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ABSTRACT

The Nd-Y,sFess5NbsB,3 nanocomposite permanent magnets in the form of rods with 2 mm in diam-
eter have been developed by annealing the amorphous precursors produced by copper mold casting
technique. The phase evolution, structure, magnetic and mechanical properties were investigated with
X-ray diffractometry, differential scanning calorimetry, electron microscopy, magnetometry and univer-
sal uniaxial compression strength techniques. The heat treatment conditions under which the magnets
attained maximum magnetic and mechanical properties have been established. The results indicate that
magnet properties are sensitive to grain size and volume content of the magnetic phases present in the
microstructure. The composite microstructure was mainly composed of soft a-Fe (20-30 nm) and hard
Nd;Fe14B (45-65 nm) magnetic phase grains. The maximum coercivity of 959.18 kA/m was achieved with
the magnets annealed at 760 °C whereas the highest remanence of 0.57 T was obtained with the magnets
treated at 710 °C. The optimally annealed magnets possessed promising magnetic properties such as jHc
of 891.52kA/m, B; of 0.57 T, M;/M;=0.68, (BH)max of 56.8 k]/m? as well as the micro-Vickers hardness

(Hy) of 1138 +20 and compressive stress (o) of 239 + 10 MPa.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The rapidly solidified nanocomposite permanent magnets con-
sisting of a fine mixture of hard (Nd,Pr),Fe;4B (to provide
coercivity) and soft a-Fe or Fe3B (to provide magnetization) phases
have attracted much scientific and technological interest for the
development of the next generation permanent magnets [1,2]. The
compositional modification and process optimization approaches
have been employed to improve glass forming ability, structure and
magnetic properties with (Nd, Pr)3_g5—Fep,;-My_5-Bg_30; (M= Co,
Mo, Nb, Ti, V, Zr) alloy systems [3-6]. The bulk nanocomposite per-
manent magnets in the rods form with 0.5-1.2 mm in diameter
have been successfully developed by copper mold casting tech-
nique either in direct casting state or annealing the amorphous
precursors [7-10]. The conventional way to develop a permanent
magnet through copper mold casting is to make the amorphous
alloy and then annealingit at 600-700 °C for 10-30 min. These mag-
nets have the advantages over sintered magnets due to lower raw
materials cost, isotropic and in some cases with higher energy prod-
ucts, easier to magnetize in any direction, less contamination or
forming oxides due to short processing cycle and higher corrosion
resistance due to involvement of lower rare earth (RE) content. A
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maximum energy product of 400 k]/m3 has been predicted for the
isotropic nanocomposite magnets by micromagnetic calculations
[11], but so for energy product in the range of 80-160 kj/m3 [12-16]
has been achieved. This discrepancy is attributed to the difficulty
in obtaining optimized microstructure containing nanoscale phase
grains with homogenous grains distribution. It was found that the
hard magnetic performance of nanocomposites can be improved by
refining the microstructure, in particular the magnetic properties
of the constituent phases.

Recent studies indicate that micro- and macro-additions of
Nb [17], Zr [10], Ti [18], Mo [19] to a-Fe or Fe3B/Nd,Fe 4B type
nanocomposite permanent magnets have played the effective and
important roles in improving the glass forming ability, refining the
phase grains, suppressing the nonmagnetic phases, assisting the
formation of desired magnetic phases and controlling the kinet-
ics of crystallization. Similarly, the contents of Nd [20,21] and Y
[22] have remarkable effects on the phase formation as well as
glass forming ability of the nanocomposite magnets. An impor-
tant suggestion follows that the effects of these additives are phase
selective. Therefore, it might be possible to improve and even
tune the structural, magnetic, and mechanical properties of the
nanocomposite permanent magnets by controlling and adjusting
the contents of alloy constituents [23].

