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Abstract
Powder particles of gadolinia were spark plasma sintered at varied temperatures between 1400 1C and 1600 1C. High-density samples free of
any sintering additives were obtained at the highest sintering temperature and the samples were characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) including density measurements. The contact angle measurements and translucence studies implied the
sintered samples to be hydrophobic and translucent respectively. The nanohardness values enhanced up to ∼88% with increase in sintering
temperature from 1400 1C to 1600 1C. Young's modulii determined using nanoindentation varied from 126 GPa to 169 GPa for the samples
sintered at the lowest and highest temperatures respectively. The theoretical Young's modulus was also determined using ﬁrst principle
calculations which were eventually used for fracture toughness calculations. The fracture toughness values of the sintered samples were
calculated using the indentation crack length method (ICL) and compared with the crack opening displacement (COD) method.
& 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction
Gadolinia (Gd2O3) has a wide range of technological
applications ﬁnding its use as a dopant in fuel cell materials
[1], as an additive in some of the carbide materials such as SiC
[2] and in fuel rods for nuclear reactors [3]. In a recent study,
high temperature resistant rare earth oxides including gadolinia
exhibited hydrophobicity attributed to the inhibition of hydrogen bonding with interfacial water molecules. The decreased
surface wettability due to this unique electronic structure paves
way for possible use of these materials as coatings under
extreme conditions [4]. Surface texturing by laser ablation
resulted in superhydrophobic surfaces further enhancing the
prospects of these materials for similar applications under
harsh conditions [5]. Gadolinium based oxides including porefree gadolinia were explored in recent times as possible
scintillator materials due to the high scintillation intensity of
n
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gadolinium [6,7], including as a host for luminescence of
Eu3 þ and other rare-earth ions [8]. While, the optical properties of Gd2O3 ﬁlms and its optimization in coating process
applications were explored earlier [9,10], a comprehensive
investigation of Gd2O3 in its bulk form is still lacking. It is
imperative to understand the mechanical stability of Gd2O3
concomitant to the functional properties to ﬁnd its use in
technological applications. There have been no studies on the
mechanical properties of monolithic Gd2O3 apart from the
limited studies available on the elastic modulus and fracture
energy carried out three decades earlier [11,12].
In this work, a comprehensive evaluation of the sintering
behavior, hydrophobic and translucent character and mechanical performance of spark plasma sintered Gd2O3 pellets was
carried out. Indentation techniques were used to determine the
hardness, elastic modulus and fracture mechanical properties.
Indentation crack length methods were used to calculate the
fracture toughness using the formulations of Anstis [13] and
Niihara [14,15] considering the possibilities of the existence of
median-type or palmqvist-type cracks. The fracture toughness

E.W. Awin et al. / Ceramics International 42 (2016) 1384–1391

values obtained from indentation crack length methods were
compared with crack opening displacement methods [16].

