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Abstract—High-power (Nd, Dy)—(Fe, Co)—B permanent magnets with a low temperature coefficient of induction
(or) were prepared using advantages of strip casting and low-oxygen technologies. The microstructure and tempera-
ture dependences of magnetic properties have been studied on sintered (Nd; _ Dy, )13 9(Fe; _,Co,)79 sCuy1Gag By |
magnets with 0.20 < x<0.25and 0 <y <0.20. The increase in y from 0 to 0.20 is accompanied by an increase
in the Curie temperature from 327 to 492°C. This favors a decrease in the value of o. from 0.099 to 0.060%/°C,
respectively. Magnets with an oxygen content of no more than 2500 ppm which were prepared from the
(Ndg 75Dyy.25) 13.9(Fe.85C0g 15)79 sCug | Gag | Bg ; alloy, have the following hysteresis characteristics at 140°C:
B. > 11.3kG, H_.>8 kOe, and (BH) 5 = 30 MGOe; in this case, o0 < |—0.07%/°C|.
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INTRODUCTION

High-power Nd—Fe—B permanent magnets are
widely used in different technical devices. However,
due to the low Curie temperature of the main mag-
netic Nd,Fe 4B phase (7. = 310°C), these magnets are
characterized by low temperature stability of hysteresis
properties. The values of temperature coefficients of
induction (TCI) (o) and coercivity () are —0.12 and
—0.60%/°C for a temperature range of 20—100°C,
respectively [1]. This disadvantage substantially limits
the scope of applications of Nd—Fe—B magnets at
high temperatures. Ways to improve the temperature
stability of Nd—Fe—B magnets are well known and
available in [2—6]. The partial substitution of cobalt
for iron favors an increase of 7 and a decrease in the
modulus of value o, while the partial substitution of
dysprosium for neodymium allows one to increase the
anisotropy field H, and coercive force H, [5, 6]. In
particular, magnets characterized by rather low TCI
magnitudes of oo = —0.028 and —0.020%/°C were pre-
pared from the (Ndy Dy 4)i5(Fey7C0o3)73Bs [7] and
(Ndy 5Dy 48) 15(Fe 66C00.34)76Al; Bg [8] alloys, respec-
tively. However, magnetic characteristics at both room
temperature and an operating temperature of ~150°C
were found to be lower than those for Sm—Co—Fe—
Cu—Zr magnets. At the same time, magnets for some
applications, in particular for high-torque electrical

935

motors, are required to possess a combination of high
maximum energy product ((BH),,, > 30 MGOe),
adequate TCI (o. ~ —0.07%/°C), and high mechanical
strength. Only Nd—Fe—B magnets can ensure this
combination of characteristics. The aim of the present
study is to prepare high-power (Nd, Dy)—(Fe, Co)—B
permanent magnets with a decreased TCI using
advantages of strip casting [9—11] and low-oxygen [ 12]
technologies.

EXPERIMENTAL

Alloys  (Nd, 75Dy 25)139(Fe; — (C0,)795Cug,Gay  Bg,
(at %) containing 0-142 wt % Co and
(Ndy 73D¥0.27)14.5(Fe( 85C0g 15)70Cuy 1 Gag 3By were
prepared in the form of flakes ~0.3 mm thick using
strip casting technique. After hydrogen decrepitation,
the alloys were subjected to jet milling in nitrogen to
obtain a powder with the average particle size D, =
3.05—3.15 um. Powders placed in a matrix were com-
pacted in a magnetic field of 15 kOe applied perpen-
dicular to the compacting force. The use of special
equipment for the low-oxygen preparation technology
allowed us to ensure a low oxygen content in the pow-
der, which is no more than 1000 ppm at all stages of
the preparation process and interoperational process-
ing. Green compacts were sintered in a vacuum at a
temperature of 1065—1075°C and additionally
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Fig. 1. Microstructure of platelike (Ndg75Dyg25)13.9
(Fe; _ Coy)79 8Cuq 1Gag 1 Bg | alloys (strip casting) with x
equal to (a) 0, (b) 0.10, (c) 0.15, and (d) 0.20.

annealed at 880°C for 1 h and subsequently at 510°C
for 2 h. Magnetization reversal curves were measured
in a closed magnetic circuit of a Permagraph L instal-
lation in a temperature range of 22—180°C. The Curie
temperature of the starting alloys and sintered magnets
was determined using temperature dependences of
magnetic susceptibility, which were measured in an ac
magnetic field of 10 Oe with a frequency of 800 Hz
using a transformer method and measuring compen-
sation coils. The microstructure and the element-con-
centration distribution in alloy flakes and sintered
magnets were studied using TSCAN VEGA 2LMH
and QUANTA-200 scanning electron microscopes
equipped with microprobe analyzers. X-ray diffrac-
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tion data were obtained using a DRON-6M diffrac-
tometer and Cr Ko radiation.

