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Magnetic structure and microstructure of die-upset hard magnets
RE13.75Fe80.25B6 „RE5Nd, Pr …: A possible origin of high coercivity

V. V. Volkova) and Y. Zhu
Department of Applied Science, Brookhaven National Laboratory, Upton, New York 11973

~Received 27 August 1998; accepted for publication 21 December 1998!

In situ transmission electron microscopy magnetizing experiments combined with Lorentz magnetic
microscopy in Fresnel–Foucault modes were used to characterize the magnetic structure of
die-upset, high energy-product hard magnets Nd13.75Fe80.25B6 and Pr13.75Fe80.25B6. Experimental
observations indicate a well-aligned grain structure and quasiperiodic nonaligned ‘‘extended
defect’’ layers transverse to press direction. The local remanence of the ‘‘defect’’ layers is far from
saturation when the external field is removed. The layers are enriched with inclusions of
approximate composition Nd7Fe3, generally with a polygonal shape, and are associated with the
original ribbon interfaces. They may be responsible for a high coercivity mechanism, since the
motion of reverse domains can be impeded by these layers, even when they are nucleated. Thus, a
delayed nucleation of reversed domains seems to be a limiting factor for magnetization reversal and
coercivity force. Both Lorentz magnetic imaging and high-resolution microscopy highlight the role
of magnetocrystalline anisotropy for domain wall-grain boundary interactions and pinning. Local
remanence was estimated directly from magnetic moment sensitive Foucault images. ©1999
American Institute of Physics.@S0021-8979~99!07106-6#

I. INTRODUCTION

The magnetic properties of permanent magnets are sen-
sitive to their microstructure. In particular, for a family of
Nd~Pr!–Fe–B magnets a very different coercivity and en-
ergy products may be obtained by several processing tech-
niques. It was experimentally found that a small excess of
Nd over the exact phase composition of Nd2Fe14B plays an
important role in obtaining high-energy products during the
die-upset processing of the anisotropic hard magnets.1–3

However, the specific role of the Nd excess on both magnetic
structure and microstructure of these die-upset magnets is
unclear and controversial. There are some experimental ob-
servations using transmission electron microscopy~TEM! on
good quality hot-pressed and die-upset magnets
Nd–Fe–B,1,2,4where the presence of small inclusions of sec-
ondary phases with approximate composition Nd3Fe was re-
ported, but their relation to high coercivity was not analyzed
in detail. On the other hand, several articles4,5 reported on the
improvement of intrinsic coercivity of the hard magnets by
introducing nonmagnetic phases or dispersoids.

The question of grain alignment and its relation to mag-
netic domain~MD! configurations in highly anisotropic die-
upset Nd–Fe–B magnets also received some attention. An-
swers to these questions may help to correctly address some
major issues in materials science, e.g., how microstructure is
related to magnetic structure of hard magnets, and how to
optimize the performance of hard magnet. The aim of the
present article isin situ examinations of MD configurations,
and domain wall~DW! motion in die-upset Nd~Pr!–Fe–B
magnets under different applied fields, and structural analy-
ses of their possible relation to grain alignment, magnetic

parameters, and composition. We discuss the phenomenon of
high coercivity in die-upset Nd–Fe–B hard magnets, and
give some new insights on its origin in terms of nonaligned
‘‘defect layers’’ on the basis of our experimental data. The
results were obtained by the use of Lorentz microscopy both
in Fresnel and Foucault mode for imaging MD configura-
tions, along with analyses of electron diffraction, energy-
dispersive x-ray spectroscopy~EDS!, and high resolution
electron microscopy~HREM!. We emphasize the Foucault
imaging technique since it allows us to simultaneously reveal
the configurations of both MD and crystalline grains. We
introduce the concept of thereverse domain tip~RDT!,
which was found to be very fruitful for explainingin situ
magnetizing experiments. Some new experimentally ob-
served fine details of the interaction between MD and grain
boundaries~GBs! will be discussed as well.

II. MICROSTRUCTURE MODELS OF COERCIVITY

To our knowledge, there is no well-acceptable micro-
structural model for the origin of coercivity in die-upset
magnets. The phenomenological models available operate
with some ‘‘effective best-fit’’ parameters, which do not give
clear insight into the magnetic structure nor the details of the
microstructure. Therefore, any new microstructural model
would be valuable. Ideally, it should explain at least some
experimentally observed correlations. In practice, an increase
in remanence Ir ~Wb/m2) or 4pMr ~kG!, where Mr is mag-
netization, is accompanied by a decrease in the coercive field
Hci, and vice versa. Mathematically, this can be expressed,
for instance, by a linear equation such as Mr1bHc' Const,
where Mr5mMs, and Ms is saturated moment. We assume,
of course, that any additives or secondary phases do not
greatly change Mr since its value is governed primarily bya!Electronic mail: volkov@bnl.gov
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the microstructure of the matrix. A few fruitful models,
based on this point of view, and satisfying the above condi-
tions were proposed.

