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Abstract

Inductively coupled radio frequency plasma spraying was used to prepare ultrafine powders of Sm,03, Dy,0O3, and Lu,O3. These three materials
were studied because they are effective dopants in multi-layer ceramic capacitors (MLCC) to improve lifetime. The as-sprayed powders consist of
both micron-sized mono-dispersed spherical particles and nano-sized particles in various shapes. In addition to the spheroidization effect, plasma
treatment leads to an increase of the monoclinic phase fraction associated with a corresponding decrease of the amount of the cubic phase. The
degree of this phase change was found to depend sensitively on the sprayed oxides, decreasing with increasing atomic number of the rare earth
element, which is associated with their thermodynamic stability. Furthermore, the monoclinic high-temperature equilibrium phase induced by
plasma treatment remains stable at room temperature and even during annealing at a temperature of 900 °C.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Rare earth oxides have the greatest, most negative, standard
free energies of formation compared with any other oxides,
accounting for their exceptional thermodynamic stability.!
These oxides occur in several oxidation states of which the triva-
lent is the most common. The solid state chemistry of rare earth
atoms in combination with oxygen is primarily dependent upon
their electronic configuration and ionic size. As electrons are
added to the 4f orbital, the increasing nuclear charge is effec-
tively shielded by the outer 5d! and 6s> valence electrons. This
makes the valency hold favorably in a trivalent state for most rare
earths whose energy varies gradually across the series.> Gener-
ally, rare earth sesquioxides (R»O3) crystallize in five different
structures, named A, B, C, H, and X. The A-type (hexagonal)
structure can be described in space group P32/m with 1 formula
R20O3/unit cell. The B-type (monoclinic) structure is of space
group C2/m with 6 formulas/unit cell, and the C-type (cubic)
structure is described in space group Ia3, containing 16 R,03
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molecules/unit cell. The H-type (hexagonal) and X-type (cubic)
structures are found only at temperatures above 2000 K. The A-
type and the closely related B-type structures are adopted by the
lighter rare earths, whereas the C-type is found for the heavier
rare earths and similarly sized Yttrium.?> With increasing atomic
number, the ionic radii of rare earth decrease steadily throughout
the series, the thermodynamic stability of the rare earth sesquiox-
ides increase, and the stability area of the cubic C-type phase is
considerably expanded.

Due to their unique properties, numerous functional materi-
als based on rare earth oxides have been developed in a variety
of fields, including phosphors,4 catalysts,5 and fuel cells,®” etc.
Some of these applications have reached the technological matu-
rity, which is associated with large scale industrial consumption
of the rare earth oxides.

Since the 1980s, ultrafine rare earth oxide particles ranging
from nanometer to sub-micrometer scale have attracted much
concern due to their remarkably different physical and chemical
properties from those of bulk materials. These extraordinary
properties are attributed to quantum size and surface effects.®
Besides the particle size, in some applications, such as phos-
phors, the particle shape and the agglomeration degree are of
great importance. Non-agglomerated spherical particles are pre-
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Fig. 1. Inductively coupled RF plasma spraying system.

ferred as such a shape offers the most efficient packing and small-
est surface-to-volume ratio. Due to the employment of new pro-
cesses for ultrafine powder preparation”!? and the application of
high-resolution transmission electron microscopy (HRTEM) for
characterization,!! there has been substantial progress in both
fundamental and applied research for rare earth materials within
the last 10 years. Currently, there are, however, still some lim-
itations in conjunction with the powder preparation processes,
e.g. contamination, complexity in procedure, or low throughput.
Inductively coupled radio frequency plasma spraying, pow-
ered by high-frequency oscillating electrical current, performs
an important role in fine powder manufacture.!? Its main
advantages include minimum contamination, high energy den-
sity, spheroidization effect, and flexibility in pressure and
atmosphere.!3 In this paper, ultrafine powders of rare earth
sesquioxides Sm»03, Dy;03, and LuyO3 were prepared using
this technique. The particle size distribution, morphology and
phase compositions of the as-sprayed powders were studied.

