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Abstract

Amorphous bulk Nd,sFe;;B; materials were produced by dynamic compaction of the amorphous powders. X-ray
diffraction and differential scanning calorimetry studies confirmed that the amorphous structure was well maintained
in the compacted materials. No appreciable crystallites were seen in the microstructures of the compacted
materials. Only at the particle boundary was there some melting during dynamic compaction, with the result
that a small fraction of fine Nd,Fe B crystallites was found in the microstructure. The amorphous bulk materials
showed low coercivity values as expected for amorphous Nd-Fe-B materials. Heat treatment of the bulk amorphous
materials yielded changes in the physical and mechanical properties due to the Nd,Fe,,B precipitates. Heat
treatment just above the crystallization temperature resulted in the formation of very fine precipitates (0.1 pm)
of the Nd,Fe,,B ferromagnetic phase, giving rise to high coercivity and high microhardness values. The annealed
materials were magnetically isotropic and showed a maximum energy product of 80 kJ m™>.

1. Introduction

It is known that sufficiently high solidification rates
result in the formation of amorphous structures. Rapid
solidification processing (RSP) techniques, such as melt
spinning and gas atomization, give amorphous materials
in splat, wire, ribbon, sheet or powder form [1-5]. The
maximum thickness of the amorphous materials is typ-
ically less than a few hundredths of a millimetre so as
to accomplish high solidification rates. Alternatively,
amorphous materials can be obtained by mechanical
alloying (MA) [6]. However, MA gives amorphous
materials in the powder form. The shapes of the amor-
phous materials severely restrict their application even
though they have many advantages, i.e. high mechanical
strength, good ductility, good magnetic properties, high
corrosion resistance, etc. Therefore there is the need
for the production of new processing techniques to
obtain bulk amorphous materials. Such bulk amorphous
materials may be useful as soft magnetic cores, shields,
inductors, rotors, tape heads, etc. In addition, the heat
treatment of bulk amorphous materials creates a variety
of mechanical and hard or soft magnetic applications,
reflecting the microcrystalline structures.

Conventionally, powders and ribbons produced by
RSP are consolidated into bulk form using powder
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metallurgy techniques. The most common techniques
used for consolidation are hot isostatic pressing, hot
pressing and hot extrusion [7]. However, these tech-
niques may decrease, modify or eliminate useful prop-
erties because such heat exposure generally results in
the precipitation of crystallites, with a totally different
combination of properties. If the amorphous structure
has to be retained, the consolidation parameters such
as temperature, time and pressure must be controlled
very carefully [8]. In particular, lower consolidation
temperatures are preferred to avoid crystallization.
Amorphous materials, therefore, have usually been
consolidated by cold compaction methods, such as cold
isostatic pressing, hydrostatic extrusion, forging, rolling
and dynamic compaction [7]. Because of the high
strength of these materials and the necessity of pre-
serving the amorphous structure, dynamic compaction
is preferred.

There have been several attempts to consolidate
amorphous powders or ribbons into bulk materials by
dynamic compaction [9, 10]. In this study, we have
chosen to investigate Nd-Fe-B alloys, which have at-
tracted growing interest as high performance permanent
magnets [11-13]. We have recently reported that amor-
phous Nd-Fe-B powders can be successfully consoli-
dated into bulk form without losing their amorphous
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structure by dynamic compaction [14]. This work is an
attempt to clarify the microstructure and magnetic
properties of the amorphous bulk Nd,sFe,,B; materials
and to investigate the effect of annealing on the magnetic
and mechanical properties of these materials.

2. Experimental details

Nd,;Fe,;B; alloy was prepared by arc melting in an
argon atmosphere. The alloy (20 g) was induction melted
and superheated to about 1623 K under an argon
atmosphere in a quartz crucible having an orifice (di-
ameter, 0.6 mm) at the bottom. The molten metal was
ejected through the orifice with argon onto a chromium-
plated copper wheel (diameter, 30 cm) rotating at a
surface velocity of 52 m s~'. The resultant melt-spun
ribbons were obtained as fragmented pieces (thickness,
20 pm; width, 2 mm). The melt-spun ribbons were
brittle and could be comminuted mechanically and
subsequently sieved to give particle sizes in the range
40-210 pm. The powders were placed in a steel container
(SCM3), and dynamically compacted by the impact of
an aluminium flyer launched by a 25 mm propellant
gun. The gun facilities and process have been described
in detail elsewhere [15]. The shock pressure in the
container was calculated to be 20 GPa by the impedance-
matching technique and the Hugoniots of the materials
involved in the collision before dynamic compaction;
this led to an optimal density of bulk amorphous
materials in our previous study [14].