Hirosawaet al.6 showed that the nucleation field, made
up of the sum of the intrinsic coercivity and the effective
demagnetizing field, Is ([4pMs), is linearly related to the
effective anisotropy field of the RE2Fe14B phase. Thus,
~iHc1Is)5cHa, where cHa is the effective field necessary for
domain reversal~for Nd2Fe14B, anisotropy field Ha573
kOe,7 and ‘‘c’’ is a slope of the linear fit, which was found to
be 0.38 by Hirosawaet al.6 and 4.26 by Rameshet al.4 for
Ho-substituted sintered Nd–Fe–B magnets.

Building on earlier work of Durst and Kronmuller,8 a
similar but slightly modified formula moHc~T!
5aexakmoHN

min~T!2NeffIs~T! for nanocrystalline NdFeB
magnets was discussed by Zernet al.9 in relation to Brown’s
paradox, which states that the coercive field Hc of a real
magnet microstructure is much lower than the theoretically
predicted one. Here, the so-called microstructural~best-fit!
parametersak , aex, and Neff were assumed to account for
the nonideal microstructure of the real magnet. Originally,
the effective anisotropy field HN

8 was assumed to be equal to
2K1/Is~573 kOe!; however, recently9 it was reduced to
HN

min5K1/Is.10

A rough estimate of coercive field Hci for the nucleation
mechanism was made by Livingston,11 who suggested that
Hci5gw/~roMs)2Neff(4pMs), where the first term means the
local internal field necessary to nucleate a reverse domain in
a spherical defect of radius ro , and the second term is an
effective demagnetization field that assists reversal. Here,gw

and Ms mean the DW energy and saturated magnetization,
respectively. A similar, but slightly modified formula for the
analysis of mechanically alloyed and melt-spun NdDyFeB
magnets was used by Villas–Boaset al.12 in the framework
of the so-called global model of coercivity, based on mag-
netic viscosity measurements.13

It is difficult experimentally to differentiate between the
various proposed mechanisms for domain reversal and nucle-
ation. Therefore, in the present article, we report some new
experimental TEM data, which can justify some of the above
formulas for Hc from the microstructural point of view; and
may be useful for further development of an accurate micro-
structural model of high coercivity in die-upset magnets.

III. EXPERIMENT

The magnet samples used in this study, with nominal
compositions Nd13.75Fe80.25B6 @hot-pressed HP1553~MQ-2!
and die-upset DU1418~MQ-3!# and Pr13.75Fe80.25B6 ~die-
upset DU1929!, were produced at the General Motors Re-
search and Development Center. All samples had high en-
ergy products. For instance, sample DU1418, mostly studied
in this work, had the energy product~BH!max536.38 MGOe,
remanence Br512.9 kG, and intrinsic coercivity Hci518.9
kOe.14 Buttons of samples were prepared from overquenched
ribbons using the melt-spun technique followed by a hot-
pressing procedure,15 i.e., the melt-spun ribbon was crushed
into polycrystalline flakes that are hot pressed~to P5100 kPa
or 15 kpsi! in vacuum or inert atmosphere at about 700 °C

into a fully dense~Dm57.55 g/cm3!, fully crystalline isotro-
pic magnet. This material is known as MQ-2~MQ stands for
the trade mark name MagneQuench!. The pressing param-
eters for MQ-2 are not critical above 700–750 °C when a
sufficient plasticity of the material is reached.15 If MQ-2 is
further compressed in a closed die at about 750–800 °C with
initial strain rate about 231022, it develops a strong crystal-
lographic texture with the c-axis parallel to the compression
direction. Usually the applied pressure of;10 kpsi for a few
seconds at 750 °C is sufficient for 50% plastic deformation
~i.e., 50% thermomechanically deformed or die-upset
magnet!.16 This material is known as MQ-3, which is mag-
netically anisotropic.

A few TEM specimens for each sample were prepared
for structural characterization. Thin sections were first cut
from the buttons, mechanically polished, and then ion milled
until perforation. Both magnetic imaging and electron mi-
croscopy studies were performed on a standard JEM 2000FX
microscope operating at 200 kV. The local composition of
some grains and several inclusions were analyzed using a
LINK EDS system attached to microscope. The specimen
was tilted to vary the in-plane field direction to study thein
situ MD configurations generated and their interaction with
microstructural defects. The specimens were magnetized
with the magnetic field of the objective lens (moH'1.9 T!.

