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This paper reports crystal structures, magnetic properties and thermal stability of TbCuy-type
Smg sFe(gs.8—x)C04.52r12Nby (x = 0—1.8) melt-spun compounds and their nitrides, investigated by means
of X-ray diffraction, vibrating sample magnetometer, flux meter and transmission electron microscope. It
is found that the lattice parameter ratio c/a of TbCus-type crystal structure increases with Nb substi-
tution, which indicates that the Nb can increase the stability of the metastable phase in the Sm—Fe
ribbons. Nb substitution impedes the formation of magnetic soft phase a-Fe in which reversed domains
initially form during the magnetization reversal process. Meanwhile, Nb substitution refines grains and
leads to homogeneous microstructure with augmented grain boundaries. Thus the exchange coupling
pining field is enhanced and irreversible domain wall propagation gets suppressed. As a result, the
magnetic properties are improved and the irreversible flux loss of magnets is notably decreased. A
maximum value 771.7 kA/m of the intrinsic coercivity H; is achieved in the 1.2 at% substituted samples.
The irreversible flux loss for 2 h exposure at 120 °C declines from 8.26% for Nb-free magnets to 6.32% for
magnets with 1.2 at% Nb substitution.

© 2018 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths.
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1. Introduction

Initially discovered by Katter et al in 1991,' the stoichiometric
SmFegN, intermetallic compounds in the hexagonal TbCu7-type
structure have excellent intrinsic magnetic properties with high
Curie temperature (743 K),' high saturation magnetization (1.70 T)?
and large anisotropy fields. Combined with good resistance to
oxidation, the TbCu-type Sm—Fe—N material has been considered
to be one of the promising permanent magnetic materials in the
field of small instruments such as miniature motors, actuators, and
sensors.’
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Since the discovery of TbCuy-type Sm—Fe—N compounds,
material researchers have already made some achievements in
enhancing the magnetic properties, either by the improvement
of preparation technology or the substitution of new ele-
ments.* ® Previous studies indicate that Zr or Hf addition can
stabilize the TbCu;-type metastable phase and Co addition is
able to enhance the Curie temperature of Sm (Fe,Co); com-
pound. Meanwhile, high performance TbCuy-type nanocrystal-
line Sm—Fe—N compounds with additions of Zr, Co, Nb, B
elements had been prepared by many researchers.””® However,
one of the major drawbacks of TbCuy-type Sm—Fe—N bonded
magnets is the poor thermal stability, which limits their appli-
cation at high temperature. Lately researches on MnBi/SmFeN
hybrid bonded magnets show that high coercivity MnBi im-
proves the thermal stability of hybrid magnets.!° Also more
works are concentrating on the SmyFei7Ny type magnetic ma-
terial with pure phase and fine grain structure.'"'? Unfortu-
nately, seldom researchers have studied the thermal stability
and magnetization reversal behavior of isotropic TbCuy-type
Sm—Fe—N magnets.

1002-0721/© 2018 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths.
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Recent studies on melt-spun Nd—Fe—B nanocrystalline magnets
show that Nb substitution refines the grain structure and enhances
the exchange coupling pinning field.”> Nb also increases the
nucleation field for irreversible magnetization reversal in TbCuy-
type SmCo-based magnets.'* Then will Nb substitution have similar
effects in TbCu;-type Sm—Fe—N magnets? The present work fo-
cuses on the role of Nb substitution in the Sm—Zr—Fe—Co system
alloy, which may shed some lights on enhancing the magnetic
properties of TbCuy-type Sm—Fe—N bonded magnets.

2. Experimental

The compounds of nominal composition of Smg sFe(gs8_x)C04.5-
ZrioNby (x = 0, 0.3, 0.6, 0.9, 1.2, 1.5, 1.8) were prepared by melt
spinning method under 50 m/s surface velocity in Ar atmosphere.
The precursors were melted from Sm, Fe, Co, Zr, and NbFe (purity
99.9%) constituent elements under argon using an induction
melting furnace. The as-quenched ribbons were annealed at tem-
perature of 800 °C for 1 h in an Ar-flowing tube furnace. Then
Sm—Fe—Co—Zr—Nb powders pulverized and sieved under 110 pm
were nitrided at 450 °C for 24 h in nitrogen atmosphere. Magnetic
properties of nitrides were measured at room temperature using a
vibrating sample magnetometer (VSM, Quantum Design Versalab)
with a maximum applied field of 3 T. X-ray diffraction (XRD)
analysis was carried out with a Rigaku Smartlab Diffractometer
using Co Ka radiation. The microstructure of ribbons was charac-
terized with a transmission electron microscope (TEM, FEI TECNAI
F20). Bonded magnets were prepared by mixing magnetic powders
and epoxy resin in the proportion of 100:4. The mixture was
pressed into cylinders with the size of @ 10 mm x 7 mm (Per-
meance coefficient, P. = 2) and the density of 5.85 g/cm>. The
bonded magnets were cured at 175 °C for 1.5 h. And then, the
bonded magnets were magnetized in a pulse magnetic field of 4 T.
Finally, the demagnetization curves of bonded magnets were
measured using NIM-500C hysteresis graph instrument. Both the
initial flux and the irreversible flux loss after heat treatment were
measured with a flux meter at room temperature.