The samples were taken out of the container after
dynamic compaction. They had been successfully con-
solidated into bulk materials. Typical dimensions of
the compacted materials were 13 mm thick and 25 mm
in diameter. The density of the compacted materials,
measured by Archimedes’ method, was 7.0 Mg m~>
(approximately 93% of the ingot density). Specimens
were cut from these compacted materials for further
processing and property measurements. Heat treatments
were performed in an argon atmosphere at temperatures
between 773 and 1173 K for 1.8 ks. After the heat
treatment, the specimens were quenched from the
annealing temperature. The amorphous state of the
compacted materials was confirmed by X-ray diffraction
(XRD) using Cu Ka radiation. The crystallization be-
haviour of the compacted materials was measured in
an argon atmosphere at a heating rate of 0.33 K s~
using differential scanning calorimetry (DSC). The mi-
crostructures of the compacted materials were inves-
tigated using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Thin foil spec-
imens for TEM studies were prepared by combining
mechanical and ion beam thinnings. The mechanical
properties of the specimens were examined at room

temperature using a microhardness tester with a Vickers-
type diamond pyramid indenter at a load of 0.2 N.
The magnetic properties of the samples were measured
at room temperature by a recording fluxmeter using
an electromagnet with a maximum applied field of 1.9
MA m~%.

3. Results and discussion

3.1. As-compacted materials

In the Nd-Fe-B ternary system, only the Nd,Fe,,B
phase has both a large saturation magnetization and
a high anisotropy field, which are essential for use as
a permanent magnet. Nd-Fe-B magnets generally have
the off-stoichiometric composition Nd,Fe,,B. One of
the typical compositions, which has been widely studied
and produced, is Nd,sFe,;Bg [11, 16, 17]. Figure 1
shows the results of XRD studies of the ingots, the
melt-spun ribbons and the compacted materials. Ac-
cording to the phase diagram, the Nd,;Fe,,B; alloy
should pertain to a three-phase region which consists
of Nd,Fe,,B, Nd and Nd, ,Fe,B, phases [18]. The XRD
pattern of the ingots is well indexed according to the
tetragonal Nd,Fe,,B phase. However, no clear dif-
fraction peaks are found from the other phases because
of the large fraction of the Nd,Fe,,B phase in the
Nd,;Fe;,Bg alloy. The XRD patterns of the melt-spun
ribbons and the compacted materials show no indication
of these peaks, but exhibit a broad maximum at around
40°. Such broad halos are characteristic of amorphous
structures. This suggests that the compacted materials
and the melt-spun ribbons are essentially in the amor-
phous state.
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Fig. 1. XRD patterns of Nd;sFe;B;g alloy: (a) ingots; (b) melt-
spun ribbons; (¢) compacted materials.
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Figure 2 shows the DSC curve of the compacted

materials measured at a heating rate of 0.33 K s~ ' in
an argon atmosphere. DSC studies for the compacted
materials show an exothermic peak at around 870 K
due to the transformation of amorphous to crystalline
states. The crystallization enthalpy of the compacted
materials is 3.7 kJ mol~'. This value agrees well with
that of amorphous melt-spun ribbons with the same
composition [19]. This also confirms that the compacted
materials have an amorphous structure. After the DSC
measurements, XRD studies were performed to examine
the crystalline phase. It was found that the specimens
consisted of tetragonal Nd,Fe,,B phase. Thus the
exothermic peak at about 870 K is due to the crys-
tallization of the Nd,Fe,,B phase from the amorphous
material.

