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Abstract—Sintered (Pr, Dy)—(Fe, _ ,Co,)—B materials with up to y ~ 0.5 atomic fractions have been studied.
Boron is found to be a movable element, and its diffusion between principal magnetic phase A and other
boron-containing phases determines the properties of the materials. The structure of principal magnetic
phase grains is sufficiently complex: their periphery is enriched in boron. The enrichment is shown to cause
a decrease in the coercive force of the materials to zero after sintering.
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INTRODUCTION

Sintered (Pr, Dy)—(Fe, Co)—B compositions with
a high cobalt content are, first of all, materials for iner-
tial navigation instruments [1, 2]. The main require-
ment for the hard magnetic materials applied in such
instruments consists in temperature-independent sat-
uration magnetization J; along with maximum coer-
cive force H,; and remanent induction B, [3]. To
obtain these characteristics, all rare-earth metal-based
magnets should be alloyed with heavy rare-earth met-
als (REMs), and Nd—Fe—B-based compositions
should also be alloyed with cobalt [4, 5]. Alloying with
both cobalt and heavy REMs leads to a decrease in J
and B,; the decrease in the both parameters is more
substantial when the materials are alloyed with heavy
REMs, since their magnetic moments and those of the
3d sublattice of the magnetic material are arranged

antiferromagnetically. Therefore, alloying with cobalt
is more preferable. However, it was found in [6] that,
as the cobalt content in sintered (Pr, Dy)—
(Fe, _,Co,)—B materials increases to y = 0.5 atomic
fractions, coercive force H,; decreases to almost zero.
This study is related to an investigation of sintered
(Pr, Dy)—(Fe, _,Co,)—B materials with cobalt con-
tents y > 0.35 atomic fractions.

EXPERIMENTAL

The compositions of sintered materials are given in
the table. The preparation technology of sintered
magnets is described in [5, 6]. The magnetic charac-
teristics were measured in the temperature range from
—60 to +80°C using a PPMS-9 instrument and spher-
ical samples. The samples were magnetized in a field of

Compositions of samples and their magnetic characteristics including TCI measured in the temperature range from —60 to

+ 80°C in applied magnetic fields of 1600 and 320 kA/m

TCI, %/°C measured in magnetic
Material* B, T 4, T H.;, kA/m field H, kA/m
1600 320
(Pry 5,Dy0.48)13.6(Fe0.65C00 35)ba1B6.9 0.83 0.91 1240 _ _
(Pr9.73DY0.26)13.7(F€0.51C00.49)baiBs 4 0.92 1.06 400 —0.036 —0.034
(Pro.49DY0 31)16.1(F€0 47C00 53)6a1B16.7 0.53 0.74 800 —0.061 —0.051
(Pro.49DY0.51)14.4(Feg 56C00 44)parBs 5 0.77 0.84 400 +0.068 +0.015

* The material composition is given in at %.
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Fig. 1. Demagnetization curve for the sintered Fig. 2. Demagnetization curve for the sintered

(Pro.52DY¥0.48) 13.6(Feg.65C00 35)pa B 9 material at 20°C.
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Fig. 3. Demagnetization curve for the sintered

(Pro.69DY0.31)16.1(Fe0.47C00 53)paiB16.7 material at 20°C.

7200 kA/m. During measurements, the magnetic tex-
ture of the samples was parallel to an applied magnetic
field.

RESULTS

Figures 1—4 show the magnetization curves of the
materials at 20°C (see table). Figure 5 shows the tem-
perature dependences of the saturation magnetization
of two samples measured in applied magnetic fields of
1600 and 320 kA/m. According to these data (see
Figs. 1—4 and table), H.; decreases abruptly with
increasing cobalt content in the sintered materials. It
was noted in [5—7] that the cause for the decrease con-
sists in an increase in the fraction of boron-containing
phases. It is seen from Figs. 2 and 3 that, at a cobalt
content of about 0.5 atomic fractions in the material,
an increase in the boron content leads to an abrupt
increase in H,; from 400 to 800 kA/m, but the square-
ness ratio of hysteresis loop worsens. As is seen from
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Fig. 4. Magnetic hysteresis curve for the sintered
(Prg 49Dy 51)14.4(Feg. 56C00 44)ba1Bg 5 material at 20°C.

the table (second and third lines), an increase in the
boron content from 8.4 to 16.7 at % leads to an abrupt
(30%) decrease in the saturation magnetization at
room temperature, a cobalt content of ~0.5 atomic
fractions, and almost equal dysprosium contents. It is
also seen from the data given in the table that, in this
case, the temperature coefficient of induction (TCI)
increases by 69%, although the effect should be inverse
since the amounts of cobalt and dysprosium increase
though slightly [5—7]. An analysis of the magnetiza-
tion curve of the (Prg4Dyos1)14.4(Feo56C00 44)0aBe.s
material (Fig. 4) shows that, in a field of 800 kA/m, the
sample is magnetized to saturation. A maximum in the
temperature dependence of J; measured in the tem-
perature range from —60 to +80°C is observed only for
the (Pry.5DY0.48)13.6(Fe0.65C00.35)baBsg  sample
(Fig. 5a). The temperature of the maximum (7,,,) is
~30°C and is independent on the applied magnetic field.
As follows from the value of TCI (see table), the temper-
ature dependence of the saturation magnetization mea-
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sured for the (Pry 49Dy s51)14.4(Fep 56C00.44) 0B s sam-
ple in the temperature range from —60 to +80°C
should also have a maximum at 7,,,, > 80°C.

