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ABSTRACT

This study investigates the influence of abnormally grown grains on the magnetic properties of FeNdB sintered magnets. Specifically, the
local demagnetization process caused by abnormally grown grains in the microstructure was analyzed by dynamic Kerr microscopy. The
demagnetization process starts in large grains and has a strong influence on the surrounding microstructure. In a process similar to that
described for non-magnetic inclusions or pores, the stray field of the already-demagnetized grain forms two areas with differing magnetic
properties. A demagnetizing effect is found on the front faces of these grains while a stabilizing effect is found on the side faces. The negative
influence of abnormal grain growth on the magnetic properties is also visualized.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial-
NoDerivs 4.0 International (CC BY-NC-ND) license (https://creativecommons.org/licenses/by-nc-nd/4.0/). https://doi.org/10.1063/5.0242423

INTRODUCTION

Hard magnetic materials are important functional materials
for electric machines. FeNdB sintered magnets are the most widely
used magnets due to their high remanence, high coercive field, and
high magnetic energy product. High coercivity is important to sta-
bilize the magnet against interfering fields in operation. By adding
heavy rare earth elements such as Dy or Tb to the hard magnetic
Fe1sNd,B phase, its anisotropy field can be increased, which in
turn boosts coercivity.! This may be realized by admixing these ele-
ments directly into the magnetic alloy from which the magnet will
be produced. Unfortunately, this approach reduces the saturation
polarization of the resulting Fe;4(Nd,Dy,Tb),B phase, which conse-
quently also decreases the remanence of the magnet. Another way is
to introduce Dy and Tb subsequently via grain boundary diffusion
treatment.” In addition, non-rare earth metals like Co and Cu can
enhance the coercivity of the magnet by modifying the grain bound-
ary phase.” In addition to chemical composition, the microstructure
quality plays a crucial role with respect to the magnets aging and
demagnetization behavior. On one hand, optimizing the grain size
can result in higher coercivity obtained.”® On the other hand,
different types of defects in FeNdB sintered magnets, such as

non-magnetic inclusions like RE-oxides or Fe4NdBy4 phase agglom-
erates, can negatively influence the demagnetizing behavior and
magnetic properties.

Durst et al.” describe the influence of non-magnetic inclusions
and pores on the surrounding microstructure. According to Eq. (1),
the stray field Hz of a non-magnetic inclusion with radius a at an
angle 6 and distance d in direction z can be estimated. The strength
of the stray field depends on the saturation polarization J; of the
surrounding microstructure:

1 2
AHz(a+d) :—gm]s(3c0529—1). (1)
From Eq. (1), two characteristics become obvious. First,
depending on the position of the stray field in relation to the
pore, different effects on the magnetization behavior are expected
(Fig. 1). Along the magnetization direction, the stray field of the
pore has a demagnetizing effect. Perpendicular to the magnetiza-
tion direction, the stray field of the pore has a stabilizing effect.
Second, with increasing radius a of the non-magnetic inclusion, the
stray field becomes more pronounced. This means that the risk of
demagnetization increases with increasing defect size.
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In addition to RE-oxides and 1 phase, a further defect that can
occur is abnormal grain growth. When this occurs, some grains grow
at the expense of neighboring smaller grains and can reach a few
hundred microns.® Abnormal grain growth is favored by a small
grain size and an inhomogeneous grain size distribution.” Residual
hydrogen originating from the hydrogen embrittlement treatment,
used to reduce the powder particle size during milling, can also
lead to abnormal grain growth.” Finally, low oxygen levels can pro-
mote abnormal grain growth because fewer RE-oxides are formed,
which act as grain growth inhibitors.'” Due to their size, abnor-
mally grown grains can be easily demagnetized. A lower resistance
against demagnetization of abnormally grown grains compared to
a fine matrix is also shown by Bittner et al.'' by applying a mag-
netic field perpendicular to the easy axis. Similar to a non-magnetic
inclusion as shown in Fig. 1, a fully demagnetized abnormally grown
grain should produce an opposing magnetic stray field, which can
affect the surrounding microstructure. To verify this, in situ analy-
sis is needed. Combining an optical microscope (Kerr microscopy)
with a magnetic field source enables the visualization of demagne-
tization processes in the microstructure of a magnet.'”'* With this
technique, the destabilizing potential of abnormal grain growth can
be studied.