3. Results and discussions
3.1. Phase evolution and structure

Fig. 1(a) shows the XRD diffraction patterns of as-quenched
Smg s5Fe(pal_x)C04,5Zr12Nby ribbons. The TbCu;-type metastable
phase is dominant in the as-quenched ribbons. As shown in Fig. 1, a
small amount of Nb substitution can suppress the precipitation of
Sm;y(Fe,M )7 phase. With the Nb content increasing, the diffraction
peaks of TbCuy structure become broadened and scattered, which
implies that Nb substitution stabilizes the residual amorphous
phase."” Fig. 1(b) gives the XRD patterns of as-annealed (at 800 °C)
Sm—Fe ribbons. The strengthened characteristic diffraction peaks
indicate better crystallization in the ribbons. The phase structure
of Nb-free sample is composed of soft magnetic phase a-Fe and
Sm-rich phase, however, the specimens with Nb substitution
contain scarce a-Fe and no Sm-rich phase. Furthermore, the mean
grain size of as-annealed ribbons notably decreases with Nb sub-
stitution, from about 60 nm at x = 0 to about 30 nm at x = 1.2,
according to Scherrer equation. Fig. 1(c) illustrates the variation of
lattice parameters and axial ratio c/a value versus the content of
Nb element. With the increase of Nb content, the lattice parameter
a decreases and the c increases, as a result, a noticeable expansion
of c/a value is observed. In fact, the greater the ratio of c/a, the
more the stable ThCus-type crystal structure.'® The results in
Fig. 1(c) manifest that Nb substitution also promotes the stability
of TbCus-type metastable phase in the Sm—Fe ribbons. Fig. 1(d)

shows the XRD patterns of Sm—Fe—Co—Zr—Nb nitrides. Fig. 1(d)
indicates that the diffraction peaks have an obvious left-shift after
nitriding, which shows N atoms have penetrated into the crystal
structure.!”

3.2. Improvement of magnetic properties

The room temperature magnetic properties, remanence By, coer-
civity Hgj and energy product (BH)max of Smg sFe(gs.g8_x)C04.5Zr12Nby
(x = 0—1.8) nitrides are listed in Table 1. With a small amount of Nb
substitution (x = 0.3, 0.6), the coercivity slightly increases, but the
remanence decreases remarkably. This is mainly because that the
microstructure of the ribbons is hardly modified with a little Nb
content, and saturation magnetization is reduced as Nb atoms sub-
stitute some Fe atoms. As Nb substitution increases from x = 0.6 to
x = 1.2, the grain structures are refined and the intergranular ex-
change gets enhanced, the coercivity of the Sm—Fe—N increases
gradually. The sample with 1.2 at% Nb reaches the maximum coer-
civity 771.7 kA/m. It should be noted that magnetic properties of
Sm—Fe—N have an obvious deterioration with over 1.5 at% Nb sub-
stitution. Because overfull Nb substitution (x > 1.5) stabilizes the
residual amorphous that hinders the interaction between grains.
Overfull Nb substitution also gives birth to more a-Fe phase. The soft
magnetic phase exists among grains which can weaken the inter-
granular interaction, thus the magnetic properties of the samples
decrease.’®2° The optimum magnetic properties of TbCus-type
Sm—Fe—N are achieved: B; = 8273 mT, Hg = 7717 kA/m, and
(BH)max = 90.1 kJ/m?>.

Fig. 2 depicts the hysteresis loops of optimum Nb substitution
(x = 1.2) sample and Nb-free sample, and the inset indicates the
XRD diffraction patterns of their powders. Nb substitution reduces
the soft magnetic phase a-Fe in the nitride and smoothes the
demagnetization curve graphically.

3.3. Thermal stability improvement of bonded magnets

To have a further understanding of the effect of Nb substitution
on thermal stability, the two types of SmgsFegsgC045Zr12N3 and
Smg sFegs.6C04.5Zr12Nb12N5 bonded magnets (named as NBO and
NB12 magnets for convenience) were prepared to investigate the
thermal demagnetization curve and irreversible flux loss. The
magnetic properties of materials are listed in Table 2.