IV. RESULTS

A. Domain structure and local magnetization imaging

Before analyzing the experimental results, it is useful to
recall some specific features of the phase sensitive Foucault
images used for magnetic domain analysis of uniaxial mag-
netic structures. For a relatively big crystalline grain that
exceeds single-domain grain size Dc, multidomain configu-
rations are observed. Such a grain may consist of several
ferromagnetic domains separated by 180° Bloch walls of
specific thickness (do) with the antiparallel alignment of
single domain moments~ms). Figure 1~a! is an experimental
Foucault image of such a multidomain structure for demag-
netized Nd2Fe14B grains viewed approximately perpendicu-
lar to the c axis~the quality of such magnetic images is very
sensitive to the position of the selected-area aperture used!.
Here, the ratio of domain thickness with magnetic spins up
~Du, black domains! to that of with magnetic spins down~Dd,
white domains! is close to unity. For partially magnetized or
nonuniformly magnetized samples, the local MD configura-
tions may look like those schematically shown in Figs. 1~b!
and 1~c!. The local magnetization of sample can then be
easily estimated in the following way. First, a ratio of frac-
tional surface areas Su/Sd covered with white and black do-
mains within the so-called ‘‘magnetic probe cell’’ should be
estimated. Such a probe cell@shown as a frame in Fig. 1~b!#
must contain at least 2 or more even domains of different
color to satisfy the translation property. Then, the normalized
local magnetization (Ir) can be directly determined from the
Foucault image by a simple relationship:

Ir /Is5m5~12Sd/Su!'~12Dd/Du!, ~1!
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where Is is saturated magnetization~Is'1.6 T for
Nd2Fe14B

7), Su5eDu and Sd5eDd are the surface areas of
antiparallel aligned domains which, in turn, are proportional
to their widths Du and Dd ~DdÞ 0!. Here Su.Sd was as-
sumed ande is a unit vector along the direction of saturated
moment Ms. For instance, the local remanence in Fig. 1~b!
differs from zero since Du/Dd or Su/SdÞ1. Thus, the Foucault
images can be readily used for qualitative/quantitative analy-
sis of MD configurations, discussed below.

B. Microstructure and grain alignment

One of the unique capabilities of the Foucault imaging
mode is that both the magnetic and grain structural features
can be observed in one image. Usually, the domain structure
in Foucault images is visible as alternative sequence of
lamellae of black and white contrast@Fig. 1~a!#, which differ
from the gray contrast of grain interfaces.

The microstructure of hot-deformed magnets is highly
anisotropic, as shown in cross-section view@Figs. 2~a!, 2~b!,
3~b!, and 3~c!# and in plane-view@Fig. 3~a!#. The materials
mainly consist of small platelet-shaped grains of the
Nd~Pr!2Fe14B phase, separated by a thin intergranular phase
less than 2 nm thick. Most small grains are stacked together,
such that their flat facets~a-b planes! are aligned predomi-
nantly perpendicular to the die-upset direction~Figs. 2, 3~b!,

and 3~c!: area B!, which is parallel to the averaged c-axis
direction. Such c-axis aligned platelet grains and their asso-
ciated MD structure directly contribute to the high rema-
nence of die-upset samples.

Nonaligned grains of over 300 nm in size were also
found in the die-upset samples. However, they occur pre-
dominantly within certain areas, which we call ‘‘defect lay-
ers,’’ since the major areas of well-aligned grains are almost
free of them. Our observations indicate that the fine structure
of such defect layers varies. For instance, in the die-upset
sample~DU1418!, such nonaligned grains were separated or
mixed with non magnetic inclusions~Fig. 4! that are Nd rich
with approximate composition Nd7Fe3, as deduced from lo-
cal EDS-composition analysis, and consistent with the obser-
vations of Mishra.2 Nonaligned larger grains over 400 nm
with multidomain structure~D.Dc) were found in sample
DU1929 @Fig. 3~b!, area A#. In contrast to small aligned
grains of 2-14-1 phase, the multidomain-containing large
grains in DU1929 usually do not have preferential orienta-

FIG. 1. Foucault image~a! of multidomain magnetic structure of Nd2Fe14B
grains, viewed with major in-plane c-axis components. Note the continuity
of the domain walls across the GB with the walls parallel along the local
easy magnetic direction~c axis! of the grains. Schematic drawings of a
partially magnetized~b!, and nonuniformly magnetized~c! magnetic domain
structure.

FIG. 2. Fresnel~a! and Foucault~b! images of the same well-aligned grain
area of die-upset magnet Nd13.75Fe80.25B6 ~DU1418, MQ-3! in an almost
demagnetized state, as evaluated from formula~1!. Note the small flack-like
contrast lines perpendicular to DWs are the crystalline grains with an aver-
age size 250325 nm2. Large arrows in~b! mark the reverse domain tips.
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tions. The MDs, separated by 180° Bloch walls, are usually
parallel to the local grain crystallographic c axis~easy mag-
netic axis!, which, in turn, does not correlate straightfor-
wardly to the hot-pressed direction@Fig. 3~b!: area A#. We
note that the major parts of well-aligned grain areas are al-
most free of defect layers. Hence, a microstructure may be
considered as consisting of relatively thick layers~A! of
well-aligned grains separated by thin defect layers~B! of
nonaligned grains~Fig. 4: area A and B!. The thickness of
these layers was estimated as 4–6 and 0.5–1.0mm, respec-
tively, with a total period of ‘‘quasisuperlattice’’ about 5–7
mm. The magnetic domain structure is also quasi-
periodically interrupted by these defect layers, as deduced
from the Foucault image in Fig. 5, showing the MD configu-
rations in the vicinity of defect layer. We believe that such
quasiperiodical defect-layered microstructure originates from
the not-vanished interfaces between the ribbons and flakes
used to form the dense die-upset hard magnets.15,16 For
cross-section samples, the occurrence of ribbon boundaries
with a period about 5–7mm can be easily delineated in the
optical microscope by a selective etchant. These observa-
tions agree well with those mentioned in Refs. 2, 15, and 16.

