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The phase evolution and magnetic properties of both melt-spun Nd,Feggq By 4
x = 10-39 mass % ribbons and isotropic bonded magnets have been investigated. A high
coercivity and remanence has been shown to be attainable even in the as-spun state with
Nd in the range of x = 28-30 mass % without heat treatment. The influence of heat
treatment in the 530 to 730° C range on magnetic properties of melt-spun ribbons has
been studied. A well-expressed effect of Nd concentration on the lattice volume of
Nd,Fe,B (P4,/mnm) phase and volume fraction of secondary phases has been revealed. It
was shown that exchange-coupling effect plays important role in the hard magnetic
properties of the alloys with low Nd content, but melt-spun alloys with high remanence
along are not sufficient to guarantee high magnetic performance.

HccenoBaHsl MarHUTHEIE CBOIICTBA M CTPYKTypa OblcTposakaneHHBIX cmraBoB Nd,Feggq B
x =10-39 mass % ¥ HBOTPOIHBIX MATHUTOILJIACTOB. BBICOKHE 3HAUEHUA KOIPIIUTUBHON
CUJIBI U OCTATOUHOM HHAYKIIMU MOTYT OBITL IOJYUYEHBl YK€ HeIIOCPEJCTBEHHO B MCXOJHOM
cocrograuu auaa cunasoB Nd, Fegg o B, | ¢ comepxannem Nd x = 28—-30 macc. % . Ycranosie-
HA 3aBHUCHUMOCTh MArHUTHBLIX IIapaMeTPOB CIIJIABOB OT TEMIEPATYPhLI OT:KUra B JUAIA30HE OT
530°C go 730°C. OrmeueHa uYeTKas CBA3L MEMKAy KOHIIEHTpalueil HeoguMa H O6beMOM
aiemenTapHoii aueitku (aser Nd,Fe,,B (P4,/mnm), a Takxe o6bemHoil moseil (a3, KOTOpEIe
00pasoBLIBAIOTCA B cILIaBax. IlokasaHo, uTo a(P(PeKT OOMEeHHOIo B3aMMOLEMCTBUI WIPAET
BAXKHYIO POJIb AJIsI MArHUTOMKECTKUX CBOMCTB CILJIABOB C HUSKUM COJEP:KaHUEeM HeoquMa,
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XOTS BBICOKOE 3HaueHNe OCTATOUHOM NHAYKIINN

MarHUTHBIX CBOMCTB.

Nanocomposite magnetic materials based
on Nd—Fe-B melt-spun alloys attract a con-
siderable attention due to their outstanding
magnetic properties [1]. These alloys can be
subdivided into two categories by composi-
tion. One group consists of Nd,Fe;,B hard
magnetic phase and the other one consists
of hard magnetic phase exchange-coupled to
a soft magnetic phase. The isotropic bonded
magnets using both single-phase and two-
phase melt-spun alloys continue to enable
important new applications in actuators and
sensors for storage media, consumer elec-
tronics and automotive industry. The mag-
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netic, corrosion and thermal properties of
such materials continue to be improved. The
technical insentive to use of Nd—Fe—B melt-
spun alloys is stimulated by various combina-
tions of intrinsic magnetic properties, low
flux aging loss, good thermal and corrosion
stability. But the best magnetic performance
of the bonded magnet also depends on the
type of polymer resin and volume fraction of
the magnetic material. Experimental results
[2-4] and micro-scale magnetic calculations
[6—7] show that the magnetic properties of
such materials depend heavily on the micro-
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structure, especially on the grain size and
phase distribution.

