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Abstract

The present study is focused on the procedure of spray-drying and lyophilization techniques for the preparation of ceramic/metal
nanocomposites. The results of the study at all stages are compared with those corresponding to powders conventionally dried by heating in
furnace. Starting from aqueous solutions of metal salts and ceramic powders, the procedure follows with spray-drying, lyophilization, calcination
of the resulting powders and subsequent Spark Plasma Sintering (SPS). X-ray diffraction analysis of the powders at different stages of the
processing routes was used for phase indexing; further characterization was performed by Transmission Electron Microscopy and Energy
Dispersive X-Ray Spectroscopy, revealing that the sizes of the metal particles obtained are in the nanometer range and appear homogeneously
and well dispersed on the zirconia surface. The mechanical performance of the SPSed compacts was studied by means of the Vickers hardness,
showing excellent results: an increase of 30% with respect to pure zirconia.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The synthesis of metal nanoparticles has acknowledged
significant consideration in the last years due to potential
applications for their unusual properties related to magnetism,
optics, electronics, catalysis, hardness, etc. [1–4]. More specifi-
cally, nickel nanoparticles find important applications in mag-
netic, conducting, catalyst materials, wear resistance, etc. [5–8].
There are crucial difficulties in dealing with the manipulation of
nanoparticles: (i) many of the applications of metal nanoparticles
are size dependent [9] and, thus, control of the nanoparticle size is
essential. (ii) The high surface energy of these particles makes
them extremely reactive and most nanoparticles undergo aggre-
gation without protection or passivation of their surfaces; a good
dispersion is crucial to reach exceptional properties. (iii) More-
over, for certain specific metals among which is nickel, the
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synthesis of pure metal nanoparticles is relatively difficult because
they are easily oxidized. A successful approach to avoid all these
problems is to keep the metal nanoparticles embedded in a
ceramic matrix, in the so-called ceramic/metal composite materi-
als (“cermets”). Cermets have involved noteworthy consideration
because of an extraordinary combination of properties that makes
them excellent aspirants for the production of multifunctional
devices. Moreover, the fact that one of the phases is nanos-
tructured, substantially modifies the mechanical, electrical, mag-
netoresistive, and magnetic properties of the composite [10].
Different preparation processes of ceramic–metal nanocom-

posite powder can be found in the literature [1,10–12], each of
them leading to different microstructures and, hence, a wide
range of properties. Thin-film deposition methods produce nice
monodisperse nanoparticles but generally small amounts of
sample; on the other hand, volumetric procedures allow larger
amounts of sample, but nanoparticles appear mostly agglom-
erated. A homogeneous dispersion of particles into the matrix
is crucial to the behavior of cermets, especially in the field of
ghts reserved.
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functional applications. As mentioned above regarding the
metals, the synthesis of nanoparticles is not the main problem,
but their manipulation in order to avoid the presence of large
aggregates.

Nowadays, spray-drying and lyophilization (also known as
“freeze-drying”) are techniques considered as an alternative
route for ceramic powder preparations [13–15]: (i) On one
hand, spray-drying consists of the direct vaporization of the
precursor solution and drying of the droplets while they are in
free fall. It allows dividing the suspension into very small
drops, which increases the speed of freezing when sprayed
over liquid nitrogen. This procedure avoids the segregation of
components and results in homogeneous uniform spherical
particles. (ii) On the other hand, lyophilization consists of
sublimating ice under vacuum and low temperature conditions.
When the lyophilization is properly controlled, water separates
from the solid phases by sublimation. It has been demonstrated
as a very suitable method to eliminate the capillary forces
which are the origin of agglomeration of the nanoparticles.
Therefore, it allows obtaining uniform powders by preventing
drying agglomerates [16].

More specifically, it has been explained in previous works the
potential of the spraying-lyophilization technique for composite
materials [12]. These works have demonstrated that combining
spray-freezing with lyophilization is a feasible technique for
preparing ceramic/metal nanostructured powders. In this work,
three different metal contents in the zirconia/nickel system have
been studied, showing in all cases that the resulting powders
present accurate composition, homogeneity, good dispersion of
metal and apparent crystallinity. The metal nanoparticles have
grown epitaxially on the ceramic surface giving rise to good
interfaces, which is crucial to obtain excellent mechanical
properties in the corresponding sintered materials.

