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Abstract

Increasing utilization of sintered NdFeB permanent magnets in large electrical machines
has raised the question about the thermal stability and possible polarization losses
occurring during the long-term operation of the machines. Knowledge of the evolution of
the magnetic properties of NdFeB compounds over time at elevated temperatures has been
limited. This causes difficulties in the optimization of the magnetic material selection.

In this work the polarization losses occurring in commercial sintered NdFeB magnets
during long-term thermal exposures are studied. The influence of different parameters such
as temperature, permeance coefficient of the sample, coercivity and JH curve squareness of
the material, are examined. Also the influence of a stabilization heat treatment is studied.
The losses detected in open- and closed-circuit exposures are compared. The
demagnetization process is analyzed with the help of finite element modeling.

The detected polarization losses were found to follow the logarithmic decay law in the
time scale from 1 hour to 10 000 hours. By assuming the behavior to continue also over the
next decade of the logarithmic time scale, the losses can be extrapolated even to 30 years.
For each material and each P, it is possible to determine a temperature at which the total
loss is expected to be less than 1 % even after 30 years of exposure. Above this critical
temperature, the time-dependent losses start to increase. In open-circuit exposures also the
initial loss after 1 hour exposure increases rapidly with increasing temperature or
decreasing P.. In open-circuit exposures, the total loss estimated to occur after 30 years
was roughly twice the loss detected after 1 hour. However, in closed-circuit exposure this
was not the case. The time-dependent demagnetization was found to be more severe in the
close-circuit condition. This is likely to result from the acceleration of a chain reaction type
demagnetization process. In open-circuit exposures the time-dependent demagnetization
process is likely to be damped, since the demagnetizing self-field is reduced during the
process.

The results show that the best way to control the time-dependent demagnetization is to use
materials with a square JH curve. For this type of a material, the critical temperatures are
easy to determine. The stabilization heat treatment is found to stabilize the magnets, but for
a limited period of time only. An FEM analysis shows that the partial demagnetization
applied to the magnets during the stabilization heat treatment is not homogenously
distributed. The treatment needs to be performed in closed-circuit conditions to get a
homogeneous stabilization.

The detected time-dependent demagnetizations are due to the material characteristics as
well as to the magnetostatic field effects. It is difficult to distinguish the proportion of
these two. The comparison between the open- and closed-circuit test results suggests that
the open-circuit results can be used to estimate the long-term behavior of the material.
However, more studies are needed to confirm this.
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crystalline anisotropy
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Curie temperature
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easy axis

exchange interaction
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FEM

flux loss

Gd
h

Three-dimensional

Measured changes in magnetic flux density of a permanent
magnet material in a constantly increasing reversal magnetic
field. A second quadrant of a hysteresis loop of magnetic flux
density.

Remanence of a permanent magnet material [T]
Cobalt

Material characteristics change with changing lattice
direction

Copper

Temperature at which ferromagnetic material loses its
magnetic properties and becomes paramagnetic.

Process which leads to polarization losses in a permanent
magnet.

Irreversible change in the magnetization
Dysprosium
Lattice direction which is favorable for magnetization

Magnetic moment of an atom in a crystal lattice interact with
moments of neighboring atoms trying to align its moment to
the same direction

Face-centered cubic
Finite Element
Finite Element Method

Decrease in the magnetic flux that permanent magnet is
producing to the surrounding space

Gadolinium
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M

magnetization reversal
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operating point

partial demagnetization
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Intrinsic coercivity of a permanent magnet material [A/m]
Hexagonal closed-packed
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magnetic polarization of a permanent magnet has 90 % of its
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International Electrotechnical Commission
Magnetic polarization [T]

Measured changes in magnetic polarization of a permanent
magnet material in a constantly increasing reversal magnetic
field

Length of a magnet

Line drawn to the second quadrant of the hysteresis curve
describing the geometry of the magnetic circuit

Magnetization [A/m]

A process which results in the reversed direction of
magnetization

Changes in magnetization of a permanent magnet in a
constantly increasing reversal magnetic field

Spontaneous magnetization
Neodymium
Hard magnetic phase of NdFeB magnets

Neodymium oxide with hexagonal close-packed crystal
structure

Neodymium Iron Boron permanent magnet material
Neodymium oxide with face-centered cubic crystal structure
Oxygen

Intersection of a load line and a BH curve of a material

A process which results in magnetization reversal in some
parts of the magnet. Partial demagnetization reduces the
polarization of the magnet.

Permeance coefficient



PLP

polarization loss

PT100

recoil curve

S
self-field

SEM
SF
SmCo

squareness

stabilization

Sy

twin boundary

To

o-Fe

Xirr
Ho

Pressless production
Decrease in the magnetic polarization of a permanent magnet
Standardized platinum resistance thermometer

A new BH curve for the material after partial
demagnetization

Magnetic viscosity coefficient

Reversal magnetic field that the polarization of a permanent
magnet generates inside the magnet itself

Scanning Electron Microscope
Squareness factor
Samarium cobalt permanent magnet material

Term describing the rectangularity of the JH curve of a
permanent magnet material.

A procedure performed to a permanet magnet before starting
the operation of the application. Aim of the stabilization is to
prevent polarization losses occurring during the operation by
introducing a slight demagnetization in advance.

Material specific magnetic viscosity coefficient

A symmetrical interface which separates two parts of a grain
with different crystal orientations. Typically crystal
orientation is mirrored at the twin boundary.

Temperature below which the estimated irreversible
polarization loss after 30 years exposure is less than 1 %

Width of a magnet

Temperature coefficient of remanence [1/°C]
Soft magnetic phase of iron

Temperature coefficient of coercivity [1/°C]
Irreversible susceptibility

Permeability of free space
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1. Introduction

In the past fifteen years the utilization of permanent magnets in large electrical machines
has increased rapidly. By replacing the conventional electromagnets in the rotor with
permanent magnets, many benefits can be obtained. Driving forces towards the permanent
magnet technology are the higher achievable power densities and higher efficiencies [1].
Other advantages of the permanent magnet technology are the size reduction of the devices
and a possibility to construct gearless direct drive motors and generators.

The development of sintered NdFeB magnets has been intense since their discovery in
1984. Nowadays, the production method is well established and magnets of uniform
quality can be produced in large quantities. The remanence of the mass produced magnets
approaches the theoretical maximum of the NdFeB compound, and the essential increase in
coercivity has been achieved by various alloying elements and advanced production
methods.

There are a few weaknesses in NdFeB materials that have to be considered in the
application design: their thermal stability and corrosion resistance are limited. Curie
temperature, the temperature at which the material changes from ferromagnetic to
paramagnetic and loses all its magnetization, is only about 300-400°C for NdFeB magnets
depending on the composition [2]. The maximum operating temperatures for commercial
magnets are reported to vary between 60°C and 200°C depending on the grade. The
problem is that there is neither a consistent definition for “maximum operating
temperature” nor international standard grades for NdFeB magnets [3]. It depends
completely on the magnet producer, how they define those quantities.

In motors and generators the temperatures may rise even up to 200°C. The machine design
and magnet material selection have to be performed with care to assure that the magnets
are not destroyed at the operating conditions. The development of computer assisted
simulation systems allows designers to optimize the structures of the devices. Optimization
of the magnet material is also needed in order to control the costs, since the alloying for
better temperature resistance increases also the price of the magnet.

In a typical design process, only rapid changes in the material characteristics are
considered and long-term changes are ignored. The end users of permanent magnet motors
and generators are sometimes skeptic about the permanence of the magnetization in the
magnets. Expected lifetimes of these machines vary from 20 to 30 years, and no permanent
polarization losses are allowed for magnets during that period of time. Consistent
information about the demagnetization behavior over time is needed to be able to
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guarantee the lifetime requirements. There are not many published studies on the time-
dependent flux losses in commercial sintered NdFeB magnets. Clegg et al. [4] and
Mildrum et al. [5] have shown that temperature, permeance coefficient (P.), and coercivity
of a magnet affect its time-dependent losses.

Demagnetization in constant conditions (temperature and field) is due to the effect termed
magnetic viscosity. The physics of this phenomenon has been studied since 1940’s. The
verification of the theories is still questionable, since the measurement methods for
magnetization are limited. Published theoretical studies or magnetic measurements in a
time-scale of seconds do not give enough data for engineers to deduce reliable estimates
for the lifetime of the applied magnets. In this thesis, the time-dependent demagnetization
behavior of sintered NdFeB magnets is studied in the time-scales of hours and years.

1.1  Aim of the work

This work deals with the polarization losses occurring over time in commercial sintered
NdFeB magnets. The effects of different parameters such as temperature, coercivity of the
magnet, and the magnetic environment are studied. The first goal of the work is to evaluate
the significance of the phenomenon from the application design point of view. The
significance is expected to vary depending on the actual values of the above mentioned
parameters.

For the end users of the applications it is important to verify the diminishing time-
dependent losses under controlled conditions. The second goal of this work is to determine
the limits of these conditions. The study concentrates to reveal the external conditions at
which the time-dependent losses start to occur, and to connect these limiting conditions to
the measured magnetic BH curves of the material.

Permanent magnet motor and generator designers need design guidelines: how to assure
the long-term stability of the magnets in their applications. These guidelines should include
rules how to take the time-dependent losses into account in materials selection and in the
quality control of the magnets. Also the effectiveness of a stabilizing heat treatment needs
to be verified. This work aims at producing essential information for the basis of the work
towards practical material selection guidelines.
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1.2  Structure of the thesis

The research work consists of five independently published parts and a previously
unpublished part. Fig. 1 presents the structure of the work. The first study was a screening
type analysis with many different magnet types, geometries and temperatures to get an
overview of the phenomenon. This was followed by three studies focused on different
parameters affecting the phenomenon. These four studies gave a good understanding about
the phenomenon, and confirmed its significance. The results of these studies also
demonstrated the fact that below some material specific limiting conditions the magnets
were extremely stable.

The further studies concentrated more in applying the results. In these studies the effect of
the squareness of the BH curve, sometimes considered as a quality of the magnet material,
on the long-term behavior of the material was examined. Also the influence of the
stabilization heat treatment of the magnets was analyzed. The results of these studies help
to understand the possibilities to control the long-term losses.

In the final part of the work, an analysis of the applied measurement method is performed
and the open and closed-circuit measurements are compared. This gives new information
about the demagnetization process to be used in the formulation of the material
specifications.

The
Effects of stabilization
temperature heat
{publi} pr—_ treatment
Screening type of study Possibilities to {pub V)
onthe polarization control the time-
losses as a function of TH dependent losses lity of th
time. More Effects of e Quality of the
. . phenomenon magnet
Varied parameters: detailed magnet grade .
- magnet grade study {pub IlI} was material
: documented {unpublished})
- magnet shape
- termperature
(publ) Analysis of the Comparison
Effects of measurement to closed
magnet shape methods circuit
{(pub1¥) exposure
{unpublished)
Figure 1. Structure of the work.
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2. Polarization losses in sintered NdFeB magnets

During the manufacturing process the sintered NdFeB magnets are not externally
magnetic. The magnetization is the last step in the production process. During the
magnetization the magnetic moments of small magnetic domains inside the magnet are
oriented with assistance of an external magnetic field to obtain a macroscopic polarized
state. After the magnetization, the magnet consists of two magnetic poles, which generate
an external magnetic field between them. This magnetized state is a metastable state and
demagnetization occurs if certain amount of energy is introduced to the magnet. Partial
demagnetization causes polarization losses and decreases the external magnetic field
generated by the magnet.

This metastable polarization is based on the magnetic hysteresis of the material. The
hysteresis phenomenon is discussed in more detail in Section 2.1. The hysteresis behavior
of the NdFeB material, however, depends on the microstructure of the material. In Section
2.2, the microstructure and the production process to obtain the microstructure of sintered
NdFeB magnets are briefly presented. In the last chapter of the theoretical background,
Section 2.3, the aspects of the application of sintered NdFeB magnets affecting the
polarization losses and some design issues are discussed.

2.1 Analysis of hysteresis in NdFeB type materials

Hysteresis is the dependence of a system not only on its current environment but also on its
past. The state of the magnetization in magnetic materials is thus dependent on the
magnetizing history. Changing external magnetic field forms metastable magnetic states in
the material. Return of the material to the original state requires energy input.

The hysteresis phenomenon in this chapter is discussed from the permanent magnet point
of view and especially considering the behavior of sintered NdFeB based magnet
materials. The special characteristics of soft magnetic materials are excluded from the
discussion.

2.1.1 Hysteresis loop

Fig. 2 illustrates the hysteresis behavior of a permanent magnet material. The vertical axis
shows the magnetization state of the material and the horizontal axis represents the
external magnetic field. At location 1 (hereafter loc. 1), the material is hon-magnetized in
zero external field. As the external magnetic field is increased, the magnetization of the
material is also increased (loc. 2), but not linearly. Magnetization increases until the
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saturation state is reached (loc. 3). After that, the magnetization is not increasing anymore.
If the external field is then decreased, the magnetization remains close to the saturation
level. Even at the point where the external field has disappeared (loc. 4), the remanent
magnetization of the material is close to the saturation level. This magnetization state at
zero external magnetic field (after saturation) is called the remanence (B,) of the material.

In NdFeB materials the magnetization state remains close to the remanence even when the
external magnetic field is increased in the reverse direction. At location 5, demagnetization
of the magnet begins. As the reverse field is increased to the coercivity (H.;) level (loc. 6),
the macroscopic magnetization of the material has disappeared. Magnetization in the
reverse direction starts to increase as the reverse field is further increased. At location 7,
the saturation is achieved in the reverse direction.

Magnetization, M
[A/m]
® @] ®)
~
\@'_ O B Extemal magnetic
' ' ' ' field H [A/m
(7 (8)
N 4
Figure 2. Schematic presentation of a hysteresis loop of a permanent magnet material.

The key properties of permanent magnets are thus the remanence, B,, which determines the
magnetic field produced by a given volume of magnetic material, and the intrinsic
coercivity, H, the material’s resistance to demagnetization [6].

The theory of the hysteresis phenomenon is divided into three classes: rate-independent
hysteresis, rate-dependent hysteresis, and thermal relaxation [2]. The rate-independent
hysteresis does not include any time-dependent effects and it assumes that every B/H point
describes the equilibrium state. Thermal effects are ignored in the rate-independent
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hysteresis model, and it is therefore a zero temperature approximation. The rate-dependent
hysteresis includes some dissipation mechanisms, such as eddy currents, which limit the
rate at which the system can respond to the external field. Hysteresis loops increase in area
with increasing field rate of change [7]. This is due to the shift of coercivity (loc. 6) to the
left.

Thermal relaxation causes the system to approach thermodynamic equilibrium by thermal
fluctuations. The thermal relaxation will shift the coercivity (loc. 6) of the rate-independent
hysteresis to the right. Magnetic viscosity results from the thermal relaxation, and the
phenomenon is discussed in more detail in Section 2.1.4.

Permanent magnet design usually relies on the rate-independent hysteresis theory even
though it is precise only at 0 K. Thermal effects are considered only by measuring the M
vs. H curves at different temperatures. Measured curves are assumed to present the
equilibrium states at these temperatures. Permanent magnets are usually operated between
loc. 4 and 5 in Fig. 2, and this part of the hysteresis is expected to be independent of the
field rate of change. Magnetic viscosity is often considered to be so small that the
approximation of rate-independent hysteresis can be safely adopted [7].

Hysteresis loops are measured by hysteresis-graphs, which are presented in more detail in
Section 3.2.

2.1.2 Domain structure and energy profiles

Hysteresis behavior of permanent magnet materials is due to the changes in the magnetic
domain structure. Domains are small volumes of the material in which the magnetic
moments of atoms are aligned. Domains are separated by a domain wall. What type of
domain structure is formed depends on four different factors: exchange interaction between
neighboring atoms, crystalline anisotropy, magnetostatic effects, and external field [7].
Systems tend to approach an energy minimum state, and this is also a tendency in the
domain structure formation. However, the domain structure realized in practice depends
more on the external field history than the total energy minimum.

In NdFeB magnets, the uniaxial crystalline anisotropy is very strong, which favors the
orientation of magnetization in the direction of easy axis only. It favors also narrow
domain walls. In a domain wall, the direction of magnetization rotates from one direction
to another. The width of the domain wall depends on the exchange and anisotropy
energies.
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In the non-magnetized state (loc. 1), one grain of sintered NdFeB material includes two or
more domains that are equally distributed in opposite directions. This type of domain
structure is illustrated in Fig. 3a. The net field outside the sample is zero. This type of
domain structure is formed only by demagnetization of the material above the Curie
temperature, which is like resetting the history of the external magnetic field. This is the
energy minimum state of the material.

As the external field is increased (in the direction of the easy axis, i.e., the vertical
direction in Fig. 3), the domains parallel to the field start to increase in volume by the
movement of the domain walls. The reverse domains decrease in size accordingly. When
the saturation has been achieved, the domain walls have disappeared and each grain
contains only one domain. All the domains have the direction of the magnetization parallel
to the external field (Fig. 3b).

After the saturation, each grain can be considered as a bistable system, which has two
possible states of magnetization: magnetization upwards or magnetization downwards. The
domain structure remains as in Fig. 3b even when the external field is removed. The
energy profile of a single grain at this state (loc. 4) can be described as in Fig. 4a. There
are two equal energy minima in the profile, corresponding to the two directions of
magnetization. The energy barrier between the minima prevents the occupation of the other
state. The energy barrier describes the energy needed to form a new domain wall or to
release an existing wall from a pinning site.

As the reversed external magnetic field is increased, the occupied energy minimum starts
to rise (Fig. 4b). The occupied energy minimum is not a total minimum of the system
anymore, and the state becomes metastable. At the coercive field the occupied minimum
has disappeared (Fig. 4c) and the reversal of the magnetization occurs. The external field
energy has reached the energy needed to form a domain wall. As the domain wall is
formed, the external field causes the wall to move fast across the grain, leading to the
magnetization reversal of the grain.

In a multigrain material, this coercive field is slightly different for different grains. Some
grains have reached their coercive field at loc. 5, and half of the grains have reversed the
magnetization at loc. 6. Fig. 3¢ shows the domain structure at loc. 6. All the domains have
reversed the magnetization at loc. 7, and the corresponding domain structure is presented
in Fig. 3d. At the saturation conditions, there is only one energy minimum in the energy
profile. As the external magnetic field is again removed (loc. 8), the magnetization state of
the material remains (Fig. 3d). The energy profile of a single grain is shown in Fig. 4d.
There are again two possible energy minima, but now the occupied minimum is the state of
the reversed magnetization. This minimum is occupied until the coercive field is again
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reached (loc. 9). The reversal field, equal to the coercive field, causes the minimum to
vanish (Fig. 4e).

Figure 3. Domain structure of a sintered NdFeB permanent magnet material at different
locations of the hysteresis curve.

a) b) c) d) e) f)
3} [,
Figure 4. Energy profiles of a bistable system. After saturation the single domain grains of
sintered NdFeB magnets can be considered as bistable systems.

2.1.3 Magnetization reversal

The magnetization reversal occurs by the movement of domain walls. The reversal process
is divided into two types: nucleation and pinning types. In the structure, where there are no
domain walls present after saturation, the reverse domains need to be nucleated. In the
pinning type of reversal, the domain walls are present but pinned for example on the grain
boundaries or inclusions inside the grains.

In the NdFeB magnets, the reversal mechanism is found to be of the nucleation type [8].
As the nucleation field has been reached, the reverse domain nucleates and expands very
fast by the movement of the domain wall [9], since the movement of the domain wall
needs less energy than the nucleation. This is, however, not agreed entirely, and for
example Durst and Kronmdller [10] suggest that the relevant magnetic hardening
mechanism in NdFeB magnets is the nucleation process at lower temperatures, whereas at
higher temperatures the pinning of domain walls at grain boundaries predominates.
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In the theoretical studies, the reversal of the magnetization in NdFeB grains is in most
cases discussed with a coherent rotation model, where the magnetization of a single grain
is described by a single magnetization vector [7]. As the reversal takes place, the
magnetization is considered to reverse simultaneously inside the whole volume of the grain
as the direction of the magnetization vector is reversed.

