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Abstract

Lanthanum tungstate is a promising material to be used as electrolyte in proton conducting fuel cells, or as a mixed proton—electron conducting
membrane for hydrogen separation, and its mechanical properties are crucial for these applications. Lanthanum tungstates with a La/W atomic ratio
between 4.8 and 6.0 have been investigated at room temperature at micro/nanoindentation range. Lanthanum tungstates exhibit a strain gradient
plasticity at the vicinity of the imprints, which implies that the hardness presents an indentation size effect that was corrected using the Nix and Gao
approach. The hardness and Young’s modulus have therefore been determined to be 8-9 GPa and 130 =+ 15 GPa, respectively. The fracture
toughness was estimated to be ~2 MPa m'’? for LWO56 using the Palgmvist equation. Both hardness and Young’s modulus did not present a
significant dependence with neither the sintering temperature nor the composition. The different imprints were visualized by Atomic Force

Microscopy.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lanthanum tungstates close to the 3:1 La,O;—WO;5; molar
ratio, and related compositions, are very promising materials
for their use as electrolytes in high temperature proton
conducting solid oxide fuel cells (PC-SOFCs), or in mixed
proton—electron conducting membranes for hydrogen separa-
tion [1-4]. They are predominantly proton conductors under
wet atmospheres below ~750 °C, with a maximum proton
conductivity of ~3 X 1072 S/em at 800 °C [4]. At high
temperatures, these materials are mixed conductors exhibiting
n- and p-type electronic conductivity under reducing and
oxidising atmospheres, respectively.

Characterization of the mechanical properties, such as
Young’s modulus (E), hardness (H) and fracture toughness
(Kjc), is important for evaluating the mechanical performance
of materials to be used in practical applications. There are a
number of techniques employed for this purpose; such as
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Vickers indentation or three-point bend tests. In addition, non-
conventional techniques have been developed for evaluating the
mechanical properties of solid materials, such as high-
resolution, depth-sensing indentation (commonly referred as
nanoindentation) [5,6]. We have studied the mechanical
properties of lanthanum tungstates with this technique because
it provides additional information compared to the conven-
tional techniques cited above. For instance, it allows the
determination of mechanical properties located on small
structural features in the materials, due to its small measure-
ment length scale and quasi-non-destructive nature. Therefore,
this technique can be used to measure the local Young’s
modulus and hardness in different types of materials, ruling out
the influence of the macroscopic defects (porosity, cracks, grain
size, etc.), which is less straightforward with other more
conventional techniques [7]. A Berkovick indenter is generally
used in small scale indentation studies as it has the advantage
that its pyramidal edges are more easily constructed to meet at a
single point compared to a Vickers indenter [7].

According to Magraso et al. [8], stoichiometric LagWO,
cannot be prepared as pure phase composition at temperatures
below 1600 °C, and single phase materials could only be
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obtained when the La/W ratio was between 5.3 and 5.7, for a
sintering temperature of 1500 °C. Outside this compositional
range, segregation of either La,O5 (La/W > 5.8) or LagW,05
(La/W < 5.2) were found. Conductivity-wise, compositions
with minor La,O3 segregation show similar conductivity values
as the single phase ones [4,8], but those containing segregation
of W-rich phases show a considerable drop in conductivity with
increasing content of the secondary phase [8]. Structure-wise,
the composition with a La/W nominal atomic ratio of 5.6
(LWO56) could be described as a face-centred fluorite-type
structure with a disordered inherently deficient oxygen
sublattice, and the formula unit can be written as
Lag3W1.1701343 (Z=4; calculated density = 6.395 g/cm3)
[8]. One of the aims of the present work is to determine
whether compositional differences, the presence of segrega-
tions or the sintering temperature influence the mechanical
properties of the materials. Additionally, and to the best of our
knowledge, this is the first time that the mechanical properties
of these lanthanum tungstates have ever been reported. The
mechanical properties of lanthanum tungstate reported here
will also be compared to other well-known fluorite-type
structures used as electrolytes in classical SOFCs, such as yttria
stabilised zirconia (YSZ) or gadolinium doped ceria (GDC) [9],
and other high temperature proton conductors, such as LaNbO,
[10].

