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Abstract Bulk nanocrystalline gadolinium (Gd) material
has been consolidated from Gd nanoparticles using spark
plasma sintering (SPS). High density (>99.5%) bulk
nanocrystalline material was achieved after sintering at a
temperature of 280 °C with a pressure of 500 MPa.
Microstructure analysis shows that the consolidated bulk
material exhibits a single phase with hexagonal close
packed structure and a fine grain microstructure with a
mean grain size of about 15 nm. The structural transfor-
mation from hexagonal condensed packed to face centered
cubic was not observed, and the second-order magnetic
transition remained in the nanocrystalline Gd sample. The
Curie temperature of the nanocrystalline Gd decreased
by more than 10.7 K below that of the coarse-grained.
The activation energies for the coarse-grained and the
as-consolidated Gd materials are 2.7702 and 1.0130 eV,
respectively.

Introduction

In recent years, the nanoscale materials received consid-
erable attention because they showed novel properties that
are markedly different from those of the traditional mate-
rials, due to the small-size effects and quantum-size effects.
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The metal gadolinium (Gd), the only simple ferromagnet
among the rare earth elements at room temperature, has
drawn tremendous attention and was broadly investigated
for the past decades [1-3]. Consequently, considerable
investigation has been devoted to the synthesis of many
kinds of nanostructural Gd materials including clusters,
thin films, particles, and their green compacts [4-9].
However, until now, the research on full dense bulk
nanocrystalline Gd is relatively rare. This is due to the
difficulties encountered in the synthesis of pure bulk
nanocrystalline Gd materials, resulting from its high reac-
tivity and low resistance to oxidation. Besides, in the
synthesis process by the common consolidation methods,
the energy (at high temperatures) required to densify nano
powders may cause the grains to grow up to micrometer
size.

In our recent research, a novel technique was developed
to prepare full dense bulk size-controllable nanocrystalline
pure rare earth metals [10], which enabled us to study the
influence of nanostructure on the thermal properties of Gd.

Experimental

The Gd nanoparticles were prepared by the inert-gas con-
densation technique [6]. The pure bulk Gd metal (99.9%) to
be evaporated was laid on the water-cooled copper anode;
the vacuum chamber was pumped to 10~* Pa and then was
backfilled with helium gas to the desired pressure. The
distance between tungsten cathode and a copper anode can
be adjusted from outside the vacuum chamber, so that the
arc plasma can be easily initiated and controlled. During the
operation, the pure bulk Gd metal was heated, melted, and
evaporated into atom smoke of the metal by the high tem-
perature of the arc plasma. The Gd nanoparticles were
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formed by collision between the metal atoms, after the
metal atoms collided with helium gas atoms and lost their
energy.

The spark plasma sintering (SPS) is a novel technique to
make powders into bulk nanocrystalline materials [11]. The
nano-Gd powders were sintered by using SPS (SPS-5.40-
IV/ET, Sumitomo Coal Mining Co., Ltd., Japan). The
prepared Gd nanoparticles were pressed in hard WC die
(20-mm diameter) under argon atmosphere with oxygen
concentration below 1 ppm, which efficiently inhibits
oxidation of the nanoparticles. The sintering was carried
out in vacuum, at a temperature of 280 °C, under the
pressure of 500 MPa and without heat preservation time.
After sintering, the consolidated bulk material was cooled
down to room temperature.

The crystal structure and the phase purity and compo-
sition of the nanoparticles, the consolidated bulk material,
and the raw sample were examined by X-ray diffraction
(XRD) with Cu Ko radiation. The crystallite size was
calculated using the relation: d = kA/B cosO, where d is
diameter, k is a constant (= 0.9), B is the half-maximum
line width, and 2 is the wave length of the X-rays. The
morphology of the nanoparticles and the microstructure of
the consolidated bulk pure Gd metal were observed with
PHILIPS TECNAIF30 (operated at 300 kV) transmission
electron microscopes (TEM) and select area electron dif-
fraction (SAED).

The density of the consolidated sample was determined
by the Archimedes method to be approximately over 99.5%
of that of bulk Gd. This density of the bulk nanocrystalline
material is considered to be very high.

Thermal analysis was carried out using differential
scanning calorimeter (DSC).

Results and discussion

The lattice structure and the phase purity of the nanopar-
ticles of the rare earth Gd metal, which was prepared by the
inert-gas condensation method, are very difficult to deter-
mine by XRD due to the oxidation and burning of the
nanoparticles. However, it can be easily estimated from the
XRD result of the nanocrystalline bulk Gd materials, which
is shown in Fig. 3. It shows the nanoparticles are mainly
composed of the Gd phase.

