of sintered magnets is expected
to occur preferentially along grain boundaries (GBs) since, at the temperature of theidfiffu
treatment (> 850°C), the Ndich phase located at GBs is in the liquid state. Actually, diffusion in a liquid
phase is generally considered as a faster process thanstatigl transporf137].

This assumption is consistent with the chemical element mapiegHig.84/andFig.85/in Chapter

IV) showing that the large Ndch precipitates, clearly visible at triple junctions after sintering, become
also Dyrich after diffusion, revealing a preferential path for the heavy reagth elements. However,
the Dy elemendiffuses also from GBs into the volume of:N&4B grains. The competition between
grain boundary diffusion and volume diffusion results in the previously describeesbetiestructure.
Both mechanisms are controlled by specific values of diffusioniceffs. Since the diffusivities could
be different between the two mechanisms, the diffusion fronts (and their evolution with temperature
and time) could be complex. They could strongly differ from the-krewn concentration profile
resulting from a sigle diffusion process that occurs in a senfinite and homogeneous body.

V.1.1.Diffusion model hypothesis

V.1.1.1 Diffusion in &i-crystal

Different models have been proposed in literature to account for the combination of grain boundary
and volume diffusion mechaniss. The first model has been introduced by Figh&8]who considered

a simple geometrical representation of the grain boundary consisting in two-iséimie planar
crystals separated by a thin horizontal layer (located at x=. Diffusion occurs from the top
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line (located at y=0) ofthebiEEC+*3 0 v ]e eepu 3} (}Joo}A &] I[* 0 A Jv Z u
Dy in grains and high diffusivity, i GBs). At the initial state, the concentration is ascribed to be equal
to 1 at the top line (y=0) and is zero in the volume. Fisher obtained the following analytical expression
for the concentration profile:

2 a&8R34J; L ANBEAHAT @—5—A [Eq. 3§

The reduced coordinates are expressed as (aibkeing the half width of the grain boundary):

8?20
v [Eq. 39
i
v [Eg. 49
. o) (o)
Vavrae LE0-4

Fig.97: Bicrystal model for the caltation of the Dy profile in polycrystalline sample by mixed
diffusion (volume/grain bounda)yf elements from the surface. Theglrine illustrates the shape of
iso-concentration lines (frorfiL38]).

Theconcentration is given in [EQ. B&s a product of two distinct terms. The first one (error function)
depicts the lateral profile in grains with respect to theoordinate and represents therefore the
consumption by the grainsf ¢he diffused species. The second term takes into account diffusion along
the grain boundaryife. along the yaxis). The attenuation of the penetration profile is described with
the exponential functioni(e.the factor §. When the factorEs small, tle iscconcentration lines tend

to be flat, diffusion being controlled by volume diffusion and limited to a thin layer under the sample
surface. On the contrary, when the factés high, the diffusion along GBs is predominant and the iso
concentration lies become very steep (sharp) near GBs. This last regime is preferred for optimizing
the Dy diffusion.

The Fisher approximation stands when the concentration profile remains flat along the thickness of
the grain boundary (along theaxis) and for an infité source of Dy available at the sample surface.
Whipple[139] improved the model for large GBs (rélat profile) and Suzuokf 40] gave a solution
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taking into account the consumption of the diffused element. However, these last two formalisms are
more complicated and the solutions require numerical evaluation. As a first approach, the Fisher
approximation has been implemented in thisidy in order to establish some main trends.

V.1.1.2 Application to the diffusion of Dy in sintered magnets

In sintered magnets, diffusion annealing is carried out within a range of temperature for which a liquid
phase forms at GBs via the eutectic reaction betwéiee Ndrich phases localized at GBs and the
Nd:Fe4B grains. The eutectic reaction occurs at 67[A30)] and the resulting liquid phase tends to

wet the GBs before the onset of the precursuelting (Tw(Dy:Ca7) = 734C).For this reason, the
diffusion process of Dy in magnets can hardly be modeled by the penetration of a liquid alloy formed
at the top surface and penetrating into the bulk along GBs. The process differs also from the case of
an element diffusing in the ddlstate and preferentially at GBs. In the first case, the diffusion process

is controlled by the wetting of GBs by the precursor alloy and is driven by the surface energy balance
[141], [142] In the second situation, solid state diffusion occurs along very thin GBs (2a = 0.5 nm) and
the activation energy of GBDP is about half that of the volume diffulida].

The values of diffusion coefficients &d D are the key parameters in this model. For the volume
diffusionof Dy in NdFe4B grains, the following expression has b@eoposed by Campos et §l.44]
for the coefficient

75%44
Ear (042

& BE05?L z&s *AT

The diffusion coefficientDas been evaluated by Loeweal.[94] for some rareearth elements (Dy,

d Ye § GII£ (@vity prpfilds (P= 1.1 10°m2.s?,i.e.D/Dy C 7). In the following, it has been

assumed that the value of DA}oA « (E}u 5Z "% ]A}5_ 3 u% E SuE }( 8ii£ U } @
law, with an activation energy;@Qf 315 kJ/mol equivalent to thbulk diffusion. The exact activation

energy is still unknown but the following trends are not drastically changed with another valugs of Q

due to the narrow range of temperature studied (50 °C).

Some other geometrical parameters required for the caldalabf the Dy volumetric concentration

and the ratio between Nd and Dy atoms are giveffable38| It has to be noticed that the width of

the grain boundary has been taken here as 2a=20 nm, which is a large value regarding the grain
boundary thickness revealed by TEM analf&@§. Since the grains are partially melted at 900°C at
their surface and form channels for Dy diffusion, a larger value for the grain boundary thickness can
be reasonably assumed during the diffusion heat treatment. This value also corresporah
estimation made from the STEEDX lines performed on GBgLoeweet al.[94].

