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Abstract. Ni/Y2O3 nanocomposites were synthesized by a high-energy ball-milling of Ni powders
with yttrium-based salts or Y2O3. The yttrium salts and oxide are completely dissolved in Ni by
solid-state reaction during high-energy ball-milling at ambient temperature. Subsequent sinter-
ing resulted in the formation of various Y-Ni-O particles by reprecipitation. Y2O3 particles formed
after sintering at 1100 °C in the case of Y-acetate and Y2O3, whereas NixY or Ni-O-Y particles
formed when using Y-chloride or Y-carbonate as starting materials. In the former cases, the
sintered materials have relatively uniform microstructures where fine Y2O3 particles are homoge-
neously distributed in the Ni matrix.

1. INTRODUCTION

Ni-based alloys have usually insufficient mechani-
cal strength at elevated temperatures due to the
coarsening and/or dissolution of reinforcing precipi-
tates. To overcome this problem, high-energy ball-
milling or mechanical alloying (MA) have been em-
ployed to enhance high-temperature mechanical
properties, in particular, creep resistance [1]. In these
materials, nanoparticles, which are dispersed in the
metallic matrix, act as effective barriers against dis-
location movement [2-5]. To attain sufficiently high
mechanical strength, however, the nano-scale re-
finement and uniform distribution of reinforcing par-
ticles such as Y2O3 are necessary. It has been
known that the addition of a third element is effec-
tive to reduce the size of reinforcing particle [6]. For
instance, a small addition of Ti reduces the size of
reinforcing particles down to several nanometers by
dissolution-reprecipitation in ferrous ODS alloys [7].

Recently, Ni-based materials with a high den-
sity of nanocluster and nanoparticles have attracted
much attention for potential applications in advanced
nuclear systems such as the Genration IV reactors
[8,9]. By the introduction of nanoparticles, nickel-
based materials are expected to exhibit high me-
chanical strength at elevated temperatures with an
excellent tolerance to neutron irradiation. However,
it is not easy to fabricate Ni-based nanocomposites
by conventional high-energy ball-milling due to diffi-
culties in the homogeneous and nano-sized refine-
ment of reinforcing particles which are usually very
hard ceramic phases, in particular, oxides.

In the present work, we employed a high-energy
ball-milling of Ni with relatively soft materials of
metallic salts. Various yttrium salts were used as
starting material to fabricate Y2O3-reinforced Ni-
matrix nanocomposites. We examined the phase
formation during ball-milling and a subsequent sin-
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Specimen Composition (wt.%)

No.1 Ni - 2.01% Y2(CO3)3

    No.2     Ni- 2.19% YCl3
    No.3 Ni- 2.99% C6H9O6Y

No.4     Ni- 1.27% Y2O3

Table 1. The compositions of examined Ni-based
nanocomposites.

Fig. 1. Change of X-ray diffraction patterns before
and after high-energy ball-milling for 20 h (speci-
men No.1).

Fig. 2. Results of thermal analysis for specimens No.1~4 (a~d). Scan rate: 10 K/min.

tering as well as resulting microstructures to see
the effectiveness of this method.

2. EXPERIMENTAL PROCEDURES

Pure powders of Ni (<99.5%, 5 m, Junsei Co.) were
mixed with yttrium-based salts such as yttrium car-
bonate [Y2(CO3)3, >99.9%, Aldrich], yttrium chloride

(YCl3>99.9%, Aldrich) and yttrium acetate
(C6H9O6Y>99.9%, Aldrich) as well as nano-sized
yttrium oxide (Y2O3, <500 nm, Aldrich). The latter
(Y2O3) was chosen for comparison with salts. Y2O3

is a widely utilized reinforcing material in oxide-dis-
persion strengthened (ODS) alloys which are fabri-
cated by mechanical alloying. The mixing compo-
sitions to produce Ni-Y2O3 are indicated in Table 1.
The compositions are adjusted to give a final com-
position of 1 wt.% Y after burn-out of organic com-
pounds by sintering. The powder mixtures were high-
energy ball-milled using a Spex 8000-D ball-mill. The
milling vial and balls were hardened martensitic
stainless steel. The diameter of milling ball was 6.35
mm and ball-to-powder weight ratio was 40:1. Both
ball-milling and powder handling were carried out in
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Fig. 3. XRD patterns of specimen No.1 (2) and (3) after sintering at 1100 °C for an hour.