2. Experimental procedure
2.1. Equipment

The powder processing was carried out using a 35 kW Tekna
Plasma System with RF plasma torch (PL-35) operating at
3 MHz (Fig. 1). The installation comprises a RF power supply,
a plasma torch, plasma gas control system, vacuum pumping
system, water cooling system, a powder feeder, and three pow-
der collection chambers. Argon was used as plasma central gas,
sheath gas, and feeding carrier gas. The corresponding flow rates
were fixed at 20, 50, and 6 slpm (standard liters/min), respec-
tively. Spraying was done at a power input of 18 kW and a cham-
ber pressure of 5.332 x 10* Pa. Pure Sm, 03, Dy,03,and Lu, 03
powders (from AMR Technologies Inc., purity 99.5 wt.%) were
used as starting materials. With a constant rate, this raw material
was fed by a pair of screw conveyers into the powder feeder and

carried by argon gas, flowing axially into the center of the plasma
plume through the probe. After plasma treatment, the material
was quenched with extremely high speed and was subsequently
collected by cyclone into three chambers. The chambers enabled
the collection of particles with different size ranges. From cham-
ber 1 (C1), chamber 2 (C2) to chamber 3 (C3), the collected
powders have a decreasing tendency in particle size.

2.2. Characterization

The particle size and morphology of the sprayed powders
were studied using Fritsh Analysette 22 Laser Particle Sizer
(for raw materials, sprayed C1 and C2 powders), Malvern Zeta-
sizer Nano ZS (for sprayed C3 powders), scanning electron
microscopy (SEM, JEOL JSM 6340F) and transmission elec-
tron microscopy (TEM, JEOL JEM 2010). For phase analysis of
the processed polycrystalline powders, X-ray diffraction (XRD)
experiments were done in Bragg—Brentano geometry employ-
ing a Shimadzu 6000 diffractometer with Cu Ka radiation
(A=1.5418 A). To determine the lattice parameters as well as the
quantitative phase composition, further evaluation of the diffrac-
tion patterns by means of the Rietveld method was carried out
using the TOPAS software.'* Differential scanning calorimeter
(NETZSCH DSC 404) was employed to determine the phase
transformation temperature of sprayed powder.

3. Results

Sm;03, Dy,03, and Luy O3 raw material powders used were
mainly in the micron size, with a wide particle size distribution
(shownin Fig. 2(a)). Fig. 3 shows SEM micrographs of the differ-
ent rare earth oxides powders before and after plasma spraying.
As indicated for Dy,0j3 in Fig. 3(a), particles of the raw mate-
rials have dimensions in the micron range and are of irregular
shape. Plasma spraying, however, changes size and morphology.
Powder collected in chambers C1 and C2 consists mainly of
micron-sized spheres with smooth surfaces, suggesting a melt-
ing history (Fig. 3(b and c)). Their particle size distribution
shown in Fig. 2(b and c) indicates that the sizes of SmyO3 and
Dy»03 sprayed powders from C1 and C2 decrease as compared
with raw materials, while that of LuyOs3 has little change. The
presence of a small amount of irregularly shaped large particles
can be explained by insufficient heat treatment and, thus, incom-
plete melting of the raw material. From Fig. 2(d) it can be seen
that the particle size of Dy>O3 powder decreases after spraying.
Additionally, the sprayed Dy,O3 powder collected in chambers
C1 (Fig. 3(b)) and C2 (Fig. 3(c)) contains a small fraction of
nano-sized particles which can be deduced from the light-gray
clusters visible in the background of the micrographs. Taking
Fig. 3(e) into consideration, it can be deduced that the fraction
of nano-sized particles increases in the order C1 — C2 — C3.
Comparing the morphology of different rare earth oxide particles
collected in the same chamber indicates another tendency. With
increasing atomic number of the rare earth metal, the fraction of
the micro-sized spherical particles increases and, accordingly,
that one of the nano-sized particles decreases, as can be seen for
the C3 powders in Fig. 3(d-f).
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Fig. 2. Particle size distribution of raw materials and sprayed powders:s (a) raw material; (b) sprayed C1 powders; (c) sprayed C2 powders; (d) Dy,O3 raw material

and sprayed powders.