Parameters Numerical value
Mass of DyCas; alloy deposited on théop surface of the magnet 20 mg
Diameter of the sample 10 mm
Estimated thickness of the RZ a7 alloy layer deposited on the surface 200 pm
Molar concentration of Din the deposited layer 6.47 (x10° mol.cnt®)
Molar concentration of Nih the NdFe4B phase 13.9 (x10° mol.cn®)
Grain size 5 pum
Grain boundary thickness for the @Bfusion path (2a) 20 nm
Factor En[Eqg. 38 (920°C / 3h) 4.10°

Table38: Geometrical data for the computation of the Dy congatibn profile with the Fishenodel
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V.1.2.Results

V.1.2.1 Lateral concentration profile in grains

The lateral Dy concentration profiles (along theaxts) obtained with the Fisher model are

representative of theDy penetration in grains. The profiles are plottegFig.98|at different depths

(100, 200, 400 and 800 um) for the three experimental diffusion condit®n@°E3h, 920°C3h and
920°CG12h).
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870 °Ct3h

920 °Ct3h

920 °Ct12h

100 pm

200 pm

400 pm

800 pm

Fig.98: Dy concentration pfile (relative to the surfacebtained with the Fishemodel for the three experimental diffusioonditions
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From these curves, the values of the Dy concentration, averaged over a shell of width 1 um located at
the grain rim, have been calculated and reportefTable39] Three color coded groups have been
distinguished among the previous 12 cases: (i) high concentration shghs@{@5), (ii) medium (0.10

< Gy < 0.25) and (iii) low diffused shells¢GC 1 X [Tiabke39|regroups the computed data that are
superposed to the corresponding EDX maps of Dy given as guidelines.

100 pm 200 pm 400 pm 800 pm
870°C3h 0.14 0.09 0.04 0.01
920°G3h 0.30 0.22 0.12 0.03
920°C12h 0.52 0.42 0.26 0.11
100 pm 200 pm 400 pum 800 um
870 °C
t3h
920°C
t3h
920°C
t12h

Table39: Dy volumetric ancentration (normalized tBysurfaceconcentration) averaged overdm-
thick shell from the Hi®rmodel. Correspading Dy elemental maps obtained by SEDIX.

It is worth noting that the different positions (from the sample surface) of the high Dy concentration
shells predicted by the model correspond well with most of the SFEM mappings showing enriched
and contrasted Dy shells. The trend is the same forinégliate and low Dy concentration shells. The
width of the Dyrich shell is also well depicted by the model, as illustrated by the threshold values

reported irjTable40

100 pm 200 pm 400 pm 800 pm
870°G3h 0.26 pm 0.2 pm 0.18 pm /
920°G3h 0.6 um 0.44 pm 0.2 ym /
920°C12h >1 pm >1 pm 0.75 pym /

Table40: Distance fronthe grain boundary in pm below which the Dy/Ndt ratio exceedshe
threshold value 0d.1 considered as an imchtor of the width of the Dyich shell visible o SEMEDX
elemental maps.

V.1.2.2 Comparison with SEEDX quantitative analyses

[Fig.100||Fig. 101]and|Fig. 102 compare the Dy/Nd profiles measuteoy SEMEDX to the depletion

calculated for the three diffusion conditions in the grain volume. For each condition, two cases have
been selected: (i) the grain concentration profile near the surface (100 um) and (ii) the profile at a
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depth corresponding} §Z Jvd GEu ] 8§ A E P C }vs v ~ C ifablgE Al}pe
At 920°C, the experimental profile in grains near the surface exhibits a large plateau followed by a

rapid decrease in the Dy content (§&&g.100| (up)). This profié shape differs strongly from the

calculated depletion line and reveals a different mechanism for the Dy penetration into the grain, as
already inferred by several authors. Near the sample surface, as the Dy concentration is high, a large
amount of Nd is ejected to the GB phase and forms a thick liquid phase as the eutectic reaction
proceeds (see (b)[ifig.99). During cooling, the liquid phase solidifiend tends to transform into large

and stepped shells with quasi homogeneous Dy confes (c) ifFig.99). [98]

Fig.99: Schematic representation of the possible mechanism for the replacement of Nd[88]Dy.

The effect is more pronounced after 12 h up)) at 920°C. However, the discrepancy t&nd
to decrease for lower Dy conteritg. for the profiles measured at 400 and 800 um from the surface
for 920°G3h and 920°€.2 h, respectively, and for the profiles measured at 100 and 200 um for 870°C
3h. For all these cases, the agreement between theehand the quantitative SElADX analyses for
Dy and Nd is quite good.

Fig.100 Dy/Nd depletion in grain volume at 100 pumds400 pum for the sample diffused at 92681C
(Left) Measured (open symis)land calculated (solid line) concentration profi{@ght) SEMEDX
maps of Nd and Dyith the localization of the profile line.
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Fig.101 Dy/Nd depletion in grain volume at 100 um and 200 um for the sadifflesedat 870°C3h.
(Left) Measured (open symi®)land calculated (solid line) concentration profi{@&gh) SEMEDX
maps of Nd and Dyvith the localization of the profile line.

Fig.102 Dy/Nd depletiorin grain volume at 100 um and8 um for tle sample diffusedt 920°CG
12h.(Left) Measured (open symhs)land calculated (solid line) concentration profi@gh) SEM
EDX maps of Nd and Bjth the localization of the profile line.
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V.1.3.Impact oncoercivityprofile

In the previous sections, the diffusion model has been implemented to estimate the Dy content in
grains as a function of depth and diffusion conditifFeble41]provides the ratio of Dy atoms over the
initial Nd atoms calculated in thefdm-wide grain shells. The values are deduced from ddféacb:le|

Since the @in coercivity enhancement depends mostly on the Dy/Nd r@'able4l|supplies a

first overview of the distribution of the coercivity improvement that could be expedh the magnet

after GBDP. For instance, Loeetal.[79]found that the local switching field is enhanced by RB0m
~CiXii de A]3Z & 5]} CIE e shellqagdrag¥d bvpydd-Aepth). It is worth noting

that this last value is obtained for similar diffusion conditions (9@&+CO0um).