RESULTS AND DISCUSSION
Microstructure of Strip-Casting Alloys

Figure 1 shows the microstructure of the
(Ndg 75sDyg25) 3.9(Fe; _x C0,)795Cuy,Gay  Bg, alloy flake
in the center of the section perpendicular to the flake
plane. The right sides of micrographs correspond to
the contact surface of flakes (the surface in contact
with a quenching wheel during casting). A fan-shaped
dendritic structure of the main-phase grains (gray in
color) is observed. Table 1 shows the chemical compo-
sition of the phase, which was determined ignoring the
boron content. The ratio of the total content of rare-
earth metals (R = Nd + Dy) to that of other elements
(M) is 1 : 7 and, therefore, the composition of the phase
corresponds to the (Nd, Dy),(Fe, Co) 4B (2:14: 1) stoi-
chiometry. Bright lamellae enriched in rare-earth ele-
ments and depleted of iron run through the grains of
the main phase. As the cobalt content in the alloys
increases, the cobalt concentration in both main and
lamellar phases increases (Fig. 2). In this case, cobalt
is mainly located in the lamellar phase, and the cobalt
content in it is 2—5% higher than that inthe 2 : 14 : 1
phase. The Dy concentration in the lamellar phase
slightly increases, whereas the total content of rare-
earth elements decreases, and the R : M ratio becomes
close to the 1 : 2 stoichiometry. This agrees with the
appearance of additional X-ray diffraction reflections
that correspond to the Laves phase with the MgCu,-
type structure in the X-ray diffraction pattern for alloy
with x = 0.2. As is known, the Laves phase is not
formed in the Nd—Fe system, but it is stabilized in
(Nd,°Dy)(Fe, Co), compounds as the concentration
of both Dy and Co increases [13].

Table 1. Data of electron microprobe analysis for (Ndg 75Dy 25)13.9(Fe; _ Co,)79 sCuq Gag 1 Bg; alloys prepared by strip-

casting technique

Co content
Phase Chemical composition, wt % Formula
X wt %
Gray (2:14:1)|22.1Nd 7.0Dy 70.3Fe 0.1Co 0.5A1 RMg 5
0 0 Bright 59.8Nd 2.9Dy 29.8Fe 1.6Co 5.1Ga 0.8Al RM;
Gray (2:14:1)|22.0Nd 7.1Dy 63.8Fe 6.6Co 0.5A1 RM5,
010 B Bright 54.3Nd 4.9Dy 30.9Fe 9.20Co 0.1Ga 0.6Al RM, ;
Gray (2:14:1)|22.8Nd 6.5Dy 59.8Fe 10.3Co 0.6Al RMg 4
015 107 Bright 51.6Nd 4.7Dy 31.3Fe 11.8Co 0.2Ga 0.4Al RM,,
Gray (2:14:1)|21.4Nd 6.7Dy 57.4Fe 14.0Co 0.5A1 RMg g
0-20 14.2 Bright 46.3Nd 7.8Dy 25.8Fe 19.5Co 0.2Ga 0.40Al RM;,
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 118  No. 10 2017
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Magnetic Properties

Figure 3 shows temperature dependences of the
magnetic susceptibility y(7) and temperature deriva-
tive of magnetic susceptibility dx/d T for starting alloys
and sintered magnets. The Curie temperature 7. was
determined as the temperature corresponding to the
minimum in the dy/dT curves in Fig. 3b. The starting
alloys with x = 0 and prepared magnets have the same
T-=327°C. As the cobalt content increases tox = 0.2,
the Curie temperature increases almost linearly by
more than 150°C (Fig. 3c); for sintered magnets, it is
10°C higher than that for the initial alloys.

