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Abstract

In this work, the mechanical properties of (100) and (00 1) oriented LaGaOj; single crystals have been studied using sharp indenters. Vickers
hardness values for both the (100) and (00 1) samples were found to be in the same range (~8 GPa). The values for the indentation fracture
toughness (KR) from Vickers indentation on the (1 00) samples were determined to be 0.8 4 0.2 MPam'. Different crack lengths, implying a
strong anisotropy in the indentation fracture toughness values, were observed in the two mutually perpendicular directions in the indentations on
the (00 1) samples. These measurements led to estimates of 0.5 0.1 and 1.3 £0.3 MPam'? for the two different sets of cracks on the (00 1)
samples. In situ nanoindentation inside the SEM using a cube-corner indenter has also been used for studying the indentation fracture response of

these samples.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Lanthanum gallate-based ceramics are good candidates
for substrate material for high temperature superconductors
(HTSCs)! and colossal magnetoresistive film epitaxy.> They are
also considered to be attractive alternatives to cubic zirconia for
use as electrolytes in intermediate temperature (650-800 °C)
solid oxide fuel cells IT-SOFCs). Lanthanum gallate is a pure
ionic conductor over a wide range of oxygen partial pressures
and exhibits high oxygen conductivity at 700 °C, comparable to
zirconia at 1000 °C.>*

The mechanical properties of the gallates are critical for
long-term operation of multilayered electrical devices contain-
ing these materials. The application of these materials in high
temperature electrochemical cells demands sufficient mechan-
ical strength and high creep resistance. Very few reports have
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focused on these problems associated with the reliability of the
SOFC materials. Vasylechko et al.’> have noted that most of
the properties (such as thermal expansion) have been measured
on polycrystalline LaGaO3-based ceramic samples which yield
only average properties. Investigation of single crystal samples
could assess anisotropy of the physical properties in different
crystallographic directions.

Baskaran et al.® have noted that fracture toughness obtained
by the indentation method is typically less than fracture tough-
ness measured by other macroscopic techniques such as the
notched beam method. However, the indentation fracture tough-
ness is quite useful in quickly evaluating various candidate
materials and ranking them on a relative scale. The indentation
toughness of polycrystalline LSGM compositions was reported
to be in the range of 0.9-1.1 MPa m!2, while the hardness
measured by indentation with a Vickers diamond pyramid was
7.0-8.2GPa.%7 Giess et al.® reported the indentation fracture
toughness and Vickers hardness (H) values for single crystal
LaGaOs as 0.7 MPam'”? and 9.4 GPa, respectively. The authors
also noted that the cracks tend to follow the cleavage planes in
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the crystal, and oriented the indentations as to yield cracks prop-
agating collinearly with the contact impression diagonals. The
indentation fracture toughness for the polycrystalline LSGM-
1020 (0.9-1.1MPam'?)® is slightly higher than that of the
single crystal LaGaO3 (0.7 MPam!2)®8 which is indicative of
the increased resistance to crack penetration in a polycrystalline
assemblage. The indentation fracture toughness of all the lan-
thanum gallates have been found to be significantly lower than
the corresponding values for polycrystalline cubic zirconia elec-
trolyte materials (2-3 MPa m!/2).6.9

The anisotropy of the coefficient of thermal expansion of
LaGaOs single crystals was reported in Ref. 5. The anisotropy
in the mechanical properties of these single crystals is largely
unknown. In this paper, we investigated the difference in
mechanical properties of LaGaO3 single crystals grown in the
[001] and [100] directions using indentation techniques. It
is reiterated here that the literature reports described earlier
focused mostly on mechanical properties measured only along
selected growth directions of LaGaO3. To the best of our knowl-
edge, this is the first time that a detailed study on anisotropy
of the mechanical properties of single crystalline LaGaO3 sub-
strates grown in different directions is reported. This report deals
with indentation by sharp indenters, namely Vickers and cube-
corner indenter. In this article, hardness and indentation fracture
toughness by Vickers microindentation are presented along with
in situ nanoindentation with a cube-corner indenter inside the
SEM providing new insights into the deformation mechanisms
of LaGaOs single crystals.

2. Crystal structure

LaGaOj3 belongs to the space group Doy'®-Pbnm of the
orthorhombic system having four formula units, Z=4, with
a=5.52299 A, b=5.49138 A, c=7.7725 A'®!! at ambient tem-
perature. Heating of the orthorhombic (o) LaGaOj3 to 143.5°C
leads to a first-order phase transition to R3¢ rhombohedral
(r) phase with cell parameters being a=3.889 A, « =89.50°.12
Some authors!3 have suggested a considerable higher temper-
ature (875°C) for the phase transition, but recent studies!-'*
are in agreement with the lower transition temperature. A
second-order phase transition from rhombohedral to mono-
clinic structure has also been suggested!® in the temperature
range ~750 to ~1000°C. The melting point of LaGaOs is
1800°C.1?