100 pym 200 pum 400 pm 800 pm
870°C3h 0.07(+0.18T) 0.04(+0.10T) 0.02(+0.0571) 0.00
920°CG3h 0.14 (+0.36 T) 0.10(+0.26 T) 0.05(+0.13T) 0.01
920°C12h 0.24(+0.62T) 0.19(+049T) 0.12(+0.31T) 0.05(+0.13)

Table41: Dy/Ndinit ratio averaged over-um-thick grain shell of Dy diffudesample estimated with
the Fisher model. Thealues between parentheses reflélce estimation of theoercivity increase
due tothe localDy enrichment

The coreshell structures disappear in the SEM analyses at a depth larger than 800 um. Considering a
Dy enrichment effective onlyntil 800 pum, as suggested by the datdTable41] it would tend to
minimize the actual depth of the magnet for which coercivity is enhanced. Actually, several authors
[79], [96] observed a local coercivity enhancement up to-2.5am from the surface in diffused
samplesj.e. at a distance from the surface for which the Dy enrichment is not visible by SEM due to
the resolution limitation. However, using STHDX aalysis, Loewet al. [79] reported a local Dy
concentration of 0.4 at.% at 10 nm from GBs located at 1.5 mm from the sample surface. This
corresponds to an atomic ratio DydNnit equal to 0.03 (Ndnit corresponds to the atomic content of

Nd in the NdFe4B phase before diffusion and is mentioned since Dy substitutes to Nd in the diffused
region while the Nd in excess is rejected to G&E3). With this low Dy content, the coercivity
enhancement is still significant (1901lu C 1Xid6 deX &E&}u §Z]s S U ]S Z » V eepu
threshold for a grain coercivity enhancement corresgs to a minimum penetration of 10 nm in the

grain with aratio Dy/Nd]v]S C 1XiiX

[Fig. 103 plots the evolution of the Dy/Nd ratio at 10 nm from the GB with the deththe three
diffusion conditions calculated with the Fisher model. According to the curves, the critical depths for
coercivity enhancement are estimated to be 1, 1.5 and 2 mm for the 836,,820°C€3h and 920°C

12h diffusion conditions, respectively.

Kim et al. [96] showed that Dy can still penetrate the magnet beyond this limit. Up to a depth of
3.25mm, Dy is detected at GBs by STEDIX. A fine shell of 2 nm width with a content of Dy = 0.1 at.%
is also formed during PDA performed at 520°C. However, as noticedhapte€ 1V thanks to
micromagnetic modelling, such a fine Dy shell should not be efficient enough to improve (or restore)
the grain coercivity when a defedtd. a phase with low magnetocrystalline anisotropy) of 4 nm width

is introduced. It has been infiexd that the behavior of the magnets investigated in this study could be
explained by a twgpopulation distribution of defects affecting their coercivity. The influence of the
smaller defects could be alleviated by the heat treatments while the larger @mesin harmful. Even

if the larger defects have not been directly observed, this assumption is consistent with previous
findings[131]. As pointed out in Chapter lIll, the shape of the experimenrkhkcdrves after annealing
(and without Dy diffusion) could be accounted with a low content of defective grains (< 3 %).
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For this reasonit has been assumed that the inner part of thick diffused magnets (depth = 2.5 mm)
studied here keeps the same coercivity as the base magnet, even if a small amount of Dy can penetrate
up to the center of the samples. These elements hasen considered {Table41]that provides the

basis for the demagnetization simulations exposed in the next section.

Finally, the total amount of Dy atoms that penetrate into the magbgt diffusion during the
experiment has been extracted from the calculated profiles and compared to the amount of Dy initially
available at the free surface. The results are indicatgEhinle42jand show that, for the last diffusion
condition (920°€12h), all Dy atoms have been consumed and the initial amount is even not sufficient
to lead to the theoretical profile plotted As a consequence, the coercivity enhancement
predicted by the Fisher model should be overestimated for this sample.

Fig.103 Evolution of the Dy enrichment calculated ainbd fromthe grain boundarywith the
distance from the sample surfawdth the Fishemodel for the threaliffusionconditions.

0-100 100-200 200400 400-800 Total

Hm Hm um pm
870°G3h 0.11 0.07 0.04 0.01 0.23
920°CG3h 0.21 0.16 0.20 0.18 0.75
920°C12h 0.35 0.28 0.41 0.44 1.48

Table42: Fraction of the totaDy atoms initially available dhe free surface and diffused in
successive skes distributed from theamplesurface

V.1.4.Diffusion of Co

Cooket al.[145] reported that the diffusion coefficient of Co in Meh4B is two orders of magnitude
higher than the diffusion cefficient of Dy at 950°C. The Fisher model has therefore been used with
values of band D100 times higher than the values used for Dy in order to estimate the impact on the
concentration profiles. The results are pIotte Unlike for Dy, the concentration profile of

Co is very flat and the Co/Fe ratio is low (around 1 %). Furthermore, this result highly overestimates
the Co content since the calculation shows that all the available Co atoms, deposited at the free
surface,should be rapidly consumed (after a few minutes at 920°C). These elements confirm that Co
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should be very difficult to be detected by SEH®DX in the diffused samples and should be gquasi
homogeneously distributed into the magnet. Moreover, the influenceren@urie temperature is very
low('TcC 0£ (}E }I&30]A i9

Fig.104: Evolutionof the Co enrichment calculated at 2.5 um frtima grain boundary drain center)
with the distance from the sample surfaséh the Fishemodel forthe 920°G3h diffusion condition.
(Insert) @ain concentration profile at 400 pm

V.2.Polycrystalline model applied to-Bifused thick magnets

V.2.1.Description of the geometrical model

The polycrystalline finite element model is implemented in this section to quantitatively analyze the
magnetic properties of Dgliffused samples. In the follong simulation cases, different arrays of cubic
grains made of stacks of grain layers are considered, each grain layer exhibiting its own coercivity
distribution (function of <> and \¢). At the midplane of a given array, the first layer is assumed to
have the same properties as the naliffused material. Then, the coercivity values of the upper layers

of the array are ascribed to be higher, reflecting the coercivity profile of thdillysed sampleThe

model is assessed on its ability to describe thepe of H curves measured by the hysteresigraph
system.

