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Abstract

The (PrDy)(CoFe)B microparticles are the building blocks of sintered magnets. The magnetic properties of
(PrDy)(CoFe)B microparticles powder and effects of annealing, fixation of an easy axis on a magnetic hysteresis loop have
been analyzed. The fixation of annealed microparticles in a polymer enhances coercive field up to 11 times and energy product
up to 6 times. This fact indicates extraction of the true magnetic parameters from magnetic measurements of the powder.
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Introduction

Magnetism of the RE-TM-B alloys has been
studied in details and attracts huge attention due to
unique properties of this new generation of permanent
magnets [1 —3]. Practical application of the NdFeB
magnets as well as their modifications obtained by
insertion of the Dy, Sm, Pr to rare-earth (RE)
sublattice and Co to transition metals sublattice (TM)
is very wide [4, 5]. Industry of permanent magnets is
based on technology of sintered magnets. Modification
of their properties implies variation of chemical and
phase compositions as well as optimization of thermal
treatment of alloys. Contributions of multiple factors
effect final result determined as coercive field H,,
saturation magnetization Mg, and energy product
proportional to M, H_ . The presence of the RE,TM;,B
main magnetic phase determines quality of magnets.
Oxidation, migration of B, replacement of magnetic
ions by impurity, change of grain boundary
composition, spin-flop transitions and many other
processes dramatically change magnetic properties of

final sintered magnets in comparison with magnetic
properties of the initial building blocks that are
RE-TM-B microparticles. Probably, magnetic properties
of the microparticles ensemble before sintering are
also an important parameter determining quality of
the magnets. Nevertheless, no relationship between
microparticles powder and sintered magnet has been
described in the literature. The problem is absence of
the methods for studying magnetic properties of the
microparticles ensembles. Magnetic properties of the
magnetic powder depend on rotation of the particles in
magnetic field, dipole-dipole interaction between them,
dry friction and compacting pressure. The influence of
these extrinsic factors on magnetic properties of
powder devaluates experimental results and does not
allow systematic investigation of the relation between
magnetic properties of the initial building blocks and
sintered magnets. Most of the papers devoted to the
studying of permanent magnets present Mossbauer
spectra of the initial blocks to discuss properties of the
final sintered product. It is explained by the necessity
to insert powder in the Mossbauer spectrometer.
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Fig. 1. SEM image of microparticles in “as grown” sample (@),
photo of the microparticles of the annealed sample, fixed in
polymer matrix (b), distribution of the microparticles size (c)

Ensembles of the magnetic nanoparticles were
studied intensively due to their application in magnetic
logic [4, 6-7], magnetic hyperthermia [8], and
fundamental interest in fractal magnetic systems.
Ensemble of hard micromagnetic particles looks like
an exotic object in the literature, although applications
of the microparticles are wide. The principal difference
between nano- and micro-particles is the value of the
magnetic moment of the particles increasing up to
10° times and resulting in enhancement of magnetic
dipole-dipole interactions up to 10° times in
microparticles. Thus, cooperative effects of particles
agglomeration and reorientation of the magnetic
moments of individual particles are controlled by
strong dipole-dipole interaction, the contribution of
which requires experimental study.

Thus, our work was aimed at studying the
contributions of fixation of an easy axis in non-
magnetic matrix and annealing to magnetic properties
of the microparticle ensembles.

Experimental

The alloys were melted in a high-vacuum
induction furnace. Argon flow spraying method
was used to obtain dispersed melted drops of
(PrDy)(CoFe)B crystallized thereafter. Images of the
particles obtained with a JSM-840 scanning electron
microscope as well as with optical microscopy are
presented in Fig. 1 a.

Local chemical composition was mapped by
electron microprobe analysis using a Superprobe-733
“JCMA-733” microanalyzer (JEOL, Japan). Locality
and depth of the analysis were ~1 um” and ~ 1 pum,
respectively. Chemical composition was determined
from the measurements of line intensity of the
secondary X-ray irradiation automatically normalized
to the irradiation absorption in the sample. The X-ray
spectrum of “as grown” sample shows contributions of
3 crystalline magnetic phases: (Pr,Dy),(Co,Fe) 4B
(phase 2-14-1) was 36 %, (Pr,Dy),(Co,Fe),B; (phase
1-4-1) was 32 % and DyFes (31 %). The spectrum of
the sample after annealing at 900° C shows that
contribution of 2-14-1 phase increases up to 92 %,
while contribution of 1-4-1 phase decreases down to
8 % and DyFes phase disappears.