As the grains in sintered NdFeB magnets are isolated by a grain boundary phase, the grains
can be considered as independent small magnets. The behavior of the magnet material can
then be determined as a sum of the behaviors of each grain. This Stoner-Wohlfarth model
[11] is generally used to describe the formation of the magnetic hysteresis in sintered
NdFeB magnets. However, the coercivity of the sintered NdFeB magnet materials
produced today is only about 20 % of the theoretical maximum calculated according to the
Stoner-Wohlfarth model [12]. Hrkac et al. [13] have shown that this is due to two effects:
one is the magnetostatic field from the neighboring grains, and the second is the reduced
anisotropy at the surface region of the grain.

2.1.4 Magnetic viscosity

The demagnetization process is found to be time-dependent, magnetic viscosity being the
phenomenon delaying the process. During the demagnetization process, metastable states
in magnetic materials transform to stable ones by a combination of field induced
transitions and thermal activation [14]. At constant field conditions, the evolution of
demagnetization is a result of thermal activation. The hysteresis curves describe the field
induced process but neglect the time-depended effects caused by thermal activation. It
follows that the representation of the magnetic behavior of a material by M vs. H data (like
in Fig. 2) is incomplete [15].

This time dependence of extrinsic magnetic properties due to magnetic viscosity is also
known as thermal after-effect or ageing [16]. Magnetic viscosity is known to be a
statistical relaxation phenomenon. In constant field conditions, the magnet system
approaches its thermodynamic equilibrium due to thermal fluctuations. The probability of
energy peaks exceeding the energy barriers between the two magnetization states (Fig. 4b)
determines the magnetization reversal of each domain.

Experimentally it has been found that the time dependence of magnetization (M) as a
function of time (t) and magnetic field (H) can be described by a logarithmic law [16]:

M(t,H)=M(tO,H)—S(H)Inti (1)

0
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where S is a phenomenological magnetic viscosity constant and t, is a reference time. This
function is an approximation and valid only in a limited time interval.

Many magnetic viscosity studies beginning from Néel (1948), and Street and Woolley
(1949) [17], have tried to connect the magnetic viscosity coefficient to the activation
energy of the magnetization reversal. Néel’s theory is based on thermally induced random
fluctuations of spontaneous magnetization (fluctuation field) and Street’s theory on
thermally activated rate processes involving metastable states with a distribution of
activation energies [14].

Wohlfarth et al. [18] have determined the magnetic viscosity constant as:

s =K ¢ (H,T)™, @)
vK

where KT represents the temperature dependence (k is the Bolzmann’s constant, T is
temperature), oK (v is the activation volume, K is the anisotropy constant) depends on the
material and its microstructure, and f(H,T) is a complex function, which describes the
precise nature of the magnetization process. Thus, magnetization losses over time in
permanent magnets depend on the magnetic field, temperature, magnet material and its
microstructure and the magnetization history.

The viscosity coefficient S is constant only at a constant demagnetizing field and constant
temperature. To get a material characteristic, independent of the field, theories suggest to
divide the magnetic viscosity coefficient S by the irreversible susceptibility yir (=
dM;./dH) of the material [17]:

g, = 3
Zirr

In many publications S, (or Hr) for NdFeB magnets has been found to be independent of
the magnetic field and constant at a constant temperature [19-23]. However, some studies
show that it varies with the magnetic field [24]. The comparison of the results of the S,
measurements found in the literature is difficult due to many different experimental and
theoretical procedures [25, 26]. There is no consistent understanding how i, should be
determined. For example, Estrin [27] claims that the susceptibilities in the previous studies
have not been precisely defined. He sees that there is an analogy between the reversible
and irreversible changes in the intensity of magnetization and the elastic and plastic
components of strain. This means that appropriate values of the susceptibilities are those
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obtained from magnetization vs. magnetic field curves taken at constant ;.. In most of
the studies y;,r are determined from the traditionally measured MH curves.

Independent of the experimental procedure, the measurements of S and y;,. are performed
in the time-scale of seconds. The fact that y;. is actually time-dependent [28] is mostly
ignored in these studies. S, might thus also become time-dependent. S, is very important in
the magnetic recording as the particle size reaches the nanometer range and the time-scales
for magnetization and demagnetization processes are less than a second. These research
results are not necessarily applicable to the demagnetization process of bulk magnets in the
time-scale of years.

Usually the measurement equipment does not allow accurate measurements over long
periods of time. The logarithmic law (Egn. 1) is shown to hold for NdFeB magnets within
different time intervals between 1 s and 30 min [21-23, 25, 29].

As a general rule, the time-dependent behavior is more pronounced in higher coercivity
materials [15]. This indicates that also in high coercivity NdFeB magnets the magnetic
viscosity might be significant in certain conditions.

2.2  Sintered NdFeB

The NdFeB permanent magnet material was discovered in the beginning of the 1980’s, and
the first results were published in 1984 by two different research groups independently.
Croat et al. [30] produced the material by so-called melt-spinning process, while Sagawa et
al. [31] used a sintering process. The magnetic phase is the same but the microstructure of
these two differently produced NdFeB magnets is different. Melt-spinning leads to a
nanocrystalline structure, whereas the sintering process forms a microcrystalline structure
[32]. The sintering process is nowadays adopted as the production process for bulk NdFeB
magnets, since it is more effective in mass production. The melt-spinning process is used
mainly to produce NdFeB powders for plastic bonded magnets.

The properties of sintered NdFeB magnets depend on the intrinsic properties of the hard
magnetic phase as well as the microstructure of the material. The microstructure of the
material is dependent on the complex production process. In section 2.2.1 the
microstructural features of sintered NdFeB magnets are discussed, and the production
process of sintered NdFeB magnets is presented in Section 2.2.2.
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2.2.1 Microstructure

Sintered NdFeB magnets compose of a hard magnetic Nd,Fe;4B matrix, an intergranular
Nd-rich phase, and a small amount of a B-rich phase [33]. Fig. 5 shows a SEM image of
the microstructure of a NdFeB based sintered magnet. The grains (gray) consist of the hard
magnetic phase. Between the grains, there are very thin Nd-rich grain boundary phase
regions with some small agglomerates consisting of neodymium oxides at the triple points
of the grain boundaries (white).

Figure 5. SEM image of the microstructure of sintered NdFeB magnet material [34].

Basically the hard magnetic phase is responsible for the magnetic properties of the
material, but the grain boundary phase has also a major effect on the coercivity of the
material. These phases are discussed in more detail in Sections 2.2.1.1 and 2.2.1.2.,
respectively.

2.2.1.1 Hard magnetic phase

The magnetization of a material arises from the quantum mechanics, which determines the
magnetic states of an atom. Fe and rare-earth atoms are known to form binary compounds
with high saturation magnetization due to the ferromagnetic coupling of the magnetic
moments [31]. The search for a new stable phase with uniaxial anisotropy gained lot of
efforts in the beginning of the 80’s, and finally the ternary Nd,Fe;4,B phase was discovered.
The production of the compound requires rapid solidification. If the solidification is too
slow, iron tends to solidify as a-Fe.

The Nd,Fe;4B phase has a tetragonal crystal structure [4] with a uniaxial anisotropy. It’s

easy direction of magnetization lies on the c-axis. The unit cell of a Nd,Fe4B crystal is
shown in Fig. 6.
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The uniaxial crystalline anisotropy in the Nd,Fe;4B crystal means that all the magnetic
moments of the ferromagnetic atoms will spontaneously point in the c-direction. In one
grain there are thus two possible magnetization directions:; along the c-axis upwards or
downwards.

Sintered NdFeB magnets are produced from powder that consists of only single grain
particles. As the grains are oriented during the pressing by an external magnetic field, the
c-axis of all grains is pointing in the same direction. The obtained magnets are therefore
anisotropic, meaning that there are only two possible magnetization directions.
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Figure 6. Crystal structure of Nd,Fey4B [35].
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The remanence of the material originates from the spontaneous magnetization (M;) of the
hard magnetic phase (xoMs = 1.6 T at 300 K in Nd,Fe14B) [12]. The remanence of the final
magnet can be increased by increasing the volume fraction of the hard magnetic phase and
by enhancing the alignment of the grains [36].

2.2.1.2 Grain boundary phases

The structure of the grain boundaries in sintered NdFeB magnets has a significant effect on
the coercivity of the material. The function of the grain boundary phase is to isolate the
hard magnetic grains and to prevent the magnetic interaction between them. In well
isolated grains, the magnetic reversal process does not proceed from one grain to another.
Instead, the magnetization reversal needs a nucleation of a reversal domain in each grain.

The key to the magnetic isolation is the paramagnetic Nd-rich phase. Also some Nd-oxides
are present at the grain boundaries, since neodymium is a very active material and oxidizes
easily. Fig. 7 shows a SEM image of some Nd,Fe4B crystallites with a thin Nd-rich
intergranular phase separating the individual grains. This type of microstructure should be
very effective in preventing the nucleation of reverse domains [34]. The structure,
formation and role of the grain boundary phase have been topics for many research works
recently [37-40].

500 nm

Figure 7. SEM image in the backscattered electron contrast of the NdFeB-type sintered
magnet showing a very thin and homogeneous coating of the Nd,Fe;4,B grains with
Nd-rich intergranular phase [34].

Li et al. [37, 38] have found that the continuous thin layer of a Nd-rich phase along the
grain boundaries has a chemical composition of NdssFessCuz1Bog. Cu addition enhances
the formation of the Nd-rich thin layers along the grain boundaries. A fine Cu-enriched
shell was also detected, suggesting that the Nd,Fe 4B grains are completely enveloped by
the Cu- and Nd-enriched layers. 3D atom probe analysis showed that a thin Cu-rich layer
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with a thickness of approximately 2 nm is present at the interface between the Nd,Fe;4B
and Nd-rich phases. The result of this analysis is presented in Fig. 8. On the right is the
Nd,Fe4B grain and on the left the grain boundary.

The crystal structure of the Nd-rich phase mainly depends on its O content. As the O
content increases, the structure of the Nd-rich phase changes as follows: double close-
packed hexagonal (solid solution) — face-centered cubic (NdO) — close-packed
hexagonal (Nd,O3) [41]. The wettability of the grain boundary phase decreases as the O
content increases. Nd-oxides tend to form precipitates at the grain boundaries. Degradation
of the coercivity of a NdFeB magnet with the grain size less than 3 um was found to result
from the inhomogeneous distribution of the fcc-Nd oxide. The volume fraction of fcc-Nd
oxide increased when the grain size of the material was decreased [42]. The wettability of
the grain boundary phase becomes even more important as the grain size decreases, since
the total surface area of the grains increases.

The coercivity of high-performance sintered NdFeB magnets is still about 20% of the
theoretical Stoner—-Wohlfarth limit. This can be explained by a distorted region of
Nd,Fe14B at the grain boundaries, which leads to a reduced local magnetic anisotropy [13].
Depending on the boundary composition of fcc-NdO and hep-Nd,Os, the thickness of this
region of reduced anisotropy varies between 0.4 nm for fcc and 1.6 nm for the hcp phase.
Simulations show that this distorted region on the grain surface together with
magnetostatic fields from the neighboring grains give the coercivity levels found in
commercial sintered NdFeB magnets today.
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Figure 8. Concentration depth profiles for Nd, Fe, B and Cu, determined from a 3D atom
probe analysis. The dotted lines mark the statistical errors of Fe [38].
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2.2.1.3 Alloying elements

Different types of alloying elements are used in NdFeB magnets for various reasons.
Basically there are two types of additional elements: substitution elements and dopants.
Fidler et al. [43] have divided the elements into four categories according to their tendency
to substitute either Nd or Fe atoms in the hard magnetic phase (substituents S1 and S2) or
to form grain boundary phases with Nd or B (M1 and M2). The structure of the material
will be (Nd,S1)-(Fe,S2)-B:(M1,M2). Selected S1 substituent elements (Dy,Tb) replace the
Nd atoms and S2 atoms (Co,Ni,Cr) the Fe atoms in the hard magnetic phase and
considerably change the intrinsic properties, such as the spontaneous magnetization, the
Curie temperature, and the magnetocrystalline anisotropy.

If dopant elements M1 or M2 are added to Nd-Fe-B, in some cases the coercivity is
increased and the corrosion resistance is improved. Type M1 dopants (M1=Al, Cu, Zn, Ga,
Ge, Sn) form binary M1-Nd or ternary M1-Fe—-Nd phases, whereas M2 dopants (M2=Ti,
Zr, V, Mo, Nb, W) form binary M2-B or ternary M2-Fe-B phases. M1 dopants influence
the wetting behavior of the liquid phase during the sintering. This leads to a more
homogeneous distribution of the grain boundary phase, which enhances the coercivity.

The most important and widely used substitutions are dysprosium and cobalt. By
substitution of Nd with Dy, a rise in coercivity is achieved. In the magnet grades intended
for high temperature applications Dy additions are essential. However, while the Dy
addition increases the coercivity it also decreases the remanence, which is an unfavorable
effect.

Partial replacement of Fe by Co raises the Curie temperature of the Nd,Fe;;B compound,
which improves the temperature coefficient of remanence, but the coercivity is decreased
[33]. Co segregations at the grain boundaries improve the corrosion resistance of the
material.

2.2.1.4 Domain structure

The grains in the NdFeB magnet material are split into domains in the pre-magnetized
state. The domains are separated by domain walls. Magnetization is realized by the
movement of these domain walls. The macroscopic magnetic properties of the material are
due to the magnetic microstructure, i.e., the domain structure. Fig. 9 presents a Kerr
microscopy image of a NdFeB crystal around a twin boundary, meaning that the upper part
has a different magnetization direction than the lower part. The image represents the
domain structure of a thermally demagnetized NdFeB material.
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Figure 9. Kerr image obtained around a twin boundary in a NdFeB crystal [44].

In the thermally demagnetized state there exist multi-domain grains in sintered NdFeB
magnets, but after magnetization to saturation the domain walls are either disappeared or
pinned to the grain boundaries. According to the theory presented in Section 2.1.2, NdFeB
grains can be considered as single domains all the time after the saturation magnetization.
The multi-domain structure can be returned only by heating the material above the Curie
temperature.

The domain structure of magnetized sintered NdFeB magnets is difficult to detect.
Takezawa et al. [45-47] have recently studied the magnetization reversal of NdFeB
magnets by Kerr microscopy. Fig. 10 reveals that there occur multi-domain grains during
the reversal process at room temperature. Only at the saturation state all the grains are
single domains. Conclusions are difficult to draw, since the image is only representing the
magnetic microstructure of the surface of the sample. During the sample preparation, some
deterioration on the surface occurs and it has an effect on the magnetic properties of the
surface layer [48].
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magnetization

Figure 10. Magnetization process of sintered NdFeB magnet at 20°C: (a) + 14 kOe (1114
kA/m), (b) + 1.1 kOe (87 kA/m), (c) + 0.8 kOe (64 kA/m), (d) 0 kOe, (e) - 1.4 kOe
(-111 KA/m), and (f) - 7.2 kOe (-573 kA/m) [47].
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2.2.2  Production process of sintered NdFeB magnets

The production process of sintered NdFeB magnets starts from the casting of the alloy.
Cast ingots are crushed and further processed by the hydrogen decrepitation (HD) process
to a fine powder. The powder is further milled by jet milling until the particle size is about
5 um. After milling, the powder consists of only single grain particles. A green compact is
then pressed from the powder in the presence of an external magnetic field. The magnetic
field aligns the particles and results in anisotropic magnets. The green compacts are then
densified by sintering at a temperature over 1000°C. A post sintering heat treatment at
about 600°C is also necessary to enhance the coercivity of the magnet. For finishing the
magnet, some machining and surface treatments are typically performed. The last step in
the production process is the magnetization. The process is presented in Fig. 11. Each step
of the process, until machining, will have an effect on the microstructure and magnetic
properties of the magnet.

Cooling rate is a critical parameter in the casting. In traditional ingot casting, there is a risk
of a-Fe formation if the Nd content is reduced close to the stoichiometric level of the
Nd,Fe;4,B compound [49]. The formation of a soft magnetic a-Fe phase will deteriorate the
magnetic properties of the final magnet. The formation of dendritic o-Fe in cast alloys can
be reduced by additives as well as by optimizing the casting technique [50, 51]. Strip
casting is an improved casting technique that provides a finer and more homogenous
microstructure. Effects of this casting method on the properties of the magnet have been
studied actively [52-54].

In the milling and compaction steps it is important to avoid oxidation. The coercivity of the
magnet can be increased by decreasing the grain size [55]. This requires milling to a
smaller particle size. The reduction in the particle size, however, increases the risk of
oxidation which, in turn, leads to the reduction in coercivity, as explained in Section
2.2.1.2.

Sintering will solidify the magnets. The sintering temperature has to be high enough to
allow the grain boundary phase to liquefy, but not too high, since the grain growth is easily
activated at high temperatures. The optimal sintering temperature varies slightly with the
composition of the magnet. Post-sintering heat-treatment enhances the coercivity by
forming a continuous thin Nd-rich grain boundary phase with a thin Cu-enriched layer
along the Nd-rich/Nd,Fe14B interface. The formation of such a Cu-rich layer is expected to
decouple the exchange interaction between the Nd,Fe 4B hard magnetic grains and thereby
increase the coercivity.
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Figure 11. Production process of sintered NdFeB magnets.

The production process of sintered NdFeB magnets is well established and many industrial
magnet producers have adjusted the parameters of each production step to optimize the
properties of their products.
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2.2.3 Recent developments in NdFeB magnets

The dominant application of sintered NdFeB magnets has been changed from the hard disc
drives to the motors [56], which means that thermal stability properties have become more
important. The production of high coercivity grades that contain large amounts of
dysprosium is common nowadays. Dysprosium is, however, not as abundant as Nd in ores
and thus it is much more expensive. There is a strong attempt today to find new ways to
increase the coercivity of sintered NdFeB magnets without Dy additions [57-59].

There are two main ways to reduce the Dy content in high coercivity grades. The first one
is the refining of the grain size. The Japanese have developed a production process called
PLP (pressless production), which allows to compact fine powders [60]. Magnetic
properties can be enhanced also with a narrow particle size distribution [61].

The second one is the introduction of Dy only on the surface layer of the NdFeB hard
magnetic grains. This is done by diffusion of Dy along the grain boundaries from the
surface of the magnet [62, 63]. This method is limited to very thin magnets only.

One of the goals of this thesis is to examine the possibility to save Dy by optimizing the
selection of the magnet material, i.e., to avoid any excess Dy additions in the used material
due to too high safety factors.

2.3  Characteristics of sintered NdFeB magnets in motor and generator
applications

Motor and generator applications are one of the high-tech applications of sintered NdFeB
magnets. This means that the properties of the magnets need to be modified carefully to
match the design of the application. Magnetic properties of permanent magnet materials
are typically determined by measuring the magnetic flux density, B, as a function of
external field strength, H. This BH curve characterizes the behavior of the material in a
changing external field.

The most important parameter of NdFeB magnets used in a motor or generator application
is the remanent flux density. The flux density should be also fairly stable over the
operating conditions of the application. It is important to control the operating conditions
to avoid any permanent changes in the polarization. IEC has published a technical report
[64], which describes the temperature behavior of rare earth sintered magnets. Changes in
the magnetic properties due to the changing temperature are explained well, but the
knowledge on the time-dependent effects at constant conditions is admitted to be
inadequate.
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Three different types of losses might occur in the remanent polarization of the magnet:
reversible, irreversible, and permanent losses. These are discussed in Section 2.3.1.
Thermal stability and maximum operating temperature are discussed in Section 2.3.2. The
magnet material selection based on the operating point method is discussed in Section
2.3.3. The last Section, 2.3.4, deals with the specifications and quality control of the
magnets.