V.2.1.1.3D-array models with graded properties

As mentioned in Chapter I (, only several thousands gfains can be described with the
finite element model. Moreover, the aspect ratio of the sample (height = 5 mm, diameter = 10 mm)
has to be kept in the geometrical model in order to correctly reflect the demagnetizing field effects.
Considering these cormstints, the model cannot reproduce simultaneously the distance along which
the property profile is observed (2.5 mm) and the grain size (5 pm).

As pointed out previously, the grain size is not a relevant parameter of the model as long as the
objective of he model is to deal with dipolar interactions. With a reduced number of grains compared
to actual samples, the model is thus able to take into account magnetostatic interactions in a layered
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sample as long as the geometrical aspect ratio remains representaf the real sample. These
considerations lead to the selection of the two following polycrystalline model configurations
described ifiTable43

Number of grains in layer Number of grains in layer Grain coercivity distribution

Layer nyx n,=10x 10 nxx n,=20x 20
Configuration #1 Configuration #2 parameters

1 2 4 <pH>=16TF Lu=02T

2 1 2 <pH>=20TF u=0.1T

3 1 2 <PpH>=22TF L=0.1T

4 1 2 <pH>=24TF L(=0.1T
Table43: Polycrystalline model configurations for simulated magnetization reversaldiffidyed

samples.

These 3D arrays are scaled by the number of grainsgnin[Table43|denotes the number of grains

in the 2D grid of each layer and represents a quarter of the full grid thanksplarie symmetries). In
configuration #1, the first layer which repressrihe halftheight of the central zone (unaffected by the

Dy diffusion) consists of two sud@yers of grains of the same type. Then, each upper layer affected by
the Dy diffusion is made of a omggain-high array. This leads to a total number of grains étgu&00

for configuration #1. However, with only one grain in the layer thickness, the cascade effects are poorly
described. In configuration #&here are twice as many layens order to improve the grain reversal
pattern, leading to a total number ofrgins of 4000 and to a significant rise in the computation time
(seeFig.105).

Fig.105 Computation time as a function of the number of grains considered in the simulation.

V.2.1.2 Evolution of the geometrical model by layer removal

The simulation bthe demagnetization is performed in closeiicuit and involves different runs
starting from the calculation of the-ld curve of the first isolated layer (stack #1), followed by the
computation of the <H curve with the stacking of layers #1 and #2 (st#2) and so on until the
computation of the complete stack (stack #4). The Gaussian realization is performed once at the
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beginning of the simulation in order to ascribe the same grain coercivity distribution to a given layer
during the whole sequence. Brapproach allows the description of the effect of a layer removal from
the whole sample and the results could be compared to the magnetic measurements performed after
consecutive sample polishing ($8€2.6.3. For instance, the stack #3 simulation is representative of
the magnetic measurement performed after the first polishing (up to a depth corresponding to the
external layer) while the nepolished sample is degbed by the stack #4.

V.2.2.Results: grain reversal patterns in a graded sample

V.2.2.1.Demagnetization curves

shows the grain coercivity in the graded numerical sample for configuration #1 (model with
500 grains, = 10 x p= 10 x p= 5) and the evolution of theH curves obtained for the four sthks. It
can be noticed that the-bl curves are highly stepped because of the small number of grains used in
the model. More striking is the fact that the stege(the sudden drops in the polarization curve
followed by a plateau), already observed durthg demagnetization of the first stack (central zone),
seem to translate to other-Bl curves with an enlargement of the step width. This result reveals that
the grain reversal, once initiated in the central part, tends to extend upwards to the highesiwoer
0C E+XdzZ PE]Jv EA E+0]v 3Z o0}A } E]A E PlijutHefidiA A E 50
reversal occurs for higher fields) compared to the situation occurring in thediffused magnet.

This situation is emphasized by the evolutiminthe grain reversal pattern simulated for the whole
magnet (stack #4). Four points-[A are selected on theH curve (sefFig. 107 to highlight some
important stage in the demagnetization process of the graded sample. The first grains that reverse at
point A are the lowest coercivity grains located in the central zongRggé08). Until point B, grain

*A]S8 Z]VP Z %% ve u JvoC ]Jv §Z]* 0o C E A]3z o CJvP (( 8 pn 8} &
8Z H% % E 0 C EeX (3 E 5Z]* "%]A}3_ %}]vd U E A E* 0 %o E}% P &
(point C) and coercivitypoint D) is obtained at a field much lower ( C Tii | lue §Z v §Z }v

expected from the grain coercivity distribution (represented by the dashed ljRrayih07).

stack #4 stack #3 stack #1
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Fig.106: Demagnetization curves simulated for the four stacks with magrm@bperties given in
Table43|(configuration #1). Theigtribution of grain coercivity iglustrated by the XZ patterns in gray
scde (black = lower values, white = highatues) for each stack.