Following this set of results, the aim of the present work is to
study the physical features, microstructure and mechanical proper-
ties of the zirconia/nickel nanocomposites obtained by Spark
Plasma Sintering (SPS) starting from spray-dried and lyophilized
powders. Likewise, the results are compared with those corre-
sponding to nanopowders dried conventionally by heating.

2. Materials and methods

The following commercially available powders have been
used as raw materials: (1) Tetragonal zirconia polycrystals
(3Y–TZP, 3 mol% Y2O3; TZ–3YE, Tosoh Corp.), with an
average particle size of d50¼0.2670.05 μm; (2) nickel (II)
nitrate hexahydrate (Merck, Germany, 99.0% purity, Ni
(NO3)2 � 6H2O). Nickel nitrate salt powders were dispersed in
distilled water by ultrasonic agitation in a suitable volume to
achieve total dilution. The ceramic powder was added in order
to obtain zirconia/Ni composites with a metal content of 1
vol% Ni, 2.5 vol% Ni and 3.5 vol% Ni. The suspensions were
milled for 24 h with zirconia balls in order to get homogeneous
slurries.

Two drying methods were used to compare the properties of
the final composites: (A) by heating in a conventional furnace,
according to the method reported elsewhere [10] (samples
denoted as “T1.0”, “T2.5” and “T3.5”, respectively), and (B)
by spray-freezing and freeze-drying according to the method
reported by the Authors elsewhere [12] (samples denoted as:
“LF1.0”, “LF2.5” and “LF3.5”, respectively). Pure zirconia
has been processed by both methods for comparison purposes
(denoted as “T0.0” and “LF0.0”, respectively).
The resulting powders in both methods were calcined at

600 1C for 2 h in air to obtain ZrO2/NiO powders. Finally, the
metal oxide was reduced to metallic nickel in a 90%Ar/10%H2

atmosphere at 500 1C for 2 h, obtaining a zirconia powder with
metal nanoparticles adhered to the surface of the ceramic
grains (zirconia/nNi). Subsequently, the different powders
were spark plasma sintered (SPS, FCT Systeme GMBH, HPD
25, Germany) under the conditions 1350 1C, 25 kN, 5 min in
hydrogen atmosphere.
An initial set of experiments was performed to characterize

the powders obtained. The density of the powders was
determined by using a Helium Pycnometer (AccuPyc 1330,
Micromeritics France S.A.). X-ray diffraction analysis of the
powders at different stages of the different processing routes
was used for phase identification using CuKα radiation (XRD
Bruker AXS D8 ADVANCE, with a SolX energy-dispersive
detector). Further characterization was performed by Trans-
mission Electron Microscopy (TEM) by using a Field Emis-
sion Gun microscope (FEG) TECNAI G2 F20 operating at
200 kV, and Energy Dispersive X-Ray Spectroscopy for EDX-
mapping and quantitative TEM-EDX.
Regarding the SPS compacts, the density was measured

according to the Archimedes method. The hardness was
measured on 30 samples for each group (in terms of composi-
tion and drying method) in a Vickers diamond microindenter
(Leco 100-A Microindentation Hardness Testing System,
USA) on surfaces of cross sections polished down to 1 μm,
with an applied load of 0.9 kg (8.8 N) for 15 s. The hardness
was determined according to the equation HV¼1.853 P/d2,
where P stands for the applied load (in N) and d stands for the
diagonal length of the indentation (in mm). Pure zirconia was
studied as control. The fracture surfaces were studied in a Field
Emission Scanning Electron Microscope (FE-SEM, Quanta
FEG 650, FEI), with Energy Dispersive X-ray Microanalysis
(Ametek-EDX, with an Apollo X detector).

3. Results

Fig. 1 shows the X-ray diffractograms of samples with
3.5 vol% Ni obtained by both drying methods in study
(samples LF3.5 and T3.5) in the range 10–701. They have
been recorded at different stages of the processing route, on
powders as well as on samples sintered by SPS.

3.1. Powders: density and morphology. Average size
of Ni nanoparticles

For all metal concentrations, the densities of the powders
obtained by freeze-drying and by heating in furnace are shown in
Table 1. Representative TEM micrographs and EDX-mapping of
distributions of Ni nanoparticles and zirconia particles for the



Fig. 1. X-Ray diffractograms corresponding to samples LF3.5 and T3.5, for (A) powders and (B) SPS sintered materials.