The purpose of this work is to determine the mechanical
properties of lanthanum tungstates with a La/W atomic ratio
between 4.8 and 6 by using micro- and nano-indentation
techniques. The indentation size effect (ISE) was determined
and ruled out for the final given properties. The effect of
sintering temperature and composition on the mechanical
properties is discussed.

2. Experimental
2.1. Sample preparation

For the sake of simplicity, the compositions will be hereafter
labelled as LWOx, where x represents the nominal La/W ratio
multiplied by 10. Polycrystalline powders of lanthanum
tungstates with a La/W cation ratio between 4.8 (LWO48)
and 6.0 (LWO60) were prepared by freeze-drying synthesis, as
described in Ref. [8]. Calcination of each composition was
performed at 1000 °C for 5 h, and sintering was held between
1350 and 1600 °C for 2 h. Single phase materials were only
obtained when the La/W cation ratio layed between 5.3 and 5.7;
compositions with higher lanthanum content revealed segrega-
tions of La;O3, and higher tungsten content showed more
LagW,05 [8]. Prior to nanoindentation, the sintered specimens
were polished with diamond suspensions of 30, 6, 3, 1, 1/4 um
and colloidal silica.

2.2. Mechanical characterization
2.2.1. Microindentation tests

Microindentation tests were performed on the polished
longitudinal section using an ISOSCAN OD Galileo Durom-

eter. This study was carried out using a Vickers diamond tip
indenter. The maximum applied load was 5000 mN. Fifteen
indentations were made on each sample, and the results were
averaged.

2.2.2. Nanoindentation tests

Nanoindentation tests were performed on the polished
longitudinal sections with a Nanoindenter™ XP System
(Agilent Technologies) equipped with Test Works 4 Profes-
sional level software. Nanoindentations were performed by a
three-sided pyramid Berkovich diamond indenter. The pene-
tration depth was continuously monitored at a constant
deformation velocity of 0.05s ', and load-time history of
indentation was recorded. The Berkovich tip employed during
the indentation process was calibrated against a fused silica
standard. Fifty indentations were made on each sample, and the
results were averaged. The mechanical properties have been
studied at different penetration depths (from 150 nm to
2000 nm) using the Oliver and Pharr equations [5,6,11] and
the fracture toughness has been calculated from indentations at
2000 nm.

The residual imprints of each sample were observed by AFM
(Digital Instruments Multimode) in contact mode, and the
images were treated using WSxM software [12].

2.3. Fracture mechanisms

A critical mechanical parameter in brittle materials is the
fracture toughness K;c [13], which characterizes its resistance
against crack propagation. Fracture toughness can be estimated
from the length of the cracks nucleated at the corners of the
residual imprint, a method known as indentation microfracture.
Several expressions have been proposed to determine K¢
depending on the tip indenter geometry and crack morphology
(radial, half penny or Palgmvist). For radial cracks, the most
widely employed expression is [14]:

EN'?/ P
“e=e(z) () v

where « is an (dimensionless) empirical constant depending on
the indenter geometry (o = 0016 for pyramidal tips), P (in mN)
is the peak indentation load, ¢ (in pm) is the length of the radial
cracks. For Palmqvist cracks, the following equation applies
[15]:

a2 (EN?P/ P
Kic = x, (7) <ﬁ) (m) )

where y, is 0.016 for a Berkovich tip indenter, a (um) is the
length from the centre of the imprint until one of the corners,
and / (um) is the crack length. The applicability of the different
expressions for indentation microfracture test performed with
and Berkovich indenters has been extensively discussed in
[16,17].
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2.4. Indentation size effect models

In order to observe the indentation size effect (ISE)
contribution, the hardness has been obtained at different
penetration depths (from 150 nm up to 2000 nm) using a
Nanoindenter. In addition, several imprints have been
performed using a Microindenter at 5000 mN of applied load,
which leads to penetration depths of around 4000 nm.

Although numerous mechanistic approaches have been
proposed to explain this experimentally observed phenomenon
[17], the most widely used model to explain the indentation size
effect was developed by Nix and Gao. This model is based on
the concept that dislocations are geometrically necessary.
Dislocations must be present near the indentation to
accommodate the volume of material displaced by the indenter
at the surface. In the Nix and Gao model, the indenter is
assumed to be a rigid cone whose self-similar geometry is
defined by the angle, 6, between the indenter and the non-
deformed surface. The hardness value can accordingly be
extracted from the following equation:

H? :H§(1+%) (3)

where H is the hardness for a given depth of indentation, / (nm),
H, (GPa) is the hardness at the limit of infinite depth and A*
(nm) is a characteristic length that depends on the shape of the
indenter, the shear modulus and H,. This expression will thus
be used to extract the hardness of the studied material.