Zhang et al. [17] reported that after optimal crystallization,
the bulk NdgsFep,NbyBys og alloy shows large intrinsic coerciv-
ity of 1098.5kA/m and (BH)max=31.8k]/m3. It was found that
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Nb significantly improves the glass forming ability, refine the
microstructure and increases the coercivities. However, (BH)max
was lower due to low remanence and the existence of a con-
siderable volume fraction of the magnetically soft Fe3B and/or
a-Fe phases. It was also pointed out that Y element is effec-
tive in improving glass forming ability, stabilizing the amorphous
phase, reducing oxides during melting or heat treatment espe-
cially in low purity alloy and improving remanence [22]. Tan
et al. [10] also developed NdsY4FeggZroB,1 bulk sheet specimens
with relatively larger size of 0.8 mm x 10 mm x 50 mm, which after
crystallization at 690°C exhibit permanent magnetic properties
of jH. =382 kA/m and (BH)max =42.9 kJ/m3. Although the magnetic
product was obtained in large size but it possesses low magnetic
properties. The lower magnetic properties in these sheets magnets
were attributed to the formation of the non-ferromagnetic NdFe4B4
and NdFe3B3; phases as well as lower remanence.

For the rapidly solidified nanocomposite permanent magnets, it
has been desirable to obtain large size rods (rod >1.2 mm in diam-
eter) with better magnetic properties to extend their industrial
applicability. The present study aims to develop macroscopically
large size bulk nanocomposite Nd;Y;sFegs5Nb3By3 permanent
magnet in the form of rods and to investigate the structural, mag-
netic and mechanical properties which would shed some lights on
the future design of the bulk nanocomposite magnets for scien-
tific inquiry and industrial applications. The mechanical properties
for the rapidly solidified nanocomposite permanent magnets were
studied first time in the present alloy system. For the present work,
the Nd- Y, 5Fegs5Nb3B,3 alloy was selected based on our previous
studies [19] and considering the thermodynamic empirical rules
reported in Refs. [24,25].

2. Experimental

Cast ingots with nominal composition Nd7Y,5Fess5Nb3B,3 were obtained by
arc melting the metals Fe, Nd, Y, Nb, and Fe-B alloy (Fe 99.5, Nd, Nb, Y, FeB 99.9%
pure) under high purity Ar atmosphere. The ingots were remelted six times to
ensure homogeneity. Amorphous rods of 2mm in diameter and 32 mm in length
were prepared by injection copper mold casting technique. The glass transition and
crystallization temperature of the amorphous phase was measured using a differ-
ential scanning calorimetry (DSC, NETZSCH DSC 404 C) at a constant heating rate of
5°C/min. The samples were annealed in the temperature range of 660-810°C for
15 min under protective Ar atmosphere.

The crystalline structure was determined by X-ray diffraction technique with Cu
K, radiation (XRD, PANalytical X'Pert Pro). For peak resolution, each X-ray diffrac-
tion pattern was measured in the interval of 20° <26 <100°, using the scan speed
of 0.5°/min and step size of 0.002°. The phases observed in the X-ray diffraction
patterns were identified by comparing the observed peak positions (26) and their
corresponding intensities (I) with the standard powder diffraction files (PDF) using
the Hanawalt method [26]. The mean crystallite sizes of the phases were evalu-
ated by the X-ray diffraction method using the Scherrer’s equation [27] by taking
into account non-overlapped diffraction peaks corresponding to main Nd,Fe4B and
a-Fe phases.

The density of the magnetic samples was measured using Archimedes principle.
The uniaxial compressive tests on the cylindrical rods were performed with a uni-
versal testing machine (CMT5205 SANS, China) at a deformation rate of 5 x 104 s,
The tested samples with 2 mm in diameter and 4 mm in length were obtained from
the as-cast rods and four samples were tested to ensure the reliability of the results
in each case. Vickers hardness (Hy) measurements were conducted using an MVK-
E micro-Vickers hardness tester with the load and the dwelling time of 200 g and
15, respectively. For the better statistical hardness data, at least 15 measurements
were performed for each sample. Microstructural studies were investigated using
a high resolution scanning electron microscope (HRSEM, Hitachi S-4800) and high
resolution transmission electron microscope (HRTEM, JEOL JEM 2010). The phase
compositions in the nanocomposites were determined by energy dispersive spec-
troscopy (EDS) analysis. For HRSEM examination, longitudinal samples of the as-cast
rods were etched in 3% nital solution after polishing down to 0.5 wm finish using
a diamond paste. The longitudinal samples were prepared from the outer surface
of the as-cast rod i.e., the surface close to casting mold wall referred as peripheral
sample and from the inner surface i.e., half-cut along the rod axis referred as a core
sample. The magnetic properties were measured at room temperature by using a
Quantum Design MPMS-75 superconducting quantum interference device (SQUID)
with a maximum applied field of 5T after the calibration with a standard sample.
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Fig. 1. DSC profile of the as-cast rod of 2 mm in diameter.