A typical feature of Nd-Fe-B ternary
systems is non-equilibrium solidification of
alloys. In this case, the reactions typical of
equilibrium crystallization remain incom-
plete or even are completely suppressed.
This is especially true for peritectic reac-
tions, that are typical of the Nd—Fe-B sys-
tem and are controlled by the diffusion of
elements in the solid state. For example, the
main hard magnetic Nd,Fe4,B phase is
formed by peritectic reaction. Hence, in-
crease of the alloy crystallization rate re-
sults in suppression of peritectic reaction
and thus in the extension of the tempera-
ture range and increase of the concentration
range where the primary iron crystals are
precipitated [8]. The non-equilibrium erys-
tallization has been evidenced in experiment
by various techniques (phase analysis and
differential thermal analyses) under study-
ing vertical polythermic cross-cut of ternary
diagram along the line corresponding to
Nd:B = 2:1 ratio traversing the concentra-
tion plane point that corresponds to the
Nd,Fe 4B phase stoichiometry.

Other effects of non-equilibrium crystal-
lization are observed in the area where the
primary crystallization fields of Fe, Fe,B,
Nd,Fe B, NdFe,B, phases meet the projec-
tion of liquidus surface on concentration
plane [9]. Moreover, the quenching rate of
alloys during melt-spinning process can
reach 10°-106 K/s and this should result in
the formation of metastable amorphous or
nanocrystalline soft magnetic phases and
thus deteriorate the magnetic properties of
alloys. In addition, the Nd,Fe 4B phase non-
stoichiometry may affect heavily the as-
quenched microstructure, which in turn will
influence the crystallization pathway during
annealing. In order to understand the effect
of alloy composition on the crystallization
behavior and observe the crystallization
pathways in both types of Nd-Fe-B melt-
spun nanocomposites, we performed a com-
prehensive study including magnetic meas-
urements and X-ray diffraction (XRD) ex-
periments of melt-spun and heat-treated
Nd—Fe-B alloys.

Alloy ingots with compositions of
NdXFeg8_9_XB1_1 and x =10-39 wt 0/0 were
produced by arc melting under purified
argon atmosphere. The quenched ribbons
were obtained by melt-spinning in Ar atmos-
phere at a roll speed of 20 m/s. Typical
ribbon thickness was about 30—-70 um. The
as-spun ribbons were examined in the initial
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Fig. 1. Fe-rich corner of Nd-Fe-B system.
The diagram shows compositions of NdXFemO_X_yBy
(x = 10-40, y=0.9-4) mass %. Note
Nd,Fe,;B and Fe;B are metastable phases (cir-

cles are experimental alloys).

state and then were annealed in the tem-
perature range from 530 to 730°C for 5-—
10 min under vacuum to develop the de-
sired nanocrystalline microstructure. The
bonded magnets were made by mixing the
ground melt-spun ribbons with formalde-
hyde resin, pressing the mixture at
10 tons/em? and then curing at 175°C for
30 min. The bonded magnets were 10 mm
in diameter and 5 mm in length. The mag-
netic properties of the ribbons were meas-
ured by vibrating sample magnetometer
(VSM) with an amplitude magnetic field up
to 2 T, and the characteristics of the
bonded samples were determined by hyster-
esimeter with pulse field magnetization.
The crystal structure was examined by X-
ray diffractometer DRON-2 in Co K, radia-
tion.

Fig. 1 shows the location of experimental
melt-spun alloys in the Nd-Fe-B ternary
phase diagram. The compositions of interest
are located along the line of constant B con-
centration (1.1 mass %) and cross the com-
mon vertex of a-FeNd,Fe 4,B-Nd,Fe,3B; and
Nsze14B—NdFe4B4—Nd triangles. The main
phases would be a-Fe and Nd,Fe 4B (at low
Nd content) and Nd,Fe 4B (at high Nd con-
tent). The metastable phase Nd,Fe,;;B; in
compositions of low Nd content can be ex-
pected, too. Fig. 2a illustrates the relation-
ship between H, measured normal and par-
allel to the ribbon plane for samples with
various Nd content. Fig. 2b—2d represent
typical hysteresis loops for some melt-spun
ribbons registered in the field parallel to
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Fig. 2. H, vs. Nd content for NdXFemO_X_yBy (mass %) melt-spun ribbons (a) and hysteresis loops of
the ribbons with various Nd content (wt %); (b) (x = 18.3); (c) (x = 23); (d) (x = 28).