Because only well-aligned plate-shape grains and their
MD structure strongly correlate with die-upset direction,
they directly contribute to high remanence of anisotropic die-

upset samples. The nonaligned grains with random orienta-
tions contribute much less to remanence~such as area B in
Fig. 5!. The remanence Ir/Is of the hot pressed sample~iso-
tropic magnet MQ-2, sample HP1553! was found experi-
mentally to be 0.60~4!. After the die-upset procedure its re-
manence increased to 0.83~4! ~anisotropic magnet MQ-3,
sample DU141814!. Both values of remanence obtained can
be explained in terms of much better grain alignment after
the die-upset procedure. For Ir/Is5 0.60~4!, we estimated that
the maximum angleuo , deviating from the c-axis alignment,
was 75°-85°, i.e., close to the idealumax590°-angle distribu-
tion for random orientation of grains@for details, see Sec.
V A, formula ~3!#. Such small deviations fromumax may oc-
cur due to presence of weak magnetic texture in the hot
pressed magnet15,16 or weak remanence enhancement caused
by exchange coupling near the grain interfaces. The absence
of preferential grain alignment in HP-1553 was also con-
firmed by TEM observations. Because of specific defect-
layered microstructure, quantitative description of the die-
upset sample DU1418, will be also given in Secs. V A and
V C.

C. In situ TEM magnetizing experiments

As shown in Figs. 2–6, the major structural feature of
the die-upset samples RE13.75Fe80.25B6 ~RE5Nd, Pr! is the
alternation of well aligned and not well aligned crystalline

FIG. 3. Not well aligned grains of a Pr13.75Fe80.25B6 ~DU1929! hard magnet
viewed approximately along the c axis in normal TEM mode~a!, and per-
pendicular to the c axis~b!,~c! in a mixed Frensel–Foucault mode as
complementary images. Small dot contrast within the grains in~a! is the
Nd-enriched phase precipitates. Notice that the domain tips are easily pinned
by grain boundaries. Big grains~D.Dc) have a well developed multidomain
structure with random easy magnetic axis orientation with respect to the
die-upset~DA! direction, marked with a big arrow in~b!.

FIG. 4. Two typical bright-field images~a!,~b! of the defect layers~marked
as B! sandwiched between two well-aligned layers~marked as A! in the
microstructure of die-upset hard magnet Nd13.75Fe80.25B6 ~DU1418!. The
presence of nonmagnetic Nd-rich inclusions~marked as p! of polygonal
shape within the defect layer may contribute the poor alignment of platelet-
shaped grains of the magnetic phase.
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grains. By applying external field, our magnetic TEM experi-
ments indicate that big grains with a multidomain structure
~D .Dc) may relatively easily be magnetized or demagne-
tized. Small grains~D<Dc), on the other hand, have either
domain walls wrapped around individual grains or several
well-aligned grains bounded by ferromagnetic exchange in-
teractions~D,Dc) into a single MD~Fig. 2!. Reverse do-
main tips ~RDT! may interact with grain boundaries, as

marked by arrowheads in area B of Fig. 3~c!. We note that
the domain tips were often pinned by nonaligned grain inter-
faces, but do not interact with well-aligned grain boundaries.
We found MD-pinning conditions at the grain interfaces are
sensitive to the grain misorientation, composition, and the
thickness of the intergranular phase~also see Sec. IV D!.
Therefore, different grain boundaries, along with local grain
misalignment may have different abilities to act as effective

FIG. 6. Foucault images of remanence magnetization of a die-upset magnet Nd13.75Fe80.25B6 ~DU1418! after saturation with the in-plane component of an
external magnetic field applied along the easy magnetic axis~a! and the heavy magnetic axis~b! by properly tilting the specimen. Note that the area A,
composed of well-aligned grains, remains magnetically saturated in~a!, whereas area B~defect layer! is far from saturation. Insets in~a! show the presence
of small reverse domains.

FIG. 5. Foucault image of the observed magnetic domain structure in the vicinity of defect layer~area B indicated by the pair of arrows! in die-upset magnet
Nd13.75Fe80.25B6 ~DU1418!. Note the interruption, reversal and splitting of the MDs when they approach defect layer from the ‘‘perfect’’ well-aligned grain
layers.
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pinning centers. Such possible strong pinning centers, at
which the RDT may be easily trapped@inset-1 of Fig. 6~a!#,
were observed duringin situ TEM magnetizing experiments.