Figure 3 shows transmission electron micrographs
and a corresponding scanning electron micrograph of
the compacted materials. Although some small cavities
are seen, the microstructure of the compacted materials
is featureless and no particle boundary is seen in the
scanning electron micrograph. In dynamic compaction,
the shock wave produced by the impact of the projectile
compacts the powders. Heat generated by closing of
the gap between the particles melts the particle surface
and the melt bonds the particles together. The heat
generated by dynamic compaction may affect the amor-
phous matrix and cause the precipitation of crystalline
material. However, no precipitates were observed in
the microstructure of the compacted material by SEM
studies. Several thin-sliced specimens were prepared
and further microstructural studies were performed by
TEM. Figure 3(b) shows a typical microstructure of
the compacted materials. The microstructure of the
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Fig. 2. DSC curve of compacted materials measured at a heating
rate of 0.33 K s~ ! in an argon atmosphere.
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Fig. 3. Transmission electron and scanning electron micrographs
of compacted materials: (a) scanning electron micrograph; (b)
transmission electron micrograph and a corresponding SAD pat-
tern of the matrix; (¢) transmission electron micrograph and a
corresponding SAD pattern of the particle boundary.

compacted material is featureless as is the scanning
electron micrograph. The corresponding selected area
diffraction (SAD) pattern of the specimen shows a
broad so-called “halo” pattern, which is characteristic
of amorphous materials. This also confirms that the
compacted materials have an amorphous structure.
Crystallite phases in layers within the amorphous
matrix can be seen in the transmission electron mi-
crograph shown in Fig. 3(c). This crystalline layer is
supposed to be the particle boundary where the surface
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of the particle melted and solidified during dynamic
compaction. With the exception of the rings with small
diameters, the rings in the SAD pattern fitted well with
the calculated d spacings using the lattice parameters
of the Nd,Fe,,B phase. This suggests that the particle
boundary consists of the fine Nd,Fe ,B phase and
amorphous materials. The thickness of the boundary
is about 0.1 um. Compared with the thickness of the
amorphous powders (20 um), the volume of the melt
is less than 1% of the whole particle. This indicates
that only a small portion of the particle surface is
melted by the heat generated during dynamic com-
paction, and the melt solidifies and bonds the particles
together. Although small amounts of crystallites exist
along the particle boundaries in the compacted ma-
terials, most of the particle retains an amorphous
structure.

Dynamic compaction of the amorphous powders at
a shock pressure of 20 GPa melts only a small fraction
of the particle surface and the heat generated by dynamic
compaction does not affect the amorphous matrix. Thus
it may be possible to produce a perfect bulk amorphous
material. Under the condition that only a very small
fraction of the particle melts, the melt may solidify
rapidly and this will result in complete formation of
bulk amorphous material. Such a perfect bulk amor-
phous material may be obtained by optimizing the
conditions for dynamic compaction.

Figure 4 shows a hysteresis curve of the compacted
material. It has been reported that amorphization in
Nd-Fe-B melt-spun ribbons decreases the coercivity
and the amorphous melt-spun ribbons show low coer-
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Fig. 4. Hysteresis curve of compacted material.

civity values [12, 20]. In this work, the coercivity of
the amorphous melt-spun ribbons is typically less than
8 kA m™'. The coercivity of the compacted material
remains as low as that of the amorphous melt-spun
ribbons. This suggests that the compacted materials
are amorphous. However, the shape of the hysteresis
loop of the bulk amorphous material is slightly different
from that of the amorphous melt-spun ribbons. Similar
hysteresis loops are often observed when amorphous
materials coexist with the ferromagnetic Nd,Fe,,B phase
in Nd-Fe-B melt-spun ribbons [21]. Thus the compacted
materials contain mainly amorphous phase, but also a
small fraction of a hard magnetic phase such as Nd,Fe,,B
crystallites. This is consistent with the results of TEM
studies which demonstrate the existence of the fer-
romagnetic Nd,Fe,,B phase at particle boundaries. The
compacted materials contain about 0.24 wt.% oxygen.
This suggests that the change in the hysteresis loop
may be partially due to contamination by oxides. The
effect of the residual strain from the shock pressure
may also affect the shape of the hysteresis loop [22].