Fig.107: Demagnetiation curves simulated fatack#4 withmagnetics propertiegiven inTable43
and for two positions of the piakp coilrelative to the sampleThe dashed line representise
expected H curve with no magnetostatinteractiors.
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Fig.108 Grain reversal patterns for the four selectednp® of the H curve labelledjFig.107

This behavior is very similar to the case of the duplex magnet described in Chapter Il that constituted
a simple model of graded magnets. However, in the @nésase, the -H curves that have been
recorded along the sample height (simulated for stack #4) do not exhibit a significant see
. This comes from thlarge size of the sensor used for thél Yecording, especially the height
along which the fields are integrated, which is equal to the half of the sample thickness (as in the real
situation). The values of J and H plotted on the curves are thus smodittragithe axial direction. This

fact is confirmed by direct magnetic measurements performed with the hysteresigraph system on the
diffused samples. Actually, the ptak coil has been displaced axially along the magnet axis without
observing an evolution dhe experimental <H curve shape.

The calculation with more grains per layer allows checking that the results obtained with configuration
#1 are not affected by some numerical artefacts due to the lower number of grains per layer. The
results for configuation #2 are plotted iand confirm the previous trende.the pronounced
influence of the lowest coercive layer on the shape of the whole sarrigleulve.
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stack #4 stack #3 stack #1

Fig.109 Demagnetization curves simulated for the four stacks with magnetigsepties given in
[Table43]|(configuration #2)The dstribution of grain coercivity iélustrated by the XZ pattesin gray
scale (black = lower values, whitdhighervalues). The tpin reversal patteraat selected poirgof

the 3H curve are also given

V.2.2.1. Comparisonwith results obtained for 9202gh diffusion

The simulation of the-Bi curve for stack #4 compares well with the experimental data obtained on the
whole magnet sample diffused at 920°C forreports the experimental demagnetization
curves measured for the ngoolished sample after GBDP and the base sample measured before GBDP.
These two extreme aues are actually the upper and lower bounds for the setldfcirves measured

after successive polishing runs. Even if the curves do not superpose perfectly with the simulation (since
no fitting of grain coercivity distribution parameters has been peried), the main features of the
experimental curves are reasonably well reproduced by the model. First, the total increment in the
magnet coercive field after diffusion is correctly accounted for by the simulation. Then, the shape of
the experimental curvafter GBDP is also well reproduced, especially the decomposition oftthe J
curve into three quasinear regions characterized by increasing slopes (flat region 1 from 0 to 800
kA/m, region 2 with slow linear decrease in J followed region 3 with a rapglaf J). Regarding the
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intermediate region, the simulation reproduces the shift towards higher field values of the connection
point between regions 2 and 3, as observed experimentally on the polished sample.

This last result is better illustrated by ttegrow drawn iffFig.109showing the evolution of poir®.

This latter is representative of the transition from the stage for which grain reversal in the central
magnetis delayed to the stage for which cascade reversal propagates to upper layers. The slope in this
transition region evolves between the base magnet and the diffused thick magnet curve as a
combination of the following features:

- The transition betweemegions 1 and 2, labelled by the point A, occurs at the same field value
whatever the stack. The critical field values depend on low coercive grains in the central
magnet.

- The transition between regions 2 and 3 shifts towards higher field values as aotgut
delaying effect.

- The height of the polarization drops occurring in region 2 tends to decrease as the weight of
the central region is reducedé. as the sample becomes thicker).

In the simulations, this combination leads to-Bl &urve for stack4 that exhibits a poor squareness
ratio, as the one measured for the whole magnet sample.

V.2.2.2 Correlation with the experimentatsidualinduction map

Residual induction mapping has been performed on the samfpg GBDP (without polishing) with

the Hall probe in three different states: (i) the remanent state after saturation, (i) a partial
demagnetization state obtained before the second knee of thecilirve and (iii) the state achieved at

the coercive fieldThe top face of the sample has been scanned and the results are

Before reaching the second knee (point 2 for whick=J0182), the residual indtion at the top surface
(B.moy=-356 mT) is very close to the one obtained at the remanent state (point 1 for whigh=B

366 mT), confirming that demagnetization occurs mainly in the magnet core. The recoil curve
performed for this intermediate vakiclearly shows that an irreversible demagnetization has occurred
Jv 8Z u Pv § (J&E 8Z]* %o %dd(0 kA/m)p althoumh this Cannot be observed on the
residual induction map.

When the coercive field is reached (point 3 for whick=D)] mappng reveals large heterogeneities in

the sample magnetization that are consistent with the appearance of clusters. The simulated grain
reversal patterns in two particular XY planies.{he top plane and the plane located at the limit of the
enhanced coeiigity zone) are plotted ifFig. 111 for comparison. The correlation of the model
prediction with the experimental data confirms that the simulation correctly descrtbesmain
features of the demagnetization curve of-Diffused magnets.
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Fig.110 Residual induction map #te top ofa Dy-diffused sample at three selected stagé
remanentstate, 2partial danagnetization before recoiB-coercivity statg .B moydenotes the
averaged value of the residual induction measured in the scanned plane (400 um over the sample).

Top XY plane Top XY plane

Limit of the enhanced coercivity zone  Limit of the enhanced coercivity zone
Point 2 (J/Js =038 Point 3 (J/Js = 0)
Fig.111 Gain reversal patterasimulated for stack4 andfor two selected paits of the H curve

from[Fig.110|(XY plangat the top surfaceand at the interfae with the norenhanced coercivity
zone)
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V.2.2.3 Comparison with magnetic property gradient obtained after polishing

The measurements of theH curves after successive polishing runs, performed on the same diffused
sample, give a valuable insight into the coercivity profile resulting from Dy diffusion and provide a basis
to establish some correlations with microstructural observations. The questiaesaabout the
agreement between the coercivity value measured after material removal (on thin samples) and the
local coercivity valud.é.the coercivity of the top plane after polishing). Since this latter data cannot
be directly determined, this sectioaims at inferring the gradient of coercive field that would be
consistent with the magnetic properties measured on polished samples.