Table 1
Density of the different ceramic/metal powders determined with an helium
pycnometer.

Sample Density (g/cm3) Sample Density (g/cm3)

T1.0 5.941970.0045 LF1.0 6.105770.0042
T2.5 6.016870.0020 LF2.5 6.220670.0058
T3.5 5.985970.0052 LF3.5 6.177470.0042
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different compositions are shown in Fig. 2. The mean size of the
nickel nanoparticles in the powders obtained by both methods are
shown in Fig. 3A. Table 2 shows the quantitative TEM-EDX
analysis of the ceramic/metal powders obtained by both methods.

3.2. Sintered materials: density, average size of Ni
nanoparticles, fracture surface, Vickers hardness

In the case of the sintered materials, the density was
determined by the Archimedes principle (Table 3). The mean
size of the nickel nanoparticles in the sintered materials is
shown in Fig. 3B. Fig. 4 shows the SEM micrographs relative
to the fracture surface of two samples with the same metal
content (2.5 vol% Ni) obtained by both methods. The study of
the Vickers hardness for samples obtained by both methods
and all metal contents are presented in Fig. 5.

4. Discussion

The results obtained by X-Ray diffraction confirm that
products at the first stage consisted only of zirconia (tetragonal
and monoclinic) and nickel, with no presence of any other
phases (Fig. 1, diffractogram A for both drying methods).
After sintering, all samples consisted only of tetragonal-ZrO2/
nNi (Fig. 1, diffractogram B for both drying methods). The
same results were observed for the other two metal contents
(1 vol% Ni and 2.5 vol% Ni). These results were supplemented
by the quantitative TEM-EDX analysis (Table 2).

For all metal concentrations, the density of the powders
obtained by freeze-drying was found to be higher than that of
powders dried in furnace (Table 1). In the case of the sintered
materials, it was found that those samples obtained after
powders freeze-dried reached a density higher than those
obtained following the route by heating in furnace (Table 3).
These results are in accordance with the Ni mean sizes
measured in the powders (Fig. 3A) in such a way that, the
lower the Ni size in the powder, the higher the density of the
sintered materials. The mean size of the nickel nanoparticles
increases with the Ni content in the powders obtained by both
methods (Fig. 3A). Both techniques allow obtaining nanopar-
ticles with similar sizes for the lowest metal contents, increas-
ing the differences with the Ni content. In all cases, the average
size obtained by the lyophilization technique is lower than that
obtained by heating in furnace. Representative TEM micro-
graphs and EDX-mapping of distributions of Ni nanoparticles
and zirconia particles for the different compositions (Fig. 2)
reveal that the sizes of the metal particles obtained are in the
nanometer range and appear homogeneously and well dis-
persed on the zirconia surface. Meanwhile, in the samples
obtained by both methods, the fracture surfaces presented
similar microstructures (Fig. 4).
The Spark Plasma Sintering technique was chosen as it is a

relatively novel technique that makes possible to obtain dense
nanocomposites having the nanostructured features of the
ceramic/metal mixed powder previously processed. Moreover,
it provides many advantages since very rapid sintering slopes
can be achieved, giving uniform densities in the final compact
with the addition of less additives as well as quite easy
handling and low processing costs. In the case of sintered
materials, around 150 particles from all over each sample were
measured on fracture surfaces to determine the Ni particle size
distribution for each composition. As indicated in Fig. 3B, the
mean size of the nickel nanoparticles increases with the Ni
content. In sample LF1.0 the particle size distribution is
narrow and centered around 100 nm. Samples LF2.5 and
LF3.5 present a distribution centered on bigger sizes, around
130 nm and 165 nm, respectively. The reason for this incre-
ment is due to the fact that, when increasing the Ni content, it
is easier for the nanoparticles to coalesce. Even though the
trend is the same for samples obtained by heating, the average
size is slightly lower when processed by the lyophilization
technique.



Fig. 2. TEM micrographs of the 3Y–TZP/Ni powders with the three different Ni contents studied (A). EDX mapping showing in either green or pink color the Ni
nanoparticles (B). The Ni particles labeled have been identified by using all the EDX mapping availables (Ni, Zr and O). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the article).