2. Experimental
The gadolinia powder (99.9% purity) from Alfa (Johnson
Matthey Company, Karlsruhe, Germany) was spark plasma
sintered (Sumitomo Coal Mining Co. Ltd, Japan) in vacuum.
The powder particles were taken in a graphite die of diameter
13.5 mm and a graphite foil was placed in between the powder
particles and the die in order to prevent sticking of particles to
the die after sintering. The sintering was done at varied
temperatures from 1400 1C to 1600 1C at a pressure of
30 MPa in vacuum maintaining a constant heating rate of
100 1C/min for all the samples (see Table 1). The sintered
samples hereafter are referred to as SPS1400, SPS1500 and
SPS1600 indicating the temperatures at which the samples
were sintered.
The particle size was determined using a laser particle size
analyzer (Microtrac Inc, USA). Prior to the measurement, the
powder was subjected to ultrasonication for 10 min. The
apparent density of the sintered compacts was measured using
the water displacement method. The measurement was
repeated three times for each sample and the average values
with standard deviation were mentioned (Table 1). The
samples were characterized using X-ray diffraction (X'PertPRO PANalytical X-ray diffractometer, Netherlands) with Cu
Kα radiation in the 2θ range, 10–901 to determine the phases
present in the sintered samples. The theoretical density was
acquired from the JCPDS data ﬁle for monoclinic gadolinia
(PDF # 431015).
The sintered samples were polished following standard ceramographic practice to a 0.5 mm ﬁnish using diamond paste to
minimize the effect of surface roughness on contact angle
measurements. Rame-Hart M500-advanced goniometer (USA)
was used to measure contact angles of the sintered samples using
deionized water as the probe ﬂuid. The average values of ﬁve
readings were taken on each sample to determine the contact
angles. The sample thickness of SPS1500 and SPS1600 was
reduced to 1 mm for translucence studies, which were carried out
using a UV–vis spectrophotometer (Jasco V-570, Japan) with a
halogen lamp as a source. The SPS1400 sample was not included
in this study due to the considerable amount of porosity present in
the sample.
The analyses of the microstructures including the average
grain size of the sintered pellets were performed using ﬁeld
emission scanning electron microscopy (FEI Quanta 400,
USA) in secondary electron and backscattered modes. The
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thermal etching for all the samples was done at 100 1C below
their respective sintering temperatures for 15 min and the
average grain size was determined using the line-intercept
method. A lithium doped silicon energy dispersive X-ray
spectrometer (EDS) of AMETEK Process and Analytical
Instruments was used to conﬁrm the presence of pure gadolinia
in the sintered samples. The indentation hardness and elastic
modulus of the sintered samples were determined using
nanoindentation techniques. Nanoindentation was carried out
using a standard Berkovich indenter and a maximum load of
8 mN was applied in order to carry out indentations. Loading
time, dwell time and unloading time was set to be 10 s which
resulted in a trapezoidal load function. A set of 25 indents were
performed on standard fused quartz silica (Hysitron Inc., USA)
to carry out the area function calibration. Scanning probe
microscope (SPM) attached to the nanoindenter was used to
capture the indent impressions.
The reduced elastic modulus was determined using the wellknown Oliver–Pharr method,
1 − vi 2
1
1 − v2
=
+
Er
E
Ei

(1 )

where, E and Ei are the elastic modulii of the sample and
diamond Berkovich indenter respectively and ʋ and ʋi are their
respective Poisson's ratio. Ei and ʋi are taken as 1140 GPa and
0.07 respectively. Poisson's ratio was determined using nondestructive resonant frequency testing.
The microindentation was performed using Vickers microhardness tester (Model 420 MVD, Wolpert Wilson Instruments, USA) for a load of 0.5 kg. The dwell time was 10 s for
each measurement. A load of 10 kg was applied for 10 s in
order to indent the surface to generate cracks and to determine
the fracture toughness in mode-I. The radial cracks were
visualized using scanning electron microscopy and the fracture
toughness for the sintered samples were determined by the
indentation crack length method and compared with that
obtained by the crack opening displacement method (COD).
The fracture toughness of SPS1400 was not determined due to
porosity.

3. Results
The powder particle distribution obtained by the laser
particle analyzer after ultrasonication is exempliﬁed in Fig. 1
and the average size was found to be around 0.8 mm. The
average particle size before ultrasonication was in the range of
7 mm.

Table 1
Sintering conditions and physical properties.
Sample

Sintering temperature (1C)

Pressure (MPa)

Holding time (min)

Heating rate (1C/min)

Density (g/cm3)

Porosity (%)

1
2
3

1400
1500
1600

30

5

100

7.51
8.15
8.31

10.4
2.37
0.45
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95 ± 3°

SPS1400

107 ± 3°

SPS1500

113 ± 3°

SPS1600

Fig. 3. Contact angles of SPS1400, SPS1500 and SPS1600 gadolinia.

Fig. 1. Powder particle size distribution determined using laser particle size
analyzer.

Fig. 4. UV–vis transmittance of monolithic SPS1500 and SPS1600 gadolinia.

Fig. 2. Powder X-ray diffractograms (XRD) of powder and SPS1400,
SPS1500 and SPS1600 gadolinia.

A maximum apparent density of 8.31 g/cm3 was determined
for SPS1600 which was close to that of the theoretical density
(∼8.34 g/cm3). The percentage of porosity was also determined using Eq. (2) for all the sintered samples.
Porosity% = 1 −