EXPERIMENTAL

For the experiment, a model FeNdB sintered magnet of
composition Fe76.2-(Nd0.56Pr0.19 Ce0.25)14-B5.8-C03.5-Cu0.1-
Ga0.2-Al0.2 (at. %) was manufactured. The produced cast alloy
was first crushed, then pulverized by hydrogen embrittlement, and
subsequently jet milled. The resulting powder was pressed in the
presence of a 2 T magnetic field, and the obtained magnetically
textured green body was sintered at 1010°C for 2 h to provoke
abnormal grain growth. The post-annealing was carried out at 800
and 500 °C for 2 h each.

Magnetic properties

The magnetic properties of the sample, as well as the proper-
ties of a commercial reference magnet (grade N38), were measured
in a hysteresis graph (Magnet-Physik Dr. Steingroever GmbH) at
room temperature. The macroscopic characteristics (coercivity, Hc,
and remanence, B;) as well as the curve shape (squareness) were
determined from the hysteresis loop.

ARTICLE pubs.aip.org/aip/adv

FIG. 1. Schematic illustration of a spheri-
cal pore or non-magnetic inclusion with
the radius a in a magnetic matrix with
saturation polarization Js. The strength
and orientation of the stray field depend
on the distance a + d and the angle
0 [Eq. (1)]. This results in areas with
a demagnetizing effect (red: stray field
is antiparallel to the magnetization) and
a stabilizing effect (blue: stray field is
parallel to the magnetization direction).
lllustration according to Ref. 7.

X-ray microscopy

The distribution of abnormally grown grains was determined
by 3D x-ray microscopy. A sample with the dimensions of 7.9 x 3.6 x
11.9 mm” was analyzed using a high-resolution 3D x-ray microscope
(Zeiss Xradia Versa 610). An acceleration voltage of 160 kV and a
power of 25 W was used to achieve a voxel size of 15.5 ym.

Microstructure analysis

For the microstructure and optical demagnetization analysis,
a sample with the dimensions 3.7 x 3.0 x 2 mm® was taken from
the sintered magnet and polished for microscopic analysis. The opti-
cal light microscope used was a Carl Zeiss Imager.Z2 Vario with an
electromagnet and light source from evico magnetics GmbH. The
magneto-optical Kerr effect (MOKE) was used to visualize the mag-
netization. The image acquisition condition was set so that only
the in-plane magnetization was visualized.”> For further contrast
enhancement, a difference imaging method was used. At the begin-
ning of the demagnetization sequence, a reference image of the fully
saturated state was taken, containing only the sample’s topogra-
phy contrast. Using additional imaging processing, this topography
contrast was then subtracted from each acquired Kerr image, so
that the image’s magnetic contrast was considerably intensified.'”
Areas of original magnetization appear gray, while demagnetized
areas appear bright. Before recording the demagnetization sequence,
the sample was magnetized using a 7 T pulse magnetizer (Magnet-
Physik Dr. Steingroever GmbH). The sample was mounted in the
electromagnet of the in situ microscope and magnetized to +700
mT. A reversed field was subsequently applied until all grains
were completely magnetized in the opposite direction. The range
of the recording (Hextern) Was from +300 to —400 mT, with a
resolution of 10 mT. The resulting image sequence then was trans-
ferred to a false-color image with a rainbow scheme according to
Hohs et al.’®

In addition, a 2D simulation of the magnetic flux of a fully
saturated matrix and a fully demagnetized grain was created with
Simcenter MAGNET. Both the grain shape and the orientation
of the easy axis were modeled according to the micrographs. The
matrix was set to a homogeneous area with a polarization of 1.24 T
according to the hysteresis graph measurement. The polarization
of the grain was set to 1.61 T according to the properties of an
Fe;4Nd,B single crystal.'” Based on the microscopic observation,
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the properties of the grain were set to a soft magnet with uniaxial
anisotropy.