C.F. Gutierrez-Gonzalez et al. / Ceramics International 40 (2014) 4135–41404138
As expected by taking into account other works [1,9,10,12],
the presence of Ni nanoparticles increases the hardness respect to
the value of pure zirconia. For both methods, the mechanical
performance of the materials is excellent. The highest increase is
30% with respect to the hardness of pure zirconia, and
corresponds to the composites with a metal content of 1 vol%
Ni. There is no contradiction of these results with those presented
elsewhere, where the maximum was found for samples with
2,5 vol% Ni, because in the present study the range of composi-
tion is much more narrow and, therefore, easier to reach a more
accurate result. The hardness of the sintered materials is similar
for both methods, as the size of the Ni nanoparticles was similar
in the original composite powders.
Likewise, it has been studied elsewhere that, in all cases, the

resulting powders presented accurate composition, homogeneity
and good dispersion of metal nanoparticles and, moreover, the



Fig. 3. Average size of Ni nanoparticles as a function of the initial Ni content
(A) in the powders and (B) in the sintered nanocomposites.

Table 2
Quantitative TEM-EDX analysis of the ceramic/metal powders obtained by
both methods (% at).

Sample O Zr Ni Sample O Zr Ni

T1.0 67.7 31.5 0.8 LF1.0 69.4 29.0 1.6
T2.5 70.0 27.7 2.3 LF2.5 69.2 28.2 2.6
T3.5 67.0 30.2 2.8 LF3.5 65.8 31.0 3.2

Table 3
Density of the different ceramic/metal Spark Plasma Sintered materials
determined by the Archimedes principle.

Sample % Density (70.1) Sample % Density (70.1)

T1.0 98.9 LF1.0 99.7
T2.5 99.1 LF2.5 499.9
T3.5 99.5 LF3.5 99.9

A

B

Fig. 4. FE-SEM images of the fracture surfaces of samples with 2.5 vol% Ni
sintered by SPS by both methods: dried in furnace (A) and lyophilized (B).
Arrows point at some randomly chosen nickel nanoparticles identified
by EDX.
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interfaces are ordered, neat, showing that the Ni crystals have
grown epitaxially on the surface of zirconia submicron grains.
The present work proves that this potentially positive feature
truly leads to excellent mechanical properties of the correspond-
ing sintered materials, very similar for both methods. This
means that the key of the formation of the nickel nanoparticles
was only in the preparation of the aqueous ceramic/metal
suspensions, and not in the way of drying. In the suspensions,
the formation of the nanoparticles consists in the precipitation of
a large population of Ni2

þ ions on the surface of the zirconia
particles through O–H bridges (as the presence of Ni(OH)2 has
been demonstrated by infrared measurements), and subsequent
epitaxial growth of the metal nanoparticles, as well reported
in [10]. Indeed, the nucleation process of nanoparticles on the
surface of the ceramic particles can prevent the growth of the



Fig. 5. Vickers hardness of ZrO2/Ni nanocomposites obtained by both
methods, for increasing volume contents of Ni. The value corresponding to
pure zirconia has been plotted for comparison purposes.
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nanoparticles and, therefore, the nanocomposite properties can
be improved. Besides, this simple method allows large amounts
of sample to be obtained. These results make this wet-
processing route very reliable in order to fabricate ceramic/
metal advanced nanocomposites.

This work demonstrates that spray-freezing combined with
freeze-drying are feasible techniques to fabricate reliable
ceramic/metal nanostructured powders that lead to compacts
with excellent nanostructures and mechanical features.

5. Conclusions

For all metal concentrations, the density of the powders
obtained by spray-drying and lyophilization was found to be
higher than that of powders dried in furnace; the corresponding
sintered materials followed the same trend. The average mean
size of the nickel nanoparticles in the powders obtained by the
lyophilization technique is slightly lower than that obtained
by heating in furnace; in the compacts, the divergence is
negligible. The metal particles obtained are in the nanometer
range and appear homogeneously and well dispersed on the
zirconia surface. For both methods, the mechanical performance
of the materials is excellent. The Vickers hardness increases up to
30% with respect to the hardness of pure zirconia.
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