2.3.1 Reversible, irreversible and permanent losses

The possible losses occurring in permanent magnets are divided into three categories
according to the nature of the loss. Reversible polarization losses occur as the temperature
rises, but the polarization increases back to the original level as the temperature is
decreased again. This is a material property and can be affected only slightly by the
alloying elements. The temperature dependence of the remanent polarization is described
by a temperature coefficient of remanence, a. The temperature dependence is not actually
linear, but in a short temperature range it can be approximated by a linear coefficient.
Typically the coefficient is determined for the temperature range from 20°C to 100°C.

Irreversible polarization losses are not recovered as the temperature is decreased. Fig. 12
illustrates the differences of the reversible loss (R) and the irreversible loss (I). The
original magnetic moment in the Figure decreases from about 120 to about 60 (arb. units)
as the temperature is increased from room temperature to 200°C. As the temperature is
returned back to room temperature, the magnetic moment of about 80 is achieved. This
means that the total loss occurring due to the temperature rise can be divided into the
reversible and irreversible parts. The irreversible part can be further divided into
recoverable and permanent losses. Permanent losses result from the structural changes in
the microstructure. Mainly these are due to oxidation in the sintered NdFeB magnets.
Recoverable irreversible losses can be recovered by remagnetization. This part of the total
loss is only caused by the demagnetization of the magnet.

The reversible loss has to be taken into account in the application design, since it cannot be
avoided. The permanent loss can be controlled by careful corrosion protection. Even
though the losses due to demagnetization are recoverable by remagnetization, they need to
be avoided in the applications, as the remagnetization of the assembled magnets is nearly
impossible.
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Figure 12. Ilustration of the flux losses experienced by a NdFeB magnet at elevated

temperatures [32].

2.3.2 Thermal stability

There is no consistent definition for the term “thermal stability”, even though it is a very
important issue in the design of NdFeB magnet applications. The thermal stability of
different types of NdFeB materials is being studied actively [65-74], but it is difficult to
compare these results since the authors determine the concept of thermal stability
differently.

In some cases, such as in [74], the thermal stability of a permanent magnet material is
considered to be described only by the temperature coefficient of remanence, a. This
description is valid only if the demagnetization and oxidation are totally avoided. In this
particular paper, the increase of thermal stability of the NdFeB material is considered as
the decrease of the temperature coefficient o gained by Gd substitution. However, the
intrinsic coercivity H; is at the same time decreased, and the risk of partial
demagnetization of the magnet is thus increased. Anyway, this is not considered to affect
the thermal stability of the material.

In most cases also the partial demagnetization due to temperature rise is considered. The
coercivity of NdFeB material typically decreases radically as the temperature raises, and
thus, the control of the demagnetization is challenging. The partial demagnetization is
typically defined as the amount of irreversible flux loss detected after a certain exposure.
This gives, however, only one loss value after a fixed exposure. For example, Zhang et al.
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[66, 67] have used a two hour exposure time, Kim et al. [70] an exposure time of one
hour, and Cheng et al. [72] only a half-our exposure time. Some studies do not mention
the exposure times at all. Also the dimensions of the samples vary in these studies, leading
to different types of field conditions.

Even though these studies do not give applicable information to machine design, they
reveal the potential methods to manipulate the properties of NdFeB compounds. For
example Ma et al. [68] showed that Dy and Nb additions clearly reduce the irreversible
flux loss at elevated temperatures, and Chen et al. [69] showed the same effect with MgO
and ZnO additions. Also Ga [72] and Ti+C [67] additions are found to decrease the flux
loss at elevated temperatures.

2.3.2.1 Maximum operating temperature

In the application industry, the thermal stability is frequently defined by setting a
maximum operating temperature for a magnet [3]. The maximum operating temperature
should be defined as the maximum temperature to which the magnet may be exposed with
no significant long-term instability [75]. However, this temperature is strongly dependent
on the dimensions of the magnet and as assembled, on the magnetic field conditions the
magnet is facing during the operation. So, the maximum operating temperature is not just a
material characteristic but also depends on the operating point.

Another issue in the definition of the maximum operating temperature is the question of
‘significant instability’. Machine designers use a term of critical temperature [76-78], but
in FEM design it means a limiting temperature with no irreversible losses at all. Many
times it is determined theoretically from the measured BH curves of the material. This
theoretical method ignores the time-dependent effects and is thus not accurate. The
operating point method is discussed in more detail in Section 2.3.3.

A more practical way of defining the critical temperature is to set a maximum allowable
loss to the polarization. Kato et al. [79] have determined the thermal stability by a critical
temperature of 3 % irreversible flux loss under thermal cycles. According to Trout [3], it is
a common way to specify the maximum operating temperature as the temperature, where
the total flux loss reaches 5 %. For the applications these limitations to the total loss are
clear and are expected to represent the total loss during the expected lifetime of the
application. Tests are, however, performed with much shorter time periods. There is a lack
of a consistent and well known theory for how to convert these short-period thermal
stability test results to applicable information for the assurance of the long-term stability.

34



2.3.2.2 Stabilization heat treatment

The stabilization heat treatment, also known as the pre-aging heat treatment, is a method
used in order to improve the thermal stability of permanent magnets. This means that the
magnets are exposed to a higher temperature than their intended operating temperature,
before being installed. However, there are not many published papers about the effects of
such heat treatments on the subsequent loss behavior of sintered NdFeB magnets.
Radiation-induced demagnetization is claimed to decrease due to the thermal stabilization
[80]. A pre-ageing heat treatment that caused a 0.69 % decrease in the polarization was
found to be sufficient to decrease the subsequent demagnetization in the electron beam
exposure close to zero.

The effects of stabilization heat treatment on SmCo based magnets have been studied
previously [81, 82]. As long as the stabilization treatment is performed at moderate
temperatures, the effects are purely due to the domain wall motion and a stabilizing effect
is attained [81]. Remanence of the magnets was reduced proportionally during the
stabilization treatment. In [82], the time-dependent demagnetization of SmCo magnets
within a three-year measurement period was found to decrease to about 0.3 % after a two-
hour pre-ageing treatment.

The principal idea of thermal stabilization is to demagnetize the weakest domains in the
magnet. The domains that maintain their original magnetization state despite the thermal
exposure are assumed to be stable at temperatures below the stabilization temperature.
Based on this assumption, stabilization heat treatment is introduced as a part of the
production process in some companies utilizing sintered NdFeB magnets. The exposure
temperature and the duration of the heat treatment are more or less chosen on the basis of
rough estimates, or the treatments are combined with other processing steps like curing or
potting, and the parameters of the heat treatments are optimized for these processes. Also
stabilization treatments using magnetic field pulses are used, since they are easier to carry
out.

2.3.3 Operating point

The permeance coefficient (P.), the load line, and the operating point of a magnet are many
times considered to be the same measure. These are related to the dimensions of the
magnet and its associated magnetic circuit [75]. The operating point is also related to the
material’s BH curves, and it is defined as the intersection point of the load line and the
material’s BH curve. This is a way to describe the magnetic field conditions inside the
magnet during the operation. There are two things affecting the magnetic field conditions:
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the self-field produced by the magnet itself and the external magnetic field produced
elsewhere in the application.

For individual magnets, the only source of magnetic field is the self-field. The permeance
coefficient of a single magnet can be determined according to its dimensions. The
permeance coefficient of a rectangular magnet is calculated according to the following
formula [83]:

P. =1.77%1/h(l + W) + lw (4)

where h is the height (the direction of the magnetization), | is the length, and w is the width
of the magnet. The calculated P, gives an average value for the load line -B/goH (Mo is used
to change the units of H from kA/m to T [84]) for the magnet. In reality, the value of
-B/uoH is not constant but varies inside the magnet.

The operating point is typically considered as a point on the measured BH curve of the
material. It is an intersection of the BH curve and the load line representing the magnetic
field conditions (-B/poH). Fig. 13 shows the measured JH and BH curves of one magnet
grade produced by Neorem Magnets Oy. J is the magnetic polarization of the material, and
it is connected to the magnetic flux density by:

J=B-uH )

There are six different curves in the Fig. 13 measured at different temperatures. Load lines
-B/yugH = 0.4 and 0.75 starting from the origin are also added to the Figure. These load
lines represent the magnetic conditions of magnets with different dimensions. If there exits
an external magnetic field, the load line will be moved to start from the external field
strength value.

The operating point is expected to reveal the demagnetization behavior of the magnet. It is
also used to determine the limiting operating conditions for the material. As long as the
operating point is on the linear part of the BH curve, no irreversible losses are expected.
For example for a material, whose BH curves are presented in Fig. 13, the maximum
operating temperature at the operating point of 0.4 is 100°C, while at the operating point of
0.75 it is 120°C. However, the determination of the maximum operating temperature only
by the measured BH curves does not guarantee zero losses, since time-dependent losses are
ignored.
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Figure 13. Nominal JH and BH curves for Neorem Magnets grade 453a. Load lines -B/poH =

0.4 and 0.75 are also presented. The intersection of the load line and the BH curve
need to be in the linear part of the BH curve to avoid irreversible losses.

2.3.4 Specifications and quality control

FE-modeling is nowadays an efficient way of designing the applications. The optimization
of the magnetic circuits is thus much easier today than a few decades ago. There are many
papers published recently about the studies of the demagnetization risks of permanent
magnets in different types of machines [85-91].

In addition to the FEM calculations, it is important to understand how to convert the used
magnetic behavior optimally to the real material properties and especially to the
specifications when ordering magnets. The magnetic behavior of a commercial permanent
magnet material is not necessarily close to ideal, which is in many cases assumed in
design. Usually the BH curves are measured only for one sample in the production lot, but
there is always some variation in the properties from sample to sample. There also might
be some inhomogeneities inside the magnet, and the measured BH curve only represents
the average behavior of the material. Locally the response to a reverse magnetic field can
differ from the measured one.
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The magnetic behavior of the NdFeB magnet material is not defined completely by its
remanence and coercivity values. Also the shape of the JH curve is important. A common
way to quantify the shape of the curve is to use a parameter termed squareness factor (SF)
(or in some papers squareness ratio SR).

SF=_k (6)

where Hy refers to the field at which 10 % of the remanence is lost (= field at 90 % of By)
[92]. A squareness factor of 1 describes an ideal magnet material in which the
magnetization of all domains is reversed at the same opposing field, the coercive field. In
real materials this is almost impossible to achieve, but the closer the SF gets to unity the
better is the homogeneity of the material. Consequently, SF is considered as a quality
measure of a magnet material.

The shape of the JH curve depends on the microstructure of the magnet material [92, 93],
and the microstructure depends on the production process. Factors affecting the squareness
are at least the mean grain size and its standard deviation and the grain shape homogeneity
[93]. In addition, all kinds of defects in the microstructure, especially in the soft magnetic
phases, deteriorate the squareness easily [92]. If there exists roundness in the material’s JH
and BH curves, it can be treated by a partial demagnetization (stabilization or pre-ageing)
by a heat treatment or a reverse field pulse. If the slight demagnetization is done in a
closed circuit, the recoil curve, i.e., the new BH curve for the material after partial
demagnetization, will be close to linear [94].
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3. Methods for testing the magnetic properties of
permanent magnets

The magnetic properties of permanent magnets are determined by measuring the external
magnetic field they induce to the surrounding space. The easiest way to determine the
polarization or flux density of a magnet is to measure the total induction with a Helmholtz
coil and divide it with the volume of the sample. This reveals only the state of the magnet
at the moment of the measurement. The method is introduced in Section 3.1.

To characterize the magnetic behavior of a material in an external magnetic field, its
hysteresis loop has to be measured. The full hysteresis loops are difficult to measure for
sintered NdFeB magnets, and in many cases they are also unnecessary. The
demagnetization curve, i.e., the second quadrant of the whole loop, provides enough
information for the utilization. The demagnetization curves are measured typically by
Hysteresis-graphs, and the obtained curve represents an average response of the material to
the changes in external field. More about the demagnetization curve measurement is
presented in Section 3.2.

The demagnetization curve measurements do not give information about the local
variations of flux density inside the magnet. The homogeneity of the flux density,
however, can be detected by scanning the surface of the sample with a Hall probe. This
method is described in Section 3.3.

The above methods are commonly used in the magnetic material characterization.
However, they do not reveal the time-dependence of the magnetic properties. In general, it
is difficult to get reliable data on the long-term performance of permanent magnets because
of the limitations of the testing methods. This problem is discussed in Section 3.4.

3.1 Helmholtz coil measurement

Helmholtz coil consists of two identical coils that are separated from each other by a
distance that equals the radius of the coils. They form an area of homogeneous field
between them. This can be reversed to use the coils as a flux sensing devise instead of a
flux generating one [95]. By measuring the current induced to the coils when a magnet is
brought to the center of the system, a magnetic flux generated by the magnet can be
determined. The current is usually detected by a fluxmeter, which integrates the signals
from the coils. Helmholtz coil used in this study is presented in Fig. 14.

39



There are two possible ways of performing the measurements. First, after zeroing the
integrator the sample is brought to the center of the coils from a long distance, or the other
way around by placing the magnet in the center of the coils and then zeroing the integrator
and moving the magnet away from the coils far enough so that it is no longer affecting the
reading. The second practice is to turn the sample around inside the coils. If the integrator
is zeroed before inserting the magnet, the result will be an average of the two readings
without signs. If the integrator is zeroed after inserting the magnet, the result will be half of
the reading.

In this research the proportional changes in flux densities of the samples were studied and
so the samples were brought to the Helmholtz coil always from the same distance.

Figure 14. A Helmholtz coil and fluxmeter used in this study.

The flux density of a magnet can be calculated by dividing the measured total flux by the
measured volume of the magnet.

3.2  The demagnetization curve measurement

Demagnetization curves are obtained by measuring the changes in magnetic flux inside the
magnet while the external reverse magnetic field is increased continuously. Samples are
attached to an iron yoke that provides a closed magnetic circuit. The change in the flux
density in the magnet is measured by pick-up coils attached around the sample and the
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signal is integrated by a fluxmeter. Fig. 15 shows a commercial hysteresis-graph
(Permagraph) used in most of the BH curve measurements of this work.

There is a limitation in this method, since the iron poles saturate at about 2 T. High
coercive magnets cannot therefore be measured by a hysteresis-graph at room temperature.

Heating of the sample is done by heating the poles of the Permagraph. Conduction of the
heat from the poles to the sample has to be taken into account during the measurement, and
a few seconds waiting times are needed before starting the measurement.

Figure 15. Permagraph C 300 from Magnet Physik used in the BH curve measurements.

There is also a more advanced method for BH curve measurement utilizing a pulsed
magnetic field. It is developed by Metis Instruments & Equipment N.V., and it is called
HyMPulse. This method allows to measure BH curves also from magnets with irregular
shape, since the measurements are performed in open circuit. As the maximum magnetic
field density produced by the coils of the pulse equipment is not limited to the saturation
magnetization of iron poles, as in the traditional hysteresis-graphs, the full hysteresis loops
of NdFeB magnets can be measured.

Independent of the measurement method, the obtained BH curves give a good
approximation of the behavior of the material in an external magnetic field. Temperature
dependences of the magnetic properties are obtained by measuring the BH curves at
different temperatures.
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3.3  Magnetic field scanning

The homogeneity of the magnetization inside the magnet can be studied by scanning the
surface of the magnet with a Hall probe. The Hall sensor detects the axial component of
the magnetic flux density in the vicinity of the surface. In the homogeneity study, the Hall
probe is fixed to measure the flux density component perpendicular to the sample surface
at a very short distance from the surface. The resulting flux density profile depends on the
sample shape and the homogeneity of the magnetization. Results of identically shaped
samples can be compared if the scans are performed along the same line section.

The scanning system is presented in Fig. 16. It includes a step motor (Lego NXT) moving
the sample under the fixed Hall probe in 0.3 mm steps. The signal from the Hall sensor is
read by a gaussmeter. The system is operated by LabView.

Ij.:
”"J’

Figure 16. Magnetic field scanning system with Lakeshore MNA-1904-VH Hall sensor and
Model 450 gaussmeter.

3.4  Long-term stabilization determination

Long-term changes in the magnetic properties of sintered NdFeB magnets in static
conditions are fairly difficult to measure. In the magnetic viscosity studies from the 1980’s
and 1990’s, the measurements were mostly performed with hysteresis-graphs.
Measurement of the demagnetization curve was interrupted at a chosen field, and the
subsequent change in the magnetic field density of the sample was detected as a function
of time. The integrator analyzing the signal of the pick-up coil can give accurate results
only within a limited period of time. The creep in the measurement electronics due to the
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induced electric currents distorts the readings in the long run. Also the influence of the
change in the field conditions prior to the magnetic viscosity measurement on the results is
not known.

Another way of performing long-term stability measurements is the Helmholtz-coil
measurements that are applied before and after the sample is exposed to an elevated
temperature. The thermal exposure can be performed in open-circuit or closed-circuit
conditions. Open-circuit measurements are mostly used, since it is difficult to accomplish
long-lasting static closed-circuit conditions. The demagnetizing field in open-circuit
measurements is only the self-field of the magnet. Magnet Technology Centre has
developed a device for closed-circuit tests. Open-circuit measurements are presented in
Section 3.4.1 and closed-circuit measurements in Section 3.4.2.

3.4.1 Open-circuit measurements

In open-circuit tests the magnets are exposed to an elevated temperature freely without any
ferromagnetic material close to it. The demagnetizing field is formed purely by the self-
field of the magnet. The procedure is as follows:

Immediately after magnetization, the magnetic flux produced by the sample is measured
with a Helmholtz coil. The sample is placed into an oven with an aluminum foil wrapped
around it as a corrosion protection. The sample is taken out of the oven at logarithmic time
intervals, cooled down to room temperature, and measured again with a Helmholtz coil.
The relative loss is calculated as:

o 1

o _(r —Taﬁer)'010013% )

initial

Loss = —

initial

where @iniiar IS the flux measured after magnetization and @,z the flux measured after the
thermal exposure. Tiniiar IS the temperature during the initial flux measurement and T the
temperature during the measurement after the exposure. The latter term is the temperature
correction, which aims at compensating the variations in the measurement temperature.
The magnetic flux density of NdFeB magnets depends strongly on the temperature,
typically B, varies between 20°C and 100°C about 0,13 %/°C. Room temperature is not
usually stable in the laboratory and it can easily vary between 20°C and 24°C. The
variation in measurement temperature can cause a +0,5 % variation to the result if the
correction is not done.
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After each measurement the exposure is continued. The exposure is defined to start when
the oven with samples inside has reached the exposure temperature and to stop when the
samples are taken out of the oven. All the prior exposure periods are summed to get the
total exposure time. Results are presented as the total flux or polarization loss as a function
of time for each sample type and each exposure temperature.

The problem in the open-circuit measurement is that the self-field is dependent on the
shape of the magnet and is not homogenously distributed inside the magnet. This limits the
applicability of the results to equally shaped magnets only. Also during the partial
demagnetization of the samples, the local self-field conditions can vary significantly.

3.4.2 Closed-circuit measurements

To overcome the problems in open-circuit measurements, Magnet Technology Centre has
designed a system, which can be used to expose the magnets to elevated temperatures at
constant and homogenous field conditions. The system consists of an iron yoke, a bias
magnet, and coils to adjust the field conditions. The system is presented in Fig. 17. The
upper pole of the system moves and it can be screwed tightly to the sample. The yoke is
manufactured from lamellar electric steel, welded together from the outer edges. The
lamellas are tightened together with aluminum plates on both sides of the system. In the
middle of the yoke, there is a bias magnet made from NdFeB with high coercivity,
producing a bias field of about 400 kA/m in the air gap.

There are two coils wound on the yoke to produce an adjustable field. These coils are
connected in series with a precision resistor. The current is fed by a bipolar power source,
Kepco 20-20M. The magnetic field strength in the air gap is measured by a transversal
Hall sensor, which is fixed to the pole with silicone. The sensor was calibrated against a
calibration coil. Temperature of the yoke is measured by a PT100 resistance thermometer
fixed to the pole.