RESULTS

Figure 2(a) shows the second quadrant of the demagnetization
curve of the sample with abnormal grain growth and the com-
mercial N38 reference magnet. Both magnets achieve the required
coercivity of >955 kA/m and the minimal remanence of 1.22 T,
which is required for a magnet with a maximal operating temper-
ature of 80 °C. The magnet with abnormal grain growth shows a
coercivity of 997 kA/m, while the reference magnet shows 1114
kA/m. However, differences in the slope of the curve are visible.
Starting at a remanence of 1.24 T, the polarization significantly
decreases with increasing counter field strength in the sample. In
the horizontal part of the demagnetization loop, the average demag-
netization rate for the magnet with abnormal grain growth is —0.2
mT/kAm™" (magnetic susceptibility xr = 0.25). The loss of polar-
ization for the commercial reference magnet is —0.04 mT/kAm™"
(xr = 0.05), which is therefore four times lower. For the calcu-
lated Hps of 930 kA/m, the drop of polarization in the magnet with
abnormal grain growth is about 18% (1.04 T). Figure 2(b) shows
the linear part of the curve in the second quadrant in more detail.
While the slope of the demagnetization curve of the reference mag-
net increases slightly at higher magnetic fields, the curve of the
magnet with abnormal grain growth shows a kink at ~420 kA/m. At
this point, the demagnetization rate decreases slightly. According to
Equation (2),

]r ]420kA/m
T Ja0kAm 2
2, dem ( )

where the loss of polarization (1.158 T at 420 kA/m) can be cal-
culated for a demagnetized volume of 3.3%. In addition, a step in
the demagnetization curve of the reference magnet at 100 kA/m
is visible, which can be explained by the demagnetization of the
surface.'®

The x-ray microscopy analysis of the magnet reveals the volu-
metric distribution of the abnormally grown grains. The difference
in the average radiodensity of the singular large ¢ grain and the
matrix (a patchwork of smaller ¢ grains surrounded by a more

pubs.aip.org/aip/adv

radiodense grain boundary phase) results in a sufficiently large con-
trast in the tomographic image. In the cross-section [Fig. 3(a)],
abnormally grown grains are visible as dark spots. This allows the
detection of abnormally grown grains by image analysis and quan-
tification of their distribution in the magnet. In the 3D-volume
image, all abnormally grown grains are separated by Al-supported
segmentation and color-coded according to their size [Fig. 3(b)].
For better visualization, the matrix is displayed semi-transparently.
Abnormal grain growth occurs homogeneously throughout the sam-
ple volume. For the quantification, only grains over 150 ym (10
times the voxel size of 15 ym) are considered [Fig. 3(c)]. From this,
the grain size distribution of abnormally grown grains is calculated.
The total volume fraction of large grains is 2.2% of the sam-
ple volume. The volume-weighted mean grain diameter of abnor-
mally grown grains is D5y = 284 ym, with a few grains exceeding
600 pm.

For investigating the influence of abnormally grown grains on
the demagnetization behavior of the microstructure, a grain with a
diameter of 250 ym was examined in detail using materialographic
target preparation and high-resolution in situ Kerr microscopy. A
fully magnetized polished microsection of the magnet was exposed
to a systematically varied external magnetic field, starting at +700
mT and decreasing to —400 mT. Selected images of the acquired
demagnetization sequence are shown in Fig. 4. Here, the easy axis
of the magnetization and the direction of the external magnetic field
are aligned parallel to each other and lie in the image plane as indi-
cated by the yellow arrows. Starting at +700 mT, no demagnetization
was visible down to +300 mT [Fig. 4(a)]. In the range from +300 to
+100 mT, the first reversed domains (bright) appeared in the abnor-
mally grown grain [Fig. 4(b)]. A few grains of the matrix, especially
at the edges of the abnormally grown grain (highlighted by the red
circles), also became demagnetized. With further reduction of the
external magnetic field to 0 mT [Fig. 4(c)], the number of reversed
domains in the abnormally grown grain increased, which was now
mostly demagnetized. In addition, the proportion of demagnetized
grains near the large grain increased, as marked by red circles. Since
no external field is applied, Fig. 4(c) also shows the state of pure self-
demagnetization. From this point forward, a magnetic counter field
was applied. This led to an expansion of demagnetized grains in the
matrix at the front faces of the abnormally grown grain. Figure 4(d)
shows the demagnetization state at —100 mT. The demagnetized