After separating micro- and nano-sized particles of C3 pow-
ders by ultrasonic vibration, the nano-sized particles were mea-
sured by laser nano-particle sizer. The results in Fig. 4 sug-
gest that they have an average particle size around 50 nm (due
to agglomeration, nano-particles below 30nm, which can be
observed under TEM, were not detected by the laser). TEM
micrographs in Fig. 5 reveal that instead of being totally spheri-

cal, some of the nano-particles are of elliptical or irregular shape
(Fig. 5(a)). Furthermore, high resolution TEM pictures (Fig. 5
(b)) show that the nano-particles are single crystalline. In some
cases, there is a small amount of amorphous phase connecting
the single crystallites (Fig. 5(b)). The amorphous phase seems to
be the result from extremely high speed cooling of the vaporized
material.
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Fig. 3. SEM micrographs of different rare earth oxide powders before and after RF plasma spraying: (a) Dy,O3 raw material; (b and c) sprayed Dy,O3 powder
collected in chamber C1 and C2; (d—f) Sm203, Dy>03, and Lu;O3 powder collected in chamber C3.
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Fig. 4. Particle size distribution of sprayed C3 powders: (a) SmyO3; (b) Dy>03;
(c) LuyO3.

To determine the phase composition of the powders before
and after spraying as well as the associated lattice parameters
of the unit cells, XRD patterns were collected and analyzed by
Rietveld refinement. SmyO3 raw material consists mainly of
the monoclinic B-type phase (JCPDS-ICDD 42-1464). Addi-
tionally, there is a small amount (7 wt.%) of the cubic C-type
phase (JCPDS-ICDD 15-0813). In contrast, the raw materials of
Dy,03 and Lu, O3 only contain the cubic C-type phase (JCPDS-
ICDD 22-0612 and 12-0728, respectively (Fig. 6, curve (a))). For
all rare earth oxide powders, RF plasma spraying results in an
increase of the fraction of the monoclinic B-type phase. Taking
Dy, 03 for example (Fig. 6), it can be clearly identified that after
spraying there are both cubic and monoclinic Bragg reflections
in the diffraction patterns. Moreover, the monoclinic phase is
more pronounced. Comparing the diffraction diagrams for the
sprayed Dy,03 powders in more detail (Fig. 6, curves (b—d)), it
can be seen that there is an intensity decrease for the cubic Bragg
reflections in the order C1 — C2 — C3. Consequently, the frac-
tion of the monoclinic phase increases which is confirmed by
quantitative phase analysis (Fig. 8). It should be mentioned that
calcination of sprayed Dy,O3; powder collected in chamber C2
at 900 °C for 4 h does not result in a change of the phase com-
position. Thus, this monoclinic high-temperature equilibrium
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Fig. 6. (a—d) XRD patterns of Dy,O3 raw material and sprayed powders.
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Fig. 7. (a—c) XRD patterns of Smy0O3, Dy>03, and LuyO3 sprayed powders
from chamber C3.

phase is stable even during heat treatment at low temperatures.
As in the case of Dy;03, the fraction of the monoclinic B-type
phase also increases for the other rare earth oxides during RF
plasma spraying. However, the degree of the phase change is dif-
ferent. Comparing the diffraction patterns for SmyO3, Dy, 03,
and LuyO3 powder collected in chamber C3 (Fig. 7), there is
an intensity decrease for the monoclinic Bragg reflections and,
thus, a decrease of the fraction of the B-type phase with increas-
ing atomic number of the rare earth metal. This observation
is confirmed by the results of the quantitative phase analysis
(Fig. 8).

Besides the fractions of the various phases, quantitative anal-
ysis of diffraction patterns also provides the lattice parameters

Fig. 5. (a and b) TEM micrographs of Sm;O3 nano-particles from chamber C3.
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Fig. 8. Results of the quantitative phase analysis for raw and sprayed materials,
whereby the fractions of the monoclinic phase are given in wt.% (as there is no
reliable structure information for monoclinic Dy,O3 and Lu; O3, structure data
of monoclinic SmyO3 was used for Rietveld refinement, as they have similar
structure?).