the ribbon plane. It can be seen that a
smooth hysteresis loop with decent mag-
netic properties of M, /M, =0.77 and H, =
450 kA/m has been obtained in the alloy
with x = 28 mass % . The highest coercivity
was obtained in the samples with high Nd con-
tent (x = 28 and 31 mass %). Hysteresis
curves of the melt-spun ribbons with Nd in the
range from 18.3 to 26.5 mass % obtained
from VSM measurements show saturation re-
manence ratio M,./M, in the range of 0.7—
0.77. Therefore, the intergrain exchange-
coupling effect should play an important
role in the alloy.

The effect of Nd content on the magnetic
properties of isotropic bonded Nd,Fegggq B ¢
magnets, remanence B, and H,;, is shown in
Figs. 3a and 3b, respectively. Fig. 3c presents
hysteresis loops of some bonded samples. Ac-
cording to Fig. 3, three coercivity regions can
be distinguished. The coercivity appears to re-
main at about 100 kA/m in the range x = 10—
18 mass %, then increases slightly up to
300 kA/m when x is raising to 26.5 mass %
and finally raises considerably up to
1300 kA/m for alloy with x = 29-36 mass
% . Changes of coercivity are caused by pe-
culiarities of melt-spun alloy phase composi-
tion and reflects clearly the transitions be-
tween different tie lines of phase diagram.
Remanence does not show any significant
dependence on composition of the samples.
It should be noted that there is sharp de-
crease of Br for samples with x = 17 mass
% and x = 27 mass % . There is one possible
reason for the variation of the remanence for
alloys with x = 29-89 mass % due to it con-
siderable sensitivity to the manufacturing
conditions during bonding process (crushing

480

and compacting). Although the Nd,Feggg_
«B14 bonded magnets at x = 18-26.5 mass
% show moderate coercivity in the range
300-450 kA/m, a poor squareness appears
in the demagnetization curves causing a
much lower (BH),,, (see Fig. 3c). More-
over, the squareness of hysteresis loops of
the ribbons (Fig. 2c¢) measured in-plane is
essentially higher than the squareness of
bonded magnets (Fig. 3c). There are two
possible reasons on such behavior. One rea-
son is the poor squareness in this alloy may
arise from the fact that a-Fe is a magneti-
cally soft phase with inappropriate size
and/or distribution which interferes ex-
change-coupling between adjacent Nd,Fe,,B
and o-Fe grains. The other possible reason
may be related to the isotropic distribution
and low volume fraction of the ribbons in
the bonded magnets, which deteriorate both
squareness and remanence.

Fig. 4 shows XRD ©patterns for
NdXFe989_XB11 (JC:14:, 18.5, 21, 26.5, and
29) ribbons. For the x = 14, 18.5 and 21
alloys, X-ray phase analysis indicates
that the alloys contain mainly magneti-
cally hard Nd,Fe,B phase and «-Fe soft
phase. The main appreciable feature in the
XRD patterns is the peak broadening which
is the indication of fine grain size. As is
seen in Fig. 4, the volume fraction of a-Fe
phase gradually decreases with increasing
Nd content. The Rietveld refinement of the
XRD shows that the lattice volume of
Nd>Fe 4B (P45/mnm) phase increases from
921(2) A3 for x = 14.5 mass % to 947(2) A3
for x = 29 mass% melt-spun alloys.
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Fig. 3. Remanence (a) and coercivity (b) as functions of Nd content for NdXFemO_X_yBy bonded
magnet samples prepared from as-spoon ribbons. Demagnetization curves of some samples (c):
7 (x =18); 9 (x =20); 10 (x = 22); 11 (x = 24); 12 (x = 26 mass %).