The “as grown” and annealed samples were
studied as free powder, and as fixed particles dispersed
in polymer matrix. In free powder the main magnetic
axis of the particles follows external magnetic field,
whereas the magnetic axes in polymers were fixed
chaotically (with no magnetic texturing). Statistical
methyl methacrylate co-polymer was used to dissolve
magnetic particles and fix their orientations. Mass
fraction of the magnetic particles was 10 %.
Suspension of the microparticles was obtained by
dissolving 0.05 g of polymer in 1 ml of acetone and
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Fig. 2. Dependence of magnetic moment for sample before and after annealing in free powder (I and III)
and fixed in polymer matrix (II and IV) on external magnetic field at 7= 300 K:
a — before annealing (I and II); b — after annealing at 7= 900 °C (III and IV).
Dependencies of magnetic induction on magnetic field for the same samples are shown in the inserts

adding microparticles powder. Microparticles were
dispersed in polymer using a high-speed rotating rotor
(2000 min ' during 20 min). Suspension was deposited
on the fluoroplastic substrate and evaporated during
24 hours. The above described process provided films
of 200 pm thickness containing homogeneously
distributed agglomerates of the microparticles.
The images of the microparticles distributed in polymer
matrix were obtained by a Neophot 21 microscope
equipped with a MYscope 200M digital camera
(Fig. 1 b). Average diameter of the microparticles was
calculated using size distribution of the microparticles
(Fig. 1 ¢). Despite the dispersion, agglomeration of the
particles was caused by dipole-dipole interaction
between them (Fig. 1 b). Typical agglomerate contains
50-200 microparticles separated by average distance
of ~150 pum.

Magnetization M in constant magnetic field was
measured by a superconducting quantum interference
device (SQUID) magnetometer (MPMS 5XL Quantum
design). The measurements were performed at 300 K

Results and Discussion

The comparison of the hysteresis loops of sample
before and after annealing is presented in Fig. 2.

Fixation of the magnetic particles in the polymer
matrix produces different effects dependently on phase
composition of the particles. In the ensemble of
“as grown” particles with approximately equal
concentrations of the three mentioned above magnetic
phases, fixation in polymer does not change coercive
field (Fig.2 a) and provides a two-fold decrease of
remnant magnetization and magnetic energy product
(Table 1). In the ensemble of the annealed particles
with dominating 2-14-1 phase, fixation of the particles
in the polymer increases coercive field up to 11 times
(Fig. 2 b) and energy product up to 6 times (Table 1),
resulting in  magnetic parameters compatible
with those typical of Nd,Fe;,B magnet. In our
experiments, energy product (BH)yax of annealed and
fixed particles is 2 MGOe, while in the Nd,Fe,;,B

in magnetic field H = 0-50 kOe. magnets this parameter varies in the range
Table 1
Magnetic parameters of the sample in comparison with sintered Nd,Fe,B
Sample Remanence B,,  H(; (magnetization),  H (induction), (BH)viaxs

kGs Oe Oe MGOe

Free powder before annealing (I) 2,3 400 350 0.22

Particles fixed in a polymer before annealing (II) 1,4 400 300 0.12

Free powder after annealing(IIT) 4,2 280 260 0.32

Particles fixed in a polymer after annealing (IV) 4,2 3000 1900 2

Nd,Fe,,B (sintered) [1] 10-14 21-50
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(BH)yax =21-50 MG Oe [2]. This strong effect of
particles fixation can be explained. Four factors of the
particles remagnetization should be taken into account:

1) remagnetization of each particle limited by
domain walls dynamics in the particle;

2) nucleation of the reverse magnetic phase;

3) dipole-dipole magnetic interaction aligning the
nearest magnetic moments in opposite directions;

4) dry friction limiting mechanical rotation of the
particles.

We will discuss the effect of each mentioned
above factor on remagnetization of the ensemble of the
magnetic particles for every studied sample.

The presence of 92 % of the main magnetic phase
2-14-1 in the sample after annealing and fixation of the
particles in polymer makes it possible to expect
magnetic parameters similar with the parameters
obtained for the pure RE-TM-B phase described in [9].
Coercive field in the polymer fixed ensemble is
controlled by domain walls motion. Critical
remagnetization field depends on the number of
domains and size of particles [10]. Linear size of the
domain w depends on radius of the microparticle » [11]

w= (18 ypor)'? /Mgy, (1)

v is the sum of exchange and anisotropy energies
normalized on surface area, L, is vacuum magnetic
permeability.

Domain width we obtained from (1) should be
larger than particle diameter d. = 2r. to provide the
presence of singe domain particles, i.e:

2
2rC = (18'YP-OFC)1/2/Msat: re= 9 THo /2Msat' (2)

Since critical diameter of Nd,Fe 4B alloys is well
known (dcy=0.2 um [12-16]), one can estimate the
number of domains # in studied microparticles:

n=d/w, w=dcy-(d/dco)"” = (d-dcy)"?, n=(d/dcp)"”
3

The substitution of d=1-16 pum values in (3)
results in n = 2-6. The main part of the studied
ensemble is multi-domain particles, the remagnetization
of which is provided by magnetic domains. Coercive
field of the annealed sample fixed in polymer is
11 times higher than coercive field H¢; =280 Oe of
free powder of the same sample. Freezing of the
microparticles rotation in polymer is the only reason
for this effect.