Figure 4 shows the magnetization reversal curves
for magnets with cobalt contents of x = 0—0.2, which
were measured at temperatures of 23—180°C. These
curves were used to determine the temperature depen-
dences of residual induction B, and magnetization
coercivity H.;, which are given in Figs. 5a and 5b,
respectively. Table 2 gives the temperature coefficients
of residual induction (o) and coercive force () for
different temperature ranges calculated by the
expressions

o = [(B(T) — B(23))/(B.(23)(T — 23))] x 100%; (1)
B = [(H(T) — Hey(23))/(Hey(23)(T — 23))] % 100%. (2)

As the Curie temperature of sintered magnets
increases, the descent rate dB,/d T decreases (Fig. 5a).
This leads to a monotonic decrease in the modulus of
o. Forexample, for the practically important tempera-
ture range of 23—140°C, the modulus of TCI for alloys
with the cobalt content of x = 0—0.20 decreases from
0.099 to 0.060%/°C, respectively. At the same time,
the modulus of the temperature coefficient 3 increases
for all temperature ranges. These variations of o and 3
agree with the dependences of B,, H,;, and (BH),,,, on
the cobalt content for sintered magnets, which were
measured at 23 and 140°C. The B, and (BH),,,, param-
eters measured at room temperature progressively
decrease as the cobalt content increases; at 140°C, the
parameters increase and, at x = (.15, reach maximum
magnitudes of 11.6 kG and 30.9 MGOe, respectively.

937
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Fig. 2. Dependences of element concentrations of 2 : 14 : 1
and lamellar phases on the total Co content in the alloy.

The H_ (x) values monotonically decrease at both 23
and 140°C by 42 and 58%, respectively. As a result, the
H_; values (in CGSM units) become lower than the B,
values. This fact indicates the appearance of a critical
condition for the self-demagnetization of magnets in
magnetic systems even with a low demagnetization
coefficient B/H ~ 2, which limits the operating condi-
tions of the magnets at high temperatures.

We perform a simple qualitative analysis of the rea-
sons for the decrease in H, with an increasing cobalt
content using an expression that characterizes the
magnetization reversal of (Nd, Dy)—(Fe, Co)—B
magnets via the mechanism of nucleation as follows
[5, 14]:

H(x) = aH (x) — 4N M (x), 3)

where H,(x) is the anisotropy field, a is the structural
parameter that characterizes the decrease in the nucle-

Table 2. Values of temperature coefficients o and B for (Nd 75Dy 25)13.9(Fe; _ C0,)79 sCug Gay B¢ | magnets

Co content in alloy, x
Temperature range,°C x=0 x=20.10 x=0.15 x=10.20

o, %/°C | B,%/°C | o,/°C | B,%/°C | a,/°C | B,%/°C | a,/°C | B,%/°C
23—60 —0.073 —0.527 —0.059 —0.596 —0.067 —0.691 —0.030 —0.718
23-90 —0.082 —0.510 —0.067 —0.611 —0.072 —0.646 —0.051 —0.648
23—120 —0.091 —0.478 —0.072 —0.578 —0.071 —0.580 —0.055 —0.604
23—140 —0.099 —0.473 —0.077 —0.553 —0.072 —0.549 —0.060 —0.573
23—160 —0.104 —0.460 —0.083 —0.526 —0.074 —0.519 —0.061 —0.539
23—180 —0.112 —0.448 —0.087 —0.499 —0.078 —0.489 —0.065 —0.509
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Fig. 3. Temperature dependences of (a) magnetic susceptibility and (b) temperature derivative of magnetic susceptibility for start-
ing (Ndg 75Dyq 25)13.9(Fe; _ yCo,)79 §Cuq 1 Gay 1 Bg 1 alloys (strip casting) and sintered magnets. (c) Inset shows the dependence

of the Curie temperature on the Co concentration.

ation field due to the presence of crystallographic defects
at the grain surface, and M (x) is the saturation magneti-
zation. The effective local demagnetizing factor N is
determined by the degree of texture, grain shape, and
other parameters of microstructure. It follows from
the literature data that the H, magnitude for the
Nd,(Fe, _,Co,) 4B compounds at room temperature
only decreases by 5% as Co substitutes for Fe to x = 0.20
[3, 5]. The contribution of the second term in Eq. (3)
to the decrease in the coercive force, which is related
to the increase in the concentration 4nM(x) of the
Nd,(Fe, _,Co,);4B compounds can be only 6%. At the
same time, as is shown in Fig. 6b, the coercivity of the
studied (Ndy7sDyo2s)139(Fe; _ (C0,)795Cug,;Gay, B,
magnets, which was measured at 23°C, decreases by
42% as x increases to 0.20. Thus, the magnitudes of
structure-sensitive coefficients in Eq. (3) do not
remain unchanged. Coefficient a should decrease,
whereas the N, coefficient should increase with
increasing x. This is likely to be predetermined by
changes in the microstructure of magnets.