Melt-spun ribbons were annealed to opti-
mize microstructure and to improve mag-
netic properties. Magnetic properties of iso-
tropic bonded magnets manufactured from
melt-spun ribbons annealed at different
temperatures are shown in Fig. 5a—c. The
heat treatment at temperatures range of
530-730°C does not show considerable im-
provement of coercivity for melt-spun alloys
with Nd content below x = 28 mass %, ex-
cept for the sample with x = 22 mass%.
The coercivity of Hy =600 kA/m is ob-
tained for the sample annealed at T =
650°C. It can be seen that Nd,Fegggq B4
ribbons with higher Nd content (x = 28—
39 mass %) annealed at temperature below
T = 650°C do not show any coercivity im-
provement. Moreover, a further increase of
annealing temperature up to T = 730°C de-
creases coercivity from H, = 1300 kA/m to
780 kA/m for x =32 mass % and x =
34 mass % samples. An increase of heat
treatment temperature to T = 730°C may
cause recrysllization and growth of
Nd,Fe 4B grains, which might account for
the drop in coercivity of samples with high
Nd content (x > 30 mass %).

On the other hand, the remanence in-
creases after heat treatment at 530°C to
0.33 T for melt-spun samples with x =
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Fig. 4. XRD patterns of the Nd,Fe,,, , B,

(x = 14.5; 18.5; 21; 26.5; 29 mass %) melt-
spun ribbons: I — Nd, Fe ;,B, 2 — a—Fe.
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Fig. 5. Coercivity (a) and remanence (b) as functions of Nd content for NdXFemO_X_yBy bonded
magnet samples prepared from the ribbons annealed at 530-730°C. Demagnetization curves of some
samples (c): x = 18.5, 26.5, 27.5, 31, 32, 34, 36 mass %) for the 1, 2, 3, 4, 5, 6, 7 samples,

respectively.

14 mass % and x = 16 mass % . The highest
remanence of 0.56 T and 0.5 T have been
achieved in the bonded samples with x =
34 mass % and x =36 mass %, respec-
tively. Heat treatment at 730°C increases
remanence to 0.4 T in samples with
x = 14 mass % and 16 mass % . One possi-
ble reason for remanence improvement at
high annealing temperatures in the samples
with x = 12.5-18 mass % can be the o-Fe
phase grain growth. However, the grain
growth due to the high temperature anneal-
ing is too excessive. This may explain why
coercivity of the Nd,Feggg B4 ribbons
with x =12.5-18 mass % annealed at
730°C is so poor. Typical demagnetisation
curves of heat-treated bonded samples are
shown in Fig. 5c.

The alteration of coercivity in the melt-
spun alloys with variation of Nd content
clearly indicates the development of par-
ticular structure and its influence on mag-
netic properties. Increasing Nd content re-
sults in increased volume fraction of high-
anisotropic Nd,Fe 4B phase in the melt-spun
alloys and hence affects coercivity. The al-
loys in the range x = 18.5-26.5 mass % (x
= 26.5 mass % being the Nd,Fe 4B sto-
chiometric composition) are of special inter-
est because these alloys are located near
NdgFeggBg composition and used for produc-
ing exchange-spring magnets combining
magnetically hard phase and magnetically
soft one. This explains why magnetic prop-
erties of the Nd,Feggg B4 1 ribbons in the
range x = 18.5-26.5 mass % containing
only Nd,Fe 4B and «a-Fe phases show moder-
ate magnetic characteristics due to the ex-
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change coupling between the magnetically
soft and hard grains.

