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The magnetization reversal mechanism in the Nd16Fe78B6 hot densi�ed magnet, aligned by means of die-upset
forging has been investigated. The magnetic parameters have been derived from major hysteresis loop. The
magnetocrystalline anisotropy constants K1 and K2 using Sucksmith�Thompson relation modi�ed by Ram and
Gaunt have been calculated from the high �eld measurements up to 5 T. These data have been used to determine
the theoretical value of coercivity as a function of the angle Ψ0 between the sample easy axis and the applied
magnetic �eld direction. The experimental value of coercivity as a function of Ψ0 has been determined from
the demagnetization curves measured for di�erent Ψ0 angles. It was found that the best correlation between
theoretical and experimental data have been achieved for magnetization reversal mechanism controlled partially
by pinning of domain walls on grain boundaries and nucleation processes.

PACS: 75.30.Gw, 75.30.Kz, 75.50.Vv, 75.50.Ww, 75.60.Jk

1. Introduction

Anisotropic magnets prepared on the basis of Nd�Fe�B
compound, by hot pressing of hard magnetic powder
(MQ2) and then aligned in the hot deformation process
(MQ3) belong to a group of hard magnetic materials,
with excellent magnetic properties. Their unique proper-
ties are determined by: high density of the �nal magnet,
and a signi�cant degree of crystallographic texture. The
densities of the produced magnets are in range from 91%
to 99.6% of the densities of powders used in production
process [1]. The crystallographic texture, obtained in the
deformation process, results in formation of large mag-
netocrystalline anisotropy, which has signi�cant in�uence
on the magnetic parameters.
In the literature there can be found many studies on

the e�ects of deformation conditions, such as a temper-
ature, time, applied force and grain size on the mag-
netic and mechanical properties of the produced magnets
[1�5]. While, there is not much studies in which the sub-
ject of discussion are reversal magnetization mechanisms
occurring in hot deformed magnets [6, 7] and the in�u-
ence of various production conditions on the K1 and K2

anisotropy constants.
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The aim of this study is to determine the K1 and K2

magnetocrystalline anisotropy constants and investiga-
tions of magnetization reversal mechanisms occurring in
hot deformed magnet obtained from Nd16Fe78B6 hard
magnetic powder.

2. Materials and experimental procedure

In this study, the anisotropic magnets produced from
Magnequench MQP-A powder were investigated. The
powder was obtained by milling tapes of Nd16Fe78B6 al-
loy, which were produced using melt-spinning method.
The powder was subjected to fractionation using sieves.
From the powder with a particle size of 58 µm, using the
hot-pressing method (at 650 ◦C), the isotropic magnets
were prepared. The obtained magnets were subsequently
subjected to hot deformation (ε = 65%), with maintain-
ing of several conditions: applied temperature change,

was equal to 500
◦C
min and pressure 1.5 kN

s . Both stages of
production process (i.e. MQ2 and MQ3) were conducted
in a vacuum chamber, with pressure of about 10−5 Pa.
Samples were prepared in Electrotechnical Institute in
Wrocªaw.
Measurements of magnetic hysteresis loops and de-

magnetization curves in the directions perpendicular and
parallel to the magnetization easy axis of the sample
were performed using a superconducting vibrating sam-
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ple magnetometer (VSM), in a �eld of 5 T (at low fre-
quency vibration of 3.6 Hz) with a special noise reducing
system [8]. These studies were conducted at the Inter-
national Laboratory of High Magnetic Fields and Low
Temperatures, PAN, in Wrocªaw.

Experimental dependence, of coercivity from the an-
gle, formed between the magnetization easy axis of the
sample and the direction of the external demagnetiza-
tion �eld was determined using the LakeShore VSM in a
magnetic �eld up to 2 T. The recoil loops were measured
in the demagnetization direction, for parallel and per-
pendicular angles, to the magnetization easy axis of the
sample. Both measurements were performed at the Insti-
tute of Physics of Technical University of Cz¦stochowa.