of the corresponding unit cells. For sprayed Sm;03, Dy,03,
and LuyO3 powder from chamber C3, they are listed together
with the associated unit cell volume V as well as the equiva-
lent volume VR,0, of one molecular unit R;O3 in Table 1. As
the fractions of cubic SmyOs3, cubic Dy,03, and monoclinic
Lu,03 are very small (Fig. 8), the corresponding lattice param-
eters were determined with high uncertainties resulting in large
errors. Concerning the cubic phase, the lattice parameter a and,
thus, the associated unit cell volume V decrease with increas-
ing atomic number of the rare earth metal. This result can be
explained by the lanthanide contraction effect and is in accor-
dance with the shift of the cubic Bragg reflections to higher
diffraction angles (Fig. 7), which can be observed best for the
222 reflection (Smp0O3: 26 =28.2°, Dy;03: 260 =28.9°, Lu,03:
26=29.7°). A similar tendency is observed for the monoclinic
phase. With decreasing lattice parameters a, b, ¢ and increasing
monoclinic angle 8, the unit cell volume decreases in the order
Smy03 — Dy203 — LuyO3. In the case of the cubic phase,
the calculated unit cell volumes are in good accordance with

already published values (Vsmyo, = 1304.89 A °15 Vi, o =
1214.9724)A > Vi,0, = 1121.95A °17) whereas for the

monoclinic cell, there are slight differences,'®!® which might
be caused by trace impurities in the raw material.

Table 1
Lattice parameters of sprayed Smy0O3, Dy>03, and Lu, O3 powders from cham-
ber C3

Sm203 Dy203 Lu203

Monoclinic

a(A) 14.1803(7) 13.9498(9) 13.7486(26)

b(A) 3.6275(2) 3.5181(3) 3.4050(7)

c(A) 8.8558(5) 8.6616(6) 8.4420(19)

B () 100.043(4) 100.169(5) 100.281(19)

V(A3) 448.55(4) 418.40(5) 388.86(14)

VR,05,mon (A% 74.759(7) 69.734(8) 64.809(23)
Cubic

a(A) 10.9301(69) 10.6655(45) 10.3933(2)

V(A% 1305.80(247) 1213.22(152) 1122.67(7)

VR,03,cub (A% 81.612(154) 75.826(95) 70.167(4)

4. Discussion

The wide particle size distribution of the sprayed powders
observed in the SEM micrographs in Fig. 3 can be attributed to
two factors. The first one is the different degree of heat treat-
ment arising from the thermal gradient in the plasma plume and
a different residence time of the injected particles therein. When
fed downstream into the plasma plume, each particle takes a
certain trajectory path. All these paths form a cone shape trajec-
tory zone in the plasma plume. In principle, injected particles
undergo heating, flash melting, and subsequent evaporation in
the plume due to the high enthalpy. After leaving the plasma
plume tail, the vaporized material is quenched at a rate up to
103 °C/s'3 and condenses into nano-sized particles. Generally,
the whole process takes about 10 ms depending on the size of
the plume, the trajectory, and the velocity of the particles in the
plasma.?® Undoubtedly, increasing the energy input promotes
further melting and evaporation. However, under the same pro-
cess conditions, the degree of heat treatment for each particle can
be different. Those particles having small trajectory angles travel
through almost the whole plume length. They have a longer res-
idence time in the plume and undergo a higher degree of heat
treatment, resulting in more evaporation and nano-sized parti-
cles. On the contrary, particles with large trajectory angles have
short residence time and get insufficient heat input, thus main-
tain an irregular shape as the raw material. The second factor
influencing the as-sprayed particle size distribution is the par-
ticle size difference within the raw powder. Due to the high
thermodynamic stability of rare earth oxides, large particles
vaporize only partially at the surface, while small ones are liable
to vaporize totally. When cooled down, vaporized material con-
denses into nano-particles and melted particles become smooth
micron-sized balls. Therefore, considering these two factors, a
large particle size distribution is inevitable.