The yoke is placed in an oven to get the desired elevated temperature exposure. At the
same time, the field is adjusted to the desired level by feeding current to the coils. The
exposure time is considered to start when the field has reached the set level. After the
exposure, the coils are disconnected from the power source and the yoke is taken out of the
oven to cool down. The sample is detached from the yoke, when it has cooled down close
to room temperature. When the sample has reached room temperature, the magnetic state is
measured with a Helmholtz coil. The exposure is continued by placing the yoke in the
oven to heat up, and the sample is attached to the yoke again after it has reached the target
temperature.
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Figure 17. The iron yoke for testing materials in homogenous magnetic field conditions.
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4. Experimental Procedure

This Chapter describes the samples and the procedures used in this work. The thermal
stability of different sintered NdFeB magnet samples was studied first in different
conditions. The studies were then focused on certain materials and certain conditions to
understand the long-term stability phenomenon in more detail. As the knowledge
increased, also the limitations of the measurement procedure became apparent. To be able
to distinguish the field-induced effects caused by the shape of the sample and the thermal
relaxation of the material, a method for closed-circuit measurements was developed.
Closed-circuit measurements are very time-consuming and only the first results obtained
are included in this thesis.

4.1  Samples

The samples were commercial sintered NdFeB magnets produced mainly by Neorem
Magnets Oy. For a reference, one set of samples was from an unspecified Chinese magnet
producer. Samples were cut from bigger blocks picked up from normal production lots.
The materials contained different amounts of dysprosium and they had different magnetic
properties. The higher the dysprosium content, the higher is the coercivity of the material
and the higher the coercivity, the higher is the maximum operating temperature of the
material. Room temperature coercivities and Dy contents of the test materials are listed in
Table 1. The last column in Table 1 lists the publications, in which the materials are
presented. In the brackets, there is the label of the material used in the publication. The
labels listed in the last column are used as material labels in this thesis. In unpublished
research results, material labels UP (1) and UP (2) are used. Table 1 lists also the
permeance coefficients calculated according to Eqgn. (4) for the samples produced from
each material.

The production processes for each material were optimized by the magnet producer. The
magnetic properties of the materials were optimized for different types of applications.
One material included also recycled material, which means higher total oxygen content of
the product. This resulted in a more rounded JH curve than for the other materials. One
material was produced from a strip cast material, which resulted in a squarer JH curve.

4.2 Determination of the magnetic properties

The magnetic properties of the materials were determined using a Magnet Physik
Permagraph C-300, and in the case of material V, a HyMPulse magnetic property tester at
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Metis Instruments & Equipment N.V. Fig. 18 shows an example of the BH and JH curves

measured at different temperatures for two different materials.

Table 1. Materials tested in this study.
H. at room Dy- Permeance
temperature | content | coefficients Special Publication
[KA/m] [%6] of the samples (material no.)
1240 1 0.33 1.1 3.3 1 (1), I, 11 (1)
1540 4 0.33 1.1 3.3 i (2, A), VvV
(A)
1600 4 0.33 1.1 3.3 | Contained recycled | 1 (2), 111 (B)
material
1900 7,5 0.33 1.1 3.3 1 (3), 111 (3)
>3000 11,5 0.33 1.1 3.3 1 (4), 11 (4)
1670 NA 0.5 0.66 0.78 | Chinese 38SH v
0.93 1.15 1.3
1680 4 101214 V (B), UP (2)
1700 3 101214 Produced from strip cast | UP (1)
material
B/JI[T]
1,2
K/rk r? 1
20°C 100°C 150°C
{ 108
/ { 06
L/
f {1 04
4102
v
r T T /I T T o
-1800 -1500 -1200 -900 -600 -300 0
H [kA/m]
Figure 18. JH and BH curves measured at room temperature, 100°C and 150°C for materials

UP (1) (red) and UP (2) (blue).



4.3  Thermal exposures

At the beginning, the thermal exposures were applied to all samples at room temperature,
60°C, 80°C, 120°C, and 150°C. In further studies, the exposures were focused on the
temperature ranges, where the time-dependent losses were expected to start. The first tests
were continued until 10 000 hours of exposure to get reliable loss trends.

The oxidation protection was performed by wrapping the samples in an aluminum foil. The
possibility of oxidation or any diffusion induced processes was checked by
remagnetization of the samples after the long-term thermal exposure. The magnetic flux
density of the samples reached the original level after the remagnetization even when the
samples were previously exposed to elevated temperatures for more than 10 000 hours and
had suffered significant flux losses. This proves that the flux losses detected were purely
resulted from demagnetization due to thermal relaxation.

The interaction between samples was prevented by placing the magnets far apart (> 65
mm) in the sample holders made from aluminum. To minimize the heating-up and cooling-
down times, the samples were placed in aluminum holders that were already in the oven at
the set-up temperature, and when the samples were taken out of the oven, they were placed
in aluminum holders that were at room temperature.

4.4  Squareness of JH curves

Squareness factors (SF) of the JH curves of materials UP (1 and 2) measured at 100°C
were determined according to Eqn. (6). Fig. 19 shows the principle of the SF
determination. The parameters determined from Fig. 19 are summarized in Table 2.

Table 2. Properties of the materials UP (1 and 2) at 100°C
Material Coercivity Hii | Remanence Hy Squareness
[KA/m] B, [T] [KA/m] factor SF
1 889 1.14 875 0.98
2 845 1.12 758 0.90

The JH curves measured at room temperature (see Fig. 18) were not suitable for SF
determination, since the saturation of the hysteresis-graph poles distorted the curves in the
vicinity of the coercive field.
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Figure 19. JH curves measured at 100°C for materials UP (1 and 2) with elucidation of the

parameters needed for the squareness factor determination.

45 Stabilization heat treatment

The stabilization heat treatment was first tested with material | (2) samples, but the
accuracy of the measurements was not good enough to draw any clear conclusions. The
stabilization tests were then repeated for materials V (A and B).

Temperatures of the used stabilization heat treatments were 10°C higher than the
subsequent exposure temperature. The duration of the treatments was one hour. For
material | (2), the stabilization heat treatment temperature was 90°C and for materials V (A
and B) 130°C. The further exposures were performed at 90°C and 120°C respectively. In
the latter case the exposure was continued almost 10 000 hours.

4.6  Study of the demagnetization process

The interpretation of the results requires understanding of the demagnetization process
occurring in the samples. Local changes in the magnetization were studied by magnetic
field scanning and computer simulations. These scanning measurements were performed
on material V (B), and these samples were also modeled by FEM using Vector Fields
Opera software. The measured BH curves were used in the FE models to describe the
magnetic behavior of the samples.
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4.7  Closed-circuit exposures

The closed-circuit exposures were performed for material V' (B) samples (= UP (2)), since
there was enough open-circuit results to be compared with. All closed-circuit experiments
were performed at 120°C, and the field conditions were varied from 400 kA/m (equals to
P. =1) to 540 kA/m (P, = 0.5).
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5. Results and discussion

The flux or polarization losses mainly presented in this Chapter are averages of three to six
identically tested samples. In the case of material 1V, the results are only for single
samples. Also the results of closed-circuit tests are for single samples only. When showing
the results as average losses of multiple samples, the possible sample specific anomalous
behaviour of individual samples does not disturb the results too much.

5.1  Open-circuit exposure tests

At room temperature no losses were detected in any of the samples during the 10 000 hour
test period. Fig. 20 shows the measured losses for material 1 (1) at room temperature, 60°C,
80°C and 120°C. The measured losses follow well the logarithmic decay law introduced in
Equation (1). The logarithmic trend curves for the losses are extended to reach 250 000
hours, which corresponds to the 30-year life-time expected for the application. The
measured losses show similar trends as reported in [64, 96].

There is a small time-dependent demagnetization phenomenon detected with the smallest
samples at 60°C. At 80°C, this time-dependent loss trend is more apparent with notable
initial demagnetization. At 120°C, the time-dependent demagnetization can be observed
also in the largest samples.

The loss trends seem to be fairly similar regardless of the varying parameter, i.e.,
temperature, permeance coefficient, or coercivity of the material (Figs. 20-22). At certain
conditions the losses are minimal and the trend line is horizontal. When the conditions
exceed some critical limits, time-dependent demagnetization starts to occur. As the
conditions get more severe, also the initial loss detected after one hour starts to increase.
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Figure 20.

Figure 21.
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5.1.1 Effect of temperature

Material | (1) was further tested at 90°C, 100°C and 110°C to get more detailed
information about the effect of temperature on the time-dependent losses. In Fig. 23, loss
trends at five different exposure temperatures are presented. Fig. 24 shows the
development of the initial loss and the magnetic viscosity coefficient S according to
Equation (1) as a function of temperature. The Figure reveals that the time-dependent
losses start at a lower temperature than the immediately occurring losses. Coefficient S
grows fast as the temperature rises but seems to saturate to a certain level at higher

temperatures.
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Figure 23. Flux losses as a function of time at different temperatures. Material 11, P of the
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The estimated losses after different exposure times can be calculated from the trend curves
shown in Fig. 23. In Fig. 25, the estimated losses after 30 years, after 1 hour, after 1
second, and after 10 milliseconds are presented as a function of temperature. At 100°C
there are losses of about 5 % after 1 hour exposure, and after 30 years these losses can be
estimated to be almost 10 %. If the same trend is expected to continue also to the time
scale of seconds or even milliseconds, one can notice that after 10 ms the losses would be
negligible.

The magnetic properties of permanent magnet materials are measured typically by a
hysteresis-graph, in which the reverse field is increased and the measurements are
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performed at about 10 ms time intervals. This suggests that even though there is no
demagnetization detected at certain conditions in the BH curve measurement, there might
occur significant time-dependent demagnetization in the magnet in the long run. If the
expected losses at a certain temperature are calculated only according to the measured BH
curves as in [97], it includes an assumption that the duration of the fault condition of the
application is limited to a millisecond range. The calculations are not valid for longer

exposures.
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Figure 25. Estimated flux losses as a function of temperature in material 11 magnets with a

room temperature coercivity of 1240 kA/m and permeance coefficient of 1.1.
(Publication Il, © 2010 IEEE)

5.1.2 Effect of the coercivity of the material

The previous Section describes the behavior of one material with one sample shape at
different temperatures. To find out whether this type of behavior is typical for other NdFeB
materials as well, similar exposure tests were performed for three materials having
different coercivities. The trend curves of the detected losses are presented in Fig. 26. For
each material there is a maximum temperature at which the total loss even after 30 years is
expected to be negligible. This temperature is here denoted by T,. The T, temperatures for
the tested materials are listed in Table 3.
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Figure 26. Polarization losses measured as a function of time in magnets with a permeance
coefficient of 1.1 produced from materials 111 (2, 3, and 4).
(Publication 111, © 2010 IEEE)

In Fig. 27, the estimated losses after 1 hour and after 30 years of exposure are presented for
each material as a function of temperature at T and above. In the low coercivity material,
moderate losses occur at a quite large temperature range, unlike in the high coercivity
material, where the losses are massive when the temperature exceeds the critical To. This is
visible also in the values presented in Tables 3 and 4. The magnetic viscosity coefficients
(in Table 3) as well as the estimated losses after 1 hour and 30 years (in Table 4) increase
faster with temperature for the high coercivity materials. This is consistent with the
argument presented in Section 2.1.4 that the time-dependent behavior is more pronounced
in higher coercivity materials.
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Figure 27. Estimated polarization losses as a function of temperature in magnets produced
from materials I11 (1, 2, 3 and 4) with a P, of 1.1. (Publication I1l, © 2010 IEEE)
Table 3. Viscosity coefficients of the samples from materials 111 (1, 2, 3 and 4) at different
temperatures. P, of the samples is 1.1. (Publication |11, © 2010 IEEE)
Coercivity at Viscosity coefficient S at temperature T [107%]
Material room To[°C]
temperature T=T T=T, T=T, T=T, T=T,
[kA/m] - +10°C +20°C +30°C +40°C
1 1240 80 0.2 15 3.8 49 5.3
2 1540 130 0.3 3.0 6.1 5.9
3 1900 160 0.3 0.8 4.6 15.8
4 >3000 220 0.7 10.6 14.2
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Table 4.

Estimated losses of the samples from materials 111 (1, 2, 3 and 4) at different
temperatures. P, of the samples is 1.1. (Publication |11, © 2010 IEEE)

Estimated polarization loss after 1 h at temperature Estimated polarization loss after 30 years at
Mate- To[°C] T [%] temperature T [%]
rial ’ Tor | T2T0 [ T=To [ T=To [ T=To | o [T=To [ T=To [ T=T, [ T=Tp
T % | +10°C | +20°C | +30°C | +40°C T 0 | +10°C | +20°C | +30°C | +40°C
1 80 -0.2 -0.5 -4.4 -10 -17 -05 -2.3 -9.2 -16 -24
2 130 -0.8 -1.7 -7.6 -17 -1.2 5.4 -15 -24
3 160 -0.4 -1.1 -2.2 -15 -0.8 -2.2 -8.0 -35
4 220 -1.1 -3.8 -14 -1.9 -17 -32

The trend lines in Fig. 26 were extrapolated also to the time-scale of seconds, but as the
coercivity of the material increased, the extrapolated loss after one second at T, + 10°C
turned to the positive side of the y-axis. For material 111 (4), the extrapolated value for the
loss after one second suggested a 5 % gain of magnetization, which is physically
impossible. This suggests that the trends are not continuous to the time-scale of seconds.

5.1.3 Effect of permeance coefficient

The samples used in the tests described in the two previous Sections were identical in
shape. Their permeance coefficient, calculated according to the dimensions of the samples,
was 1.1. To study the effect of the sample shape on the time-dependent demagnetization,
different sized samples were used. Fig. 28 shows the loss trends for six different sample
sizes. In Fig. 29 the estimated losses after different exposure times according to the trends
are presented as a function of the permeance coefficient, showing that when the permeance
coefficient decreases, the total loss increases. However, it is mainly the initial loss that
increases while the further time-dependent loss stays more or less constant. The
interpretation of these results is difficult since the permeance coefficient calculated
according to the dimensions of the magnet is not necessarily a relevant way of expressing
the demagnetization conditions inside the sample. This problem is discussed in Section 5.2
in more detail.

There exists again one extrapolated point, which is located on the positive side of the loss
axis in Fig. 29. It is, however, physically impossible that the samples could increase their
magnetization during the exposures. This suggests once again that the loss trends are not
continuous down to the time-scale of seconds.
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Figure 28.

Figure 29.
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5.1.4 Accuracy of the estimations

In the first study, the exposures and loss measurements were continued until 10 000 hours.
The experience showed that it is unnecessary to test the samples that long. As the
measurements were carried out at fixed time intervals (like in Fig. 26 for materials 3 and
4), not more than 10 measurement points were needed to give a relatively accurate estimate
for the loss after 30 years. In Fig. 30 this estimate is presented as a function of
measurement points for material 111 (3) at three different temperatures. According to this
Figure, it seems that after six measurement points, the estimate is not changing much
anymore with increasing number of points. This suggests that a 100-hour exposure with at
least six measurements would be enough to estimate the loss after 30 years.

The higher the temperature the more sensitive the losses are for small variations in the
exposure temperature. This can be seen in the curve for the measurements conducted at
180°C (Fig. 30), which is not clearly saturating even after 10 measurement points.
Anyway, the relative change in the loss estimate after seven measurement points can be
considered small in the point of view of the application design.

The measurement points presented in Fig. 26 are average losses of six identically tested
samples. By using an average value, small variations in the results of individual samples
are eliminated. In the case of results based on the measurements with a single sample only,
these variations are more visible, as seen in Fig. 28. In this case more measurement points
are needed to get an appropriate accuracy for the estimates.
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Figure 30. Estimated polarization loss after 30 years as the number of measurement points

increases. Magnets made of material 111 (3). (Publication 111, © 2010 IEEE)
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5.1.5 Effect of JH loop squareness

In the previous Sections only the coercivity was considered to define the material and its
demagnetization behavior. Since the shape of the demagnetization curve is also an
important parameter, the effect of the JH loop squareness on the time-dependent
demagnetization was studied. Figs. 31 and 32 present the losses as a function of time for
two different materials. The JH and BH curves of these materials are presented in Fig. 18.
and the squareness factors for the JH curves in Table 2. The plotted measurement points in
Figs. 31 and 32 are the average losses of five tested samples. Error bars representing the
variation of the results between samples are also included.

There are four different loss trend curves in Fig. 31, and two of these are overlapping.
These horizontal trend lines indicate no time-dependent losses at all. Instead, in Fig. 32,
there are loss trends at six different temperatures and all of them have a slope that differs
from the horizontal. The variation of the results of similar samples is very small when the
detected losses are small, but as the average losses are increasing also the deviation of the
single results are increasing. The samples from the material with a rounder JH curve
UP (2) show more homogeneous loss results than the material with squarer JH curve
UP (1).

Fig. 33 presents the estimated losses after 1 hour and after 30 years as a function of
temperature for both materials. The material with a squarer JH curve UP (1) shows almost
zero losses until the temperature exceeds the critical value, in this case 140°C, and above
that there occur both initial and time-dependent losses. The material with a rounder JH
curve UP (2) shows small losses, both immediate and time-dependent, over a large
temperature range.

The observed difference in the demagnetization behavior of these two materials results
from the differences in the homogeneity of the materials. Material UP (1) was originally
cast by the strip casting technique, which provides more homogeneous raw material for the
magnet production. This includes a good dispersion of rare earth-rich phases in the strip
cast alloys, which leads to an optimal distribution of the liquid phase during sintering [50].
The optimal distribution of the grain boundary phase prevents the interaction between the
grains. Together with a narrow grain size distribution, the coercivities of individual grains
are expected to be close to each other and the demagnetization occurs at similar conditions
throughout the magnet. The traditional book mold raw material is not as homogeneous as
the strip cast material, and therefore there might exist grains with lower coercivity and
interaction between the grains. Low coercivity grains reverse their magnetization at lower
temperatures, and the magnetic interaction between the grains increases the
demagnetization risk of neighboring grains as well.
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Figure 31.

Figure 32.
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Figure 33. Estimated polarization losses after 1 hour and after 30 years as a function of

exposure temperature. Curves on the left refer to material UP (2) and curves on the
right to material UP (1).

The differences in the JH curve squareness could explain also the differences in the
behaviors of the materials presented in Fig. 27. High coercivity materials typically show
squarer JH curves than low coercivity materials. This leads to clearer critical temperatures
for high coercivity materials.

From the point of view of the application design, it would be much easier to use a material
with a squarer JH curve. With this type of material, the time-dependent demagnetization
can be ignored as long as the operating temperature is below a certain critical temperature,
which is typical for the material. This type of critical temperature is impossible to
determine for a material with a rounder JH curve.

5.1.6 Stabilization heat treatment

All the previous results were obtained by raising the temperature of the samples from room
temperature to the exposure temperature and then kept at constant conditions. A
stabilization heat treatment before the static exposure changes the time-dependent
demagnetization behavior of the magnet. In Fig. 34, the loss trends for the stabilized and
non-stabilized samples are compared together for two different materials. Material V (A)
shows a square JH curve (SF = 0.97), while material V (B) shows rounder JH curve (SF =
0.89) at 120°C and 130°C. These curves are presented in Fig. 35.
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The stabilization heat treatment did not have an effect on the loss trends of material V (A)
samples. Losses at 120°C are small anyway, and no changes in the slope of the trend curve
were detected after the stabilization. Material V (B) samples showed a clear time-
dependent loss trend at 120°C. The stabilization treatment at 130°C caused an initial loss
of about 3 % in the samples. After the treatment the magnetization of the samples was
stable until the trend line crossed the trend line of the non-stabilized samples. A clear
stabilizing effect was detected, but it was limited to a certain period of time only.
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Figure 34. Polarization losses as a function of time for stabilized and non-stabilized magnets
produced from materials VV (A and B). The dimensions of the samples were 10 x 10
X 4.6 mm in material A samples and 10 x 10 x 4.9 mm in material B samples.
(Publication V)
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Figure 35. BH and JH curves at 120°C and 130°C for material V (A) (solid line) and for
material V (B) (dashed line). Load lines 0.5 and 1.2 are also included.
(Publication V)

To be sure that the stabilizing effect is independent of the size of the magnet, the results of
different sized samples were compared. Figure 36 summarizes the results of three different
sized samples from material V (B), showing that the trends are similar for all the samples.