3. Results and discusion

Figure 1 shows the magnetic hysteresis loop that was
used to estimate the magnetic parameters i.e. coercivity

JHc = 1.21 T, saturation of the polarization JR = 1.32 T
and maximum magnetic energy product (BH)max =
360 kJ

m3 .

Fig. 1. The magnetic hysteresis loop measured in the
direction parallel to easy magnetization axis of the sam-
ple; demagnetization curves in the �rst quadrant of co-
ordinate, measured for demagnetization �eld applied in
the easy and hard magnetization directions (upper in-
set); linear �t of the Sucksmith�Thompson relationship,
modi�ed by Ram and Grunt (lower inset).

In order to determine the saturation of the polarization
JS = 1.41 T for in�nite �eld, the dependence of polariza-
tion J(1/(µ0H)2), determined from the demagnetization
curve in the �rst quadrant of coordinate axes, for the ex-
ternal magnetic �eld, applied in direction parallel to easy
magnetization direction of the magnet, was used (after
extrapolation to in�nite �eld). The anisotropy constants
K1 = 4.77× 106 J

m3 and K2 = 1.38× 106 J
m3 were deter-

mined on the basis of Sucksmith�Thompson relationship,
modi�ed by Ram and Grunt [9, 10]:

Hα

J − Jr
=

2K1

J2
S

+
4K2

J4
S

(
J − Jr

α

)2

. (1)

where Jr is polarization in the di�cult magnetization di-
rection, α = (JS−Jr)/JS. The anisotropy constants were
evaluated using linear �t, from relation Hα/(J − Jr) in
function of (J−Jr)/α

2, which is linear in a certain range
of applied magnetic �eld (Fig. 1, lower inset).

Fig. 2. The dependence of the reduced coercivity of
the sample, on the angle between the direction of Ψ0

magnetic �eld and the easy magnetization axis of the
sample.

The anisotropy constants were used to determine co-
ercivity dependence as a function of the angle between
the easy magnetization axis and the direction of applied
magnetic �eld. Figure 2 presents the comparison of the-
oretical �t with the experimental results for the depen-
dence of coercivity as a function of the angle between
the easy magnetization axis and the direction of applied
magnetic �eld.

From the study carried out i.e. by Durst et al. [11],
it can be concluded that in the magnets Nd�Fe�B, the
probability of �nding grains forming the pole angle θ with
the axis of the sample does not depend on the azimuthal
angle φ. What is more, distribution function of grain
orientation can be described by Gaussian function. When
the direction of the magnetic �eld is not parallel to the
easy magnetization axis of the sample, but forms with it
Ψ0 angle, then distribution function of grains orientation
is expressed by the formula

p(ϕ,Ψ0) = N exp

(
−ϕ−Ψ2

0

2σ2

)
. (2)

N is calculated from the normalization condition

N

∫ π
2

0

p(ϕ,Ψ0) sinϕdϕ = 1. (3)

The average microstructure ratio for the pinning model
⟨αp

Ψ ⟩ is calculated from the formula
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and for the nucleation model ⟨αN
Ψ ⟩ is calculated from

⟨αn
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× e
−Ψ0−θ)2

2σ2 sin θdθ. (5)

For large angles Ψ0, in the magnetization reversal pro-
cess there starts to dominate reversible rotation of mag-
netization vector. For this reason, the coercivity value
calculated as a �eld of opposite polarity, for which the
magnetization of the magnet is zero, do not adequately
re�ect the magnetization reversal process. For the inves-
tigated sample, exists good compatibility with the theory
if we assume that in 70% of the grains the main mech-
anism of coercivity is pinning of domain walls, and in
30% nucleation of reversed domains. Designated by Lip-
iec and Davies [1], average grain size for this magnet had
bimodal character (small grains up to 250 nm and large
with size of several µm), which means that a large num-
ber of grains is greater than single domain particles. It is
therefore possible that they are reversally magnetized by
nucleation of reversed domains. Important role in pin-

ning of domain walls, therefore is played by structural
defects. Best �t of experimental results was obtained for
the magnet containing 30% of the grains with domain
structure.
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