ρa
ρt

(2 )

where ρa and ρt are the apparent and theoretical densities
respectively. The X-ray diffractogram (Fig. 2) of the asreceived gadolinia powder conﬁrmed the presence of cubic
phase with the ﬁrst three prominent peak angles at 2θ ¼ 28.61,
47.61 and 33.21. The sintered samples were found to be
monoclinic, the high intensity peak being at 2θ ¼ 30.441. The
d spacing of the sintered samples also conﬁrmed the phase to
be monoclinic.
The measured contact angles of SPS1400, SPS1500 and
SPS1600 were found to be around 95 7 31, 107 7 31 and
113 7 31 respectively as shown in Fig. 3. The transmittance
values obtained for SPS1500 and SPS1600 reached a maximum value of 27% and 31% respectively at 800 nm as shown
in Fig. 4
The scanning electron micrographs in secondary electron mode
of SPS1400, SPS1500 and SPS1600 are shown in Fig. 5. The

micrograph of SPS1400 revealed pores along the grain boundaries
and triple junctions, and isolated pores within some of the grains
as seen in Fig. 5a. Fig. 5b and c revealed that the samples that
were sintered at higher temperatures, i.e., SPS1500 and SPS1600
were dense with no visible porosity. The average grain sizes of the
sintered samples of SPS1400, SPS1500 and SPS1600 were and
1.8, 2.5 and 3.4 mm respectively.
The load–displacement curves of SPS1400, SPS1500 and
SPS1600 obtained from nanoindentation of sintered gadolinia
samples are shown in Fig. 6. A representative indent impression for SPS1600 is shown as inset. The well-known Oliver–
Pharr method [17] was used to determine the hardness and the
elastic modulus from the load displacement curves. The
average hardness value and elastic modulus for SPS1400
was found to be 4.22 7 1.04 GPa and ∼1267 17 GPa respectively. The dependence of elastic modulii on temperature is
evidently clear except for the case of SPS1600 (∼160.71 GPa)
which showed a slight decrease in value when compared with
SPS1500 (∼168.88 GPa), but considering the standard deviation in to account, the slight decrease in value of elastic
modulus is neglected. The SPS1600 (2.81 GPa) in comparison
with that of SPS1400 (1.45 GPa) showed a substantial increase
in microhardness values. Table 2 provides the effect of
sintering temperatures on Poisson's ratio, nano-hardness,
micro-hardness and elastic modulii.
The fracture toughness (KIC) values determined using indentation crack length and crack opening displacement methods are
listed in Table 3. The KIC values determined using Anstis et al.
method for SPS1500 and SPS1600 was found to be 2.25 and
2.47 MPa m1/2 respectively, whereas, using the formulation provided by Niihara et al., the values turned out to be slightly higher,
2.37 MPa m1/2 and 2.96 MPa m1/2 for the SPS1500 and SPS1600
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Fig. 6. Exemplary illustration of the load vs. displacement curves of SPS1400,
SPS1500 and SPS1600 gadolinia at Pmax ¼8 mN. Inset image shows the
nanoindentation impressions on SPS1600.

4. Discussion
4.1. Physical properties
Monolithic Gd2O3 pellets were obtained free of any sintering additives via spark plasma sintering. The increase in
density with increasing sintering temperature can be attributed
to the decrease in porosity and the densities of the samples
processed at the highest temperature approached the theoretical
density. It is reasonable to assume that temperature dependent
solid state ionic diffusion is responsible for the increase in
densiﬁcation of samples at higher temperatures. The average
grain size of the sintered samples was found to be moderately
increasing with increase in sintering temperature which is
obvious. SPS1600 (Fig. 5d) exhibited some intragranular
cracks which may be due to the anisotropy in the coefﬁcient
of thermal expansion.
4.2. Structural evolution
The intermediate high temperature monoclinic gadolinia
phase, though thermodynamically unstable, is retained at room
temperature for SPS1500 and SPS1600. With increase in
temperature, the rate of transformation from cubic phase which
is stable at room temperature to monoclinic phase increases
considerably. However, even with the lowest cooling rates the
reverse transition to the cubic phase does not happen since the
diffusion process is so slow leading to the retention of the
monoclinic phase. This seems to be true for other rare earth
oxides as well [18].
Fig. 5. Scanning electron micrographs of (a) SPS1400, (b) SPS1500
and (c) SPS1600 gadolinia.

respectively. The KIC values obtained from the crack opening
displacement method were 2.28 MPa m1/2 and 2.73 MPa m1/2 for
SPS1500 and SPS1600 respectively.