Fig. 4. SEM fractograph of specimen No.3 after sin-
tering at 1100 °C for an hour.

an Ar atmosphere. The ball-milled powders were
degassed at a given temperature, followed by sin-
tering at 1100 °C for an hour in Ar or spark plasma
sintering (SPS) at 1100 °C for 5 minutes at a pres-
sure of 55 MPa in an Ar atmosphere. The phase
identification was examined by a X-ray diffractometer
(Rigaku D/MAX-2000) using Cu K  radiation. The
crystalline size (D) of the ball-milled powders was
estimated from XRD broadening on the basis of the
Scherrer’s equatio[ [1%]: D = K  /  cos , where
, ,  and K are the half height width of peak, Bragg
a[gle, X-ray wavele[gth (1.542 Å  a[d a co[sta[t
(0.9), respectively. The microstructures were exam-
ined by a field-emission scanning electron micros-
copy (JSM-6700F, Jeol).

3. RESULTS AND DISCUSSIONS

The powder mixture of Ni and Y-salts could be eas-
ily ball-milled without sticking of ductile Ni powders
to the balls and the inner wall of vial. In fact, the Y-
salts acted as a PCA (process control agent) to
facilitate ball-milling. The size of particle after the
Spex milling for 20 hours was 20~40 mm in all speci-
mens. The XRD patterns of ball-milled powders (Fig.
1) shows broadening and weakening of peaks in-
tensity, indicating that both grain refinement and the
formation of solid solution occur by high-energy
milli[g. The grai[ size estimated by the Scherrer’s
equation was almost the same for all specimens:
7~10 nm. The XRD patterns of the ball-milled pow-
ders showed only Ni peaks, commonly in all speci-
mens. The Y-salts and yttria (Y2O3) were completely
dissolved in Ni matrix during high-energy ball-mill-
ing at ambient temperature. Any particles or phases
other than Ni phase were not observed for the high-
energy ball-milled powders. Even in the case of the
use of chemically stable yttrium oxide, any additive
phase was not observed by HRTEM [11]. The addi-
tive particles were completely dissolved, forming a
metastable solid solution of Ni. It has been reported
that, in the case of ferrous ODS alloys, stable ox-
ides such as Y2O3 can be dissolved by high-energy
ball-milling at ambient temperature [12]. This is at-
tributed to the markedly increased interfacial en-
ergy by the refinement of the oxide particles during
high-energy ball-milling. The fine particles with high
reactivity may induce the decomposition of stable
oxide by solid-state diffusion even at ambient tem-
perature.

The results of thermal analysis for the ball-milled
powders are presented in Fig. 2. In the case of Ni/
Y-carbonate (specimen No. 1), a gradual oxidation
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occurs without apparent decomposition of the car-
bonate until ~900 °C, followed by an exothermic
peak at 964 °C which corresponds to the formation
of Ni-Y-O compounds. For Ni/Y-chloride (specimen
No. 2), the chloride first melts at low temperature
(endothermic peak at 94 °C), then NixY compounds
forms near 500 °C. The decomposition of Y-chloride
with weight loss occurs in the temperature range
between ~100 and 500 °C. For Ni/Y-acetate (speci-
men No. 3), the decomposition of the acetate and
the formation of NiO simultaneously occurs at tem-
peratures near 400 °C. The NiO phase further de-

Fig. 5. Optical microstructures of specimens No. 1~4 (a~d) after spark plasma sintering at 1100 °C for 5
minutes.