The first line dfTable44]gives tte coercive field values of each layer considered separatelythe

mean grain coercivitybH:> used as an input data for the simulation. Then, the coercive field values
calculated from the contribution of each layer considering their respective caefighd distribution
weighted according to their volume are listed. This pondered value would stand for the coercive field
of the corresponding stack without any magnetostatic interactions (between grains of the same layer
and between layers). Finally, thalues obtained by simulation for each stack taking into account
magnetostatic interactions are reported. The experimental values are also mentigiedblied4| but

they should be considered as indicative values, since no fitting procedure has been performed.
Furthermore, since the layer thickness ratios do not coincide perfectly with the simulation, the
reported values in the last line|iFable44{have been obtained by interpolation of experimental data.

Stack Stack #1 Stack #2 Stack #3 Stack #4

Coercivity of the external layer of the stack 1273 1591 1750 1910
(KA/m) (1.60T) (200T) (220T) (2.40T)

Coercivity of the stack without magnetostatic 1273 1380 1500 1591
interactions (kA/m) (2.60T) (1.73T) (1.88T) (2.007T)

Coercivity of the stack with magnetostatic 1115 1186 1248 1351
interactionsfor configuration #1(kA/m) (2.40T) (1.49T) (1.57T) (L.707)

Coercivity of the stack with magnetostatic 1087 1185 1288 1335

interactionsfor configuration #2(kA/m) (.37 T) (1.49T) (1.62T) (1.68T)

Coerciity measured for the polished sample 1137 1280 1340 1435

(KA/m) (1.43T) (1.61T) (1.68T) (1.80T)

Table44: Coercivity valuetor the different stacks.

highlights the fact that the values of the local coercivity at a given height, estimated by the
value of the grain coercivity ascribed to this layer, is much higher than the coercivity of the stack
considered as a whole. Logically, the difference risé@s thve spread of magnetic properties along the
stack and reaches a maximum of about 500 kA/m for stack #4. The weight combination of layers
accounts for 5660 % of this difference whereas-%0 % comes from magnetostatic interactions.

Finally, it can be @sonably assumed that the coercive field of the material located beneath the surface
of the Dydiffused sample, until a depth of 1 mm (difference between stack #4 and stack #3), should
be much higher than the apparent value measured on the whole sampée diffierence being
predicted by the model to be of the order of 3@00 kA/m.

V.2.3.Results for other diffusion conditions

According to the discussion about the Dy concentration profile after GBDP and its influence on the
local coercivity, the following set ofput data has been established for the simulation runs. The

sample geometry and slicing remain the same for the three diffusion conditions. The only variation
concerns the coercivity ascribed to the different layers as indicaié’@ﬁrlms

137



V.Discussion: coerciyitof graded magnets

Grain coercivity

Grain coercivity

Grain coercivity

Layer distribution parameters distribution parameters distribution parameters
920°G3h 920°G12h 870°G3h

1(2) <pH>=1.6TF W%=02T <ppH>=16 F 4= 02T <pH>=16 F b= 02T

2(1) <pH>=20TF Vu= 01T <pH>=2.2T- V= 0.1 T <pH>=1.6T- (=0.1T

3(1) <pH>=22TFVi=0.1T <pH>=24T- =0.1T <pH>=2.0T- V4=0.1T

4(1) <pH>=24TF b= 0.1 T  <ppH>=2.6T- b=0.1T <pH>=2T- 4=0.1T

Table45: Polycrystalline modealonfigurations for simulated magnetizatioaversal in Dyiffused
samples corresponding to tlleree experimental diffusion conditions & n,= 10 x 1{.

Fig.112 Demagnetization curves obtained by simuatfor the input data reported |fiable45

The simulated demagnetization curves are plottg&ig112 The H curves for 92023h and 12h are

found to be close exhibiting a quasiperposition until the point B and a small difference in the
} 1A (J] o Aopses ~CoillueX dZ]* P % ]* U}E Ju%}ES vs §Z

dotted lines ifFig.112taken fronflV.2.3. This can be explained by the fact that the simulation poorly

takes into account the Dy saturation effect. Actually, it has been estimated that all the available Dy

should penetrate the samelafter only 5 h of diffusion treatment at 920°C. This limitation could explain

why the experimental-8 curves for the 92028h and 920°@2h cases are very close. The simulated

JH curve for 870°@h is as expected shifted towards lower field values @neddifference with the

resultat 920°C'(, C iii | lue Jo }ve]ed v3 A]S8Z §Z /A %CEH|ulyEee/.PE).opose ~

v (1@
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V.3.Conclusins

GBDP performed with Dgo alloy improvescoercivityonly over a few millimeters. The limitation
comes from the consumption of the heavy ragarth elements in the grain volume. Actually, at 920°C
more than 75 % of the available Dy atoms diffuse in a thin layer|{@®€hick) localted beneath the
surface where the diffusion alloy is deposited. The increase of diffusion time at 920°C leads to a Dy
saturation effect without any observed improvement in coercivity. The reduction of the diffusion
temperature by 50°C decreases the penétra depth and requires longer diffusion time to complete

the thermal treatment. Finally, it can be stated that the optimal diffusion temperature is around 900
920°C, confirming the previous study of Log@4] performed with different precursor alloys.

The ideal case for Dy diffusion would be achieved with a deeptpaion of the diffusing species
along GBs, combined with a small consumption of Dy by grsinthat Dy remains localized in thin
shells of 10 to 100 nm width at the grain rim. This will ensure that the Dy feeding could be low (0.8 %
wt.) and efficientfor coercivity enhancement, even for thick magnethe close examination of [Eq.