The TEM images of the Gd nanoparticles prepared by
the inert-gas condensation are shown in Fig. 1. The Gd
nanoparticles have nearly hexagonal shape and the size
distribution of the nanoparticles is very narrow, ranging
from 10 to 70 nm with a mean particle size of 40 nm. It
was also found that the as-prepared Gd nanoparticles have
integral surface and no defects and these nanoparticles are
connected together.
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Fig. 1 TEM micrograph of nano-particles Gd prepared by the inert-
gas condensation

In order to get more information on the Gd nanoparti-
cles, high-resolution transmission electron microscopy
(HRTEM) with SAED analysis was used. Figure 2 is the
atom crystal image. It is revealed that the space between
the atom surfaces in a single nanoparticle is 2.880 A,
which corresponds with the (002) crystal field of the Gd
hexagonal close packed (HCP) crystal structure. In the
meantime, it also provides the proof that the nanoparticles

ST

Fig. 2 HETEM micrograph of nano-particles Gd prepared by the
inert-gas condensation
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Fig. 3 XRD patterns of the rare earth metal Gd: (a) raw material and
(b) the as-consolidated

prepared by the inert-gas condensation are single-crystal
nanoparticles.

Figure 3 shows the XRD patterns for a coarse-grained
polycrystalline Gd raw material and the as-consolidated
sample. The Bragg peaks of the bulk Gd samples, arising
only from the equilibrium HCP phase and not from meta-
stable face centered cubic (FCC) Gd, are composed of a
single pure HCP phase of Gd. It can also be seen that the
diffraction peaks of the as-consolidated sample are broader
than those of the coarse-grained polycrystalline Gd raw
material due to the small sizes of the crystal grains in the
samples, indicating that the crystal size of the coarse-
grained Gd is coarser than that of the as-consolidated. The
average crystal sizes of the consolidated bulk nanocrys-
talline Gd sample, calculated using Scherer’s formula, are
about 14.4 nm, which is in agreement with the later TEM
observations (Fig. 5). In addition, an extra diffraction peak
around 20 of 52°, which does not belong to the Gd metal,
appeared in the consolidated Gd sample. Further indexing

Fig. 4 a TEM micrograph of
the polycrystalline Gd and b the
corresponding SAED patterns

indicates that it is a kind of Gd,Oz impurity with a
monoclinic structure.

Figure 4 shows typical TEM images and the SAED
patterns of the coarse-grained polycrystalline Gd raw
material. It is revealed from Fig. 4a that the mean grain
size of the coarse-grained Gd sample is over 1000 nm.
From the corresponding SAED (Fig. 4b), the existence of
HCP Gd can be confirmed by the characteristic diffraction
spots from single-crystal, the indexing of the SAED pattern
indicating the characteristic lattice planes (002),
(110),(112) of HCP Gd. The results are consistent with the
XRD results (Fig. 3).

Figure 5 shows typical TEM images and the SAED
patterns of the consolidated bulk nanocrystalline Gd
material. The TEM image of the consolidated bulk nano-
crystalline Gd is shown in Fig. 5a. It is revealed from the
TEM micrograph observation that the grain sizes in the as-
consolidated sample narrow range from 9 to 15 nm with a
mean size of about 13 nm. The homogeneous microstruc-
tures may be caused by the SPS unique sintering mecha-
nism. Figure 5b shows the corresponding SAED of the
nanocrystalline Gd, which is consistent with the crystal-
linity of the sample and reveals seven diffraction rings in
accordance with the (100), (002), (101), (102), (110),
(112), and (210) crystal planes of hcp phase Gd. So, the
corresponding indexing of the SAED pattern indicates that
the nanosized crystal grains have the same equilibrium
HCP crystal structure as common coarse-grained Gd.

In order to observe the interface of the nanocrystalline
Gd and get more detailed information about nanocrystal-
line Gd, the amplification of bulk Gd material is used
(Fig. 6). As can be seen from Fig. 6, the actual grain sizes
attain to 15 nm, which is in contrast with the previous
13 nm (Fig. 5). Meanwhile, the nanograins have the dif-
ferent orientations in the HRTEM micrograph. The space
between the atom surfaces in a single-nanocrystal is
3.1435 A, which is coincident with the (100) crystal field
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(000)

..(H(j) 2

@ Springer



5512

J Mater Sci (2009) 44:5509-5514

Fig. 5 a TEM micrograph of
the as-consolidated Gd and

b the corresponding SAED
patterns

Fig. 6 HETEM micrograph of the consolidated bulk nanocrystalline
Gd

of Gd HCP crystal structure. It is also found that the
maximum width of grain boundary with amorphous state is
about 2 nm. The formability of the special microstructure
in the bulk nanocrystalline Gd material is attributed to
SPS’s unique sintering mechanism and the character of the
raw nano-particles. By controlling SPS conditions or the
annealing process, dense homogeneous microstructures
with different grain sizes as low as 20—-100 nm can also be
obtained.