PHYSICS OF METALS AND METALLOGRAPHY Vol 118

Phase Composition and Microstructure
of Sintered Magnets

Figure 7 shows X-ray diffraction patterns for powder
samples prepared from the (Nd; 75Dy 5) 13.9(Fe; _ Co) 795
Cu,;Ga,;Bs; magnets with x = 0, 0.15, and 0.20.
Table 3 shows the results of phase analysis and lattice
parameters of the phases. The lattice parameters a and
¢ of the main tetragonal 2 : 14 : 1 phase decrease with
increasing Co content; this agrees with the literature
data in [2, 15]. At the same time, the volume fraction
ofthe 2 : 14 : 1 phase decreases from 99 to 95 vol %. In
addition to the reflections of the 2 : 14 : 1 phase, the
X-ray diffraction patterns of all samples indicate addi-
tional reflections of the fcc phase (with the NaCl-type
structure), which is usually related to the RO, oxide.

The lattice parameter a = 5.07 A of the phase is almost
unchanged as the cobalt content increases. The volume
fraction of the phase increases from 1 to 2.5 vol % for
compounds with x = 0—0.20, respectively. The X-ray
diffraction pattern of magnet with x = 0.15 exhibits
weak reflections corresponding to the cubic Laves

No. 10 2017
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phase of the MgCu,-type phase (RM,). As x increases
to 0.20, the RM,-phase reflections shift to high-angle
(20) range; this fact indicates a decrease in the lattice
parameter a and, therefore, the increase in the Co
content in this phase.

POPOV et al.

Figure 8 shows the microstructure of sintered mag-
nets prepared from the (Nd, 75Dy 25)139(Fe; _ Co)79s
Cug,Gay B4, alloy. As the cobalt content increases,
the amount and size of phase precipitates enriched in
rare-earth elements increase. Along with the main-
phase grains (dark-gray phase A) in samples with x =
0 and 0.10, bright-gray phase (B) is present, which is
located both at the grain boundaries and in triple junc-
tions (Fig. 8a). Phase components with a combined
structure, which consist of dark inclusions (C) sur-
rounded by bright rims (D) (Figs. 8b—8d), appear in
samples with x = 0.10. A quantitative analysis of the
content of the main 2 : 14 : 1 and grain-boundary
phases was performed using micrographs and linear
intercept method. Table 3 (the rightmost row) shows
the results of the analysis. The metallographic data
show that the volume fraction of the main magnetic
phase is 3—12% lower and the fraction of grain-
boundary phase is two to three times higher than the
volume fractions determined by X-ray diffraction
analysis. Table 4 shows the results of electron micro-
probe analysis of the phase composition. The analysis
of the reported results allows us to conclude the fol-
lowing characteristics of phase components.

(1) The chemical composition of the matrix in all
studied magnets is close to the composition of the
main magnetic 2 : 14 : 1 phase. The Co content in the
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Fig. 7. X-ray diffraction patters for (Ndg 75Dy »25)13.9(Fe; _ yCo,)79 §Cuq ;Gag | Bg | magnets.
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Table 3. X-ray diffraction data for (Nd, 75Dy 25)13.9(Fe; _ Co,)79 sCuq1Gag B¢ (R = Nd +Dy; M = Fe + Co) magnets

. Volume fraction of phase Volume fraction of phase
Co content, x Phase Lattice parameters, A (Powder Cell Program), vol % (metallography), %
= 8.811
R,M ;B a .
0 2T c=12.123 9 96.40
RO, a=5.072 1 3.60
=8.777
R,M,B a
S c=12.125 % 88.90
0.15 RO, a=5073 2.15
11.10
RM, a=17.385 1.85
=8.770
R,M,B a
My, c=12.116 95.1 87.70
020 IRo, a=5071 251
12.30
RM, a=17.302 2.39

matrix increases with increasing x, and the Co content
becomes higher than that in the grains of starting alloy.