3.2. Heat-treated materials

In amorphous materials, heating above the crystal-
lization temperature results in the precipitation of
crystallites. In the compacted Nd,;Fe,,B; materials, the
crystallization temperature of the Nd,Fe,,B phase from
the amorphous state, determined by DSC measure-
ments, is around 870 K. The crystallization temperature
varies with time and temperature during isochronal
annealing [23]. Therefore isothermal annealing was
carried out to modify the structure around the crys-
tallization temperature. Figure 5 shows the XRD pat-
terns of the compacted materials annealed at tem-
peratures between 773 and 1173 K for 1.8 ks, together
with the XRD pattern of the as-compacted materials.
Virtually no indication of crystallinity is found for the
sample annealed at 773 K. However, the XRD pattern
does not show a broad maximum, which is characteristic
of amorphous materials. DSC studies of the annealed
sample show an exothermic peak at around 870 K as
is the case for the original amorphous materials. There-
fore the sample annealed at 773 K retains an amorphous
structure. Small diffraction peaks are observed in the
samples annealed above 873 K. The small diffraction
peaks of the samples match those of Nd,Fe,,B. DSC
studies of the sample annealed at 873 K do not show
any exothermic peak as expected for the crystalline
materials. Thus the samples annealed above 873 K do
not have an amorphous structure but consist of the
Nd,Fe,,B phase. The XRD peaks of the Nd,Fe,,B
phase for the annealed samples become sharper as the
annealing temperature increases. This indicates that
the grain size increases as the annealing temperature
increases.
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Fig. 5. XRD patterns of as-compacted materials (a) and materials
annealed at 773 K (b), 873 K (c), 973 K (d), 1073 K (e) and
1173 X (f) for 1.8 ks.

Fig. 6. Scanning electron micrographs of the compacted materials
annealed at 873 K (a) and 1173 K (b) for 1.8 ks.

Figure 6 shows scanning electron micrographs of the
compacted materials annealed at 873 K (a) and 1173
K (b). The compacted materials have an amorphous
structure and hence show a featureless microstructure.
When the compacted materials are annealed at 873 K,
very fine precipitates are observed in the scanning
electron micrograph. A TEM study of the sample
annealed at 873 K reveals that the fine precipitates
are Nd,Fe,,B and that the average crystallite size is
about 0.1 um. The single domain size of the Nd,Fe,,B
phase is estimated to be 0.3 um [24]. The Nd,Fe,,B
grains in the sample annealed at 873 K are probably
single domain particles. Virtually the same scanning
electron micrographs are obtained for the samples
annealed at 973 and 1073 K. However, relatively large
precipitates (about 3 pm) are observed for the sample
annealed at 1173 K. These results indicate that grain
growth of the Nd,Fe,,B phase is significant at 1173 K,
but is suppressed during annealing below 1073 K. The
boundary phase for the sample annealed at 873 K was
not determined by energy dispersive X-ray (EDX)
analysis. However, the grain boundary for the sample
annealed at 1173 K was determined to be the Nd phase
as expected for the NdsFe,,B; alloy.

Figure 7 shows the dependence of the intrinsic coer-
civity ;H, on the annealing temperature for the com-
pacted materials. The materials initially have an amor-
phous structure and hence show very low coercivity
values. The coercivity of the materials, when annealed
at 773 K, remains as low as that of the as-compacted
material, but increases rapidly on annealing at 873 K.
The highest coercivity of 1.27 MA m ™' is obtained for
samples annealed at 873 K. The coercivity decreases
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Fig. 7. Dependence of the intrinsic coercivity ;H, on the annealing
temperature for the compacted materials.
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gradually between 873 and 1073 K and then decreases
rapidly above 1073 K. According to the XRD and SEM
studies, the observed rapid increase in ;H, at 873 K
is caused by the formation of Nd,Fe,,B crystallites.
When the compacted materials are annealed at tem-
peratures between 873 and 1073 K, the Nd,Fe,,B grains
remain small and show attractively high coercivity values.
However, when the Nd,Fe,,B crystallites become much
larger than the single domain size, the compacted
materials show lower coercivity values. This is consistent
with the results obtained by the heat treatment of
amorphous Nd-Fe-B materials [25, 26].

Figure 8 shows the demagnetization curves of the
compacted materials (as compacted (a) and after an-
nealing at 873 K for 1.8 ks (b)). Specimens cut from
the compacted materials were measured in directions
both parallel and normal to the direction of dynamic
compaction. Virtually the same hysteresis loops are
obtained in both directions. The annealed materials
are magnetically isotropic as is the case for melt-spun
ribbons, indicating that the Nd,Fe,,B crystallites pre-
cipitate in random orientations during annealing. The
maximum energy product and the intrinsic coercivity
values increase sharply to 80 kJ m~> and 1.27 MA
m~' respectively on annealing as shown in Fig. 8(b).