To study the MD configurations and their interaction
with grain boundaries or defects,in situ experiments were
carried out by tilting the specimens along different x/y direc-
tions to vary the in-plane field. The typical Foucault images
obtained directly revealed the local remanence of specimen
after magnetizing along the easy and heavy magnetic direc-
tions, as shown in Figs. 6~a! and 6~b!, respectively. The in-
plane magnetizing component of a magnetic field was pro-
portional to the sinus of the tilt angle given in the images.
Drastic changes in local remanence with respect to the direc-
tion of the applied field were clearly revealed, and can be
qualitatively estimated from the ratio of the black to white
regions of the Foucault images. Indeed, a well-developed
domain structure with Du/Dd'1 is visible in Fig. 6~b!, im-
plying that the magnetic hysteresis effect in anisotropic
Nd~Pr!–Fe–B magnets must be relatively small along the
heavy magnetic axis. Corresponding differences in magnetic-
microstructure features are apparent: the well-aligned region
~area A in Fig. 6! remains well saturated, whereas the defect
layer ~area B! is far from such saturation. Since area B con-
sists of nonaligned grains the associated domains may have
different orientations in the absence of the magnetic field. A
few very small reverse domains were found in area A,
marked by arrow heads@also the inset of Fig. 6~a!#. Their
presence is controlled by local imperfections, like inclusions
or even misalignment of grains. In the latter case, the shape
of the reverse domain is sensitive to such misalignment. It is

clear from ourin situ experiments that higher local rema-
nence can be reached along the easy direction even with a
smaller magnetic field applied to die-upset magnetic sample.

D. Determination of domain wall width

Many specific local features of MD configurations and
DW motion depend on the thickness (do) and interfacial en-
ergy (gw) of the 180°-Bloch DWs separating domains in
hard anisotropic magnets. Thus, the determination of DW
width is significant in understanding the magnetic properties
of the materials. In the past, estimates ofdo for the Nd–
Fe–B phase were made by various indirect methods based on
the equilibrium of minimum energy with respect to domain
size, domain-wall energy, and saturation magnetization.
More recently, an electron holographic technique was devel-
oped to directly measure the domain wall width by gauging
the abrupt phase change across the domain wall.17,18 How-
ever, electron holography, which involves phase reconstruc-
tion, is technically demanding and its application is limited
to a very small area near a specimen edge. In contrast, the
traditional Lorentz–Fresnel imaging method, which reveals
domain-wall contrast, is easy to perform, although its useful-
ness has been overlooked recently. Therefore, we decided to
reexamine the validity of Lorentz–Fresnel imaging in mea-
suring the width of DWs. The DWs were imaged under
‘‘out-of-focus’’ conditions ~objective lens off! with black-
and white-line contrast~on a film positive!, corresponding to

FIG. 7. Fresnel image~a! of domain structure for die-upset magnet~sample
DU1418, MQ-3!. Line profiles in ~b!,~c! correspond to A and B selected
areas in~a!. The DW width is determined as zero-asymptotic of FWHM
intensity peaks across DW images vs the defocus value~b,c!.

FIG. 8. HREM images of large-angle grain boundaries in magnet
Pr13.75Fe80.25B6 ~DU1929! ~a!,~c! and Nd13.75Fe80.25B6 ~DU1418! ~b!. A crys-
talline and an amorphized intergranular phase is visible in~b! and ~c!, re-
spectively, but not in~a!. The boundary planes are:~a! (001)A //(001)B , ~b!
(110)A //(001)B , and ~c! (109)A //(001)B . GB indicates the position of a
grain boundary, while d112,d110,d001,d002 show the spacing of the corre-
sponding lattice planes. White arrows show the direction of c axes~easy
magnetic directions! in A and B crystals.
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the so-called convergent~Wc) and divergent~Wd) walls, re-
spectively. Simple analytical expressions for convergent and
divergent-wall widths versus defocus value were given, for
instance, in Ref. 19. The formula for divergent wall width is

Wd5do12zC, ~2!

where z is the defocus value, andC the deflecting angle
caused by the action of Lorentz force on the electron beam.
The value do is determined straightforwardly as a linear
asymptotic~Wd→do) at zero defocus~z→0!. Among three
different approaches based on determining the width of a
divergent-wall, a convergent-wall, or the difference in width
of the two, we found that the determination of the divergent
wall width is most reliable because it is valid for any z.0.
Figure 7 gives an example of the experimental results. The
numerical estimate givesdo5 5.862.8 nm ~best-fit param-
etersP52,631024, N56 and R50.98 are the mean square
deviation, number of experimental points and Student crite-
ria!, which agrees well with the theoretical estimatedo