The total content of rare-earth elements in the
bright-gray phase (B), the composition of which cor-
responds to R—M—0, decreases with increasing Co
content. In this case, the stoichiometric ratio R : M
decreases to 1 : 2.3 at x = 0.15; the decrease is similar
to that found for the lamellar phase in the starting alloy
flakes (Table 1).

Thus, in accordance with the X-ray diffraction
data, the RM, phase with the Laves-phase structure is
stabilized in the magnets. However, the Co content in
phase B is lower than that in the lamellae in the start-
ing alloys and in the main 2 : 14 : 1 phase of the mag-
nets. The cobalt redistribution from the grain-bound-
ary phase into the 2 : 14 : 1 grains is likely to occur
during recrystallization in the course of sintering
because a part of rare-earth elements oxidizes with the
formation of refractory R,0; oxides. As a result, a part
of cobalt, which was mainly dissolved in the lamellar
phase, transfers to the main-phase grains. This agrees
with the fact that the 7 temperature of magnets is
slightly higher than that of starting alloys.

(2) The composition of phase B in the magnet with
x=0.20 (Fig. 8d) varies abruptly, which is indicated by
the decrease in the stoichiometric ratio R : M from
1:2.3to 1:3.8. Electron microprobe analysis data allow
us to assume that the structure of the B phase changes
from the structure of the RM, Laves phase to the RM,B
structure (CeCo,B-type structure). The formation of
this phase was observed for R,(Fe,_,Co,)B-based
alloys with a high Co content (x > 0.25) [8, 16]. It is
likely that, due to the abrupt decrease in the content of
the main phase, which takes place as the Co content in
the sintered magnet increases, the part released boron
is used for the formation of the boride RM,B phase.
However, in the present study, no boride RM,B phase

PHYSICS OF METALS AND METALLOGRAPHY Vol. 118

was found by X-ray diffraction analysis. The widening
of homogeneity range of the RM,, s Laves-phase,
which takes place as the Laves phase is enriched in Co
and Fe [14], is more probable.

(3) Core (C) and rim (D) of the combined phase is
characterized by the higher R and oxygen contents.
The structure of core C is likely to correspond to the
refractory R,0; phase; rim D is the former phase B
with an ultimately high content of dissolved oxygen.
The cobalt solubility in these phases is lower than that
in phases A and B.

Fig. 8. Microstructure of magnets prepared from the

(Ndy 75Dy 25)13.9(Fe; _ ,Coy)79 8Cug 1Gag 1Bg;  alloys

with different x: (a) 0, (b) 0.10, (c) 0.15, (d) 0.20.

No. 10 2017
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Table 4. Electron microprobe analysis data for magnets prepared from the (Nd 75Dy »5)13.9(Fe; _ ,Co,)79 §Cuq Gag 1Bg
alloy (structural elements are (A) grain, (B) bright-gray phase, and combined structure consisting of (C) dark inclusions

and (D) bright rims)

Co content . .
Phase Chemical composition, wt % Formula
x wt %
A (grain) 21.4Nd 6.2Dy 69.4Fe 1.1Co 1.2(Cu, Al, Ga) 0.70 RM; 4,0,
0 0 B (bright-gray phase) | 51.0Nd 11.5Dy 33.9Fe 1.1Co 1.5(Cu, Al, Ga) 1.00 RM, (O »
A (grain) 21.5Nd 4.3Dy 65.4Fe 7.8Co 0.3(Cu, Al, Ga) 0.70 RM; (O 3
o1 1 B (bright-gray phase) | 51.4Nd 7.2Dy 32.2Fe 5.6Co 1.6(Cu, Al, Ga) 1.00 RM, 5,0,
’ ’ C (dark inclusion) 55.6Nd 11.9Dy 23.2Fe 4.2Co 1.1(Cu, Al, Ga) 4.00 RM, 0y 5
D (bright rim) 50.4Nd 12.9Dy 26.2Fe 4.1Co 0.6(Cu, Al, Ga) 5.80 RM, ;04
A (grain) 24.2Nd 10.1Dy 53.4Fe 10.1Co 1.4(Cu, Al, Ga) 0.80 RM;;0 5
B (bright-gray phase) |42.8Nd 10.2Dy37.9Fe 7.0Co 0.6(Cu, Al, Ga) 1.50 RM,; 30y,
0.15 107 C (dark inclusion) 52.2Nd 12.5Dy 26.2Fe 5.0Co 0.9(Cu, Al, Ga) 3.20 RM, 3004
D (bright rim) 54.6Nd 13.4Dy 20.8Fe 5.3Co 1.0(Cu, Al, Ga) 4.90 RM, ;O 5
A (grain) 21.INd 4.0Dy 58.8Fe 14.8Co 0.6(Cu, Al, Ga) 0.70 RM; 30y,
B (bright-gray phase) | 32.6Nd 7.2Dy 40.6Fe 17.2Co 1.7(Cu, Al, Ga) 0.70 RM; 40y,
0.20 14.2 C (dark inclusion) 50.6Nd 11.0Dy 24.3Fe 7.7Co 1.4(Cu, Al, Ga) 5.00 RM, 4O, 7
D (bright rim) 41.1Nd 9.8Dy 31.8Fe 11.7 Co 1.5(Cu, Al, Ga) 4.10 RM,; ;0 5