It is known that the remanence of nano-
composite increases with the increasing
amount of soft magnetic phase, but it
should also be noted that such an improve-
ment does not favor the increas of mag-
netic performance of a-Fe/Nd,Fe 4B nano-
composites. The nominal compositions of
those alloys vary along the Nd,Fe;,B and
a-Fe tie line. As expected, B, increases and
H_; decreases with increasing o-Fe amounts.
Despite the increase in B,, the (BH),,,, un-
expectedly decreases with the increasing
amount of a-Fe, (in spite of the well-known
dependence (BH),,,,~B,/2). Thus, a high B,
value alone is insufficient to guarantee a
high (BH),,,, for the nanocomposite. To ob-
tain a nanocomposite with high (BH),,,.,
one must balance the B,, H_, and demag-
netization curve squareness. Although al-
loying elements are Lknown to refine
Nd—Fe-B nanocomposite microstructures to
yield improved overall magnetic perform-
ance [10, 11], the demagnetization curve
squareness of nanocomposites is, in general,
inferior to near-stochiometric Nd,Fe ;B
compositions produced by melt-spinning
technique.

To conclude, the Nd,Feggg ,B{¢ (from
x =10 to x = 39 mass %) melt-spun alloys
have been studied comprehensively. High
coercivity and remanence could be obtained
in as-spun Nd,Feggg By 4 samples with
x = 28-30 mass %. The X-ray analysis has
revealed that Nd,Fegg o B4 ¢ melt-spun alloys
in the range of compositions x = 18-26 mass
% consist of hard-magnetic Nd,Fe 4B phase
and soft-magnetic a-Fe one. The exchange
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coupling plays an important role in the hard
magnetic properties in the alloys. The effect
of annealing on magnetic properties of as-
spun Nd,Feggg B¢ 4 ribbons has been estab-
lished. The heat treatment of Nd,Feggg B 1
(x = 12-18 mass %) melt-spun alloys in the
530-730°C range results in a significant im-
provement of remanence due to recrystalli-
zation of a-Fe grains, as this phase is the
major one in these alloys. Heat treatment
of NdXFegs'g_XB»]_'] (x =19-39 mass 0/0)
melt-spun alloys does not show any pro-
nounced effect on remanence and coerciv-
ity, except for the alloys with high Nd
content (x = 32—-39 mass %) which show a
drop in H after annealing at 730°C.
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MaruiTHI BJIAaCTHBOCTI Ta CTPYKTypa
mBuaAKo3arapropanux cmiaasis Nd—Fe-B
IJA i30TPONMMHUX MATHITOILJIIACTIB

B.O.Aépamenko, O.M.Boéda, B.0.Bogda, €.0.Yepnos,
A.A.Rocmin, J].B.Kymnii, A.I'.Paenix, JI.B.Onuwenkxo, O.C.Topmurxa

HocaigyxkeHo Mar"iTHi BJAcTUBOCTI

Ta CTPYKTYPy IIBUAKO B3arapToBaHUX CILJIaBiB

Nd,Fegg 9B 1 x = 10-39 mass % i isorponEnx marmiTomnactis. Bucoki smauenns kKoepuu-
TUBHOI CHJIM Ta B3aJUIIKOBOI iHAYKIII MOMKHA oTpuMMAaTH BXKe 0e3l0ocepeiHbO Yy BUXiTHOMY
crai gasa cmuaasiB i3 Bmicrom Nd x = 28-30 mac. % . BcranosieHo 3aneskHiCTH MargiTHux
napamerpiB cmaasis Nd,Fegg o B, | Big Temmeparypu Bigmany y gmiamasomi TemmepaTyp Bix
530°C go 730°C. Bigmiueno uiTkuii 3B’s30K MiK KOHIEHTpPAIi€I0 HeoguMy Ta 06’eMoM
eremenTapHoi Komipku Nd,Fe B (P4,/mnm), a Takosx o6’emHMM BMmicToM (as, IO yTBOPIO-
I0OTbCA y cIIaBax. BceranosieHo, 1o edekT oOMiHHOI B3aemomil rpae BaKJIHUBY POJb Y
MArHiTOKOPCTKUX BJIACTUBOCTSX CILJIABiB 3 HM3bKHM BMICTOM HEOQMMY, X0Ua BHCOKA BAJIHIII-
KOBa IHAYKIliA TaKMUX CIJIaBiB He € rapaHTi€l0 BUCOKHX MATHITHMUX BJIaCTHUBOCTEM.
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