5p~A/K1)
1/254.2 nm made using the exchange constant~A

57.7310212 J/m) and the magneto-crystalline anisotropy
constant ~K154.33106 J/m3) for Nd2Fe14B phase20,21 at
T5300 K.

E. HREM grain boundaries analysis

Our magnetic observations allow us to consider the in-
terfaces between the c-axis aligned grains, i.e., pure@001#
twist grain boundaries~twist GBs! as ‘‘weak pinning cen-
ters’’ for several reasons. First, HREM observations@Fig.
8~a!# revealed that twist GBs have a good lattice match of the
basal plane of neighboring crystallites. In other words, there
is very little or no intergranular phase at the twist GB; there-
fore, intergrain exchange coupling may occur. Second, the
easy magnetic directions of such crystallites are parallel.
This means that there is no need for activation energy related
to moment rotation from one grain to another. As a result,
big interacting magnetic domains, composed of many well-
aligned grains with sizes below Dc, can be relatively easily
formed in die-upset magnets~Fig. 2!. Third, the DW usually
run across such GBs close to a 90° configuration~Fig. 2!. In
this case, only a small part of DW at the point of intersection
interacts with GBs. Hence, the increase of interaction energy
again is minimal. In contrast to such observations, arbitrary
grain boundaries with mixed tilt and twist characters in the
nonaligned area~Fig. 5, area B! often exhibit intergranular
crystalline phases@Fig. 8~b!#, or amorphous phases@Fig.
8~c!#. Although we did not determine the composition and
structure of the GB phase, which likely varies from boundary
to boundary, for our current purpose of analyzing domain
structure, we can assume that most of the not well-aligned
NdFeB grains are surrounded by nonmagnetic intergranular
phases that promote the exchange decoupling of grains. Such
areas may act as potential pinning centers since, for RDT
more energy will be needed to overcome a nonmagnetic
thick intergranular layer and to rotate a magnetic moment in
each grain from the local easy axis towards the common
domain-magnetization direction. An example of such a
pinned reverse domain is displayed in the inset of Fig. 6~a!.

The shape of the domain is determined by the local misalign-
ment of grains, and by the well-visible 90°-DW/GB
configurations mentioned above. An example of very strong
pinning center expected for RDT motion across the GB, is
shown in HREM image of Fig. 8~b!. Apart of the presence of
interfacial GB phase an additional 90° misorientation of easy
magnetic axes in A and B crystallites@associated with local c
axes in Fig. 8~b!# makes it extremely difficult for RDT to
pass through such magnetic 90°-GB interface. It is expected
to occur only by a single grain magnetic moment~ms) rota-
tion under the applied high field Hint . Theoretical estimate
for such case10,23 gives the value Hint52K1/Is ~where K1 and
Is-anisotropy constant and saturation magnetization! numeri-
cally equal to anisotropy field Ha573 kOe for NdFeB phase.7

V. DISCUSSION

A. Grain alignment and remanence

The die-upset structure of Nd~Pr!–Fe–B magnets in gen-
eral consists of platelet-shaped grains of the tetragonal
2-14-1 phase stacked in such a way that in general some
preferential alignment with the c axis along the press~die
upset! direction occurs.1,2 This implies, in principle, both
very strong texture and magnetic anisotropy of samples pro-
cessed. The typical grain sizes, denoted as^h& for the aver-
aged thickness along c axis,^r & for averaged width in the
basal plane, and their aspect ratio^h&/^r &, may depend on
the fabrication method and on the parameters used in the
die-upset process, i.e., the magnitude of hot deformation dis-
placement. In our case,̂h&/^r &'1/4–1/6. The averaged
thickness of grainŝh&'100–150 nm was less than the so-
called single domain grain size Dc51.4 gw/Ms

2 ~where
gw–DW energy and 4pMs516.1 kOe–saturated magnetiza-
tion! estimated for Nd2Fe14B magnets as 20022 or 300 nm.7

Under such conditions~D,Dc), extended interacting mag-
netic domains, running across several grains coupled with
ferromagnetic exchange interactions, are observed~Fig. 2!.
Actually, this suggests a way to decrease total magnetic en-
ergy by ‘‘switching off’’ the increasing number of domain
walls with specific energy (gw) when the dispersion in grain
size becomes smaller than Dc. The pronounced texture of the
main tetragonal 2-14-1 phase along the c axis~die-upset di-
rection! serves as a common easy magnetization direction of
the domain structure. This, in turn, allows increased rema-
nence~Ir) of the anisotropic magnet much above the theoret-
ical estimate Ir51/2 Is made by Stoner–Wohlfarth10 for iso-
tropic hard magnets assuming a random distribution of
noninteracting magnetic particles.

In order to get some estimate of remanence for aniso-
tropic magnets in a first approximation we applied the fol-
lowing approach. We assumed by analogy to Ref. 10 that the
remanence of anisotropic magnet is determined only by its
crystallographic texture, i.e., the relative random misorienta-
tion of grains from the die-upset direction within some angle
u related to uniaxial texture~0,u,uo), and by neglecting
the contribution due to exchange coupling of grains. Then,
the relative remanence can be derived by the expression
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I r /I s5m52pE
0

uo

cosu sinu duY2pE
0

uo

sinu du

5
1

2
~11cosuo!, ~3!

whereuo is the maximal deviation angle of the texture and n
(u)du52p sinu du is proportional to the number of atomic
moments in the unit layer about the press direction with an
angle betweenu and u1du. Here, we assume a random
azimuthal distribution. It follows from this equation that for
a random grain orientation the relative remanence m51/2
(uo590°), and for a perfectly aligned grain structure m51
(uo5 0°). Thus, in comparison with Ref. 10 the formula
obtained is more general and takes into account the effect of
grain texture or misorientation.