The thermal stability of permanent magnetic materials is usu-
ally manifested by thermal demagnetization curves and irrevers-
ible flux loss (hjrr). The demagnetization curves of bonded magnets
were measured directly with NIM-500C hysteresis graph instru-
ment. The irreversible flux loss, hjy, average temperature co-
efficients @ and § were calculated from?':

_9(To) —o(To) _ 100y
iy = oTo) 100% (1)
— hirr
T - To) @

_H) ~HTy) 000
= HTo)Tex —To) * '°% ®

I

Here ¢(Tp) and ¢/'(Ty) are the flux value measured at room tem-
perature before and after the exposure at Tex. H(Tex) and H(Tp) are
the coercivity measured at exposure temperature Tex and room
temperature Tp. The open-circuit flux of magnets due to an expo-
sure at certain temperature, Ty, Was measured by the sample-
extraction method.
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Fig. 1. XRD patterns of as-quenched (a), as-annealed (b) Smg sFe(gs gx)C04.5Zr12Nby ribbons (v = 50 m/s) and its nitrides (d), the dependence of the unit cell parameters a, ¢ and the

axial ratio c/a on the Nb content (c).

Table 1
Dependence of magnetic properties on Nb content for Smg sFe(gsg—x)C04.5Zr12Nby
nitrides.

Nb content (at%) B; (mT) H,j (kA/m) (BH)max (KJ/m?3)
x=0 835.5 629.6 92.1
x=03 781.8 626.8 734
x=0.6 799.3 639.2 78.0
x=09 794.7 724.3 80.3
x=12 8273 771.7 90.1
x=15 787.8 733.1 721
x=18 716.5 640.1 68.8

As seen in Fig. 3, the demagnetization curves of Sm—Fe—N
bonded magnets appear to become compact at high temperature,
reflecting obvious deterioration of magnetic properties. However,
the remanence B; of NB12 magnets shows less decay at high tem-
perature (150 °C): 8.61% total loss for NB12 magnets versus 10.1%
loss for NBO magnets. The results indicate that magnets with Nb
substitution have a better performance in maintaining the
magnetization than magnets without Nb.

Fig. 4 illustrates the dependence of irreversible flux loss on
exposure temperature (60 °C, 90 °C, 120 °C, 150 °C, 170 °C) and
corresponding remanence temperature coefficient @. For any given
exposure temperature, the irreversible flux loss of NB12 magnets is
always about 2% less than that of NBO magnets. Also, the rema-
nence temperature coefficient @ (the dotted line) of NB12 magnets
decreases notably. Fig. 5 presents the long-term irreversible flux
loss of magnets exposed at 120 °C as a function of exposure time.

150

SmFeCoZr nitride
SmFeCoZtNb , « TbCu,
nitride

va-(Fe,Co)
; ..\ R
f = SmjFe,
| S

100

50

B0 40 50 60

M/ (A-m¥g)
o

_50 L
-100F = SmFeCoZr nitride
—— SmFeCoZrNb nitride
- 1 1 1 1 1 1 1 1
-2400 -1800 -1200 -600 0 600 1200 1800 2400

H/ (kA/m)

Fig. 2. Hysteresis loops of SmgsFegsgC045Zr15 nitride and SmgsFegs cC045Zr12Nby 2
nitride. The inset shows XRD patterns of their nitride powders.

The initial flux loss of NB12 magnets is approximately 2% lower
than NBO magnets. More importantly, the long-term (500 h) flux
loss of NB12 magnets slumps to 11.5%, in comparison with 14.7% of
NBO magnets. It is confirmed that Nb substitution improves the
thermal stability of TbCu-type Sm—Fe—N and reduces the irre-
versible flux loss of bonded magnets.
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Table 2

The magnetic properties of TbCu,-type Sm—Fe—N compounds and its bonded magnets.
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Nb content B (mT) Hej (KA/m) (BH)max (kJ/m?) @ (%[°C) B (%/°C)
Nb =0 Powder 844.9 651.5 92.1
Magnet 660.9 646.1 64.6 —0.080 -0.376
Nb = 1.2 Powder 843.7 737.3 91.5
Magnet 683.7 729.1 68.3 —0.062 -0.399
H/kOe H/kOe
-10.0 -15 -5.0 -25 0 =10.0 =1.5 =5.0 =25 0
8 T T T 0.8 8 v T T 0.8
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Fig. 3. Thermal demagnetization curves of NBO magnets (a) and NB12 magnets (b).
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temperature and calculated remanence temperature coefficient @.

3.4. Microstructure improvement

There is a strong connection between microstructure and
magnetic properties in TbCus-type Sm—Fe—N materials. Since the
thermal stability can be improved with Nb substitution, it is
indispensable to unveil the details of microstructure evolution and
its effects on the thermal stability.