3. Results and discussion
3.1. Hardness and Young’s modulus determination

Fig. 1 shows the evolution of both hardness and Young’s
modulus at different penetration depths for a representative
sample. On the one hand, the Young’s modulus does not vary
significantly with penetration depth; remains essentially
constant. Also, it can be seen from Table 1 that there is no
clear dependency of the Young’s Modulus with sintering
temperature nor composition, and for all tungstates studied
here. On the other hand, the hardness does present an
indentation size effect, i.e. the apparent hardness is higher at
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Fig. 1. Hardness and Young’s modulus evolution at different penetration depths
for LWOA48 sintered at 1500 °C.

low penetration depths. This phenomenon is known and has
been reported for other ceramic materials [18], and the hardness
can determined for each composition using the Nix and Gao
model. As way of example, Fig. 2 displays the variation of H*
versus 1/h for one composition (LWO48) and shows that the
present data fits well to this model, with the exception for the
lowest penetration depth (150 nm). This may indicate that for
this penetration depth, the size of the indent is in the order of
surface defects (e.g. porosity, etc.) so that the model does not
apply and this point should be disregarded. This behaviour is
representative for all compositions studied here. Such a result
attests that the ISE is not an artefact due to the indenter shape
calibration. Then, one may also observe from Table 1 that the
hardness determined at 2000 nm of penetration depth (Oliver
and Pharr) and the hardness extracted after the Nix and Gao
correction are very similar. This implies that the ISE at 2000 nm
penetration depth is relatively small and the hardness at this
penetration depth can be used as a good approximation to the
hardness at the limit of infinite depth.

The difference among all these lanthanum tungstates is the
chemical composition, the grain size and the presence of
impurities, as summarized in Table 1. A closer look to these
values leads us to point out that for the specimens sintered at
1500 °C, or above, Hy and Hojiver and Pharr ar€ in very good
agreement (below ~5% difference). When the sintering

Hardness value (H,) and Young’s modulus for different LWO composition and sintering temperatures obtained using the Nix and Gao [17] equation and Oliver and

Pharr approach [5], respectively.

Composition Tsintering ("C) Grain size (um) Relative density (%) H, (GPa) Hojliver and pharr (GPa) E (GPa) Phase
LWO48 1500 3-10 97 85+03 8.4+ 0.8 142 +£5 Fluorite + LagW,05
LWO54 1400 1-3 91 79+0.3 89+09 123 +£4 Fluorite single phase
1500 3-10 94 85+0.1 8.5+0.7 122+5 Fluorite single phase
LWO56 1400 1-3 93 8.8+0.3 9.3+0.9 141+£5 Fluorite + La,05
1500 3-10 95 8.6+03 8.6 £0.7 137£3 Fluorite single phase
LWO57 1350 0.8-2 90 8.6+04 85+04 133 +£2 Fluorite + La,05
LWO58 1550 6-20 98 89 +0.1 84+0.3 114 +3 Fluorite single phase
LWO60 1400 1-3 91 - 89+0.5 136 £8 Fluorite + La,05
1600 10-30 96 83 +0.1 8.6 £ 0.6 134 +£5 Fluorite + La,05
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Fig. 2. Representation of H* versus 1/h for LWO48 at 1500 °C, linear regres-
sion corresponds to that described in Eq. (3).

temperature is 1400 °C, or below, the hardness calculated from
the Oliver and Pharr approach at 2000 nm penetration depth is
somewhat higher (between ~5 and 10%) than the hardness at
the limit of infinite depth, although the difference may still be
considered acceptable within error bars. This small difference
could be ascribed to the presence of a higher degree of porosity
and/or the presence of more impurities, such as La;Oj3 in the La-
richer compositions [8].