The mechanical properties of Nd-Fe-B magnetic
materials are important in the fabrication of magnets
and for the evaluation of the effects of processing
variables. Microhardness measurements have been used
to measure the mechanical properties of numerous
alloys and have received wide acceptance in research
work on materials [27]. Figure 9 shows the dependence
of the microhardness value H, on the annealing tem-
perature (773-1173 K) for the compacted materials.
The accuracy of the microhardness values depends on
the applied load. In the experiments, an applied load
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Fig. 8. Demagnetization curves of compacted materials: as-com-
pacted (a) and after annealing at 873 K for 1.8 ks (b).
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Fig. 9. Dependence of the microhardness value Hy, on the anneal-
ing temperature for the compacted materials.

of 0.2 N was selected for the measurements. The
microhardness value of the specimen annealed at 773
K is slightly larger than that of the bulk amorphous
material. This suggests that the mechanical properties
of the compacted materials change during annealing
at 773 K. The microhardness value increases and reaches
a plateau between 873 and 973 K as the annealing
temperature increases. It then decreases as the an-
nealing temperature increases. The maximum micro-
hardness value, Hy,=5.4 GPa, is obtained at 973 K.
This suggests that the microhardness values reach a
maximum when fine precipitates of the Nd,Fe,,B phase
are obtained. As the Nd,Fe ,B grains become larger,
the microhardness value decreases. This indicates that
the microhardness depends on the size of the Nd,Fe,,B
phase as is the case for the coercivity. According to
the results of both XRD and DSC analyses, the sample
annealed at 773 K retains an amorphous structure.
However, the microhardness measurement suggests that
the mechanical properties of the compacted materials
change. A slight increase in structural relaxation during
heat treatment results in an increase in the micro-
hardness value, suggesting that microhardness mea-
surements are very sensitive to structural changes.
Heat treatment of the amorphous bulk materials
above the crystallization temperature results in the
precipitation of the Nd,Fe,,B phase. With continued
heating at temperatures above the crystallization tem-
perature, the fine grains grow larger and, as a result,
yield changes in the magnetic and mechanical properties.
Both the coercivity and microhardness values strongly
depend on the annealing temperature, i.e. the crystallite
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size of the Nd,Fe,,B grains. The fine precipitates of
the Nd,Fe,,B phase give rise to both high coercivity
and high microhardness values. Large Nd,Fe,,B grains
lead to a decrease in the coercivity of the Nd-Fe-B
alloys as they are deleterious to the mechanical be-
haviour of metals and alloys.

4. Conclusions

Amorphous Nd,sFe,;B; melt-spun ribbons have been
consolidated by dynamic compaction using the gun
method. The compacted materials were identified to
be amorphous by XRD and electron diffraction. DSC
measurements confirmed the existence of the amorphous
materials, and the crystallization enthalpy of the com-
pacted materials was comparable with that of the amor-
phous melt-spun ribbons. The microstructures of the
compacted materials were featureless as expected for
amorphous materials. However, very fine Nd,Fe, B
crystallites were found in particle boundaries by detailed
TEM studies. These results indicate that heat generated
by dynamic compaction melts only a small fraction of
the particle surface and the particle itself remains in
the amorphous state. The compacted materials consist
mainly of an amorphous structure and show a low
coercivity.

Heat treatment of the amorphous bulk materials at
873 K caused the formation of Nd,Fe,,B crystallites.
The grain growth of the Nd,Fe,,B crystallites was quite
limited at temperatures below 1073 K, but was significant
at 1173 K. When the microstructures consisted of fine
Nd,Fe,,B precipitates (around 0.1 pm), the annealed
materials showed a maximum coercivity of 1.27 MA
m~'. The annealed materials were magnetically isotropic
and showed a maximum energy product of 80 kJ m~>.
The microhardness value of the specimen annealed at
773 K was slightly larger than that of the bulk amorphous
material. The microhardness value increased and
reached a plateau between 873 and 973 K, and then
decreased as the annealing temperature increased. The
maximum microhardness value, Hy,=5.4 GPa, was ob-
tained at 973 K. Both the coercivity and microhardness
values were strongly related to the size of the Nd,Fe, ,B
crystallites.
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