38] shows that this optimal case corresponds to large values of the fagtéscribing the lateral
diffusion inside grains to be of the order of the GB thickness (a = 10 nm), this involves fulfillment of the
following condition: ¥ & PN = Then, the Dy concentration near GBs would be homogeneous over
large depths (d > 1 mm) iféhargument dthe exponential term of [Eq. 38emained lower than li,e.

if the ratio of the diffusion coefficients satisfied@y2&s P >@=7. With the selected target, this ratio
should be &®&s P s r°4 The values of@nd D considered in the Fishenodel, and consistent with

the experimental results, lead to a ratio three orders of magnitude lower than the ideal value,
explaining the poor efficiency of GBDP applied to very thick magnets

Several authors showed that the enrichment of GBs by Nd atejested from the matrix after Dy
substitution is also an efficient way to improve the grain coercivity. Besides the anisotropy increase in
the shells coming from the Dy atoms, the Nd layer formed at GBs tends to enhance grain decoupling.
The chemistry offte GB phases after Dy diffusion and its evolution during-gifitsion annealing
should be investigated in more detail. This could be helpful for the selection of alloying elements and
for defining new strategies to improve diffusion at GBs.

The heterogeneous distribution of Dy in the microstructure has a deleterious impact on the resistance
to demagnetization of the magnet. The polycrystalline model provides a better understanding of the
grain reversal sequencestarting in graded magnets from the less coercive grains and propagating

towards upper layers via magnetostatic interactions. When the coercivity gradient is large, as4in the 5
mm-thick magnets studied in this work, the coercivity of the whole magnegisueed in closedircuit,

is 106200 kA/m lower than the value expected without considering magnetostatic interactions. This

result means that a specific dimensioning approach is required when using thaified magnets

in electrical devicefl46].
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Conclusions and prospects

Conclusiopand pospects

The objective of this thesis was to gairbetter understanding of coercivity iNd-FeB sintered
magnetsby coupling experimental and numerical approaches.

It is widely accepted that NBe4B gains are mostly exchandecoupled and that magnetization
reversal occurs via discrete switching. However, magnetostatic interactions between @sainsday

an impotant role in the demagnetization process of such materials. The first part of the work was
focused on the studyf demagnetizing field effecttn NdFeB sintered magnets. Two different
experimental configurations (operand closeetircuit) used for coergity measurement have been
compared experimentally and numerically. First of all, it has been shown that the usual demagnetizing
field correction required for opewircuit measurements is not applicable to hard magnets. A new
expression for the demagnetiizan field has been established with the help of the cavity field model.
Experimentally, the hysteresis loops measured in epiecuit showed a coeivity reduction compared

to those measured in closedircuit. According to the cavity field model, it haseln predicted that
magnetization reversal in closedrcuit has a higher collective character than in oécuit. The
demagnetization process is strongly affected by the measurement type. Moreover, a finite element
polycrystalline model has been implented to assess the differences in the demagnetizing field
effects for both configurations. The simulated difference in coercivity was in good agreement with the
experimental one. Furthermore, the simulated reversal patterns were also consistent with the
previous experimental findings: they showed large clusters of reversed grains in the-closed
condition whereagolumns ofreversed grains were fowhin opencircuit.

The occurrence of collective effects during demagnetization o8& sintered magnets has been
predicted by the cavity field model. Hewer,further experimentalcharacterization of these effects is
required to complete the study. The SENIS Hall probe used in this work enabled the indirect
observation of these collective fetts (clusters of reversed grains) but a direct evaluation could be
performed using other technique$or example, magnetic force microscopy (MRMH magnete
optical Kerr effect (MOKE) microscopy pmwverful tookthat may serve in the better understding

of magnetization reversall he greatermportance of collective effects during reversal in closeduit
compared to opertircuitcoud be quantitatively assessed using thé@sagingtechniques Moreover,
computations with FEMME and Flux3D softwamild be coupled to consider both exchange and
magnetostatic interactionsnd thusfurther improve the accuracy of the developed polycrystalline
model These suggested improvements would enable the definition of guidelines for experimenters in
the comparisn of the coercive field values measured in opand closeetircuit conditions

The second part of the work concerned the experimental and computational study of magnetization
reversal in DyCo diffused Nd-eB sinter@&l magnets. The main purpose here wasunderstand the
shape of the demagnetization curves measured after Dy diffusion that showed deteriorated
rectangularity. Experimentally, it has been observed that the intermetallic compoun@®yis easier

to grind and leads to ore efficient diffusiom compared to the eutectic alloy R 4. An experimental
parametric study has been carried out to determine the influence of diffusion time, temperature and
of postdiffusion anneahg on coercivity. Thiatter has shown lower sensitivity to the pegiffusion
annealing temperature compared to the pesntering annealing one. The typical cesteell
microstructure developed in diffusion treated magnetsas characterized by SEBDX for three
different diffusion conditions and at several depths. Complemgntaagnetic measurements were
also performed to establish the corresponding coercivity profiles. In addition, micromagnetic
simulations helpedn determining the influence of some microstructural features on magnetization
reversal in a simple coreshell nodel. A defect has been introduced in the model to study its impact

140



Conclusions and prospects

on grain reversal. The Dy shell enables coercivity enhancement since it delays magnetization reversal
from a grain to its neighbors. The nature of the grain boundary phase determinehalpe sf the
simulated demagnetization curves. For instance, the decreased rectangularity after Dy diffusion and
after subsequent annealing has been explained by the presence of -snagnetic grain boundary
phase that decouples grains and leads to the obseé steplike reversal. Consequently, the
simulations reproduced well the shape of the experimentally measured demagnetization curves, but
also the experimental gains in coercivity. Finally, magnetization reversal has been simulated in the case
of magnetswith coercivity gradient i(e. diffused in the three different conditions) using the
polycrystalline model. The Fisher diffusion model along with the -EBEM analyses provided the
switching field values ascribed to each layer in the model. The simulatedghetization curves were

also in good agreement with the experimental ones and their shape was explained by the pronounced
influence of thelayer with lowest coercivity