Changes in the loss trends of the stabilized samples after a certain period of time raise a lot
of questions. What happens at the point where the trend turns downwards? To understand
this, it was necessary to study the demagnetization process of the magnet more in detail.
This type of behavior indicates that even though the detected polarization of the magnet is
stable, there probably occur changes in the magnetic microstructure during the long-term
exposure. The demagnetization processes might proceed differently depending on the rate
of the process. This is likely to be caused by the geometry of the sample and not to be any
material characteristic.
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5.2 Analysis of the demagnetization process

In open-circuit conditions, the demagnetizing field is due to the self-field of the magnet.
Each magnetized grain forms a unit magnetic field around itself. The total demagnetizing
field is the sum of these unit fields. Each grain experiences a little bit different
demagnetizing field depending on its location in the magnet. At the edges of the magnet,
the self-field is lower, since there are neighboring grains only on one side. In the middle of
the magnet there are also parallel field components from the grains above and below,
affecting the total demagnetizing field. At the top and bottom surfaces, the parallel fields
are at the minimum.

An FE-model of the sample reveals this inhomogeneity in the demagnetizing field inside
the magnet. Fig. 37 shows FE-models of material V' (B) samples used in the stabilization
tests. The parameter shown is -B,/loH,, which can be considered as P.. The model includes
one eighth of the sample. The upper right corner is the actual corner of the magnet, while
the lower left corner is the center of the magnet. The model depicts a sample produced
from material V (B) at room temperature.

The average P, values of the samples according to Eqn. (4) are 1.0, 1.2 and 1.4. The FE
models suggest that the minimum P, is less than 0.5 in the two smallest samples, and only
slightly above that in the biggest sample. The low P, area is concentrated in the center of
the top (and bottom) surface. There are contour lines for different P values illustrating the
low P, volumes in the samples. The lower the average P, of the sample, the larger are the
low P, volumes.

The models indicate that the demagnetization of the samples initiate at the center of the top
and bottom surfaces. To verify this, magnetic flux density line scans were performed on a
sample with average P, = 1.0 before and after a one-hour heat treatment at 130°C. The
detected magnetic flux densities, perpendicular to the sample surface, are presented in Fig.
38. Before the heat treatment, the magnetic flux density was found to be fairly constant
above the sample surface. This indicates that the magnetization inside the sample is
homogeniously distributed. However, after the heat treatment the magnetic flux density has
dropped most at the center of the surface. This is consistent with the results of the FE-
model.

As the variation of P, inside the samples is as large as shown in Fig. 37, it certainly has an
effect on the long-term demagnetization process. As the demagnetization proceeds,
changes in the P, distribution inevitably appear. This raises the question, what is the
influence of this phenomenon to the loss results of open-circuit measurements. The
previously introduced results are sample specific, not material specific, since there are two
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phenomena mixed affecting the results: the changes in the self-field distribution and the
material specific magnetic viscosity.

Figure 37.
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Figure 38. Scanned magnetic flux density on the surface perpendicular to the magnetization
direction (Z) of a sample from material V (B) (P, = 1.0): before the stabilization
heat treatment (dashed line) and after the treatment (solid line). Scanning was
performed about 0.2 mm from the magnet surface. (Publication V)

One possible explanation for the behavior of the stabilized samples shown in Fig. 36 is
presented in Fig. 39. Initially the surface region of the magnet is fully magnetized and the
magnetic moments of all domains are parallel (Fig. 39a). During the one-hour stabilization
heat treatment, the magnetization reversal concentrates on the area where P, is the lowest
(Fig. 39b), i.e., on the center of the surface area. However, this new magnetic
microstructure changes radically the field conditions in the area. This is likely to induce
further changes in the domain structure.

Since the energy profiles of individual grains change during the magnetization reversal of
neighboring grains, the probability of the reversal of these grains also changes. This is
likely to cause a chain reaction type of effect.

There might thus occur changes in the magnetic microstructure also during the “stable”
period after the stabilization heat treatment, even though the macroscopic polarization of
the magnet remains constant. The magnetic microstructure might look like in Fig. 39c after
1 000 hours of exposure. It is likely that the magnetic microstructures are similar in the
non-stabilized and stabilized samples after the 1 000-hour exposure independent of the
thermal history. However, the evolution towards that structure is likely to be different.
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Figure 39. Schematic presentation of the suggested magnetic microstructure at the surface of

the magnet used in the stabilization heat treatment studies (a) after magnetization,
(b) after one hour stabilization heat treatment, and (c) after subsequent long-term
exposure at a lower temperature.

5.3  Closed-circuit exposure tests

To eliminate the effects of the self-field distribution on the long-term loss behavior,
closed-circuit exposure tests are required. Fig. 40 presents losses measured in samples
exposed to different demagnetizing fields at 120°C. The sample material is the same as in
the stabilization tests (V (B), UP (2)). Fig. 41 shows the measured BH curve for the
material at 120°C. The studied field range was from 400 kA/m to 540 kA/m. This range is
marked in Fig. 41. The maximum field strength used, 540 kA/m (P, = 0.48), represents
approximately the minimum P occurring in the open-circuit samples. The minimum field,
400 KA/m (P, = 1.0), represents approximately the average P, of the smallest samples in
the open-circuit exposures.
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The loss trends in Fig. 40 differ clearly from the loss trends in Figs. 32 and 28. In open-
circuit exposures the initial loss after one hour dominates and subsequent time-dependent
losses are fairly similar, independent of the magnitude of the exposure. In closed-circuit
exposures the initial loss is not changing much, but the slope of the time-dependent
demagnetization increases as the exposure field increases. This suggests that the saturation
of the viscosity constant at higher temperatures found in the open-circuit tests (Fig. 24)
might not occur in the closed-circuit tests. This saturation effect seems to result from the
changes in the self-field distribution.

In Fig. 42, the estimated losses after one hour and after 30 years are presented as a function
of P, for open-circuit and closed-circuit tests of the same material. The P, of the open-
circuit tests are considered as the average P, determined according to the dimensions of the
samples. The open-circuit test gives a bigger loss-estimate than the closed-circuit test at P,
= 1. This means that the conclusions of the material’s long-term loss behavior drawn based
on the open-circuit measurements are actually conservative.

The closed-circuit exposure tests are very time-consuming, and only one sample at a time
can be measured. The results presented in Figs. 40 and 42 are for individual samples only,
and the variation of the properties between samples causes also variation in the loss results.
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Figure 40. Polarization losses as a function of time at different demagnetizing fields in

material UP (2) magnets at 120°C.
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Fig. 42 reveals also that dramatic time-dependent demagnetization occurs at magnetic field
strengths that can be considered to lie on the linear part of the demagnetization curve. The
theoretical assumption in Section 2.1.1 that the effect of thermal relaxation is small and
can be neglected in the design is clearly wrong. The results of this study suggest that time-
dependent demagnetization has to be taken into consideration when designing the
applications.

From a single measured BH curve, such as in Fig. 41, it is impossible to determine the
operating point at which the time-dependent demagnetization starts to be significant. The
BH curve is only a depiction of an average response of the magnet material to the changing
field at a certain rate of change. Typically, hysteresis-graphs detect the response of the
material in the time-scale of milliseconds. The deviation from the response detected in the
time-scale of years is much bigger in the fields close to the knee-point of the BH curve.

The deviation between the measured BH curve and the long-term response of the material
is expected to increase with increasing temperature. This is due to the fact that the
magnetic viscosity is enhanced in high coercive materials at higher temperatures, as
demonstrated in Section 5.1.2. At higher temperatures also the accuracy of the temperature
determination is worse. In the permagraph that was used in the BH curve measurements in
this work, the heat is introduced to the sample through the pole pieces. The temperature
measurements are also performed from the pole piece. The sample between the pole pieces
is not necessarily uniformly at the same temperature. Application designers should
therefore take a critical attitude towards the BH curves measured at elevated temperatures.

Loss results from the closed-circuit tests can be considered to reveal the material specific,
long-term loss behavior. Time-dependent demagnetization in open-circuit exposures can
be considered as a sum of the behaviors of different permeance coefficients. The
distribution of the permeance coefficients inside a magnet, however, changes during the
demagnetization process. After the initial demagnetization, the distribution is not the same
as at room temperature anymore. The algorithms of FEM software seem to be unable to
solve the demagnetization occurring in open-circuit magnets. Two different softwares gave
different types of results and neither of those matched with the detected magnetic field
densities scanned above the partially demagnetized samples. This is no wonder if the
magnetic microstructures differ depending on the rate of demagnetization process.

The problem would need micromagnetic simulation, which takes also the microstructure of

the material into consideration. Micromagnetic simulation studies of NdFeB-based
materials have so far concentrated on modeling the demagnetization process of a system
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consisting of only a few grains [98]. Bulk magnets would be very challenging tasks for this
type of simulations.
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Figure 41. JH and BH curves measured for material UP (2) at 120°C. Load lines of 0.5 and 1.2
are also shown.
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6. Summary and conclusions

In this work, the time-dependent demagnetization of different types of commercial sintered
NdFeB magnets was studied. The polarization losses occurring over time in permanent
magnets are typically assumed to be small and the effect of magnetic viscosity is neglected
in the application design. The main aim of this study was to increase the general
understanding of the phenomenon. For the application designers it is important to know if
there exist certain limiting conditions under which no polarization losses over time are
expected.

NdFeB samples were exposed to elevated temperatures in some cases for more than 10 000
hours, which is almost 1.5 years. The detected polarization losses as a function of time
were found to follow well the logarithmic decay law. The total loss after 30 years can be
estimated from the trend curve, provided that the possibility of corrosion is prevented.

The observations suggest that it is possible to determine a critical temperature for each
material and each P, under which the estimated loss after 30 years is less than 1 %. This
temperature is naturally higher for high coercive magnets and for high P, samples. This
temperature is higher also for materials showing a squarer JH curve than for materials with
a rounder curve. The determination of this type of a critical temperature is not possible
with only one measured loss level after a certain period of exposure. More measurements
during the exposure and the determination of the demagnetization trend as a function of
time are needed.

Above the critical temperature, the time-dependent demagnetization starts to occur. The
time-dependent demagnetization seems to be more severe in high coercivity materials and
to start at lower temperatures than the measured BH curves of the material indicate. This is
an important thing to notice when selecting the material for an application. In the long-
term stability tests, the loss results can be divided into the initial loss after one-hour of
exposure and the subsequent time-dependent loss. In many cases the time-dependent loss
starts to increase before there appears any initial loss. This makes the phenomenon
significant in the application point of view.

In open-circuit exposures the estimated loss after 30 years was found to be approximately
twice the loss detected after one hour of exposure. This is not valid, however, just above
the critical temperature. About 10°C above the critical temperature the estimated loss after
30 years was found to be four or five times the loss after one hour. The total loss after 30
years cannot thus be estimated from the loss measurement after one hour exposure only.
Again, more measurement points are needed.
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The open-circuit exposures give sample specific results, which means that the results are
affected by both the magnet material properties and the shape of the magnet. The
permeance coefficient P is often considered to describe the demagnetization conditions
originated from the shape of the magnet, since it is calculated according to the dimensions
of the magnet. An FE-model of a rectangular sample showed that the P is actually varying
considerably inside the magnet. The P, calculated according to the dimensions of the
magnet gives only an average value for all the P.s in the magnet. There are large volumes
in the centre of the top and bottom surfaces of the magnet that are well below the average
P.. It is possible that the minimum P, of the magnet is below the knee-point of the BH
curve even though the average P. is well above it. This leads to the initial partial
demagnetization of the sample at temperatures lower than the BH curves with an average
P. analysis indicate. Partial demagnetization also changes the local field conditions
resulting in changes in the P distribution. So, in open-circuit tests the field conditions are
not stable during the exposure. This leads to the fact that open circuit test results cannot be
easily connected to the BH curves of the material.

Since the application designers are mainly interested in the material properties, a test
method from which the effect of the geometry of the sample is eliminated was developed.
It requires loss measurements in the closed-circuit condition. In close-circuit exposures, the
external field is stable and homogenously distributed over the volume of the sample. The
results of the closed-circuit exposure tests differ significantly from the open-circuit test
results. In the open-circuit tests, the initial loss after one hour seems to dominate, but in the
closed-circuit tests the time-dependent part of the loss dominates.

In the open-circuit tests, the change in the demagnetizing field condition during the
exposure is likely to lead to a damping effect. The time-dependent demagnetization
becomes slower than what the material specific magnetic viscosity would cause in the
static field conditions. In the closed-circuit condition the external field was static and
homogenously distributed, but the reversal of magnetization of individual grains causes
also changes to the local field conditions and might increase the demagnetizing field
locally. This will accelerate the demagnetization process. The condition in the motor and
generator applications is closer to the situation in the closed-circuit tests, where the
external field remains constant. To optimize the magnet material selection in motor and
generator applications, closed-circuit loss measurements of the materials at operating
conditions are needed.

Comparison of the open-circuit and closed-circuit results indicates that the critical
temperature determinations according to the loss measurements in open-circuit conditions
give conservative results. This assumption is based on the measurements with only one
material and only a few P, values. More measurements would be needed to verify the
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universal validity of this conclusion. The schedule of this work did not allow a more
comprehensive study on the subject.

Further studies are also needed to understand the demagnetization process locally and the
effect of partial demagnetization on the demagnetizing field distribution. This would also
help to understand the effect of stabilization treatments. The stabilization heat treatment
was found to stabilize the magnets for a certain period of time. Even though the total
polarization of the magnet is stable during the test period, there most likely occur local
changes in the magnetic microstructure. Identification of these changes with magnetic field
scanning or Kerr microscopy would also be important in the future. The results of this
work suggest only that the stabilization heat treatment should be performed in magnetic
conditions similar to those the magnets will face in the application. The stabilization
treatment performed in the open-circuit condition does not stabilize the magnets uniformly.

A study on the magnetic microstructure of the magnets during the thermally activated
time-dependent demagnetization process would be interesting in the future. Thermal
demagnetization above the Curie temperature is known to result in a multi-domain
structure, but the field induced demagnetization maintains the single domain structure in
sintered NdFeB magnets. Fang et al. [99] have shown that a partial multi-domain structure
is achieved in the heat treatment below the Curie temperature. This leaves the question
whether the long-term demagnetization due to thermal relaxation can result in a multi-
domain structure.

Based on the results obtained in this work, the time-dependent demagnetization of
commercial sintered NdFeB magnets can be tested in the open-circuit conditions, even
though the obtained loss data is not material specific. The open-circuit measurements are
easier and faster to perform than the closed-circuit measurements. The received critical
temperature data from the open-circuit tests, when P of the sample is calculated according
to the dimensions of the magnet, can be used as guiding information even though it is
conservative. Further studies are, however, recommended to optimize the magnet material
selection with long-term stability considerations.
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Temperature Stability and Flux Losses
Over Time in Sintered Nd-Fe-B Permanent Magnets

Minna Haavisto, Martti Paju, Member, IEEE

Magnet Technology Centre, Prizztech Ltd., Pori, Finland

It is important to ensure that no permanent flux losses occur in permanent magnets during their use in industrial applications.
Demagnetization occurring with time in a constant temperature is often assumed to be negligible, provided that the operating point of
the magnet is above the knee of the BH curve. There is, however, a clear need to demonstrate these time dependent losses. In this
study, losses over time were measured for four commercial sintered Nd-Fe-B magnet grades at five different temperatures (23°C -
150°C). Samples with three different permeance coefficient (Pc) values were tested for each material. The time-dependent losses
measured fitted the logarithmic law of magnetic viscosity well. 1t was demonstrated that the total flux loss in a lifetime of 30 years can
be estimated according to the temperature, coercivity of the material and the permeance coefficient of the magnet. With the proper
selection of the magnet material, in accordance with the designed Pc of the application, the total flux loss in 30 years can be minimized

almost to zero even at 150°C.

Index Terms— Permanent magnets, Losses, Neodymium compounds, Stability

. INTRODUCTION

THE number of sintered Nd-Fe-B magnets used in industrial
machine applications has increased in recent years.
Driving forces towards the permanent magnet technology are
the higher achievable power densities and higher efficiencies
[1]. This technology requires however a fairly stable magnetic
polarization in the permanent magnets through the whole
lifetime of the application, typically 20 to 30 years. For this
reason, it is important to control the operating environment of
magnets.

In rotating machines, induced eddy currents cause a
temperature rise, which could be detrimental to the commonly
used Nd-Fe-B magnets. Studies of more precise eddy current
calculations [2-3] and of the effects of overheating in fault
conditions [4] are attempts towards a better understanding of
the operation of these machines. An accurate simulation of the
application is required to assist in the selection of the proper
magnet material.

Demagnetization effects in Nd-Fe-B magnets occurring in
temperature cycling are quite well studied [5-7] and
documented [8]. In temperature cycling, magnets are at a
maximum temperature only for a short time, which represents
the overload condition. If the coercive force of the material
decreases too much due to the temperature rise and the
operating point of the magnet falls below the knee of the
demagnetization curve, some permanent flux loss will appear.
The term used by the machine designers for the temperature
where irreversible losses start to occur is the “critical
temperature of the magnet” [9-11]. Critical temperature is a
characteristic of an application with a certain permeance
coefficient (operating point).

Demagnetization curves measured for materials are
commonly used in defining the critical temperature of a
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magnet system. Demagnetization curves, however, consider
only the demagnetization occurring immediately. Losses over
time are usually assumed to be negligible. The assumption is
reasonable when the temperature rise is only temporary.
However, continuous eddy currents maintain the operating
temperature close to the critical temperature of the magnets,
which causes a time-dependent demagnetization through the
so-called magnetic viscosity effect.

There are not many published studies on the time-
dependent flux losses in commercial sintered Nd-Fe-B
magnets. Clegg et al. [12] and Mildrum et al. [13] have shown
that temperature, permeance coefficient (Pc) and coercivity of
a magnet affects its time dependent losses. However, in [12]
only one temperature and two Pc values were tested for 200
hours and in [13], samples were exposed to elevated
temperatures in air with a clear effect of oxidation. If proper
corrosion protection is applied, the losses with time are only
due to the magnetic viscosity.

Magnetic viscosity is known to be a statistical relaxation
phenomenon due to thermal fluctuation in the non-equilibrium
state of the material [14]. Time dependence of the
magnetization (M) as a function of time () and magnetic field
(H) is described by a logarithmic law [11]:

M(t, H) = M(ty, H) - S(H) |nti @
0
Where S is a phenomenological magnetic viscosity
constant and ¢, is a reference time. Wohlfarth et al. [15] have
determined the magnetic viscosity constant as:

s =K o(m, 1M, @
vK

Where kT represents the temperature dependency (K is
Bolzmann constant, T is temperature), oK (v is the activation
volume, K is the anisotropy constant) depends on the material
and its microstructure and f(H,T) is a complicated function,
which describes the precise nature of the magnetization
process. Thus, magnetization losses over time in permanent
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magnets depend on the magnetic field, temperature, magnet
material and its microstructure and the magnetization history.
In this work, demagnetization losses in commercial sintered
Nd-Fe-B magnets were studied. The main interest was in
losses over time and the effects of temperature, coercivity and
permeance coefficient on the loss behavior of a magnet.
Additionally, a study was made into the effect of a
stabilization heat treatment on the losses over time.

Il. METHOD

A. Temperatures

Samples were kept at five different temperatures. The
holding temperatures were room temperature (23°C), 60°C,
80°C, 120°C, and 150°C. The elevated temperatures were
generated with StabiliTherm EU2 ovens with a temperature
accuracy and homogeneity of £0.5°C.