The microstructure of SmgsFegsgCo45Zr12 and SmgsFegsg.
Co45Zr12Nbq> ribbons (named as NBO and NB12 ribbons) after
annealing at 800 °C for 1 h is shown in Fig. 6. The inset shows the
selected area diffraction patterns (SAED). As for NBO ribbons, the
microstructure is rather inhomogeneous, and the grain size
ranges from 50 to 100 nm (see bar chart in Fig. 6(a)). The SAED
patterns confirm the TbCu;-type metastable phase and «-Fe
phase in NBO ribbons. In comparison, the microstructure of NB12

Fig. 5. Long-term irreversible flux loss of bonded magnets as a function of exposure
time (120 °C in the air). The inset is the replay of initial (1 h) flux loss.

ribbons becomes much homogeneous as shown in Fig. 6(b). The
grain structure has a relative small size distribution and the
averaged grain size is 35 nm. Besides, polycrystalline diffraction
rings in the SAED patterns indicate scarce a-Fe phase in NB12
ribbons. Small grains and uniform grain boundary are favored by
exchange coupling interaction.>>*> The result of TEM micrograph
demonstrates Nb substitution effectively refines the grain struc-
ture. Therefore the magnetic properties of the alloy are notably
enhanced.

Fig. 7 shows HRTEM micrographs of NBO and NB12 ribbons. The
grain structure of NBO ribbons comprises TbCu7-type grains and o-
Fe grains with bar or cuneiform shape. The inhomogeneous and
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Fig. 7. The HRTEM micrograph of as-annealed NBO ribbons (a) and NB12 ribbons (b).

irregular grains cause high inner dispersal magnetic field, which
increases the magnetic domain reversal. On the contrary, the grain
boundary of NB12 ribbons is much smooth, suggesting small inner
dispersal magnetic field. The better microstructure is the main
reason of the magnetic properties enhancement in the Nb-
substituted alloy.

The microstructure is a crucial factor that affects the thermal
stability of Sm—Fe—N magnets. In nanocomposite magnets, the
process of magnetization reversal mainly includes domain

nucleation, pinning effect on domain wall motion and exchange
coupling between grains.’* The nucleation of reversed domain
occurs in those districts with low effective anisotropy field in
magnetic materials. And the domain wall will propagate by passing
through grain boundary. However, it is the exchange coupling
pinning effect that predominantly suppresses the movement of
irreversible domain wall into neighbor grains with high effective
anisotropy.”> 2% The exchange coupling pinning field can be
calculated from the formula as follows:



286 G.Y. Wu et al. / Journal of Rare Earths 36 (2018) 281-286

2kH ol
- :U'OAI/IS e NeirMs

H
P T

(4)

Here K{" is the magneto-crystalline anisotropic constant of hard
phase and rq is the grain size of soft phase. It is obvious that the
exchange coupling pining field is in proportion to anisotropic field
HX = 2K} /uoMs and in inverse proportion to the soft grain size.

Nb substitution notably refines the grain structure and increases
the fraction of grain boundary. As a result, the exchange coupling
pinning field is increased, and the irreversible domain movement is
suppressed under thermal fluctuation. Besides, Nb substitution
impedes the formation of a-Fe grains. Since the nucleation of
reversed domain forms in such regions with low effective anisot-
ropy,’ the initial reversed domain volume can be reduced. More
importantly, the homogeneous grain structure with less irregular
or cuneiform grains leads to lower inner dispersal magnetic field,
which reduces the magnetization reversal and helps maintain the
flux.?® Consequently, the irreversible flux loss of magnets with Nb
substitution is significantly decreased and the thermal stability gets
improved.

4. Conclusions

A certain amount of Nb substitution significantly enhances the
coercivity of Sm—Fe—N compounds. With 1.2 at% Nb substitution,
the optimum magnetic properties of ThCus-type Sm—Fe—N are
achieved: B; = 827.3 mT, H; = 771.7 KA/m, and (BH)max = 90.1 KkJ/m?>.
Nb substitution considerably reduces the irreversible flux loss of
Sm—Fe—N bonded magnets as well as the remanence temperature
coefficient @. For NB12 magnets, the 2-h irreversible flux loss at
120 °Cis 6.32% and @ is —0.065%/°C.

Nb substitution leads to homogeneous microstructure with
small and regular grains in the alloy, therefore the exchange
coupling pinning field gets enhanced and the inner dispersal
magnetic field is suppressed. Meanwhile, Nb substitution also im-
pedes the formation of a-Fe soft magnetic phase, resulting in the
decrease of nucleation of reversed domain. As a result, the irre-
versible flux loss is decreased and the thermal stability is improved
in the TbCu;-type Sm—Fe—N magnets.
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