1.40 1.30
a) b)
?/ 1.20 1 125
T \ . 120 FIG. 2. (a) Different slopes in the sec-
-0.04 mT/kAm'! ] ’ = ond quadrant of the hysteresis loop for
02 mT/kAm'! S the commercial reference magnet N38
1.15 and the magnet with abnormal grain
growth. (b) The magnet with abnor-
1 110 mal grain growth shows a kink in the
™ sample demagnetization curve at —420 kA/m,
1.05 at which point the demagnetization rate
«— sample decreases slightly.
. : - 1.00
-1200 -800 -400 -1200 -800 -400 0
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FIG. 3. X-ray microscopy scan of a magnet with detected abnormally grown grains. In the cross-section of the volume image (a), abnormally grown grains are visible as dark
spots. In the corresponding false color image (b), abnormally grown grains are color-coded according to their grain size. The abnormally grown grains are homogeneously
distributed in the sample. The computed grain size distribution shows that most of the grains have a diameter of 200-400 um (c).

areas are marked with red circles. The demagnetization process con-
tinued until the uninfluenced matrix was fully demagnetized. At
—200 mT [Fig. 4(e)], only the areas at the side face of the grain
were still in the initial magnetization state, marked with blue cir-
cles. These areas shrank with increasing counter field [Fig. 4(f), —280

applied field

mT]. A magnetic field of —350 mT was needed for full demagneti-
zation of these areas. Differences in the demagnetization behavior
are visible. While demagnetization of the large grain occurred via
the multidomain state, smaller grains, often as clusters, immediately
switched their magnetization completely along the magnetization

FIG. 4. Demagnetization sequence of
an abnormally grown grain and the sur-

rounding microstructure, captured by in
situ Kerr microscopy at various applied
fields. Starting at +300 mT (a), the
demagnetization begins in the abnor-
mally grown grain. With decreasing
external magnetic field (b) and (c), the
abnormally grown grain and areas (red)
surrounding the grain are demagnetiz-
ing. While applying a field in the oppo-
site direction (d)—(f), the demagnetiza-
tion process continues; however, the
areas on the side face of the grain
(blue) still remain in the initial state of
magnetization.
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FIG. 5. The demagnetization map of the abnormally grown grain colored according
to the applied field strength at the time of demagnetization. The demagnetization
starts in the abnormally grown grain (red to yellow) and continues in the matrix at
the front face of the grain. Grains at the side face are demagnetizing at the end
(blue). From this, two areas can be identified, one with a demagnetizing and one
with a stabilizing effect.

direction. It can also be seen that regions on the front side of the
grain (red) demagnetized early, while the regions on the side surface
were demagnetized last.

For a better visualization, the applied field at the time of demag-
netization was transferred into a false-color image (Fig. 5). This
image shows that the beginning of the demagnetization process
starts in the large grain, more precisely at the corner (a) at an applied
field of +300 mT. The first stripe domains appearing are colored in
red. Further demagnetization occurs in the areas colored from yel-
low to green, corresponding to an external magnetic field of +300 to
0 mT. The microstructure at the front face of the grain mostly shows
yellow and green colors, equivalent to a magnetic field of +150 to
—150 mT. The microstructure at the side surfaces demagnetized at a

Bin x direction [T]

e |-

0.0 0 7 7
7670 %9 %% © % % % "o "5
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field of —200 to 350 mT and is thus colored in blue. From the illustra-
tion, two areas in the surrounding microstructure can be identified.
At the front face area, demagnetization at low fields is visible (a),
while at the side faces, the demagnetization finished last (=350 mT),
as indicated by the blue color.

For a better interpretation of the demagnetization process
observed by Kerr microscopy, a simplified model of the demagne-
tization fields around the grain was simulated. Due to the observed
behavior, the abnormally grown grain is defined as a soft magnetic
component with high anisotropy. The anisotropy axis is tilted by 15°
(as estimated by the orientation of the stripe domains seen in the
micrograph) against the magnetization direction.