B. Material

Four different commercial Nd-Fe-B magnet materials were
tested. Intrinsic coercivities at room temperature of these
materials are listed in Table 1.

C. Permeance coefficients

All samples had a rectangular shape with a cross section of
10 mm x 10 mm. The heights of the samples varied according
to the tested permeance coefficients Pc = 0.33, 1.1 and 3.3 (h
= 1.6 mm, 4.6 mm and 10.5 mm respectively).

During the aging process, the samples were kept in
aluminum sample holders, with a distance of 67 mm between
the center points of individual samples. The effect of external
magnetic fields on the permeance coefficient of each sample,
caused by other samples, was evaluated and considered to be
negligible.

D. Measurements

The samples were fully magnetized in a 3.5 T pulsed field.
The reference value of the flux of each sample was measured
with a Helmholtz coil immediately after the magnetization. To
make the plotting of the results easier on a logarithmic time
scale, tp in (1) was chosen to be 1 hour. So, the first loss
measurement was carried out after a one-hour stay at the
holding temperature. Samples were cooled down to room
temperature before the measurements. Flux measurements
were carried out at suitable time intervals, at the beginning
once a day, and later less frequently, once a week or once a
month. Totally, the measurements were carried out at least
fifteen times during the 8 000-hour aging period. The number
of identical samples measured at a time varied between 3 and
6.

To minimize oxidation, samples were wrapped in aluminum
foil before heating. The foils were removed before the
measurements were carried out. After the 8 000 hours period
at 150°C, the surface area of the samples was checked by
optical microscopy and no traces of significant oxidation were
observed.

TABLEI
ROOM TEMPERATURE COERCIVITIES OF THE SAMPLES

Remanent Coercivity in room temperature

Material polarization [T] [kA/m]
1 1.26 1240
2 1.19 1600
3 1.14 1900
4 1.02 >3000

E. Stabilization

A stabilization test was performed on a set of samples of
material 2. The samples were heat treated at 90°C for 1 hour
prior to placing them to the holding temperature of 80°C. The
aim of the stabilization heat treatment is to demagnetize the
most unstable domains in the magnet and thus reduce the
following losses over time. This means that (1) is not
necessarily valid anymore since the initial loss (first term on
the right hand side) is achieved at a different temperature than
the time dependent losses (second term).

I1l. RESULTS

Average measured losses are presented as a function of time
in Figs 1-4. Logarithmic trend curves are plotted in
compliance with the measurement points. Trend curves are
extended to over 250 000 hours, which represents a design life
of 30 years.

A. Effect of Permeance Coefficient

The permeance coefficient had no effect on the losses at
room temperature since no losses were detected in any of our
samples during the 10 000 hours test period. Fig. 1 shows the
measured losses for material 1 (see Table I) at room
temperature, 60°C, 80°C and 120°C.

At 60°C the trend curve of samples with Pc = 0.33 has
slightly bent downwards, but other curves are horizontal. The
expected loss after 30 years for Pc = 0.33 samples is less than
2 %. At 80°C the trend curves for samples with Pc = 1.1 and
Pc = 3.3 are still horizontal, but the curve for Pc = 0.33 has
dropped and reaches as high as 14 % in 30 years. At 120°C
all samples show a downward loss trend. Only in samples
with Pc = 3.3 losses in 30 years time are less than 5 %. Losses
in Pc = 1.1 are estimated to be approximately 25 % and Pc =
0.33 samples fall outside the scale.

0 % TS Sy
Room temperature 60°C
-5%
S 0% —— ‘ ‘
- RS2
p B% 33
Pc = 3.
S 10% ] ce
=Pc=11
-15% Pc =033
20 % ] s
80°C 120°C
-25 %
1 100 10000 1 100 10000
Time [hours]

Fig. 1. Flux losses as a function of time at room temperature, 60°C, 80°C and
120°C for material 1 with room temperature coercivity of 1240 kA/m.
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B. Effect of Temperature

Fig. 2 shows the magnetization losses for material 2 (see
Table 1) samples with three different Pc values at three
different temperatures. When Pc = 3.3, time dependent losses
are very small even at 150°C. No significant differences
between samples in different temperatures. The total loss after
30 years is expected to be less than 3 %. When Pc = 1.1, clear
losses start to occur at 150°C. However, at 120°C and 80°C,
losses stay under 3 % in 30 years’ time. When Pc = 0.33, clear
losses occur at as low as 120°C.

0% | TS e
'g' -5 % 2
{10 %
2 Pc=33 Pc=1.1
S-15%
1 100 10000
0 % .I T
o Time [hours]
-5%
+ 80°C
-10 % I\‘\-\.-h\-h\ = 120°C
Pc =0.33 o
15 % 150°C
1 100 10000
Time [hours]

Fig. 2. Flux losses as a function of time for material 2 with room temperature
coercivity of 1600 kA/m when Pc = 3.3, 1.1 and 0.33.

C. Effect of Coercivity

Fig. 3 compares the losses of different materials at 150°C.
When the Pc = 3.3 all three materials are fairly stable. Losses
in 30 years are less than 3 % for all these materials. When the
Pc = 1.1, losses in material 2 increase to about 12 % in 30
years. The two other materials show very small losses. When
the Pc = 0.33, the total loss after 30 years in material 2 drops
to about 32 % and it falls outside the scale. The initial loss in
the other two materials is minor. In any event, losses over time
in material 3, increases the total loss to approximately 6 %.

0% F—eee—— Maa o = S—
_ 5%
g,
@ -10 %
@ Pc=33 Pc=11
° -15%
0% ‘ ‘ 1 100 10000
m Time [hours]
5% 7 + > 3000 kA/m
-10 % = 1900 kA/m
Pc=0.33 1600 kA/m
-15 %
1 100 10000

Time [hours]

Fig. 3. Flux losses at 150°C as a function of time for materials 2-4 with
different room temperature coercivities when Pc = 3.3, 1.1 and 0.33.

D. Effect of Stabilization Heat Treatment

Fig. 4 compares the loss behavior of stabilized and
unstabilized samples at 80°C. The Pc of the samples was 0.33.
The trend curve for losses in stabilized samples is more
horizontal, but the difference between these curves is very
small. Losses over 2 % for both stabilized and unstabilized
samples measured after 9 000 hours of exposure indicates,
however, that horizontal loss trend of stabilized samples will
change in some point to the downward trend.

0%
=)
g .
g o o Fratettaite
%]
S A Stabilized

= Unstabilized
-4 %

1 100 10000 1000000

Time [hours]

Fig. 4. Loss trends for unstabilized and stabilized samples of material 2 at
80°C when Pc = 0.33.

IV. DISCUSSION

The obtained trend curves for flux losses show clearly the
division of the irreversible losses into two categories. The
intersection point of the trend curve with the loss axis
represents the loss occurring immediately at a certain
temperature, term M(z,) in (1). The following trend curve
defines the losses over time, S*n(/ t5) in (1). Both terms
depend on the coercivity of the material, the permeance
coefficient of the magnetic circuit and the temperature. The
results also show that when an immediate loss occurs, there
will also be losses over time. However, if the immediate loss
is negligible, the following losses with time are not
necessarily negligible: for example, in fig. 3 the losses with
time in material 3 (at 150°C when Pc = 0.33) will exceed 5 %
in 30 years time.

A dramatic difference in the loss behavior of different sized
magnets (i.e. different Pc values) can be detected. Near the
closed circuit condition (Pc = 3.3), losses stay within 3 % in
material 1 (Hci = 1240 kA/m at room temperature) until
120°C and in other materials until 150°C. When the Pc is
reduced to 1.1, materials with lower coercivities start to show
severe losses at temperatures over 120°C. With a Pc = 0.33,
losses occur at as low as 80°C.

Trout [16] has pointed out that there is a lack of clear
definition of the term “maximum operating temperature” for
permanent magnets at the moment. Maximum working
temperature values given for different materials might be
misleading, since the amount of flux loss also depends
strongly on the permeance coefficient of the circuit. One
expects no losses at the given maximum working temperature.
For example, for Chinese magnet grade M, with a minimum
coercivity of about 1200 kA/m, the maximum working
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temperature is defined as 100°C. However, Fig. 1 shows that
already at 80°C there occur severe losses in such a material if
the Pc is small. For the SH grade, with a minimum room
temperature coercivity of about 1600 kA/m, the maximum
working temperature is defined as 150°C. However, Fig. 2
shows that at 150°C, severe losses occur in this kind of
material in magnetic circuits with a Pc = 1.1 or less.

However, the room temperature coercivity value is not
enough to specify the behavior of a permanent magnet
material at elevated temperatures. The coercivity also needs to
be defined at the application temperature. The temperature
dependence of the coercivity of a permanent magnet material
varies for example with grain size [17]. The shape of the BH
curve also affects the loss behavior.

Losses over time seem to be reduced with the stabilization
heat treatment. The magnetization of the stabilized samples in
Fig. 4 can be considered as stable within the first 5000 hours.
How is the trend curve going to continue after that, is not
clear. Fig. 4 also leaves the question of how to define a
sufficient stabilization temperature. It is reasonable to expect a
stable behavior for the stabilized magnets at shorter exposures
than the time at the intersection point of the two trend curves.
Thus, the intersection point of these curves should be shifted
more to the right to ensure the stability of the magnets for the
whole lifetime of the application. This means a higher
stabilization temperature and greater initial loss.

V. CONCLUSION

Temperature stability of a magnet is demonstrated to be
strongly dependent on the coercivity of the permanent magnet
material but also on the permeance coefficient of the magnetic
circuit.

Flux losses are negligible at low temperatures, where there
is no knee in the BH curve or when the operating point is
clearly above such knee. When the Pc approaches the knee,
time-dependent losses start to occur. Below the knee, the total
flux loss increases with a decreasing Pc. However, the
proportion of time-dependent losses in the total loss decreases.

According to this study the maximum amount of time-
dependent losses expected to occur in commercial sintered
Nd-Fe-B magnets in a 30-year period is about 10 %. This
requires temperatures above the critical temperature and initial
losses greater than 10 %. However, without exceeding the
critical temperature the losses over time can still in some cases
be about 6 %.

Losses over time during the application could be avoided
with proper stabilization heat treatment. The temperature of
the heat treatment has to be high enough to ensure the stability
of the magnet for the whole life time of the application.

With appropriate design of the circuit and proper selection
of the magnet material, the irreversible flux losses in Nd-Fe-B
magnets can be minimized down almost to zero. Careful
engineering can guarantee the required lifetime for industrial
applications in most cases.
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Minna Haavisto', Sampo Tuominen', Harri Kankaanpaa?, Martti Paju’, Member, IEEE

'Magnet Technology Centre, Prizztech Ltd., Pori, Finland
Neorem Magnets Oy, Ulvila, Finland

It is a common impression that the measured B(H) curves of permanent magnet materials indicate the temperature and the operating
point at which flux losses start to occur. As long as the operating point stays above the knee of the B(H) curve, no losses will be
expected. The demagnetization process is, however, a time dependent process and losses occurring immediately are followed by a
thermal aftereffect. In this work, the time dependence of flux losses in commercial permanent Nd-Fe-B magnets was studied. Flux losses
are presented as a function of temperature for different exposure times. The measured B(H) curves of the Nd-Fe-B material studied
were then compared to the results of loss measurements. It was found that B(H) curves will not always indicate the overall losses well.
The measured B(H) curve was found to represent the demagnetization state of the tested magnet more or less after only ten milliseconds
of exposure to the elevated temperature. When the operating point of the magnet is approaching the B(H) curve knee, the time
dependent losses will become significant. To control the time dependent losses in sintered Nd-Fe-B magnets the operating point needs to

be sufficiently far away from the knee of the B(H) curve.

Index Terms— Permanent magnets, Losses, Neodymium compounds, Stability

I. INTRODUCTION

T HE magnetization and demagnetization of permanent

magnets are always time dependent processes [1].
Magnetic viscosity will delay the process in the material. The
magnetization of a permanent magnet as a function of time can
be expressed as:

M(t,H):M(tO,H)—S(H)Intl, M
0

where the first term on the right hand side represents the
change occurring initially and the second term the time
dependent after-effect also known as a thermal after-effect,
since it is a thermally activated process. S(H) is the viscosity
coefficient of the magnet, which is not only a characteristic of
a material but also dependent on the geometry of the magnetic
circuit and the temperature [2]. The reference time t, can be
considered as a starting time in which the initial change has
already occurred.

Eg. (1) is determined experimentally and it is necessarily an
approximation. It fails when t — 0 or t — o and thus it is
applicable only to a limited time interval. Applicable time
range is not clear and it is difficult to study very short or very
long time scales experimentally. Our earlier studies [3] have
shown that (1) describes well the demagnetization behavior of
sintered NdFeB magnets at least within the time range from 1
hour to 10 000 hours.

The utilization of permanent magnets in high technology
applications, like motors and generators, requires strict control
of the demagnetization process. A method for considering the
demagnetization behavior of Nd-Fe-B magnets in the
application design has been studied recently [4,5]. This
demagnetization model considers only the initial
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demagnetization of a magnet, the first term in (1). This initial
loss can be determined by the B(H) curves of the material.

Measured B(H) curves are broadly used when estimating the
behavior of a magnet in different temperatures. The
demagnetizing field caused to the magnet by the magnetic
circuit is illustrated by a load line -B/ugH [6]. The slope of the
load line is also called the permeance coefficient (P.) of the
magnet. The intersection point of the load line with the B(H)
curve is called the operating point. It is generally assumed that
when the operating point of a Nd-Fe-B magnet falls on the
linear region of its B(H) curve, no losses will occur. However,
B(H) curves are measured very quickly, in just a few seconds
and so they represent the state of the magnetization at ty, which
is a very short time. The following time dependent after-effect
is typically not taken into account, since it is assumed to be
negligible.

This work studies this thermal aftereffect of a sintered Nd-
Fe-B magnet.

Il. METHOD

Rectangular shaped, fully magnetized, sintered NdFeB
samples were kept in different temperatures for at least 2 000
hours and their residual inductions were measured at
logarithmic time intervals. The method is described in more
detail in [3]. Corrosion protection of the samples was provided
by wrapping them in aluminum foil.

The material chosen for this study has a room temperature
coercivity of 1240 kA/m and a remanent induction of 1.26 T.
Magnetic properties of the studied material were determined
by B(H) curve measurements in three different temperatures:
at 22°C, 80°C and 100°C. Magnet Physik Permagraph C-300
was used in these measurements.

Tests were carried out in open circuit conditions. The sample
size used in this study was 10 x 10 x 4.6 mm leading to P, (or -
B/uoH) value of 1.1. This is, however, some kind of average
value for the sample Pc. In reality, the Pc varies inside the
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magnet and there will be areas with lower and higher Pcs as
well.

I1l. RESULTS AND DISCUSSION

A. BH curves

The measured B(H) curves of the material are presented in
Fig.1. The load line representing the P, value 1.1 is also
plotted. At room temperature, the B(H) curve in the second
quadrant is linear, but even at 80°C a knee occurs. The load
line of the samples, however, stays above the knee at least at a
temperature of 100°C and below.

B. Viscosity coefficient S

The results of the residual induction measurements can be
plotted as a function of time and according to these
measurement points, trend curves in the form of (1) can be
drawn. Measured flux losses at different temperatures with
corresponding trend curves are shown in Fig.2. At 80°C the
losses are very small and the corresponding trend curve is
horizontal, but at 90°C the angular coefficient of the trend
curve becomes negative. At 100°C there is already a loss of
almost 5 % after one hour and the angular coefficient of the
trend curve have decreased.

22°C F1

-BluoH = 1.1

T T T T T T 0
-1200 -1000 -800 -600 -400  -200 0
H [kA/m]
Fig. 1. Measured B(H) curves of the studied material at 22°C, 80°C and
100°C with a load line B/pgH = 1.1.
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Fig. 2. Flux losses as a function of time at different temperatures. Room
temperature coercivity of the material is 1240 kA/m and the Pc of the samples
is1.1.

From these curves the initial loss, in this case a loss after
one hour, M (1h), and the viscosity constant S can be
determined for each temperature. In Fig.3 these are plotted as
a function of temperature. After the immediate loss starts to
occur it grows in a linear fashion with temperature, but the
growth of the viscosity coefficient S more or less follows an s-
type curve. The growth of the viscosity coefficient starts at a
lower temperature than the growth of the initial loss. Below a
certain temperature both of them are very close to zero.
According to Trout [7], a suitable determination for the
expression “maximum operating temperature” would be the
maximum temperature where both of these terms could be
considered as zero. According to this suggestion, the
maximum operating temperature of the test material would be
80°C when Pc of the circuit > 1.1.

Magnetic viscosity as a phenomenon has been studied in
many papers [8-10]. Analysis of the phenomenon allows a
better understanding of the coercivity mechanisms in magnetic
materials. The viscosity coefficient S(H) is found to be
proportional to the irreversible susceptibility ¥ [10], which
means that when the change of magnetization is the greatest,
the viscosity coefficient will also reach its maximum. This will
occur at the coercive field.

=& Initial loss (after 1 hour)

—& Viscosity constant S

42 /.//io,ooea .
35 0,005 &
< / ®
2, 28 0,004 S
[92] / (&)
2 21 / / 0,003 >
- 1)
x (o]
X 14 0,002
T / / 2
7 0,001 >
ou—/—g / : : 0

60 80 100 120 140
Temperature [°C]

Fig. 3. Comparison of the changes in the immediate loss and the viscosity
coefficient S as a function of temperature.

The demagnetizing field in this study is caused only by the
self-field of the magnet. It means that the demagnetizing field
(H) and thus also the Pc (=-B/poH) is not uniform across the
volume of the magnet. The field will be the strongest (meaning
the lowest Pc) at the middle of the top and bottom surfaces of
the magnet. In these regions the working point will drop below
the knee even though the average Pc stays above it as the
temperature is raised. Those areas will be demagnetized first.

The partial demagnetization of the magnets will naturally
change the self-field and also the operating point. The decrease
in self-field also affects the viscosity coefficient S, which will
also decrease. This means that trend curves assumed as
straight lines in Fig.2 will actually curve slightly towards a
horizontal equilibrium. So the logarithmic trend curves shown
can be considered to describe the worst scenario type of loss
behavior of a single magnet, with an original average P, of 1.1.
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C. Flux losses as a function of temperature

The comparison of the B(H) curves in Fig.l and the
measured loss behavior of the same material (Fig. 3) reveal
that, although the load line is above the knee at 100°C, both
initial losses and the subsequent time-dependent losses occur.
In Figs.2 and 3 the initial loss is considered as a flux loss after
1 hour. One hour was chosen as t,, since the time measurement
accuracy would not support shorter measurement periods.

However, using resulting loss curve equations, shorter time
scales can be generated by expecting that the losses will follow
the same logarithmic law of (1) also in the time range of
seconds. The initial loss after one second can be approximated
by changing the time scale of Fig. 2 to seconds. The losses
after a lifetime of 30 years can be approximated as well based
on the trend curve equations. These approximations are
presented in Fig. 4 as a function of temperature. It can be seen
that after one second at 100°C the loss is calculated to be less
than 2 %, while after 30 years it would be over 9 %.

During the B(H) curve measurement, the field changes,
dynamically sweeping the whole second quadrant of the
demagnetization curve in just a few seconds. By also
approximating losses after 10 ms (Fig. 4), a loss curve with
almost zero losses at 100°C can be generated. This curve
matches the measured B(H) curve better (Fig.1) and this loss
curve could be considered to represent the demagnetization
state during the B(H) curve measurement. However, the actual
loss after 10 ms is not known, since the validity of (1) is
uncertain in this time range. The presented value is only a
calculated fictitious value to propose a way to connect the time
scales of the B(H) curves and the conditions in the application.
The real loss behavior in the ms time range is almost
impossible to measure and for the machine application point of
view it is also irrelevant. The loss after 1 hour and the loss
after 30 years are the most important.