The grain boundary phase controls coercive properties oFdB sintered magnets.urther fine and
structural characterization such as transmission electron microscopy and 3D atom probe tomography
could be used to study the evolution of the chemical composition at grain boundaries after each
fabrication step (particularlyfeer postdiffusion annealing). The interachs between theadditional
elements (Cu, Al and Co) abg could be further investigate@his could help in the improvement of
diffusion along grain boundaries, rather than in the volume offddB grainsin addition, the impact

of Co on he corrosion resistance of Hjo diffused magnets could be assessddoncerning
simulations, further calculations could be performed using the polycrystalline model with some
microstructural heterogeneities (abnormal grainogith, soft phases).Furthermore, the grain
boundary diffusion process performed onArim-thick NdFeB sintered magnets led to high coercivity
gradienswithin the microstructure and this heterogeous distribution of Dy had a bad impact on the
magnet[ scoercivity. The same study could therefore be performed on thinner magveth a
homogeneous distributioof Dy to compare the shape of demagnetization curddternatively, the
powder blending method with DZo and Ne~eB powders is also of interest buigquires an excellent

and simultaneous control of the sintegrand diffusion heat treatments
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Abstract- Résumé

Nd-FeB permanent magnets are the most powerful among all commercially available magnets. They play
a significant role in energy applications, such as motors of electric vehicles and generators of windmills.
Their outstanding propertiesome from theexcellentintrinsic magnetic properties of the MeéesB phase

and from their microstructure. However, electricalachinesoperate at about 126180°C andextrinsic
magnetic properties such as coercivity and remanence decrease rapidly with temperature. One way of
improving coercivity of NéFe-B sintered magnets is to substitute Nd witheavy rare earth such as 30

as to increase the magnetocrystalline anisotroggwever Dy is a strategic element aadnajorobjective

of the research community is therefore to develop-NeB magnets that possess excellaesttrinsic
magnetic properties with a reduced content of Dy. This requires a better understanding of thetliviéen
microstructure and coercivityrhe key point is the control of the grain size and the distribution of secondary
phases at grain boundaries to prevent magnetization reversal and magnetic codpiamérst part of tis
thesisconcerns a comparisoof opencircuit and closegtircuit magnetization measurements carried out

on NdFeB sintered magnets. The observed differences in coercivity values are discussed in terms of
magnetic viscosity and demagnetizing field effe@ise second part deals withelgrain boundary diffusion
process performed on NHeB sintered magnets using 8o alloys. Microstructural observatiorasd
magnetic measurements have been carried out to characterize the diffusion and coercivity profiles and to
establish the link betwea® local variations incomposition and coercivity. Moreover, micromagnetic
simulations have been performed to describe magnetization reversheatanoscale in a simple coshell

model. The last part constitutes a discussion about coercivity in gradgdetavia a diffusion modiend

further simulations ora polycrystalline model.

Keywords: Neé-eB, coercivity, microstructure, demagnetizing field, micromagnetism, grain boundary
diffusion process

Les aimants permanents NeeB sont actuellement les plusiigsants du marché. lls sont indispensables
pour des applications telles que les moteurs des véhicules électriques ou les générateurs des éoliennes.
Leurs propriétés exceptionnelles viennent des propriétés magnétiques intrinséques de la phBeeBNd
et de leur microstructure. Cependant, les machines électriques fonctionnent entre 120 et 180°C et les
propriétés magnétiques extrinseques telles que la coercitivité et la rémanence diminuent avec la
§ U% E SPE X hv u}C v [ u o]}E E ofrittds S-S Agtda substit(tionvdiisNd par

*c S EE - & &E * O}uyE + }uu o CU (Jv [ uPu vS €& o[ V]*}SE}%] u
est un matériau critique et un objectif majeur de la recherche est actuellement de développer dessaiman

Pv

%o}ee VvS [ £ 00 VS » % E}% E] S » u Pv SJcp s AESE]ve <cpes S }vsS v v§

meilleure compréhension du lien entre microstructure et coercitivité. Dans les aimants fritt€eRdun
des pointsclés est le contrble de la talde grain et de la répartition des phases secondaires aux joints de
PE Jve ( }v oJul]Ss E o vpo S]}v pu & S}uEV u vs o[ Ju vs §]}v
magnétique des grains. La premiéere partie de la thése est une étude comparativeadetérisations
magnétiques en circuit ouvert et fermé réalisées sur des aimants frittéEeMBl Les différences de

} & ]5]1A]8 } ¢« EA o ¢}vE /E%O0]<u * % E 0 ¢ %Z Viu VvV e Ale }°]8
démagnétisant. La deuxiéme partiaite du procédé de diffusion aux joints de grains appliqué aux aimants
frittés Nd-FeB et utilisant des alliages H3o. Des caractérisations microstructurales ont été réalisées en
complément de mesures magnétiques afin de déterminer les profils desitiffiet de coercitivité, et ainsi

[ § 0] o o]v VSE o+ A E] 8]}ve 0} o0 « Ju% }e]S]}v Z]Jul<p 8
*Jupo S]}ve u] E}lu Pv S]<p * }vS % Eu]-e E]E® o & S}uEv u vs
nanométrique dansw u} o *]u %o o J-€dquilleu EBfin, la derniére partie de la thése constitue une
discussion sur la coercitivité des aimants diffusésau Py~ PE ] vS§ Z u% } & ]S](e

modele de diffusion et de simulations sur un modéle polyctistal

Mots-clés: Nd-FeB, coercitivité, microstructure, champ démagnétisant, micromagnétisme, diffusion aux
joints de grain
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