4.3. Contact angle measurements
The values of contact angle between the water droplet and
the samples surfaces imply that the sintered gadolinia samples
were hydrophobic. Gisele Azimi et al. [4] recently reported the
contact angle of dry pressed and sintered gadolinia samples for
an average grain size of 107 5 μm to be 1097 21. This was
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Table 2
Mechanical properties of sintered samples.
Sample

Sintering temperature (1C)

Poisson's ratio

Nanoindentation hardness (GPa)

Elastic modulus (GPa)

Micro-Vickers hardness (GPa)

1
2
3

1400
1500
1600

0.25
0.24
0.24

4.2271.04
7.9671.04
7.9570.19

126.137 17.1
168.887 8.0
160.717 9.6

1.4570.3
2.3570.4
2.8170.2

Table 3
Calculation of KIC of Gd2O3, where, P is the load applied in the Vickers hardness test, φ is a constraint factor (φ¼ 3), E is Young's modulus (GPa), H the Vickers
hardness (GPa), c the radius of the critical crack (μm) and a is half of the diagonal of the Vickers indent (μm).
Method

Mathematical expression

K1C (MPa m1/2) 1500 1C

K1C (MPa m1/2) 1600 1C

Anstis (ICL)
Niihara (ICL)
COD

KIC ¼ 0.016(E/H)0.5(P/c1.5)
KIC ¼ (0.035/Φ)(l/a)  0.5(H/EΦ)  0.4(Ha0.5)

2.2570.1
2.3770.1
2.2870.1

2.477 0.1
2.967 0.2
2.737 0.1

u (x ) =

Ktip
E

8
π

x 0.5 + A x1.5 + B x 2.5

attributed to the lack of maintenance of hydrogen bonding by
the water molecules next to the surface due to the shielding of
empty 4f metal atoms in Gd2O3 by the outer 5s and 5p orbital.
In this study, slight increase in contact angle of 113 7 31 was
observed from SPS1600, which could possibly be attributed to
the surface texture. The increase in contact angle with increase
in sintering temperature can also be attributed to the elimination of pores at higher sintering temperature which results in
less penetration of water into the pores.
4.4. Translucency
The samples sintered at higher temperatures were expected to
exhibit translucency. It can be implied from the spectra as shown in
Fig. 4 that the SPS1500 and SPS1600 were translucent. It was
found that there was an increase in 14.8% of transparency as the
sintering temperature was increased from 1500 1C to 1600 1C. The
transmittance phenomenon exhibited by gadolinium oxide has been
attributed to minimal porosity, high density and reduced grain size
achieved through SPS route. The complete densiﬁcation of
SPS1600 has increased the in-line transmittance and minimized
the diffuse scattering of light at the pores. Recently Quesada et al.
[19] performed translucence studies on monolithic Eu2O3 and
reported a transmittance value of 35% for samples processed at
1550 1C at a wavelength of 800 nm. In another study, Yu Hui et al.
[20] demonstrated a transmittance of 44% for pore free monoclinic
gadolinia microspheres (average grain size 5–10 mm) fabricated by
the laser heating method. The transparency of these microspheres
was attributed to the minor difference between refractive index
(ordinary and extraordinary) and also to the minimal scattering by
the grain boundaries. Enhancement in translucent property could be
achieved by reducing the porosity. The size of the grains and
porosity could be ﬁne-tuned to attain a fully dense compact.
4.5. Indentation behavior
While in nanoindentation, the evaluation of hardness is based
on the contact area at peak load, whereas, in microindentation it
is based on the projected area [21]. However, both the nano- and

microhardness increased with increase in sintering temperature
and this can be attributed to the effect of density which increases
with increase in temperature. An increase in 88.3% in nanohardness values was seen for SPS1600 in contrast to SPS1400.
However, when compared with the nanohardness, microhardness values were low and this has been attributed to either
indenter size effect [22] or the difference in loading regimes
[23]. The elastic modulus also showed a similar trend as that of
hardness values, considering the standard deviation into account
and the different elastic modulus values obtained with respect to
sintering temperatures can be attributed to the porosity of the
sample.
4.6. Fracture toughness
In both SPS1500 and SPS1600, the crack propagation was
observed to be intragranular (through the grains) and it was
conﬁrmed by SEM (as shown in Fig. 7a and b). The fracture
toughness formulation of Anstis uses a dimensional analysis
approach based on measuring the crack length originated from a
Vickers indent. Niihara et al. used curve-ﬁtting technique to
determine the fracture toughness values. Niihara proposed palmqvist crack model for a low crack-to-indent ratio (c/a ratio less than
2.5 in the indented samples). In this study, since all the indented
samples had a c/a ratio less than 2.5 and hence the palmqvist
crack model of Niihara was used to determine the fracture
toughness. The elastic modulus required in calculating the fracture
toughness was determined from the following equation [11],
E = E 0 (1 − bP )