3. Results and discussion

Fig. 1 shows the DSC curve for the as-cast alloy. As seen, the curve
shows two crystallization temperatures located at about 690 °C and
720°C, respectively. The X-ray diffraction pattern and outer surface
appearance of the as-cast rods are presented in Fig. 2. The X-ray
diffraction studies reveal a broad peak or no crystalline peak indi-
cating that as-cast rod was amorphous within the detection limit of
X-ray diffraction technique (Fig. 2a). As seen in Fig. 2b, the as-cast
rod shows a metallic luster surface, 2 mm in diameter and 32 mm
in length. The HRSEM images of the peripheral and core samples
for the as-cast rod are presented in Fig. 3. The SEM image shows
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Fig. 2. The X-ray-diffraction pattern (a) and (b) physical surface appearance of as-
cast rod.
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featureless structure for the peripheral sample (Fig. 3a), while the
core sample shows alittle amount of crystalline phase (bright spots)
in the amorphous matrix (Fig. 3b). The EDS analysis confirmed that
bright spots are enriched with Fe element. This result indicates that
bright spots might be a-Fe or Fe3B phase [28], suggesting that core
of the as-cast rod was partly crystallized due to slow cooling rate
as compared one with peripheral sample.

Fig. 4 shows the X-ray diffraction patterns of the annealed mag-
nets at 660, 710 and 760 °C for 15 min, respectively. The crystalline
peaks in the XRD patterns were indexed to the soft a-Fe, Fe;Nb,
Fe3B, Nd,Fe,3B3 magnetic phases and the hard Nd,Fe 4B magnetic
phase. Annealing at 660 °C shows a dual phase structure i.e., crys-
talline phase and residual amorphous phase. It is obvious due to
incomplete crystallization, as the selected annealing temperature
is not appropriate to transform the amorphous phase completely
into crystalline phase. Thus, high temperature annealing is essen-
tial to complete the crystallization. Annealing at 710°C shows the
quaternary-phase nanostructure corresponding to the a-Fe, Fe;Nb,
Fe;B, Nd,Fe,3B3 and Nd,Feq4B phases. The mean crystallite sizes at
710°C for the a-Fe and Nd,Fe4B phases were measured as 24.7 nm
and 49.2 nm, respectively. When annealed at 760 °C, the same a-Fe,
Fe,Nb, Fe3B, Nd,Fe;3B3 and Nd,Fe 4B phases were appeared. The
peak intensities of the a-Fe, Fe;Nb, Fe3B, Nd,Fe,3B3 and Nd,Fe 4B
phases at 760 °C were increased compared with the one annealed at
710°C, indicating that the volume fractions of the each phase was
slightly changed with increasing annealing temperature. The mean
crystallite sizes for the a-Fe and Nd,Fe 4B phases at 760°C were
measured as 28.9 nm and 53.6 nm, respectively. This suggests that
high temperature annealing treatment induces phase grain growth.
The X-ray diffraction studies revealed that optimizing the anneal-

Fig. 3. HRSEM images showing (a) peripheral microstructure and (b) core
microstructure of the as-cast rods.
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Fig. 4. X-ray diffraction patterns of the annealed magnets.

ing treatment for the Nd;Y, sFegs5Nb3B;3 alloy is essential to fix
the desirable volume fractions and crystallite sizes of the magnetic
phases that, in turn, responsible to improve the magnet properties.