To characterize the contribution of defect layers~Figs.
4–6! to the magnetic structure of die-upset magnets, let us
consider a special case when the grain structure has a peri-
odical bimodalu distribution: the A layers with well-aligned
grains~0,ua!90°) of relative thickness xa5(12xb) along
the press direction are separated by B layers of thickness~xb)
with pure grain alignment (ub'90°). Then, Eq.~3! can be
modified to

I r /I s5m5 1
2 ~11cosua!~12xb!1 1

2 ~11cosub!xb

' 1
2 ~11cosua!~12xb!1 1

2 xb . ~4!

Equations~3! and~4! may be of practical use for analysis of
experimental data discussed below.

B. Reverse domains and domain walls

To better understand the experimental results we first
discuss the concept of ‘‘reverse domain tip’’~RDT!. It is not
very different from the well-accepted single DW concept,
but may clarify some practical aspects of magnetization re-
versal.

In a general case, the domain walls in anisotropic mag-
nets have a strong difference in speed of motion~displace-
ment! along the easy and heavy magnetic directions. The
reversals in magnetization is due to the motion of such do-
main walls or the expansion of reverse domains under the
action of an external magnetic field. Each reverse domain, in
turn, is surrounded by a couple of mirror-related domain
walls, known as convergent~C! and divergent~D! ones in
Lorentz microscopy. If magnetic spins inside these walls
make some angle with the field direction, they, under the
action of torque, start to rotate towards the field direction and
effectively move away, leaving behind a space with reversed
magnetization. Alternatively, the reverse magnetization can
be imaged as the nucleation of the RDT, which generates a
couple of split mirror related C/D walls, followed by the
walls displacement in opposite directions. In this way RDT
may play a key role since it can move very fast~without or
with only very small activation energy! by pulling C/D walls
across a uniform magnetic media along the easy magnetic
direction unless pinned by structural defects, for instance,
GBs in Figs. 3~c! or 6~a! and/or stopped by unfavorable mag-

netostatic stray fields@Fig. 2~b!#. Experimentally, it can be
observed when the average domain size D@do .

According to estimate of DW widthdo55 nm in
Nd2Fe14B,7 which is consistent with our experimental obser-
vations (do55.862.8 nm, see Sec. IV D!, the interfacial en-
ergy of DW in the 2-14-1 phase is high enoughgw530
mJ/m2 ([30 erg/cm2).7 In general, the total magnetic en-
ergy of DW can be reduced by minimizing the number of
local magnetic poles which increase magnetostatic energy. In
other words, a DW should follow the local easy magnetic
direction in microstructure as close as possible. In the case of
well-aligned grains of 2-14-1 phase in die-upset magnets, it
may be the common c-axis direction. Therefore, MD con-
figurations have nearly always a strip-like shape in uniaxial
magnetic materials, when viewed in cross-section sample
with its major in-plane c-axis component of aligned grains
perpendicular to the viewing direction. Each pass of a RDT
through magnetic media will generate a new MD of opposite
magnetization, i.e., a reverse domain. It is interesting to note
that the width~or diameter! of nucleated RDT after splitting
a couple of mirror-related DWs with thicknessdo55 nm
may be about 232do520 nm. This estimate corresponds
well to the critical diameter Do52ro520 nm of a spherical
defect to nucleate a reverse domain proposed by Livingston11

~for details, see Sec. II! to obtain a realistic estimate of Hci

;11 kOe ~Neff51! typical for sintered Nd2Fe14B magnets.
However, this approach may be more suited for interpreting
the DW pinning mechanism in melt-spun ribbons since ro

may be interpreted as the characteristic grain size of
Nd2Fe14B for which surface tension impedes expansion of a
reverse domain.

C. Microstructure-magnetic properties correlation

Strictly speaking, according to our observations, the so-
called RDT may play a more important role in demagnetiza-
tion processes than the simple DW motion itself for two
reasons.~1! RDT is the most sensitive to field and is a flex-
ible part of the MD configuration which can leave behind
itself a couple of mirror related domain walls and may real-