Figure 6 shows the magnetic state without an external field.
The combination of the demagnetizing field of the sample and the
local demagnetizing field of the grain means that the grain is already
clearly magnetized in the opposite direction at Hex; = 0. This is in
line with the observation in Fig. 4(c). In Fig. 6(a), the domain struc-
ture from Fig. 4(c) was overlaid. In areas with a high B value in the
negative direction (red areas), no domains are visible. Only in the
middle of the grain, where B is around 0, domains are visible.

At this point, the abnormally grown grain, acting like a soft
magnetic grain, is nearly fully magnetized in the opposite direction
and will influence its surroundings. In Fig. 6(b), the demagnetization
field is shown. An increase in the demagnetization field at the front
faces of the grain (red) is visible. At the side faces of the grain, the
demagnetization field is lowered (blue). Both effects are weakened
with increasing distance from the grain.

DISCUSSION

Different analysis methods were used to analyze the influ-
ence of abnormal grain growth on the demagnetization behavior of
FeNdB sintered magnets, spanning from global magnetic properties
to quantitative visualization of local demagnetization behavior of the
microstructure. According to Ramesh et al.,” the presence of abnor-
mally grown grains is expressed in the hysteresis loop by an early
and high loss of magnetization in the linear region accompanied
by pronounced kinks. The drop in polarization indicates a partial

FIG. 6. Magnetic simulation of the abnor-
mally grown grain in a homogeneous
matrix. The properties of the abnormally
grown grain are assumed to be those
of a soft magnet with a high anisotropy
(permeability parallel: 100; perpendicu-
lar: 1). The B-field simulation shows that
the magnetization direction of the grain
pinpoints in the opposite direction. The
domain structure obtained from Fig. 4(c)
is overlaid in (a) for a better visualization.
Those domains are only in areas with B
values around 0, but not in the areas with
a high negative B value (red). (b) The
demagnetization field is the strongest at
the pole faces and the lowest at the side
faces of the grain.
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demagnetization of the sample before the coercivity of the material
is reached. However, the coercivity Hj itself is not significantly influ-
enced by the presence of abnormally grown grains. All these features
can be clearly detected in the acquired hysteresis loop of the model
sample. Both an early and steady steep drop of magnetization as well
as a kink are observed in Figs. 2(a) and 2(b). Magnetization drops
especially sharply at the coercivity [Fig. 2(a)], and the sample loses
18% of polarization when reaching Hps (930 kAm_l). The loss of
polarization in the linear section of the hysteresis of the investigated
sample is about 0.2 mT/kAm ™" (xr = 0.25) and of the reference mag-
net without abnormal grain growth is 0.04 mT/kAm™" (x = 0.05).
This is similar to the hysteresis loops from Ramesh et al.,” which
show a loss of polarization of 0.05 mT/kAm™! (xr = 0.06) and
0.3 mT/kAm ™" (xr = 0.38) for magnets containing 0.5 and 4 vol. %
of abnormally large grains, respectively. From the height of the drop
at 420 kA/m, a demagnetized volume of 3.3% can be calculated for
the magnet with abnormal grain growth. Using x-ray microscopy, a
volume fraction of 2.2% could be determined. These results are in
the same order of magnitude and fit together very well. From the
x-ray analysis, the average size of the abnormally grown grains was
determined to be 284 ym, with a few grains exceeding 600 ym.

The demagnetization mechanism at the microstructure level
was investigated to better understand the macroscopic demag-
netization behavior seen in the hysteresis loop. Therefore, an
abnormally grown grain with a diameter of 250 ym (close to
the average of 284 ym) was examined in a demagnetizing mag-
netic field. This is illustrated in Fig. 4, which shows that demag-
netization starts in the abnormally grown grain. This can be
explained by a reduced nucleation energy. Nucleation of reverse
domains typically starts at defects in the grain boundaries where
the required nucleation energy is lower. Due to the larger sur-
face area of the abnormally grown grain, the probability of faults
and defects occurring in the grain boundary is also higher for this
grain.S’W