If one compares the calculated flux loss values after 10 ms
and that after 30 years, a difference of 13 percentage units at
110°C and above can be seen. The difference between the
curves “after 10 ms” and “after 1 hour,” is almost the same as
the difference between the curves “after 1 hour” and “after 30
years.” Thus, almost half of the expected time-dependent
losses due to the thermal aftereffect will occur within the first

IS
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Fig. 4. Flux losses as a function of temperature in magnets with room
temperature coercivity of 1240 kA/m and permeance coefficient of 1.1.

Flux losses as a function of temperature (like in Fig. 4) are
in many cases presented with only one curve. An example of
this is found in [11]. According to this study, it seems to be
relevant to mention the measurement method and especially
the time the samples have been exposed to the temperature
before measuring the loss. If the losses are only calculated
utilizing the measured B(H) curves, the curves will represent
only the loss after a very short time.

A sudden uncontrolled temperature rise in an application is
mostly due to some kind of fault condition. In application
design it is important to take into consideration all possible
conditions and make sure that even the fault condition will not
destroy the magnets. Even though the fault condition of the
device with a temporary temperature rise will not last for
years, the error could in some cases be significant if only the
losses “after 10 ms™ are considered. After one hour, the losses
might be 6 % units bigger than the losses after 10 ms. In any
event, the temperature in the application will not cool down
within milliseconds.

IV. CONCLUSION

In sintered Nd-Fe-B magnets applied in an open circuit, flux
losses start to occur at a lower temperature than the B(H)
curves of the material might indicate. The time-dependent
thermal aftereffect will dominate when the operating point of
the magnet is close to the knee of the B(H) curve. In the
commercial sintered Nd-Fe-B magnets studied, the total flux
loss was approximately 4.5 % after one hour and was
estimated to be 9 % after 30 years at 100°C. However, the
operating point of the magnets at 100°C is clearly above the
knee of the B(H) curve and the loss after 10 ms is
approximated to be zero.

When the operating point of the sintered Nd-Fe-B magnet is
far from the knee, the time-dependent losses will also be zero.
In the case of the magnets tested here, this temperature was
80°C. It is ca. 20°C lower than the maximum operating
temperature determined according to the B(H) curves.
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Time-Dependent Demagnetization in Sintered NdFeB Magnets
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Abstract: In the design of permanent magnet devices it is important to ensure that no demagnetization will occur
under operating conditions. BH curves, measured or calculated, are typically used in the selection of a suitable mag-
net material. The measured BH curves of the selected magnet material are expected to reveal the conditions, i.e. tem-
perature and working point, at which demagnetization starts to occur. However, demagnetization is a time-dependent
process and the measured BH curve shows only an image of the magnetization state of the material after a fairly short
exposure time. Long-term irreversible flux losses detected in sintered NdFeB magnets cannot be deduced from the BH
curves of the material. Loss measurements for at least 1000 hours are needed to give a reliable picture of the long-term
loss behaviour of the magnet. For an industrial NdFeB magnet of 38SH grade with a permeance coefficient of 0.5, the

maximum working temperature was found to be 110 °C.
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1. Introduction

Permanent magnet technology has great potential in
the modern motor and generator industry. There are,
however, some doubts about the stability of the mag-
netic properties in the long term. The time dependence
of magnetization and demagnetization has been stud-
ied extensively, but mostly on the time-scale of seconds
[1-4]. The information obtained may be useful in the de-
sign of magnetic data storage devices, but is not relevant
for motor designers, who need stability information on
the scale of years. There is no evidence that results ob-
tained in measurements within a few seconds or min-
utes would be applicable on a wider timescale.

The long-term stability of rare earth permanent magnets
is discussed in one technical report by IEC [5]. The re-
port presents measured irreversible losses as a function
of time between 1 and 1 000 hours. However, the cor-
rosion protection of the samples was not mentioned. In
the long term, corrosion would cause permanent losses
in addition to demagnetization. Corrosion can be con-
sidered as the main reason for long-term instabilities
after the plateau of constant flux loss per logarithmic
time cycle, as described in {IEC/TR62518, 2009 #1305}.
Our previous studies have demonstrated that irrevers-
ible flux losses in sintered NdFeB magnets kept at a
stable elevated temperature obey the logarithmic time
dependence at least in the timescale of 1 to 10 000 hours
(over 1 year), if sufficient corrosion protection is applied
[6]. In this work we compared the long-term flux loss be-
haviour of a sintered industrial NdFeB magnet with its
measured BH curve data.

2.Method

Samples were prepared by water cutting from a larger
block of industrial 38SH material. The sample size was
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10x10 mm and the height varied between 2.3 and 5.2
mm, leading to permeance coefficients (load lines/
working points) ranging from 0.5 to 1.3. The BH curves of
the material were measured with a HymPulse magnetic
properties tester at Metis Instruments&Equipment Nv.
The samples were fully magnetized in a 3.5 T pulsed field.
The reference value of the flux of each sample was mea-
sured with a Helmholtz coil immediately after magne-
tization. The samples were then placed into ovens with
stable elevated temperatures. Corrosion protection was
performed by wrapping the samples in aluminium foil.
The samples were taken out of the ovens at logarithmic
time intervals. The samples were cooled down to room
temperature and remeasured with a Helmholtz coil. A
minimum of 10 measurements were performed within a
time period of 1000 hours. Based on the measurements,
logarithmic trend curves were determined to describe
the loss behaviour of each magnet.

3. Results and Discussion
3.1. BH Curves

The BH curves of the studied material measured at 20 °C,
100 °C and 140 °C are presented in Fig.1. At room tem-
perature the BH curve is linear, but at 100 °C a small knee
occurs. At 140 °C the knee is even clearer. The load lines
representing the permeance coefficients of 0.5, 0.8 and
1.3 are also shown. At 100 °C all the working points are
far away from the knee. At 140 °C some of the working
points have already fallen off the linear part, while some
of them remain on the linear part of the curve.

3.2.Losses at 140°C
Based on the BH curves one would expect some losses in

samples with Pc = 0.5 at 140 °C, but samples with Pc = 1.3
are expected to be stable. Figure 2, however, also shows



REPM’10 - Proceedings of the 21 Workshop on Rare-Earth Permanent Magnets and their Applications

M/BI[T]
< 1 14
BipygH=13

12

20°C BiH=08 405%c 140° 1
08
06

04

BlgH = 0.5

02

0

-1800 -1600 -1400 -1200 -1000 -BOO -600 -400 -200 V]
H [kA/m]

Fig. 1. Measured BH curves for the 38SH material studied.
Sample sizes represent the load lines (B/u H = Pc) between 0.5
and 1.3.

losses in those samples. The initial loss after one hour
increases with a decreasing Pc, and for samples with Pc
= 0.5 it is as much as 15 %. The slope of the trend line
also increases with a decreasing Pc. As the Pc decreases
the deviation of the measurement points from the trend
line also increases. It can be seen that the measurement
points take a more curve-like form, saturating towards a
fixed loss level. The reason for this might be the changes
in self-fields of the magnets as demagnetization pro-
ceeds.

The total loss expected after 30 years can be estimated
from the trend lines in Fig. 2. Correspondingly, the loss
after 1 second can be calculated, if the logarithmic trend
is assumed to continue from the second scale onwards.
Calculated losses after 1 second, after 1 hour, and after
30 years are plotted as a function of permeance coeffi-
cient in Figure 3. The flux losses decrease smoothly as
the permeance coefficient increases. The curve for loss
after 1 second, however, crosses the zero line at Pc=1.15,
and at Pc = 1.3 the calculated loss after 1 second is posi-
tive, which is physically impossible. This raises the ques-
tion whether logarithmic loss behaviour is valid across
the timescales of seconds and hours. Similar results were
obtained with other materials as well and the effect was
more pronounced in materials with higher H . No clear
explanation for this was found.
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Fig. 3. Estimated flux loss as a function of the permeance coef-
ficient of the magnet after 1 second, after 1 hour, and after 30
years exposure to the temperature of 140 °C. Flux loss values are
calculated according to the trend lines presented in Fig. 2.
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Fig. 2. Flux losses as a function of time in 38SH samples with
different Pcs. Losses will occur even in samples with Pc = 1.3.

3.3. Maximum Working Temperature

The magnet producer reports the maximum working
temperature for this type of magnet to be 150 °C. Accord-
ing to the measurement data presented in Fig. 2, even
140 °C would be too high a temperature at least for mag-
nets with a Pc < 1.3. For the smallest sample (Pc = 0.5) at
140 °C, the initial loss after 1 second is estimated to be 8
% and the total loss after 30 years will increase to 26 %.
These losses are far too high to be accepted in applica-
tions. To find a more suitable operating temperature, we
repeated the test for the magnets with Pc = 0.5 at tem-
peratures of 130 °C, 120 °C, 110 °C and 100 °C.

The detected flux losses are presented in Fig. 4 as a func-
tion of time. Trend curves are extended to reach 30 years
time. The curves clearly show that below 110 °C the mag-
net is stable and that above 110 °C losses start to occur.
So the maximum working temperature for this kind of
magnet could be taken as 110 °C.

At 130 °C (also at 140 °C to some extent) the loss behav-
iour seems to be step-like rather than a continuous line.
This is probably due to some instabilities of tempera-
ture. After the first loss measurement, the samples were
exposed to a temperature a few degrees higher than the
130 °C that was set. This caused asubstantial flux loss,

0% —re—mr————————
.
o -woc
g =110°C
-10 % 1
] 4120°C
% -15% 1
E = ¥130°C
[TH .
-20 % - = 140°C
-25 % :
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Fig. 4. Flux losses as a function of time for 38SH samples with
Pc = 0.5 in different temperatures.
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which gave rise to a stabilizing effect. Thus, further loss-
es follow a more or less horizontal line until demagneti-
zation starts again with a sudden drop in magnetization.
In the long run, the effect of this event is of no signifi-
cance, but it does affect the accuracy of the estimated
losses after 30 years. In this case, measurement points
up to 10 000 h would be preferred to achieve more ac-
curate estimates.

Flux losses can also be presented as a function of tem-
perature for different exposure times, as shown in Fig.
5. This figure indicates that after a very short period of
time, such as 1 second, no losses are expected even at
130 °C, but time-dependent losses will be almost 20 %
in 30 years. Rapid BH curve measurement cannot detect
this time-dependent demagnetization. Again, the calcu-
lated losses after 1 second at 120 °C and 130 °C, are unre-
alistically slightly positive.

0
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Fig. 5. Estimated flux losses as a function of temperature for

a 38SH magnet with Pc = 0.5. Curves represent losses after 1
second, after 1 hour, and after 30 years exposure to the tempera-
ture. Flux loss values are calculated according to the trend lines
presented in Fig. 4.
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4. Conclusions

Long-term irreversible flux losses in sintered NdFeB
magnets were the focus of study here. No simple con-
nection between the measured BH curves and the de-
tected open circuit flux losses were found. Time depen-
dent demagnetization starts at a lower temperature and
a higher Pc than the BH curves would indicate.

Based on long-term flux loss measurements, the maxi-
mum working temperature for a magnet with a certain
Pc can be determined. The maximum working tempera-
ture determined by this method will assure that no de-
magnetization will occur even after many years, as long
as the temperature is kept below the maximum and the
opposite magnetic field is kept below the self-field of
the tested magnet. Losses due to oxidation are not taken
into consideration and sufficient corrosion protection is
needed to avoid permanent losses.

The maximum working temperature for the NdFeB ma-
terial of 38SH grade with Pc = 0.5 studied here was de-
termined to be 110 °C.
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Estimation of Time-Dependent Polarization Losses
in Sintered Nd-Fe-B Permanent Magnets
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The thermal stability of sintered NdFeB magnets can be described by the temperature coefficient of remanent flux density a only on
condition that demagnetization due to rising temperature or field and oxidation of the magnets are totally avoided. This also requires
the control of time-dependent demagnetization at elevated temperatures. We have studied the time dependent polarization losses in
sintered NdFeB magnets with different coercivities by determining temperature T, for each magnet (Pc = 1.1). T, is the maximum
temperature at which the total polarization loss even after 30 years of exposure is estimated to be less than 2 %. Temperature T, for
four magnets produced from different materials are presented in this work. Flux losses at temperatures higher than T, after different
exposure times are also described. The estimated flux loss after 30 years is found to be roughly twice the loss after 1 hour, except in the
vicinity of T,. At temperature T, + 10°C it could be as high as four times the loss after 1 hour.

Index Terms— Permanent magnets, Losses, Neodymium compounds, Stability

. INTRODUCTION

T HERMAL stability is a very important characteristic for
the usability of NdFeB magnets in motor and generator
applications. It is crusial that the variation in remanent flux
density is kept as low as possible.

From the application point of view, thermal stability can be
understood as the changes in remanent polarization as the
temperature changes. These changes, mainly polarization
losses with increasing temperature, can be divided into
reversible and irreversible changes according to whether the
original polarization is recovered or not as the temperature is
returned to the original state. A reversible decrease in
polarization with increasing temperature is always present, and
cannot be eliminated. However, it can be reduced by
modifying the material composition. Irreversible polarization
losses in sintered NdFeB magnets result from demagnetization
or oxidation and can be avoided by means of proper design,
material selection and corrosion protection.

There are various material characteristics as well as
environmental factors that affect the thermal stability of
sintered NdFeB magnets. Therefore a wide range of different
kinds of thermal stability studies can be found in the literature.
Some of the studies report material characteristics like intrinsic
coercivity, Hg [1-4] or temperature coefficients of remanence,
a [1,2,5,6] or coercivity, B [1,2,7,8] as measures for thermal
stability. There are also studies reporting detected irreversible
flux losses [1,3-5,8-11] in magnets tested after a certain
temperature exposure.

Fundamental material characteristics, like Hg, a, and B, are
quite easy to measure and are typically given by the magnet
manufacturer. Temperature coefficients give a good picture of
the materials temperature behavior, but are not sufficient when
considering the thermal stability of a magnet in an application.

Digital Object Identifier inserted by IEEE

One also needs data about the shape of the B(H) curves and
magnetic circuit information [12]. With all this information,
initially occurring polarization losses due to a sudden
temperature rise, can be estimated. To be able to estimate
long-term losses, more information would be needed about the
long-term  environmental  conditions and  long-term
demagnetization characteristics of the material [13-14].

There is no consistent way to express or even measure the
long-term behavior of magnetic materials. The irreversible flux
losses measured after temperature exposure of one or two
hours tells us something about the long-term effects. However,
these represent only one condition with one exposure time.
Therefore this information is difficult to utilize in machine
design.

Long-term demagnetization in permanent magnets is due to
so-called magnetic viscosity effect. Based on experimental
data, the decay in polarization is found to obey a logarithmic
law [15]:

M(t):M(to)—smtl (1)
0

Where M is the remanent magnetization, S is the magnetic
viscosity coefficient and t, is the reference time. The viscosity
coefficient S is constant only at a constant demagnetizing field
and constant temperature. To get the material characteristic,
independent of the field, this magnetic viscosity coefficient S
is divided by the irreversible susceptibility y;, of the material

[16]:
S

S, =— @
Zirr

Sy has been found to be constant at a constant temperature
and values for NdFeB magnets have been measured by Givord
et al. [16-17]. In these tests S and y;, are measured within a
time scale of seconds. The measurement equipment does not
allow accurate measurements over longer periods. However,
on a time scale of hours or years, the time dependence of i
[18] can no longer be neglected. S, necessarily becomes time-
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dependent.

It is very difficult to provide constant field conditions with a
constant elevated temperature for a period of years. We have
studied commercial NdFeB magnets in open circuit conditions,
and followed the demagnetization process for more than
10 000 hours [14]. Unfortunately in this type of measurement
the field condition is not constant across the sample and not
even independent of time. As the demagnetization proceeds,
the field condition will also change. However, the changes
measured in magnetization were found to follow the
logarithmic decay law (1) well, leading to the assumption that
the field changes were negligible in size. This test method was
considered to serve practical needs better than traditional
viscosity measurements.

This work continues the previous studies [13-14] by
comparing the time-dependent demagnetization behavior of
commercial NdFeB magnets with different coercivities. The
effect of the B(H) curve shape is also considered.

Il. METHOD

The samples were commercial sintered NdFeB magnets
produced by Neorem Magnets Oy. The materials contained
varying amounts of Dy resulting in varying coercivities.
Material properties of the samples are listed in Table |
(intrinsic coercivities at room temperature are listed in Table
I). The size of the rectangular-shaped samples was 10 x 10
mm with a height of 4.6 mm resulting in a permeance
coefficient (P.) value of 1.1.

The magnetic properties of the samples were determined
using a Magnet Physik Permagraph C-300. The B(H) curves
were measured only at room temperature (22°C), 80°C, 100°C,
and 150°C. For material 3, a curve was also measured at
180°C, and for material 4, only curves at 100°C, 150°C and
180°C were measurable. Coercivities at other temperatures
were calculated assuming a linear decrease between the
measured temperatures.

The samples were kept at constant temperatures (80°C,
90°C, 100°C and so on) for at least 500 hours, and their
residual inductions were measured at logarithmic time
intervals: the first measurement was performed after 1 hour,
the second after 2 hours, the third after 4 hours, the fourth after
8 hours, and so on. A minimum of 10 measurements within a
500-hour period were carried out. For each temperature, six
identical samples were tested and the result is taken as an
average loss of these six samples. The method is also
described in [14]. Corrosion protection was provided by

wrapping the samples in aluminum foil.
TABLE |
PROPERTIES OF THE MATERIALS STUDIED

Room Temp. coeff.  Temp. coeff.
Materi Dv content temperature a of By f of Hei
al Y remanence B, (20-100°C) (20-100°C)
[T] [%/°C] [%/°C]
1 1% 1.28 0.11 0.71
2 4% 1.23 0.10 0.59
3 75% 1.15 0.09 0.54
4 11.5% 1.02

The measured flux loss values were converted into
percentage values, since they equal with the percentage
polarization and magnetization loss values. Furthermore,
percentage losses enable a comparison of magnet materials
with different remanent polarizations and are more useful for
engineers than absolute loss values in Teslas.

According to the measured losses, the trend curves of the
form of (1) were determined for each material at each
temperature. The intersection of the trend curve with the
vertical axis gives the estimated loss after 1 hour M(t;), when
the unit of time is an hour. Additionally, the estimated losses
after 30 years are calculated according to the trend curve
equations.

To facilitate the comparison of the time-dependent
demagnetization behavior of materials with different
coercivities, the maximum temperature at which the losses in
the magnets studied were estimated to remain below 2 % even
after 30 years was termed T,. Based on the estimation of the
measurement accuracy, conditions where losses stay below 2
% can be considered stable. Note, that T, is not a material
parameter, but depends also on the dimensions of the magnet.
Thus, it will be also a function of P..

I11. RESULTS AND DISCUSSION

A. Polarization losses in magnets with different coercivities

Table 11 lists the temperatures T, determined for the samples
with a P, of 1.1. The intrinsic coercivities both at room
temperature and at T, are also listed. As expected increase in
room temperature coercivity leads to a clear increase in To. At
the same time the intrinsic coercivity at T, seems to decrease.
The coercivity of material 3 at T, deviates from the regularity,
which suggests that the T, for that material has not been
chosen correctly. The loss behavior curves in Fig.2 reveal that
a more suitable T, for material 3 would have been somewhere
between 160°C and 170°C, closer to 170°C, but unfortunately
the temperatures were studied only at 10°C intervals.

TABLE II
COERCIVITIES OF THE SAMPLES

Maximum insi ivi
temperature (T2 Intrinsic coercivity [kA/m]
Material at which At room
total loss < 2% temperature AtT
(Pc=11) P 0
- 00 1240 690
) 130°C 1540 620
5 160°C 2000 630
. 220°C >2500 560

The polarization losses measured at temperatures T,
To+10°C, To+20°C and T,+30°C are presented in Fig. 1 for
materials 2, 3 and 4 (only T, To+10°C and T,+20°C).
Measurement data for material 1 can be found in [13]. Trend
lines are extended to reach an expected lifetime of 30 years.