In the free powder sample the changes in
magnetic axis orientations in the external magnetic
field are controlled by dry friction between
particles and dipole-dipole interaction between them.
The ensemble of unisize microparticles can be
considered to estimate contributions of the mentioned
factors. The case when external magnetic field H is
strong enough to orient all microparticle magnetic

moments along magnetic field direction m 11 H will
be considered first. Single particle with magnetic
moment m generates magnetic field in the point
characterized by radius-vector R (R >r):

B(R) = 3R(m-R)/R’ — m/R’. 4)

In the plane vy, perpendicular to m, magnetic field
B(R) is directed against dipole moment of the
microparticles and its value is equal to

B(R) =— m/R’. (5)

Magnetic field (5) rapidly decreases as 1/R’.
For that reason one can neglect interactions with next —
nearest neighbors. The distance between microparticles
centres is equal to the particle diameter. Therefore,
maximal possible number of the neighbour particles in
the y plane is 6, maximal magnetic field induced by
neighbour particles is

B, = — 6m/d’. (6)
Substitution of m=My.-V, V=nd/6~d/2,

d =8 pm, M, = 500 Gs results in
Biax =3 Mg, = 1500 Gs. (7

The torque T=m, x B,,,,, rotating particle is
maximal if m, 1 B,,. Field intensity induced by
nearest neighbours in point 2, is |Hyax = Bmaxl —
—4m - M, = 1500 Oe. The above mentioned estimations
are convenient if external magnetic field H exceeds
saturation magnetization of the microparticles
ensemble. The decrease of magnetic field H below
critical value |H,,,,| causes rotation of the particles in
the absence of dry friction, i.e. magnetic field
H=1500 Oe should coincide with saturation field of
sample magnetization. On the contrary, magnetization
curve saturates in magnetic field H > H; =2500 Oe.
Demagnetization curve demonstrates the decrease of
magnetic moment in magnetic field H < H, = 500 Oe,
that is significantly less than 1500 Oe inherent in no
friction system.

Experimental |B,,,,| value is between H; and H,
values due to dry friction effect on particle rotation.
The torques corresponding to dipole-dipole interaction,
dry friction and external magnetic field 74, T, Th,
respectively, should satisfy the following conditions
for rotation of the particles:

Tgip — T < Ty during magnetization of the ensemble;
®)
Tgip T T = Ty during demagnetization of the ensemble.
)
Dry friction between particles f;,. is proportional
to the area of their surface md”>. The torque of the

friction is proportional to d°. Thus, correspondent
torque is Tt =kd’/2, where k is friction coefficient.
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The substitution of Ty max = 7 Byay = (o) My d®,

ty~(/) Mgy~ d*-H, 1 — (')kd >, to (8) and (9) results in:
k< (3Msat _HZ)Msat; (10)
kZ(Hl 73Msat)Msat' (11)
Calculations give
k= (3My — H)M, =5-10° g-cm s %,

One can obtain for the particles of average size
dppean = 5.5 pm:
2

Tdip.max = (3/2) ZMsatdrs;lean: 6'24'1075 g'cmz'siz;
1= (")kd> =4.16:10° g-cm®s %,

< () 2M d> . -Hy = 104107 g-em’s 2

1> () 2M d> . -Hy=2.08-10° g-cm*s 2.

These parameters allow one to estimate remnant
magnetization of the microparticles ensemble from the
given saturation magnetization. In the absence of the
external magnetic field the equilibrium state of the
ensemble can be determined by equation:

Tdip (H: 0) = T
Remnant magnetization is
Mrem:M sat (Tdip(H = 0)/ Tdip.max) =
=M (0 Tip max) = /3Miat = /3-500 Gs = 333 G.

This estimation is in excellent agreement with the
experimental value ~335 Gs. Thus, the contribution of
dry friction is comparable with dipole-dipole
interaction in the ensemble of the annealed particles.

In the ensemble of the “as grown” microparticles
containing 36 % of 2-14-1 main magnetic phase, small
coercive field H¢; = 400 Oe appears due to domination
of the soft magnetic phases, mass fraction of which
exceeds 60 %. Coercive field 400 Oe is the same at
free and fixed states. It means rotation of microparticles
does not contribute to magnetic properties. This can be
easily explained in the frame of the model described
above. Fixation of the microparticels does not affect
coercive field if the condition |tgp| < |vg| holds.
The decrease in the energy product in the ensemble of
the fixed microparticles in comparison with non-fixed
system is due to chaotic distribution of magnetic axes
of the particles resulting in magnetization of the
fraction of particles along their hard axes.

Conclusion

1. The effect of annealing on the shape of
magnetic hysteresis loop is different for fixed and free
microparticles. Annealing leads to an increase in
coercive field H, for fixed particles and decrease in H,
for non-fixed particles.

2. The coercive field of the ensemble of “as
grown” microparticles is controlled by remagnetization
of the dominating soft magnetic phases. Fixation of the

AM&T

magnetic axes does not affect the coercive field of the
ensemble.

3. The coercive field of non-fixed annealed
microparticles is controlled by their rotation in external
magnetic field as well as dry friction between the
particles and dipole-dipole interaction. The fixation of
annealed microparticles in polymer matrix increases
coercive field up to 11 times and energy product up to
6 times.
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