(3 )

where, E is the elastic modulus (kbar) of the material with porosity,
E0 is the elastic modulus of the fully dense material (kbar), b is a
material constant (taken as 1.76 [11]) and P is the volume fraction of
porosity. E0 was determined using ﬁrst principles based on density
functional theory (DFT) as implemented in VASP [24–26] supplied
with MedeA [27] user interface using the projector augmented wave
method [28]. Generalized gradient approximation of Perdew–Burke–
Ernzerhof [29] was used as the exchange and correlation potential
and tetrahedron method with blochl corrections [30] was used for
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Crack

Tip of the Indent

Fig. 8. Crack originating from the tip of the indent impression.
3 μm

Crack

Fig. 7. SEM micrograph of crack propagation in (a) SPS1500 and (b) SPS1600
samples. Inset shows magniﬁed image at the crack tip.

Brillouin zone integration. Plane wave cut-off of 600 eV and
19x19  5 k-mesh constructed using Monkhorst–Pack scheme [31]
was used for optimizing the structure. A strain increment of 0.005
was used to evaluate the elastic properties using Voigt–Reuss–Hill
approximation [32]. The value of E0 from ﬁrst principle calculations
was found to be 162 GPa.
A crack observed after indentation is shown in Fig. 8. It has
also been shown in Fig. 9a that after polishing the samples the
crack detached from the corners of the indent, which conﬁrms
the crack to be of palmqvist type. A cross-sectional view of the
palmqvist crack is exhibited in Fig. 9b. The fracture toughness
of the sintered samples determined using crack opening
displacement (COD) analyzes an area near to the crack tip.
Half crack opening displacement (u) near to the tip exhibit a
parabolic dependence on the distance (x) from the crack tip.
The parabolic dependence of crack opening displacement is
only up to a small distance from the crack tip. The region near
to the indent is subjected to high residual stress which causes
an alteration in the shape of the parabola. In order to determine
the fracture toughness, the following equation, which provided
a best ﬁt for the crack opening displacement data measured
from the indentation crack, was used.
u (x ) =

Ktip
E

8 0.5
x + A x1.5 + B x 2.5
π

Detachment

200 μm
Fig. 9. Detachment of crack from the corners of the indent after polishing and
(b) Micrograph of cross-section of a palmqvist crack.

(4 )

In the aforementioned equation, Ktip is the stress intensity
factor at the crack tip (MPa m1/2), E is Young's modulus (GPa)
for plain strain and A and B are ﬁtting parameters. The second
and third terms are included in the above equation in order to

account for the deviation in parabolic shape methods. Fig. 10
represents the crack opening displacement proﬁle for SPS1600
near the crack tip with a ﬁtting line attained using the above
equation.
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Fig. 10. Crack opening displacement proﬁle for SPS1600.

The KIC obtained from COD which is around 2.73 MPa m1/2 is
slightly lower than the values predicted by using the formulation of
Niihara and higher than the prediction from Anstis equation for the
SPS1600 sample. The KIC values vary between 2.47 MPa m1/2 and
2.96 MPa m1/2 for SPS1600 and a difference of 0.49 MPa m1/2
predicted by different approaches seems negligible. Fracture toughness calculations for some of the rare earth oxides, albeit limited,
have been determined using mostly indentation techniques. Neuman
et al. [33] reported fracture toughness of Er2O3 to be ∼
1.8 MPa m1/2 for an average grain size of 10 μm. The fracture
toughness of Er2O3 calculated by Yeheskel et al. [34] was around
1.7770.12 MPa m1/2 using Anstis equation and around
2.4470.18 MPa m1/2 using Niihara's equation assuming existence
of median cracks without evidence for an average grain size of
2.870.4 μm. However, the current study which uses COD for the
calculation of fracture toughness for comparison with ICL methods
provides a value of around 2.73 MPa m1/2 that seems reasonable
considering the fact that the COD calculation is based more on the
atomistics of fracture.
5. Conclusions
The samples were sintered at three different temperatures
and the structural, functional and mechanical properties were
determined. Highly dense, monoclinic gadolinia was obtained
at higher sintering temperatures. The contact angle of 1131 has
been reported in this work for the SPS1600 implying it to be
hydrophobic. In addition to this, gadolinia pellets were found
to exhibit transluceny. The hardness values obtained from the
nanoindentation curve were much higher compared to that of
microvickers hardness values which is ascribed to the indentation size effect as well as the difference in loading regimes
used. The estimation of fracture toughness using ICL and COD
methods yielded comparable results for dense samples, for
instance SPS1600.
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