It is known from the literature data that
(Nd, Dy)(Fe, Co), Laves phases are soft magnetic fer-
romagnets, the Curie temperature of which is above

Magnetic susceptibility, rel. units

50 100 150 200 250 300 350 400 450 50
T,°C

Fig. 9. Temperature dependences of magnetic susceptibility
measured for sintered (Ndg 75Dy 25)13.9(Fe; — xCoy)79 g
Cug ;Ga, B¢ | magnets across their texture.
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room temperature [16, 17]. To check the presence of
Laves phases, temperature dependences ¥ (7) were
measured for samples of textured magnets in a mag-
netic field applied perpendicular to the texture. This
approach allows us to find a small contribution from
ferromagnetic phases with low both volume fraction
and saturation magnetization. Figure 9 shows results of
these measurements. Additional anomalies observed at
268 and 388°C were found for samples with x = 0.15
and 0.20, respectively.

They can be related to the formation of phases
within the grain-boundary spaces, the composition of
which is close to RM,; these phases deteriorate the
magnetic isolation of grains. Along with the decrease
in the anisotropy field of the 2 : 14 : 1 phase, the
appearance of ferromagnetic Laves phases is the cause
of the substantial decrease of H, in accordance with

Eq. (3).

Effect of Alloying with Gallium
on the Magnetic Properties and Microstructure

The alloying of R,(Fe, Co),B-based compositions
with a small amount of Ga is the well-known method
to increase the coercive force of sintered magnets
[16, 18—20]. Using this approach, we prepared
(Ndg 73Dyj27)14.5F€67.1C0119Cu Gy 3Bg; (x = 0.15)
magnets with a Ga content of 0.3%; the R content was
additionally increased from 31 to 32.4 wt %. Figure 10a
shows the magnetization reversal curves for this mag-
net, which were measured in a temperature range of
22—180°C. The temperature dependences of the B,
H, and (BH),,,, parameters for magnets with y = 0.1
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Fig. 10. (a) Magnetization reversal curves for the (Ndg 73Dy} 27) 14.5(Feg §5C0( 15)79 ¢Cug 1Gag 3B¢ 1 (v = 0.30) magnet and com-
parison of the temperature dependences of (b) B, (c) Hj, and (d) (BH),. for sintered magnets prepared from alloys with y =

0.1 and 0.3.

and 0.3 are compared in Figs. 10b—10d. It can be seen
that the B(T) and (BH),,,, dependences for magnets
with 0.3% Ga lie below and the H_;(7) curve lies above
the analogous dependences for the magnet with 0.1%

Ga. The values of temperature coefficients o and 3
(Table 5) for a magnet with 0.3% Ga for all tempera-
ture ranges are lower than the values for the magnet
with 0.1% Ga.