The HRTEM images of the optimally annealed magnets at 710°C
are presented in Fig. 5. Fig. 5a shows the dense distribution of
the crystalline phase grains. The phases a-Fe, FesB and Nd,Fe 4B,
detected in the microstructure were confirmed by the detail
EDS analysis. The composition of the soft Fe;,Nb and Nd,Fe,;3B3
magnetic phases was found to be difficult to determine due to over-
lapping of phase grains and indistinguishable images. The mean
grain sizes for the soft a-Fe and Fe3B phases were around 25 £+ 5 nm
and 28 + 5 nm in diameter, respectively. The mean grain size for the
hard Nd,Fe;4B phase was around 55 + 10 nm in diameter. The high
resolution feature for the a-Fe, Fe3B and Nd,Fe 4B phase grains is
depicted in Fig. 5b. It can be seen that the hard magnetic phase
grain adjoin the soft magnetic phase grain, indicating the prob-
ability that exchange coupling exists between the soft and hard
magnetic phases. Obviously, the smaller grains will result in larger
contact area and increase the magnetic exchange coupling inter-
actions that, in turn, enhances the magnetic performance of the
magnets. The mean grain sizes measured with TEM was broadly
in agreement with the X-ray measurements. The microstructural
studies revealed that the annealed magnet microstructure contains
nanoscale grains of the soft and hard magnetic phases whereby
soft magnetic phase grain surrounded well to the adjacent hard
phase grain with almost homogenous distribution in the composite
microstructure.

The magnetization hysteresis loops for the as-cast and the mag-
nets annealed at 660°C, 710°C, 760°C and 810°C for 15 min are
presented in Fig. 6. The inset shows the magnetic hysteresis loop
for the as-cast sample. The as-cast sample shows magnetically soft
behavior which turns into magnetically hard due to nanocompos-
ite microstructure induced by annealing the amorphous precursors.
As seen in Fig. 6, the annealed magnets show the smooth hystere-
sis curves without steps, suggesting a strong exchange interaction
between the soft and hard magnetic phases [29].

The magnetic properties of the annealed magnets are presented
in Figs. 7 and 8. As seen, the sample treated at 660 °C exhibits coer-
civity jHc of 120.5KkA/m, Br of 0.29T, M;/Ms=0.52 and BHmax of
9.6 kJ/m3. At 660 °C, non-optimal volume content and grain size of
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Fig. 5. HRTEM microstructures for the optimally annealed magnet showing (a)
phase grains morphology and (b) a high resolution features of magnetic phase grains.
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Fig. 6. Magnetic hysteresis loops of thermally treated magnets. The inset shows
hysteresis loop of the as-cast rod.
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Fig. 7. Magnetic properties of thermally treated magnets.

magnetic phases cause the low magnetic properties. This is because
some phase crystals do not grow fully due to incomplete crystal-
lization. This suggests that high temperature annealing treatment is
essential to improve the magnetic properties for the as-cast alloys.
Annealing at 710 °C shows the magnetic properties such as jHc of
891.52 kA/m, B; of 0.57 T, M;/M; of 0.68 and (BH )max of 56.8 kj/m?3.

The observed increase in B; at 710°C can be related to finer
grain size (20-30 nm) of soft magnetic phases that tend to increase
exchange coupling with the neighboring grains. Annealing at 760 °C
leads to increase the coercivity from 891.52 kA/m to 959.18 KA/m
at the expense of reduction in the remanence from 0.57 T to 0.46 T.
The high coercivity at 760°C may be related to optimal volume
content and grain size of hard magnetic phase while coarsen-
ing of soft magnetic phases caused the reduction in remanence
[29,30]. The annealing at 810°C debases both ;H. and B; drasti-
cally due to undesirable grain growth of the soft and hard magnetic
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Fig. 8. Compressive true stress-strain curves for the as-cast and annealed rods with
2mm in diameter.
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Table 1

Mechanical properties of as-cast and annealed rods with 2 mm in diameter.
Condition Hardness, Hy Stress, MPa Strain, %
As-cast 950 + 20 894 + 10 2.96
Annealed at 660°C 1010 + 20 309 + 10 1.84
Annealed at 710°C 1138 + 20 239 + 10 1.51

phases [31]. These results indicate that magnetic properties of the
Nd; Y, sFegs sNb3Bo3 magnets were affected by the intrinsic prop-
erties of the constituent phases. The magnetic properties of the
Nd;Y, 5Fegs45Nb3B,3 magnets can be further improved by control-
ling the elemental addition to the Nd;Y, s5Fegs5Nb3B;3 alloys as
well as by suppressing the metastable Nd,Fe,3B3 phase resulting
in promoting large amount of Nd,Fe14B and a-Fe phases with ultra
fine grain size in the nanocomposite permanent magnets [32].