In the research, no evidence was seen for the FCC Gd
phase in either the XRD or TEM data. This indicates that
the nanosized Gd crystal grains still possess HCP structure.
Namely, the variations of grain size in present conditions
do not cause their structural transformations from HCP to
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FCC in the bulk Gd materials, which can take place in the
Gd nanoparticles when the crystal grain size reaches cer-
tain scale [6-8]. The size-induced transformations in
nanoparticles can be explained due to the modified surface
structure, large concentration defects present in the nano-
phase, or a change in the Gibbs free energy due to surface
energy term [12, 13]. As mentioned above, the mean grain
sizes in the as-consolidated nanocrystalline Gd sample is
about 15 nm. So, the reduction size could not attain the
critical point, at which the structure transformations from
HCP to FCC in the bulk Gd materials take place. Mean-
while, the concentration defects, once largely presented in
the nanoparticles, may be less in the bulk nanocrystalline
Gd materials. Moreover, the HCP Gd is an equilibrium
phase, but the FCC Gd is a metastable phase [14]. Com-
pared with the Gd nanoparticles, the bulk nanocrystalline
Gd material behaves steady state. The phenomena, how-
ever, are not observed in our bulk nanocrystalline Gd
materials which maybe due to the larger crystal grain size
and the different nanostructure states, especially the bulk
nanocrystalline in our study.

Figure 7 shows the calorimetric traces of the as-consoli-
dated and coarse-grained bulk Gd samples at the heating rate
of 20 K/min. To our knowledge, the paramagnetic—ferro-
magnetic phase transition in polycrystalline coarse-grained
Gd is the second-order magnetic transition. However, the
trace of the bulk nanocrystalline Gd materials is like “1”
shape with the obvious characteristic of second-order tran-
sition, indicating that the second-order paramagnetic—
ferromagnetic phase transitions take place in the bulk
nanocrystalline sample. In other words, nanostructures do
not change the magnetic transition and still preserve the
second-order magnetic transition in the bulk nanocrystalline
Gd material. At the same time, all traces exhibit an obvious
endothermic peak due to the second-order ferromagnetic —
paramagnetic phase transition, which can be identified with
the Curie temperature T¢ [5, 15, 16].



J Mater Sci (2009) 44:5509-5514

( ]
[ ]
T .
—_ [ ]
2 .
) .
3 .
£ '.\
D
-
s
= (b)
=
(a)
1 1 1 1 1
220 240 260 280 300

T(K)

Fig. 7 The calorimetric traces of the bulk Gd samples: a the
as-consolidated and b the raw material

As illustrated in Fig. 7b, the sharp peak of coarse-
grained Gd located at 293.6 K is very close to the literature
value for 7c in Gd (294 K [3]). In contrast, the corre-
sponding curve for the nanocrystalline Gd material with
15 nm manifests a broader, more rounded peak, and the
temperature of the maximum heat flow is 282.9 K shown in
Fig. 7a. So, the T¢ peak temperatures are strongly depen-
dent on the crystallite size of the bulk Gd materials and the
temperatures of the Gd turn out to be reduced to 10.7 K.
The broadening of T peak in the as-consolidated sample
comparison with the coarse-grained bulk Gd sample, can
be at least partially, attributed to the structural disorder due
to the significantly increased total grain boundary area in
the bulk nanocrystalline material. A similar phenomenon,
related to the finite size effect, has been found in previous
studies for Gd nanoparticles and thin films [4-6], also
widely observed in other nanocrystalline ferromagnetic
systems [17, 18].

The kinetic analysis of the magnetic phase transition of
the as-consolidated and raw samples has been performed
by using Kissinger’s method [19]. Figure 8 shows the DSC
curves obtained from the as-consolidated and raw samples
at different heating rates. The effective activation energies
for the magnetic phase transition (ferromagnetic — para-
magnetic) can be obtained using the following equation
[19]:

In(T?/B) = In(E,/ksKo) + Ea/ksT, (1)

where f3 is the heating rate, kg is the Boltzmann constant,
Ky is the frequency factor, and E, is the apparent activation
energy. The calculated values of E, are 2.7702 and
1.0130 eV for the coarse-grained and the as-consolidated,
respectively. The coarse-grained bulk Gd has relatively
large value of E,, indicating that the atoms of coarse-
grained Gd sample need larger additional energy for the
second-order transition from ferromagnetic phase state to
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Fig. 8 DSC curves (10, 20, 40 K/min) of the rare earth metal Gd:
a the as-consolidated and b the raw material

paramagnetic phase state compared to that of the bulk
nanocrystalline Gd metal. The high transition temperature
and large activation energy imply that the ferromagnetic
phase in coarse-grained Gd sample has high thermal sta-
bility with respect to the bulk nanocrystalline Gd.

Conclusions

In summary, full dense bulk pure nanocrystalline Gd
material has been synthesized through combining the inert-
gas condensation with the SPS technology. The SPS Gd
metal with a single HCP phase and a mean grain size of
about 15 nm is obtained. The formation of the fine grain
microstructure is a result of both the SPS consolidation
mechanism and the intrinsic properties of the initial
nanoparticles. The structural transformation from HCP to
FCC does not take place in the nanocrystalline bulk Gd
materials. Meanwhile, the nanostructure does not change
the magnetic transition and still preserve the second-order
magnetic transition. However, the Curie temperature 7¢ of
nanocrystalline Gd is more than 10.7 K below that of
coarse-grained polycrystalline Gd, and manifests a broader
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shape than the coarse-grained ones. The activation energies
(E,) for the coarse-grained and the as-consolidated sam-
ples, calculated using Kissinger’s method, are 2.7702 and
1.0130 eV, respectively.
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