Representative SEM micrographs of different compositions
annealed at different temperatures are presented in Fig. 3. One
can observe that the grain size is strongly dependent on final
annealing temperature. As already reported by Magraso et al.
[8], the average grain size increases from 1-3 wm (1400 °C), 3—
10 pwm (1500 °C) to 10-30 pm (1600 °C). The densification
properties and variation of particle size of the different LWO
compositions do not differ significantly, even those containing
segregation of either La- or W-rich phases. This is also shown in
Table 1. Arrows in Fig. 3a point at secondary phases, probably
corresponding to La,O; in LWO60. This specimen was
polished and annealed 100 °C below the sintering temperature
so that the impurities would show up on the surface. Tungsten-
rich segregations corresponding to LagW,0O,s in low La/W
ratios are more easily detected by SEM (see LWOS50, Fig. 3c).
LWOS56 annealed at 1500 °C shows no segregation of phases, in
accordance with Ref. [8]. These images exhibit a low pore
density in the longitudinal (Fig. 3) and transversal direction (see
Fig. 4). This is also accordance with the densities reported in
Ref. [8]. All the samples studied here present relative densities
of, at least, 90%, which minimizes the ISE. We should highlight
here that size of impurities and pores are much smaller than the
contact area, in particular, at high penetration depths, and it is
therefore expected that the influence of these in the mechanical
properties is not very big. The present set of data confirms this.

Another relevant result is that both hardness and Young’s
modulus do not seem to vary significantly with sintering
temperature. This first indicates that there is no appreciable size
effect during the first stages of contact between the indenter and
the specimen for this penetration depth. As shown in Fig. 1, the

2 Um

Fig. 3. SEM micrographs taken from the surface of (a) LWO60, 7' = 1600 °C,
(b) LWO56, T'= 1500 °C, and (c) LWOS50, T = 1400 °C.

Hardness and Young’s modulus do not follow a clear trend with
sintering temperature between 1350 and 1600 °C, one may
speculate that this occurs because the density of the specimens
at this temperature range is quite high, >90% of the relative
density. Then, it also follows that an increase of the grain size
from ~1 (1350 °C) to ~30 wm (1600 °C) does not influence
neither the hardness nor the Young’s modulus. Finally, there
seems to be no dependency of the mechanical properties with
composition or sintering temperature, the values are the same
within error bars. LWO57, LWO56 and LWO54 are single
phase materials at 1500 °C, but LWO57 and LWO56 present
some La,03, at 1400 °C, and below. LWOS5S is single phase at
1550 °C and above, and LWO60 have some minor segregation
of La,03, even after annealing at 1600 °C, and the lower the
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Fig. 4. SEM micrograph of the cross section view after fracture of LWO54
sintered at 1500 °C.

sintering temperature, the more segregation it shows. LWO48
has some LagW,0;5 [8]. This means that the mechanical
properties reported here do not vary due to the presence of a
minor amount of impurities. This further implies that non-
stoichiometry in this material, within the studied compositional

Fig. 5. AFM micrographs of nanohardness imprints at 2000 nm the penetration
depth for (a) LWOS56 and Tgjysering = 1400 °C. (b) LWO48 and Tjsering = 1500 °C.

range, does not alter the mechanical properties significantly.
This eases the applicability of the material and the fabrication
of this composition(s) without altering its final mechanical
performance within a certain compositional range.

Fig. 5 shows AFM images of a typical residual array
nanoindentation imprints performed at 2000 nm of penetration
depth. In general, it can be observed that the nanoindentations
are clean and mostly show normal fracture mechanisms for
brittle materials. Porosity is distributed homogeneously at the
surface, and some reduction of the pore density is apparent after
annealing at higher temperatures. The mechanical properties of
lanthanum tungstate do not vary with sintering temperature
probably because the pore size is much smaller than the residual
contact area, as observed in the micrographs. We should still
mention that the presence of porosity may help to partially
dissipate some energy, or deform the sample in the elastic
regime, which would lead to a slight underestimation of the
hardness values. This effect is however thought to be minimal,
since there is no clear variation of the hardness with sintering
temperature, and the surface defects (pores, etc.) are much
smaller than the contact area, which is in turn well defined
judged from the AFM images. We may therefore suggest that
the values reported here mainly represent the material’s
intrinsic properties. The residual nanoimprints in Fig. S5a
exhibit radial cracks of few microns (from 0.2 to 0.5 pm) at the
corners, which is usual in brittle materials. When a diamond
indenter penetrates into the sample, it induces a compressive
state to the material. During the indentation process, the tip
withdraws, and when the generated stress field is relaxed
produces radial cracks at the corners of the residual imprints,
see the scheme in Fig. 6 for clarity.