Fig. 6 compares the compressive stress-strain curves for the as-
cast and annealed rods at 660°C and 710°C, respectively while
the mechanical parameters are presented in Table 1. The as-
cast rods show the mean compressive stress (o) of 894 + 10 MPa
which decreased to 239 + 10 MPa with increasing annealing tem-
perature. The micro-Vickers hardness monotonically increases
from Hy 950420 (as-cast rod) to Hy 1138 +20 (annealed rod at
710°C). The behavior of the compressive stress and hardness can
be related to the microstructure and crystalline structure of the
Nd; Y, 5Fegs5Nb3By3 alloy. The as-cast microstructure comprised
the amorphous phase along with a small amount of crystalline
phase giving rise in the compressive stress value. The compres-
sive stress decreases with the annealing temperature due to the
precipitation of crystalline phases. In the annealed condition, mag-
nets possess low symmetry of the crystalline structure, less slip
plane system and complex microstructure, which contribute to the
magnetic properties but are unfavorable to the mechanical prop-
erties [33-35]. The annealed microstructure contains Nd,Fe;4B
hard magnetic phase grains (45-65 nm) and «-Fe, Fe3B (20-30 nm)
as the grain boundary phase (Fig. 5). Thus, when this magnet is
loaded under the compressive stress testing, nucleation of micro-
cracks might starts occurring at the grain boundary phase and
once these appeared, they propagate along the grain boundaries,
destroy the structure and caused the brittleness. This suggests that
rapidly solidified nanocomposite permanent magnets are worst in
brittle and toughness due its unique crystalline structure. Further-
more, the grain size, type and morphology of the grain boundary
phase present in the microstructure can influence the magnetic
and mechanical properties of the magnets. Grain boundary phase
strengthening, defects controlling and wet-ability are the effec-
tive ways for the improvement of mechanical properties of the
Nd,Fe14B based permanent magnets [36,37].

The compressive strength and hardness of nanocomposite mag-
nets can also be explained by the atomic bonding structure among
the alloy constituents [38,39]. The atomic bonding structure is dic-
tated by the atomic radius mismatch and enthalpies of mixing
(AH™X) values among the alloy constituents [40,41]. The large
atomic size mismatch established a high packing density, whereby
alloys with strong enthalpies of mixing lead to develop strong
bonding structure. In the present alloy, the atomic radius of the
alloy constituents is Fe 0.124nm, Nb 0.143nm, Nd 0.138nm, Y
0.182nm and B 0.09nm [42]. The atomic radii of the elements
decreasesin the order of Y > Nb > Nd > Fe > B. These large differences
in the atomic radii of the Y, Nb, Nd, Fe and B lead to improve the
atomic packing density of the alloy. Moreover, the enthalpies of
mixing (AH™X) in the present alloy system for Fe-Y, Fe-Nb, Fe-B
and Y-B atomic pairs is —54 kJ/mol, —42 k]/mol, —49 k]/mol, and
—58kJ/mol, respectively [43]. These negative enthalpies of mixing
for the atomic pairs indicate a strong attractive interactions among
the alloy constituent elements and leading to form atomic network

structure known as backbone structure which, in turn, responsible
to enhance the fracture strength of the present alloy system.

4. Conclusions

The Nd;Y; 5Fegs 5Nb3By3 permanent magnets were produced in
the form of rod with 2 mm in diameter by devitrification anneal-
ing of amorphous precursors produced by the simple copper mold
casting. Annealing the as-castrods at 710 °C for 15 min give a to best
hard magnetic properties such as ;H. =891.52 kA/m, M;/M;s =0.68,
B;=0.57T and (BH)max =56.8kJ/m3. The homogeneity, fine grain
sizes and ideal volume fractions of soft and hard magnetic phases
present in the nanocomposite microstructure causes the high coer-
civity and remanence in the annealed magnets treated at 710°C.
The mechanical properties of the studied nanocomposite depend
upon the sample composition as well as the processing parame-
ters. The optimally annealed nanocomposite permanent magnet
Nd; Y, 5Fegs5Nb3By3 exhibits the micro-Vickers hardness (Hy) of
1138 & 20 and compressive stress (o) of 239 4+ 10 MPa. The present
research work opens a new thought to develop nanocomposite
magnets by substitution of nonmagnetic Y or La element for mag-
netic elements like Nd in (Nd, Pr)3_g5-Fep,-M3_5-Bg_39; (M =Co,
Mo, Nb, Ti, V, Zr) alloy systems.
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