As already mentioned before, there are two tendencies which
can be deduced from the SEM pictures in Fig. 3. Firstly, for all the
three sprayed materials, the amount of irregularly shaped large
particles as well as that one of micron-sized spheres decreases
from chamber C1 to chamber C3, whereas the amount of nano-
particles increases (Fig. 3(a—c and e)). This observation is the
consequence of the classification effect of the cyclone and the
collection chambers. Smaller and lighter particles tend to be
carried farther and reside into chamber C3. Secondly, for all
the three chambers, the amount of large micron-sized parti-
cles increases from SmyQO3 to Luy O3, whereas the amount of
nano-particles decreases (Fig. 3(d—f)). This observation may be
interpreted with a different thermodynamic stability of the raw
materials. From Sm;0O3, Dy,03 to Luy O3, the melting tempera-
ture Ty, increases, with Sm,Oj3 the easiest to be melt and vapor-
ized and Lu;03 the hardest (Tm,sm,0; = 2335 °C; Ty Dy,0; =
2408 °C; Ty, Lu,0, = 2490 °C?). Consequently, using the same
plasma conditions, there are less micron-sized particles and more
nano-sized particles for sprayed Sm»O3 than for sprayed Lu,O3.

As in the case of the SEM investigations, two principal results
are obtained from the XRD analysis. Firstly, for each of the rare
earth oxides, there is an increase of the fraction of the mono-
clinic B-type phase after spraying. In particular, the amount of
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this monoclinic phase is dependent on the collection chamber
increasing in the order C1 — C2 — C3 (Figs. 6 and 8). Sec-
ondly, for a specific collection chamber, the monoclinic phase
fraction of the powder varies with the sprayed oxide. It decreases
with increasing atomic number of the rare earth species. This
means that in the series SmyO3 — Dy,03 — Lu;0O3, the prob-
ability to undergo a monoclinic-to-cubic phase change during
cooling down of the material increases, which can be elucidated
with a considerable expansion of the stability region of the cubic
phase in this order.> A comparison of the SEM results with those
of the XRD analysis suggests that the nano-sized particles are
mainly composed of crystallites with B-type structure. How-
ever, it should be kept in mind that there are also nano-particles
which do not have a monoclinic structure. LupO3 powder col-
lected in chamber C2, for instance, consists of nano-particles
(SEM micrograph not shown here), but only Bragg reflections
of the cubic C-type phase are observable in the diffraction pat-
tern. Furthermore, not all of the large spherical particles are
cubic. SmyO3 powder collected in chamber C2 contains a high
amount of micron-sized balls, whereby the dominant phase is
the monoclinic one (Fig. 8).

According to Kim and Kriven,'? the monoclinic B-type struc-
ture is thermodynamically unstable at room temperature because
the lattice is inherently strained and some rare earth atoms (R)
are getting very close to each other such that strong repulsive
forces are developed in the structure. Thus, the B-type structure
tends to transform back into the cubic C-type structure which
has larger R-R distances to release lattice strains and cation
charge repulsion by maximizing the volume. This B-type to C-
type transformation is displacive, involving the breaking of some
R—O bonds and the reconstruction of the coordination. Thus, an
energy input is required to overcome the barrier of breaking the
R—O bonds in the structure. One possible way is heat treatment
below the C-type to B-type transformation temperature.>! In
the present study, DSC measurements showed that the phase
transformation of the sprayed Dy,03 powder from chamber
C2 begins at 943 °C, and annealing the powder at 1000 °C
for 4h induces a transformation of 88 wt.% of B-type struc-
ture back to C-type structure. Meanwhile, the morphology and
particle size of annealed powder remains the same as-sprayed
powder.

5. Conclusions

Ultrafine rare earth sesquioxides of Sm»QO3, Dy,>03, and
Lu,O3 were produced by inductive RF plasma spraying. Gener-
ally, the powders obtained consist of monoclinic B-type phase
as well as cubic C-type phase and are characterized by a particle
size distribution ranging from 5 nm to 10 wm, with micro-sized
particles of spherical shape and nano-sized particles of various
shapes. Besides the preparation process, the particle size distri-
bution is influenced by the sprayed powder itself. Furthermore, it
was shown that plasma treatment leads to a decrease of the cubic

phase fraction and correspondingly to an increase of the mon-
oclinic phase fraction. The strength of this phase composition
change varies with the oxide powder used for spraying and can
be explained by the dependence of the thermodynamic stability
of both R,O3 structures on the rare earth species. According to
additional experiments, the monoclinic high-temperature equi-
librium phase remains stable at ambient temperature and even
during annealing at 900 °C.
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