Table 5. Comparison of temperature coefficients o. and 3 for magnets prepared from the (Ndy 75Dy 55)13.9(Feo.85C00 15)79.8
CuyGay 1 Bg; (v =0.1) and (Ndy 73Dy 27) 14 5(Fe 55C0y 15)79 ¢Clg 1Gag 3Bg 1 (¥ = 0.3) alloys

y=20.10 y=10.30
T,°C

o, %/°C B, %/°C o, %/°C B, %/°C
23—120 —0.071 —0.580 —0.061 —0.532
23—140 —0.072 —0.549 —0.064 —0.513
23—160 —0.074 —0.519 —0.067 —0.493
23—180 —0.078 —0.489 —0.071 —0.473
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Fig. 11. Microstructure of magnets prepared from
(a) (Ndy 75Dy 25)13.9(Feg.5C0p 15)79. 8Cuig 1 Gag 1 Bg,; - and
(b)  (Ndg 73Dy0.27)14.5(Feq g5C0g 15)79.0Ct9.1Gag 3B 1
alloys.

|

Magnetic susceptibility, rel. units

50 100 150 200 250 300 350 400 450 500
T,°C

Fig. 12. Temperature dependences of magnetic suscepti-
bility measured across the magnetic texture for the sintered

(Ndg 75Dy 25)13.9(Feg g5C0g 15)79.8Cug 1 Gag  Bg 1 (v = 0.1)
and  (Ndg 73Dy0 27)14.5(Feq §5C0q 15)79.0Cug.1Gag 3Bg 1
(¥ = 0.3) magnets.

A comparison of the microstructure of sintered
magnets with y = 0.1 and 0.3 (Fig. 11) shows that the
increase in the Ga and R contents leads to a marked
increase in the volume fraction of the grain-boundary
phases. However, in this case, the cobalt content in
phase B was found to be 5 wt % lower. As a result, the
grain-boundary phase of the magnet with a high Ga
content consists of the paramagnetic (Nd, Dy)(Fe,
Co, Ga), phase, rather than the (Nd, Dy)(Fe, Co),
ferromagnets. This fact is indicated by the absence of
bend in the dependence of magnetic susceptibility for
the magnet with y = 0.3, which was measured across
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the direction of easy magnetization; however, the bend
is observed for a magnet with y = 0.1 (Fig. 12).

Thus, the localization of Ga mainly within the
grain-boundary phase and the partial substitution of Ga
for Fe and Co lead to the improvement of magnetic iso-
lation of 2 : 14 : 1-phase grains [13, 16, 21]. The other fac-
tor, which favor the positive effect of Ga on the magnetic
isolation of grains, consists in the improved wetting of the
grain surface with liquid during sintering [21]. All of this
leads to the increase in the coercive force of the sintered
(Ndy 73D¥0.27)14.5(Fe 85C00.15)70.0C9 1 Gag 3Bg ;- magnet
in a temperature range of 23—180°C.

CONCLUSIONS

(1) The substitution of Co for Fe in the (Nd; 75Dy 25139
(Fe, _,Co0,)793Cu,,Ga; By alloys with x = 0 to x =
0.20 allowed us to increase the Curie temperature of
sintered magnets from 327 to 492°C. This favors the
decrease in the modulus of the temperature coefficient
of induction from 0.099 to 0.060%/°C in a tempera-
ture range of 23—140°C.

(2) As Co substitutes for Fe, the coercivity of the
(Ndy 75Dyg25) 13.9(Fe; _C0,)795Cuy,Gay, B, magnets
at room temperature decreases from 24.6 (x = 0) to
14.3 kOe (x = 0.20). At 140°C, the H.; coercivity is
only 5.58 kOe for the magnet with x = 0.15.

(3) The causes for the decrease in the coercivity of
sintered magnets with increasing cobalt content are
both the decrease in the anisotropy field of 2 : 14 : 1
magnetic-phase grains and degradation of their mag-
netic isolation, which is related to the formation of fer-
romagnetic (Nd, Dy)(Fe, Co), Laves-phase inclu-
sions at grain boundaries.

(4) To increase the coercive force of magnets, they
were additionally alloyed with gallium; as a result,
Laves-phase precipitates become ferromagnetic.
Using advantages of strip casting and low-oxygen
technologies, sintered magnets were prepared from
the  (Ndj73Dyg27)14.5(Fe) 35C00.15)79.0Cu0,1Gag 3B
alloy, the Curie temperature of which is high and
reaches 457°C; the magnets are characterized by low
value of TCI (|—0.066%/°C]). The following hysteresis
characteristics of the magnet at room temperature and
140°C were reached: B, = 12.5 kG, H, = 15 kOe,
(BH), 2 36 MGOe and B, > 11.3 kG, H_ = 8 kOe,
(BH)ax 2 30 MGOe, respectively. These characteris-
tics of magnets correspond to world-level parameters.
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