In the microscope, it can be seen that the first appearance of
reverse domains is in the right corner of the grain (Fig. 5). The
experimental observations can be explained by magnetic simulation;
for example, Fig. 6(a) reveals that this area also exhibits the highest
magnetic flux within the grain without an external field. Comparing
the calculated magnetic flux [Fig. 6(a)] with the domain structure
[Fig. 4(c)] without an external field, it can be seen that the areas with
the highest flux are the areas that first show a state without reverse
domains. Only in the center do a few reverse domains remain. The
following demagnetization process in this grain continues through
domain wall movement until it is fully demagnetized. Its magnetiza-
tion direction is now pointing in the opposite direction of the initial
magnetization of the matrix. This generates a stray field, which is at
the front face of the grain, also pointing in the opposite direction.
As clearly seen in the simulation [Fig. 6(b)], those areas are show-
ing the highest demagnetization fields (red). This is enough to reach
the coercivity field strength of the matrix grains, which leads to a
local demagnetization (Fig. 4). The simulated demagnetization field
[Fig. 6(b)] is in agreement with the start of the observed demagne-
tization [Fig. 4(a) red circles] in the demagnetization sequence. The
high stray field at the corners of the abnormally grown grain forces
the microstructure grains to change their magnetization direction.

ARTICLE pubs.aip.org/aip/adv

With increasing external magnetic field, the demagnetization prop-
agates deeper into the matrix, but only at the front faces of the grain
due to the weakening effect of the stray field generated by the large
grain. At the side face of the grain, the stray field aligns with the
initial magnetization of the matrix. This is confirmed by the reduc-
tion of the expected demagnetization field [blue areas, Fig. 6(b)].
This leads to a local stabilizing effect of these matrix grains. Both
the demagnetization and stabilization effects decline with increas-
ing distance to the abnormally grown grain, as is observed in Figs. 5
and 6. This is similar to the effect of nonmagnetic inclusions cal-
culated by Durst et al.” While they find reverse domains appearing
in grains connected to the defect, we observed whole clusters of
grains changing their magnetization direction simultaneously. This
can be explained by the varying size of the observed defects. The
abnormally grown grain is much bigger than the average grain size
of the matrix, while the non-magnetic inclusion is in the order of
magnitude of matrix grains. Although the simulation model is very
simplified, it gives a quite good illustration of the magnetic state of
the grain and its surroundings.

The difference between the observed demagnetization with
MOKE and the hysteresis loop is also observed elsewhere” and
explained by self-demagnetization effects at the surface. A weak-
ening of the magnetic hardness at the surface is expected due to
damaged surface grains and missing grain boundary phase.'"*"'
In addition, the observation of the demagnetization behavior under
the microscope took place in an open magnetic loop. Therefore, a
demagnetizing factor of 0.25, due to the given sample geometry,
will affect the demagnetization. This will shift the observed demag-
netization effect to lower fields but will not influence the observed
phenomena of demagnetization and stabilization areas induced by
the defect.

CONCLUSION

In this study, demagnetization processes at defects were visual-
ized in the microstructure and connected to changes in macroscopic
properties. On a macroscopic scale, it has been shown that the pres-
ence of only 2 vol. % of abnormally grown grains can lead to an
early loss of polarization during demagnetization. Through visual-
ization of the demagnetization process in the microstructure, it was
possible to connect the early drop of polarization (0.2 mT/kAm™")
before reaching coercivity with demagnetization occurring at abnor-
mally grown grains and their surrounding matrix. The visualization
of the demagnetization process also confirms two distinct effects
around the defect: a demagnetizing effect at the front faces and a
stabilizing effect at the side faces of the defect. It was shown that a
fully demagnetized grain behaves similarly to a non-magnetic inclu-
sion. In addition, the Kerr observation is in good agreement with
a simplified magnetic simulation model of the defect. This con-
firms that the observed early demagnetization is indeed caused by
the stray field induced by the abnormally grown grain. While the
coercivity itself may not be strongly influenced by abnormal grain
growth, early demagnetization leads to a strong loss of the maximum
energy product and a reduction of the maximum working temper-
ature. To prevent magnetic aging, defects such as abnormal grain
growth must be avoided. The dynamic Kerr microscopy provides a
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deeper understanding of the influence of defects on demagnetization
behavior.
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