FIG. 9. Schematic drawing of the proposed defect-layered structure model
~a! used to explain the role of defect layers in magnetization reversal of
die-upset magnet~b!. I, II, and III denote successive steps in magnetization
reversal along a demagnetizing curve. The thick bricks represent the defect
layer, while the thin bricks represent the well-aligned grain platelets.
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ize a relatively easy magnetization reversal.~2! It is difficult
to imagine a practical magnetization reversal by a simple
pass of a single DW across the whole magnet since it con-
tains plenty of defects acting as pinning centers for the do-
main wall motion. However, nucleation of reverse domains
requires some higher activation energy and this process may
be considered as a limiting stage in the high coercivity
mechanism for delayed RDT nucleation and magnetization
reversal. Intuitively, nucleation should occur near the imper-
fections which disturb the magnetic flux in the sample. The
most suitable candidate for this type of imperfections are
nonaligned or defect layers discussed above~Figs. 4 and 5!.
If we take into account that such layers may play a dual
role—serving as nucleation centers of reverse domains, and
also as pinning centers—it is clear why a single or even a
few nucleated reverse domains cannot realize reversal of
magnetization for the whole sample by the simple motion of
generated DWs. All the RDTs and associated DWs will be
impeded by the next nearest defect layer along the easy mag-
netic direction. Thus, the situation looks somewhat similar to
the formation of periodical ‘‘pinning potential’’ due to pres-
ence of defect-layered superlattice along the easy axis. Here,
the pinning potential implies a process of nucleation and
pinning of reverse domains by the defect layers.

In order to verify the proposed mechanism of magneti-
zation reversal, we made some estimates. According to the
theory of magnetization, the domain reversal of single grain
by rotation of magnetic moment will require a minimum
field Hmin5K1/Is

10,23 for the case of single grain tilted at 45°
with respect to an applied magnetic field. For the Nd2Fe14B
phase, this amount is equivalent to an internal field 36.5 kOe.
It follows from Fig. 4 that such grains with suitable 45°
orientation may be easily found within defect layers contain-
ing a high fraction of nonmagnetic phases~inclusions, pre-
cipitates and even cavities!. Strictly speaking, such defect
layers should generate local demagnetizing fields due to the
magnetostatic energy of free magnetic poles.23 By assuming
that the defect layers are similar to nonmagnetic cavities, a
good approximation for the demagnetizing factor is
Neff51.23 Then, the external magnetic field Hext'Hc neces-
sary to reverse the magnetization of 45°-tilted grains can be
simply expressed as

Hc5Hmin2NeffI s/mo . ~5!

The numerical estimate from Eq.~5! in cgs units gives
Hc5~36.5–1316.1! kOe520.4 kOe, which is close to the
experimental value of Hc518.9 kOe found for the sample
under discussion~DU1418, MQ-3!. Thus, we may assume
that the high coercivity mechanism occurs via delayed nucle-
ation of reverse domains near 45°-tilted grains, which belong
to defect layers and exhibit a magnetization reversal by the
rotation of local magnetic moment under applied reverse
magnetic field. Further expansion of reverse domains along
easy axis is limited by the nearest defect layer until the next
delayed nucleation of reverse domains occurs~as schemati-
cally shown in Fig. 9!, which in turn, may be governed by
reverse domain expansion in well-aligned grain area by slow
DWs motion along heavy axis or plane.

Our formula~5!, derived on the basis of specific proper-
ties of defect layers, fits well to the coercivity formula sug-
gested originally in Ref. 8 and modified recently by taking
into account HN

min5K1/Is
9 ~see Sec. II for details!. Hence, this

can be considered as verifying such theoretical approach, and
may allow a direct physical interpretation for some param-
eters used in this theory.

Now let us consider how the remanence m5Ir/Is of die-
upset magnet may be related to the microstructural features.
Our TEM observations revealed that the ratio of thickness of
A to B layers in 50% die-upset sample~DU1418! was within
B/A5~0.5–1.0! mm/~4.0–6.0! mm50.083;0.25. In other
words, the maximal relative thickness of the B-layer has to
be about xb50.25/~110.25!50.2. By substitution of xb50.2,
Eq. ~4! gives us

Ir /Is5m50.8451/2@~12xb!~11cosua!1xb#, ~6!

from which an estimate of the expected texture angle for A
layers givesua531.8°. This value of texture angle is consis-
tent with our TEM observations and fits well to the texture
angle u532.3°, determined as full-width at half-maximum
~FWHM! of the rocking curve of~006! reflection and found
recently for 50% die-upset Nd–Fe–B magnets by direct
x-ray texture measurements.24

However, the reason, why a small density of reverse
domains exists already at zero external fields, remains un-
clear. Perhaps the experimentally applied field was not
strong enough to change their magnetization. Further in-
depth investigations are needed to reveal the fine microstruc-
ture features of the permanent die-upset magnets and their
relation to the structure-sensitive parameters analyzed in
present work.

VI. CONCLUSION

Magnetic-sensitive Foucault images obtained duringin
situ TEM observations of die-upset hard magnets
Nd13.75Fe80.25B6 and Pr13.75Fe80.25B6 characterized by high
energy product indicate the presence of quasi-periodic non-
aligned ‘‘extended defect layers’’ transverse to press direc-
tion. The local remanence of such defect layers is far away
from saturation at zero magnetic field. The layers are en-
riched with inclusions of approximate composition Nd7Fe3,
and are associated with original ribbon interfaces present in
the bulk of hard magnets. The experimental data allowed us
to conclude that such extended defect layers may play an
important role in the high coercivity mechanism caused by
delayed nucleation of reversed domains in die-upset mag-
nets.
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