DISCUSSION OF RESULTS

The behavior of the magnetization reversal curve
given in Fig. 2 differs substantially from that shown in
Fig. 3. The abrupt decrease in 4nJ in low magnetic
fields (~100 kA/m) (Fig. 3) means that magnetization
reversal starts in these fields. Reverse magnetization
domains nucleate in the areas characterized by a lower
anisotropy constant [8]. This is the cause of the difference
in the magnetization reversal curves given in Figs. 2 and 3.
The substitution of boron atoms for iron and cobalt
ions in the (Pry73DY02)13.7(Fe5C0p 49)paBs.4 mag-
netic material takes place only in the surface areas of
principal R,(Fe, Co)4,B magnetic phase (phase A)
grains (thereinafter, R = REM). The replacement of
iron and cobalt ions with boron atoms is likely to occur
during sintering; the probability of almost complete
substitution of boron ions for iron and cobalt ions at
least in the nearest environment of R ion is high. This
leads to the disappearance of exchange coupling
between the magnetic moments of the R and F (F =
Fe + Co) sublattices and, therefore, to a low coercive
force (H,.;= 800 kA/m).

The degree of substitution of boron ions for iron
and cobalt ions within the internal areas of A-phase
grains of the (Pry¢Dyg31)16.1(Feo47C00.53)paB16.7 Sin-
tered material is rather low. In this case, no decoupling
between the R and F sublattices takes place: only 4nJ;
decreases, since it is mainly determined by the F sub-
lattice [9]. As a result, the shape of the demagnetiza-
tion curve is far from squareness (see Fig. 3). Such a
shape of the demagnetization curve results from the
complex structure of A-phase grains: at the periphery
of the grains, boron ions substitute for many iron and
cobalt ions, and the exchange interaction between the
R and F sublattices is disturbed. This results in a
decrease in anisotropy field H, of the outer area of
A-phase grains.

Thus, the area close to the surface of A-phase
grains is responsible for the abrupt decrease in the
magnetization in low fields, whereas the core area of
A-phase grains is responsible for the magnitude H_; =
800 kA/m. The anisotropy field of the R,Fe ;B com-
pound with R = Pr and Dy at room temperature is
6960 and 12000 KA/m, respectively [9]. That is why
the behavior of the temperature dependence of mag-
netization is unchanged when 4nJ is measured in
applied fields of 1600 and 320 kA/m (see Fig. 5a). In
other words, the “height” of the maximum in the tem-
perature dependence of magnetization and its position
are independent of the field applied during measure-
ments. Therefore, we can conclude that the inspection
of sintered materials used in instruments for inertial
navigation can be performed with a vibrating-sample
magnetometer, since the magnetic field applied during
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Fig. 5. Temperature dependences of the magnetization of the
sintered materials (a) (Pry 50Dy.48)13.6(Fe0.65C00.35)a1B6.9
and (b) (Prg g9Dyg 31)16.1(Fep 47C00 53)baiB1g 7 that were
measured in magnetic fields of (7) 1600 and (2) 320 kA/m
on spherical samples. A magnetic field was applied parallel
to the sample texture.

measurements is much lower than the aforementioned
anisotropy fields of the A phase in the materials.

The shape of the magnetization curve (Fig. 4)
allows us to conclude that the magnetic hardness for-
mation mechanism in the materials is determined by
the nucleation of magnetization reversal centers rather
than the pinning of domain walls by barriers [9]. TCI
for the sintered (Pryg9DYy31)16.1(Fe0.47C00.53)paB16.7
materials in the temperature range from —60 to +80 is
—0.061 and —0.051%/°C in fields of 1600 and
320 kA/m, respectively (see table). The sufficiently
high value of TCI indicates that, in spite of a signifi-
cant cobalt content in the material, a dysprosium con-
tent of 0.31 atomic fractions in the material is insuffi-
cient to obtain near-zero TCI at temperatures from
—60 to +80°C. In other words, to use the sintered mate-
rials in navigation instruments, alloying with heavy
REMs is necessary along with an increase in the cobalt
content (i.e., increase in the Curie temperature).
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CONCLUSIONS

(1) The shape of the temperature dependence of
the magnetization of sintered (Pr, Dy)—(Fe, _,Co,)—B
materials with y > 0.35 atomic fractions is independent
of the magnetic field applied during measurements.

(2) The magnetic hardness formation mechanism
in the (Pr, Dy)—(Fe, _,Co,)—B materials with y > 0.35
atomic fractions is determined by the nucleation of
magnetization reversal centers rather than by the pin-
ning of domain walls by barriers.

(3) The vanishing of the coercive force H_; of sin-
tered (Pr, Dy)—(Fe, _ ,Co,)—B materials with y ~ 0.5
atomic fractions is caused by boron diffusion from
boron-containing phases into the principal magnetic
phase during sintering.

(4) The grains of the principal (Pr, Dy),(Fe, Co),B
magnetic phase in the sintered (Pr, Dy)—(Fe, _,Co,)—B
materials with y = 0.5 atomic fractions are character-
ized by areas differing in the boron content. When
boron ions substitute for iron and cobalt ions in the
outer area of magnetic-phase grains, the exchange
coupling of the REM, on the one hand, and Fe and Co
sublattices is broken, which results in an abrupt
decrease of H,; of sintered materials. An increase in
the boron content in the sintered materials leads to an
increase in the boron-enriched outer area of grains; in
this case, the coercive force increases and the square-
ness ratio of the magnetization curve degrades.
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