Fig. 6. SEM fractographs of the specimen (a)-No.3 and (b)- No.4 after spark plasma sintering at 1100 °C for
5 minutes.

composes at higher temperatures by a reaction with
residual C, forming Y2O3. For high-energy ball-milled
Ni/Y2O3 (specimen No. 4), the dissolved Y2O3 re-
precipitated at high temperatures (peak near 900
°C). In summary, the Ni powder which was ball-milled
with Y-acetate easily decomposes to form Ni/Y2O3

composite at higher temperatures, whereas the
powders which were milled with Y-carbonate or Y-
chloride results in an incomplete decomposition of
the salts forming phases other than Y2O3 such as
undesirable Ni-Y-O or NixY intermetallic compounds.
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Based on the thermal analysis, the ball-milled
powders were degassed to eliminate residue prod-
ucts of salts by heating at 1000, 550, and 450°C for
the specimen No. 1, 2, and 3, respectively. The
degassed specimens were then subsequently sin-
tered at 1100 °C for an hour in Ar. Fig. 3 shows the
XRD results after sintering. As examined by the ther-
mal analysis, Ni4Y and Ni5Y phases formed for ball-
milled Ni/Y-chloride, whereas Ni/Y2O3 composite
was obtained for ball-milled Ni/Y-acetates after sin-
tering at 1100 °C. From the result, it can be seen
that Ni/Y2O3 composites were formed in the case of
the specimen No.3 (Ni/Y-acetate) and 4. On the
other hand, Ni4Y and N5Y formed in the case of the
use of Y-chloride (specimen No.2), while Ni-Y-O
phase formed in the case of specimen No.1 (Ni/Y-
carbonate).

For the specimens No. 3 and 4, they have a
similar microstructure which consists of ductile Ni
and reinforcing Y2O3 particles (Fig. 4). This indicates
that Y2O3 particles are formed by re-precipitation of
Y, which was previously dissolved in Ni solid solu-
tion by high-energy ball-milling. The size of Y2O3

dispersoids varied from several hundred nm to a
micrometer, indicating non-negligible grain growth
during sintering at 1100 °C for an hour.

To increase consolidated density, spark plasma
sintering was carried out at 1100 °C for 5 minutes.
The resulting microstructures are shown in Fig. 5.
As shown in the micrographs, the specimen No.1
(Ni/Y-carbonate) and No. 2(Ni/Y-chloride) contain
large pores which stem from the residue products
of salts. For the specimen No. 3 (Ni/Y-acetate) and
No. 4 (Ni/Y2O3), on the other hand, quite uniform
microstructures without pores were obtained. For
these specimens, the distribution of Y2O3 in Ni ma-
trix was examined by a SEM fractography. Fig 6
presents the fractured surface of the SPS-processed
specimens No. 3 and 4. As can be seen, Y2O3 were
relatively well distributed and homogeneously em-
bedded in the Ni matrix. We did not carry out the
mechanical tests of the composites in the present
work. However, the fractured surface showed an in-
teresting feature of a typical dimple rupture with re-
inforcing particles inside the dimples of ductile ma-
trix, indicating a good combination of ductility and
strength.

4. CONCLUSIONS

We have synthesized Ni/Y2O3 particulate
nanocomposites by high-energy ball-milling of dif-

ferent yttrium salts with Ni powder. High-energy ball-
milling induced a complete dissolution of the salts
in Ni by solid-state reaction at ambient tempera-
ture. The use of Y-acetate as a starting material
facilitated ball-milling acting as a process control
agent, and resulted in a formation of Y2O3 after sin-
tering. This showed that Y-acetate can be effectively
used to fabricate particulate Ni/Y2O3

nanocomposites by high-energy ball-milling, instead
of using Y2O3 which is more expensive and harder
to be refined by ball-milling. Further study is needed
to optimize the processing such as optimum ball-
milling conditions and the additive contents of the
salts as well as mechanical properties.
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