The estimated polarization losses as a function of
temperature for these magnets are presented in Fig. 2. For
clarity, the curves in Fig. 2 are presented only starting from To.
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Below T, no losses were detected. For low coercivity
materials, losses start to occur at fairly low temperatures, but
the progress of demagnetization with rising temperature is
moderate. High coercive materials show a more intense loss
behavior. In addition, the time dependence of the losses
increases with increasing To.

The curves in Fig. 2 show clearly the temperature T, below
which the losses are negligible for each magnet. Coercivities at
To (listed in Table Il) could be considered as the minimum
permissible coercivities for magnets with a permeance
coefficient of 1.1. The required minimum coercivity for a low
coercivity material seems to be higher.

Squareness factors (SF) for the measured B(H) curves of
these materials are all above 0.9, mainly around 0.94. The
squareness of the B(H) curve is typically considered to be one
type of quality measure for magnet material. An example of
the effect of a lower SF is presented in section B.
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Fig. 1. Polarization losses measured as a function of time in magnets with a
permeance coefficient of 1.1 produced from materials 2, 3, and 4.
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Fig. 2. Estimated polarization losses as a function of temperature in four
different magnets with a permeance coefficient of 1.1. The material
coercivities are listed in Table I1.

Viscosity coefficients S, as defined in (1), for materials 1-4
are listed in Table IIl. At temperatures T, the viscosity
coefficients are smaller than 1073, At temperatures above T,
viscosity coefficients increase gradually as the temperature
increases. At higher temperatures they could reach as high as
15x10°. The regularity is again broken in the case of material
3 due to the inaccuracy of the determination of T.

Estimated loss values after 1 hour and after 30 years for the
magnets are listed in Table IV. It can be seen that the losses
after 30 years are mostly twice the losses after 1 hour except at
the temperature T, + 10°C. For material 3, this is the
temperature T, + 20°C due to the choice of T,,.

At the vicinity of T, the loss after 30 years can be as high as
four times that after 1 hour. This has to be taken into account,
when choosing a temperature test for magnets. Instead of
measuring the irreversible polarization loss after 1 or 2 hours,
it would be better to measure the loss both after 1 and after 2
hours, and perhaps also after 4 and 8 hours as well. It would
give more realistic information about the time dependence of
irreversible polarization losses.

Fig. 3 shows the estimated polarization losses after 30 years
as a function of the number of measurement points for material
3. The estimate seems to reach fairly good accuracy after the
first four measurement points. It is somewhat difficult to
determine the time and temperature precisely, since the
temperature inside the samples is not monitored and this
causes inaccuracy especially in the first measurements. With a
lengthening exposure time at a constant temperature, however,
the accuracy of the results improves.

TABLE 11l
VISCOSITY COEFFICIENTS OF THE SAMPLES (Pc = 1.1) AT DIFFERENT TEMPERATURES

Material To[°C] Viscosity coefficient S at temperature T [10°]
T=To T=To+10°C T=To+20°C T=To+30°C T=To+40°C
1 80 0.2 15 3.8 4.9 5.3
2 130 0.3 3.0 6.1 5.9
3 160 0.3 0.8 4.6 15.8
4 220 0.7 10.6 14.2
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TABLE IV
ESTIMATED LOSSES OF THE SAMPLES (Pc = 1.1) AT DIFFERENT TEMPERATURES

Material To[°C] Estimated polarization loss after 1 h at temperature T [%] Estimated polarization loss after 30 years at temperature T [%]
T=T T=To T=To TZTo T=T0 T=T T=To T=T0 T=T0 T=To
0 +10°C +20°C +30°C +40°C 0 +10°C +20°C +30°C +40°C
1 80 -0.2 -0.5 -4.4 -10 -17 -0.5 -2.3 -9.2 -16 -24
2 130 -0.8 -1.7 -7.6 -17 -1.2 -5.4 -15 -24
3 160 -0.4 -1.1 -2.2 -15 -0.8 -2.2 -8.0 -35
4 220 -1.1 -3.8 -14 -1.9 -17 -32
B/MI[T]
0 : : ‘ ‘ ‘ ‘ ‘ ‘ ‘ 1
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2% 5 / 0,6
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[
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Number of measurement points Fig. 4. B(H) curves for two different materials: A (solid line) and B (dashed
Fig. 3.  Estimated polarization loss after 30 years as the number of line). The losses measured for magnets made of these materials are listed in

measurement points increases. Magnets made of material 3.

B. Polarization losses in samples with different B(H) curve
squareness factors

Two previously tested NdFeB materials, material 2 in this
paper and material 2 in [14] were found to have similar
coercivity at 150°C, but the shape of the B(H) curve differs.
Fig. 4 shows the B(H) curves of these materials at 150°C. The
working point corresponding to P, = 1.1 is very close to the
knee and therefore samples with P, = 3.3 were also studied.
Materials were labeled A and B. The squareness factors for the
curves of materials A and B were 0.98 and 0.87, respectively.

The estimated polarization losses based on the measured loss
trends are listed in Table IV. In samples with P, = 3.3, the
losses in material A are clearly smaller than in material B. In
contrast, in samples with P, = 1.1 material B shows smaller
losses than material A. Again, the estimated loss after 30 years
is approximately twice that of after 1 hour.

Based on the B(H) curves shown in Fig. 4, it is impossible to
deduce the long-term loss behavior of these materials.

TABLE V
ESTIMATED LOSSES OF THE SAMPLES

Pc Material Irreversible polarization loss [%]
After 1 hour After 30 years
11 A 7.6 15
B 6.4 12
33 A 0.5 1
B 1.9 2.7

Table IV. Also the corresponding load lines of the samples are shown.

IVV. CONCLUSIONS

The time dependent polarization losses in sintered NdFeB
magnets with different intrinsic coercivities were investigated.
For magnets with P, = 1.1 made of four different materials, a
determination was made of the maximum temperature T, at
which the total polarization loss even after 30 years is
estimated to be less than 2%. Temperatures T, varied between
80°C and 220°C. The intrinsic coercivity at T, varied between
560 kA/m and 690 kA/m, and it was found to decrease with
increasing T,.

The estimated polarization loss after 30 years was found to
be roughly twice the loss after 1 hour, except at temperature T,
+ 10°C. At that temperature the loss after 30 years can be as
high as four times that after 1 hour. The time-dependent
demagnetization was more pronounced in materials with
higher room temperature coercivity as the temperature rose
above T,. In addition, the squareness of the B(H) curve was
found to affect the long-term demagnetization behavior.

Time-dependent demagnetization should be taken into
account when determining the thermal stability of magnets.
Instead of measuring the irreversible polarization losses only
after 1 hour, further measurements at least after 2, 4 and 8
hours exposure should be carried out. Based on the resulting
logarithmic loss trends, the losses after longer and more useful
exposure times could also be estimated.
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Abstract. Some companies in the motor and generator industry utilizing sintered NdFeB magnets have
adopted pre-ageing heat treatment in order to improve the stability of the magnets. The parameters of this

stabilization heat treatment are based mainly on assumptions rather than on any published research results. In
this work, the effects of pre-ageing treatment on the time-dependent polarization losses of two different types
of commercial sintered NdFeB magnets were studied. The material showing the squarer J(H) curve did not
benefit from the pre-ageing treatment, since it seems to be stable under a certain critical temperature. In
contrast, a stabilizing effect was observed in the material showing rounder J(H) curve. After the stabilization

heat treatment, the polarization of the magnets was found to be at lower level, but unchanged over a certain
period of time. The length of this period depends on the temperature and the duration of the pre-ageing
treatment. In addition, our analysis reveals that the stabilization heat treatment performed in an open circuit

condition does not stabilize the magnet uniformly.

1 Introduction

Stabilizing heat treatment also known as pre-aging heat
treatment is a method used in order to improve the
thermal stability of permanent magnets. This means that
the magnets are exposed to a higher temperature than
their maximum operating temperature before being
installed to the application. However, there are not many
published papers about the effects of such heat treatment
on the subsequent loss behaviour of sintered NdFeB
magnets. Radiation-induced demagnetization is claimed
to decrease due to this kind of thermal stabilization [1].
The pre-ageing heat treatment that caused -0.69 %
decrease to the polarization was found to be sufficient to
decrease the subsequent demagnetization in the electron
beam exposure close to zero.

The effects of stabilization heat treatment on SmCo
based magnets have been studied previously [2-3]. As
long as the stabilization treatment is performed at
moderate temperatures, the effects are purely due to
domain wall motion and a stabilizing effect is attained
[2]. The remanence of the magnets was reduced
proportionally during the stabilization treatment. In [3],
the time-dependent demagnetization of SmCo magnets
within a three-year measurement period was found to
decrease to about 0.3 % due the two-hour pre-ageing
treatment.

The principal idea of thermal stabilization is that the
magnetization of the weakest domains in the magnet is

flipped due to thermal activation. The domains that
maintain their original magnetization state, despite
thermal exposure, are assumed to be stable at
temperatures below the stabilization temperature. Based
on this assumption, stabilization heat treatment is
introduced as a part of the production process in some
companies utilizing sintered NdFeB magnets. The
exposure temperature and the duration of the heat
treatment are more or less chosen on the basis of rough
estimates.

In this work we studied the effect of the pre-ageing
heat treatment on the time-dependent polarization losses
in sintered NdFeB permanent magnets. The effect of the
J(H) curve squareness of the material on the thermal
stabilization was also studied.

2 Method

Test materials were commercial sintered NdFeB magnets
produced by Neorem Magnets Oy. Materials were
specified according to their measured B(H) curves.

Two different materials were chosen from
previously tested materials [4-6]. The criteria of the
selection was that the coercivities of the materials were
close to each other at a certain elevated temperature at
which a small knee also appeared in the second quadrant
of the B(H) curves. Additionally, the shape of the J(H)
curves was expected to be different. Material 2 in [4] was

This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits
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chosen as material A in this research and material 2 in [5]
as material B. At 120°C the difference in the coercivities
of these materials is less than 3 %.

The magnetic properties of the samples were
determined by the B(H) curve measurements carried out
with Magnet Physik Permagraph C-300. The properties
of the studied materials at room temperature are
presented in Table 1 and at 120°C in Table 2. The B(H)
and J(H) curves measured at 120°C and 130°C are
presented in figure 1.

The squareness factor (SF) is used as a measure for
the squareness of the J(H) curve.

SF =% (1)

Ci

where H,; is the intrinsic coercivity of the material and H,
refers to the field at which 10 % of the remanence is lost
(= field at 90 % of B,) [6].

The rectangular-shaped samples were 10 x 10 mm
in size, with varying heights (the direction of
magnetization). The heights of material B samples were
4.1, 49 and 5.6 mm. These correspond to permeance
coefficient (P.) values of 1.0, 1.2 and 1.4 when
determined from the dimensions of the samples [7]. The
height of material A samples was 4.6 mm leading to a P,
of 1.1.

The testing method for studying the time-dependent
demagnetization is described in detail in [4]. The ageing
temperature in this study was 120°C. Polarization loss
measurements were performed with a Helmholtz coil at
room temperature. Losses are presented as a percentage
of the original polarization values measured straight after
magnetization. Each loss value is an average of the
measured losses of five identical samples.

The stabilization heat treatment prior to ageing was
performed at 130°C for a duration of one hour.

Table 1. Properties of studied materials.

Temp. Temp.
i(::;l Room coeff. coeff.
Material | coercivity temp. o of B, B of H
He remanence (20- (20-
o B, [T] 100°C) 100°C)
[KA/m] [%/°C] | [%/°C]
A 1540 1.24 -0.13 -0.59
B 1680 1.21 -0.09 -0.62
Table 2. Properties of the materials at 120°C.
Coercivity
Material H. Remanence Hy Squareness
[kA/m] B, [T] [KA/m] factor SF
A 677 1.08 656 0.97
B 658 1.07 658 0.89

The demagnetizing field inside the samples was
calculated using FEM. The software used was Opera by
Vector Fields. One eighth of the samples were modelled

with magnetic properties: B, = 1.2134 T, H,, = 924 kA/m
and recoil permeability of 1.045. Values are determined
from the B(H) curve of material B at room temperature.
B(H) curve was assumed to be linear. The analysis with
non-linear B(H) curve measured at 120°C failed.

In order to study the distribution of the
demagnetization, the magnetic flux density near the
sample surface was scanned along the center line of the
sample before and after the stabilization heat treatment.
The measurements were performed with a Lakeshore
gaussmeter, model 450 and Lakeshore MNA-1904-VH
hall probe fixed perpendicular to the sample surface. The
magnetic flux density was scanned across the sample at a
distance of 0.2 mm.

3 Results and discussion

3.1 Polarization losses in stabilized and non-
stabilized samples

The polarization loss measurements were carried out for
10 000 hours to be able to predict the long-term
behaviour of the stabilized magnets. Figure 2 shows the
detected losses as a function of time for the samples with
an average P, = 1.1 and 1.2 for materials A and B
respectively. The logarithmic trend lines [8] for losses are
also plotted in figure 2. The trend lines are lengthened to
reach 260 000 hours, which corresponds to an expected
life-time of 30 years.

J/BIT]

0,8

0,6

0,4

0,2

-760 -660 -560 -460 -360 »260 -160 0
H [kA/m]
Fig. 1. B(H) and J(H) curves at 120°C and 130°C for materials
A (solid line) and for material B (dashed line). Load lines 0.5
and 1.2 are also included.

The loss behaviour of material A magnets is similar in
stabilized and non-stabilized samples. These two trend
lines overlap and the estimate of the total loss after 30
years is less than 1 % in both cases. This indicates that
this type of magnet does not benefit from stabilization
treatment. The loss behaviour of material B magnets,
however, differs clearly depending on whether the
samples were stabilized or not. Non-stabilized samples
exhibit a decreasing loss trend, starting from a 1.7 % loss
after one hour’s exposure and resulting in a loss estimate
of 4.5 % in 30 years. In contrast, stabilization treatment at
130°C causes a loss of approx. 3 % and this state of
magnetization remains until about 1 000 hours when the
samples are kept at 120°C. At this point the decreasing
loss trend of the non-stabilized samples is obtained and it
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seems that the subsequent loss trends overlap. Further
measurement points would ensure this behaviour, but it is
inconvenient to implement the measurements, since it
requires years of exposure.

The effect of sample height on the loss behaviour of
stabilized and non-stabilized samples produced from
material B is presented in figure 3. All the samples
exhibit similar loss trends, only the magnitudes of the
initial as well as the subsequent time-dependent losses are
different. The slope of the trend line and the initial loss in
non-stabilized samples increases as the thickness of the
sample decreases (figure 3 a). The stabilization treatment
also causes increasing losses with decreasing magnet
thickness (figure 3 b). Subsequent exposure at a lower
temperature does not cause any further loss until 1 000
hours of exposure is reached. As the exposure is extended
from 1 000 to 10 000 hours the losses turn to follow the
trends of the non-stabilized samples (figure 3c). This is
logical, since the stabilization heat treatment only partly
demagnetizes the samples and does not affect the
microstructure of the magnets. The same partial
demagnetization occurs in the non-stabilized samples due
to thermal activation over time. As the same
demagnetized state is achieved regardless of the thermal
history, the subsequent demagnetization behaviour is
expected to be identical.

This shows that insufficient stabilization heat
treatment will make the magnets stable only for part of
the lifetime of the application. The usage of magnets
exhibiting squarer J(H) curves would be more practical.
According to this study, a squareness factor of 0.97 is
sufficient to ensure stability over time and thus, pre-
ageing treatment is unnecessary. Our previous study [5]
supports this conclusion.

0%

’W
1% -

® Material A,
non-stabilized

<+
2% - m Material A,

stabilized

+ Material B,
non-stabilized

A Material B,
» stabilized

-3%

4% 1

Polarization loss [%]

Pc=1.2

-5%

1 10 100 1000 10000 100000 1000000
Time [hours]

Fig. 2. Polarization losses as a function of time for stabilized

and non-stabilized magnets produced from materials A and B.

The dimensions of the samples were 10 x 10 x 4.6 mm in

material A samples and 10 x 10 x 4.9 mm in material B

samples.

3.2 Partial
magnets

demagnetization of stabilized

FEM models of the material B samples were generated in
order to understand the partial demagnetization process
occurring during the stabilization heat treatment. The
variations of —B,/piyH, (often considered to be the same as
P.) in the samples before treatment are presented in figure
4. This figure reveals that —B,/pH, or P, in actual fact
varies dramatically inside the sample. The P, reaches its

minimum at the centre of top and bottom surfaces of the
samples and falls to as low as approx. 0.5 in our samples.
Figure 1 b shows that the working point of 0.5 is already
slightly below the B(H) curve knee at 130°C. Some initial
loss in the samples from material B is thus expected.
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Fig. 3. Polarization losses in non-stabilized samples (a) and
stabilized samples (b) (material B at 120°C) and the combined
trends of the two (c).

The partial demagnetization is concentrated to the areas
where —B,/uoH, is below about 0.55 i.e. close to the
centres of the surfaces that are perpendicular to the
magnetization direction. Figure 5 shows the magnetic
flux density profiles measured on the top of this surface
(P, of the sample = 1.0) before and after the stabilization
treatment. The flux density is lower at the centre of the
surface than at the edges.

The area falling below the knee point of B(H) curve
is much larger in the case of the magnets of 4.1 mm in
height (figure 4 a) than in the magnets of 5.6 mm in
height (figure 4 c). Besides this, the difference in the
minimum of -B,/uoH, explains the difference in the
demagnetization states of different sized magnets after
pre-ageing at 130°C.

Correspondingly, the time-dependent demagnetization
occurring in the non-stabilized samples is most likely to
occur in the areas where P, is close to the B(H) curve
knee. This area is the largest in the lowest samples in
height even after the initial demagnetization. This could
also explain the greater demagnetization occurring over
time.

06001-p.3



EPJ Web of Conferences

- 0.546

Fig. 4. Variations of -B,/uoH, inside the studied samples at
room temperature, before the exposure to elevated temperature.
The heights of the modelled magnets are 4.1 mm (a), 4.9 mm
(b) and 5.6 mm (c) corresponding to an average P, of 1.0 (a),
1.2 (b) and 1.4 (c). Models include one eighth of the samples.
The upper corners on the right-hand side are the actual corners
of the magnet and the lower corners on the left-hand side are the
centres of the magnets. The models describe the samples
produced from material B.

y [mm]
s M0

Fig. 5. Scanned magnetic flux density on the surface
perpendicular to the magnetization direction (Z) of a sample
from material B (P, = 1.0): before the stabilization heat
treatment (dashed line) and after the treatment (solid line).
Scanning was performed about 0.2 mm from the magnet
surface.

-0,05 -

As the partial demagnetization of the permanent
magnets thermally stabilized in open circuit condition
occurs at a certain location of the magnet, the
stabilization does not necessarily cover the whole magnet

volume. This might cause problems if the magnetic
circuit is different in the application.

4 Conclusions

The effects of stabilization heat treatment on the time-
dependent demagnetization of sintered NdFeB magnets
were studied. According to the results, the following five
conclusions can be drawn:

1) Sintered NdFeB magnet materials showing a
square J(H) curve (SF > 0.97) do not need any
stabilization treatment.

2) NdFeB material following rounder J(H) curve
shows a stabilization effect. The polarization is found to
be at lower level, but stable in pre-aged magnets over a
certain period of time. The principle is that the same
partial demagnetization that occurs over time in non-
stabilized magnets, is induced in the magnets by the pre-
ageing treatment.

3) The temperature and duration of the pre-ageing
treatment can be optimized so that the partial
demagnetization is sufficient, ensuring stability over the
required time, but not too heavy to cause any excess
losses.

4) The pre-ageing treatment should be performed in
similar magnetic conditions to those the magnets will
face in the application. Stabilization treatment performed
in open circuit condition does not stabilize magnets
uniformly.

5) The P, calculated from the dimensions of the
magnet is only an average value for the sample. In fact,
the P, varies significantly inside the magnet.
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