We therefore conclude that the hardness after correction of
the ISE is 7.9-8.9 GPa, and slightly higher when using the
Oliver and Pharr approach (8.4-9.3 GPa). This means that the
hardness for all compositions is roughly between 8 and 9 GPa.
The Young’s modulus (~130 =+ 15 GPa) does not seem to vary
significantly neither with composition nor with sintering
temperature.

There are no reported mechanical properties for this material
that can be compared with, but lanthanum tungstate may be
compared with other fluorite-type structures and proton

T ()

Fig. 6. Scheme of the radial cracks generation during the indentation process.
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Fig. 7. AFM micrographs of residual nanoindentation imprints developed at
2000 nm of penetration depth for on LWOS56 and Ty;zering = 1400 °C.

conducting materials used as electrolytes in SOFCs or proton
conducting SOFCs, respectively. The hardness for GDC and the
lanthanum tungstates reported here are approximately the
same, while the Young’s modulus is lower for LWO compared
to GDC: from 180 to 200 GPa depending on the gadolinia
doping concentration [9]. YSZ is harder (H = 12.4-13.5 GPa)
and presents a higher Young’s modulus (200-220 GPa), which
is the highest among of all SOFC electrolytes [19]. Acceptor-
doped LaNbQ,, a recently proposed material as electrolyte for
proton conducting fuel cells [10], exhibits lower hardness
(~3 GPa or ~6 GPa, depending on the dopant concentration
and/or grain size [20]) than lanthanum tungstate (~8-9 GPa).
One may overall conclude that lanthanum tungstate presents
sufficient mechanical properties for applications as electrolyte
in proton conducting fuel cells and/or gas separation
membranes.

3.2. Fracture mechanisms

Fig. 7 shows typical AFM micrographs where radial cracks
can be observed at the corners of the imprint. All of them show
the sink-in effect, typically found in elastic and brittle materials
[21]. This effect is an elastic displacement of the surface at the
contact perimeter, and could lead to an overestimation of the
contact area, and thus an underestimation of the hardness.
Howeyver, this effect is minimised after calibration with fused
silica, and this has been taken into account in the present study.

From the imprints that present radial cracks, the fracture
toughness can be estimated. This was calculated for LWOS56
sintered at 1400 and 1500 °C, and summarized in Table 2. Other
compositions presented porosity surrounding the residual
imprint or several fracture mechanisms which were activated
due to tensile stresses extended beneath the residual imprint,
and therefore K;- could not be obtained by indentation
microfracture [22].

Although fracture toughness could only be determined for
these two specimens, the measurements seem to indicate that

Table 2
Estimation of K- for LWO56 with different sintering temperatures.

Composition Tintering (°C) Grain size (pm) K;c (MPam'?)
LWO56 1400 ~1-3 1.9+0.1
1500 ~3-10 2.1+0.2

the fracture toughness does not differ significantly with
sintering temperature (grain size) between 1400 and 1500 °C
for this particular composition, although more experiments
should be performed to corroborate this. When comparing these
values with other materials, fracture toughness for LWO56 is
higher than GDC values reported by Sato et al. [23] (1.2—
1.3 MPa m"?) and Morales et al. [9] (1.3-1.5 MPa m"?). On
the other hand, K, for LWO is similar to that reported for YSZ
electrolytes [9].

4. Conclusions

Nanoindentation has been employed in order to extract the
mechanical properties of a new material to be used as proton
conducting electrolyte or membrane material for gas separa-
tion. The hardness without strain gradient plasticity contribu-
tion and Young’s modulus were determined to be ~8-9 GPa
and ~130 £ 15 GPa, respectively. The experimental results
suggest that neither the hardness nor the Young’s modulus are
affected by the sintering temperature or the composition, so that
slight non-stoichiometry within the studied range does not pose
a problem from the mechanical properties point of view.

Fracture toughness has been calculated to be ~2 MPa m'?
for LWO56. The experimental results suggest that LWO
presents sufficient mechanical characteristics to be used in the
mentioned high temperature devices. Also, we have shown that
the model from Nix and Gao provides an excellent description
of the dependence of the hardness with penetration depth in
lanthanum tungstate ceramic materials.
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