The appearance of twins is common in the perovskite
and related structures. It should be noted that although the
coefficient of thermal expansion (CTE) for LaGaO3 above
the transition temperature provides an ideal lattice match for
high temperature superconducting films, the presence of the
disruptive low-temperature phase transition and a strong ten-
dency for twinning restrict its wider application as a substrate
material. 310 Two views exist on the possible reason for the
formation of these twins in LaGaOs3. According to some
authors, !¢ the LaGaOj crystals are heavily twinned in order
to accommodate the strain originating from the first-order phase
transition. Others, however' '8 have suggested that the forma-

tion of twins in LaGaOs3 crystals grown by the Czochralski
method occurs at temperatures above 500°C and is caused
by the thermoelastic stresses occurring when the crystal is
pulled.

Transformation twins in LaGaO3z were studied in detail in
Ref. 16. They are related by a point symmetry element lost during
phase transition to a lower point group. The lost element might
be a mirror plane, a rotation axis or an inversion center. The twins
represent the orientation variants associated with a reduction in
point group symmetry. The {101}, {121}, and {1 10}, twins
were observed in LaGaOs single crystals cycled through o — r
transition temperature using optical microscopy,!?!® TEM'®
and synchrotron X-ray tomography.!>?° From the space group
symmetry only the reflection and rotation twins may occur
upon the o — r phase transition since both LaGaO3 phases are
centrosymmetric. %!

3. Processing of single crystals

For this research, single crystals of LaGaO3 were grown by
conventional RF-heating Czochralski technique with automatic
diameter control.22 The starting chemicals, LayO3 and Gay O3 of
99.99% and 99.999% purity, respectively, were dried and mixed
in the stoichiometric 1:1 ratio and hydrostatically pressed into
tablets. The charge was then molten in an iridium crucible of
40 mm diameter and 40 mm height by using RF heating. Crys-
tal pull rate was typically 3—4 mm/h, with a crystal rotation of
40 rpm. The growth atmosphere consisted of a mixture of 98%
nitrogen with 2% oxygen to prevent gallium oxide evaporation
during growth. Crystals up to 2.5 cm diameter and 10 cm length
were grown in the [100] and [00 1] directions. The crystals
were oriented by X-ray Laue back-reflection method, and were
cut into (100) and (00 1) in-plane oriented square wafers of
I mm thickness. The wafers were then polished by standard
techniques. The optical micrographs of the (100) and (00 1)
LaGaOj3 crystals along with a schematic representation of the
single crystal growth and direction of indentation are shown in
Fig. 1.

Twin density in a given crystal/wafer depends on growth pro-
cess parameters, particularly on the quality and orientation of
the seed used for the growth. By applying pressure along cer-
tain crystallographic directions while heating through the phase
transition temperature, the twin-boundaries in LaGaO3 can be
moved and single-domain crystals can be obtained. A detwin-
ning procedure similar to that described in Ref. 23 was applied to
the [00 1] crystal investigated in this study. In this detwinning
procedure, the substrate is heated above the phase transition
temperature under a pressure of about 6-12 MPa applied in the
[00 1] direction. The substrate is then cooled to room tempera-
ture under the same pressure. This enables to move majority
of twins out of the substrates. The detwinning procedure is
only successful when performed on high-quality substrates.
Indeed, the substrates used for detwinning procedure are cut
from bulk crystal regions that already show a low density of
twins.
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Fig. 1. Nomarski differential interference contrast (NDIC) microphotograph of (a) the twin structure in the (100) LaGaOs single crystal and (b) the surface of a
(00 1) LaGaOs single crystalline substrate. The surface defects seen in (b) are probably artifacts generated during polishing/grinding of these crystals. Schematic
representation (c) of the growth direction and preparation of the bulk Czochralski-grown LaGaOj3 crystal, and (d) of the Vickers indentation. The indentation direction
is perpendicular to the (1 00) plane. Similar indentation was performed on (00 1)-cut substrates.

4. Experimental details

4.1. Vickers hardness and fracture toughness by
microindentation

Micro-hardness tests were performed using a Vickers micro-
hardness tester (LECO M-400). A Vickers diamond indenter in
the form of a pyramid with a square base and an angle of 136°
between opposite faces was used for the test. The sample was
subjected to loads of 0.49, 0.98, 1.96, 2.94, 4.9 and 9.8 N for
a period of 10s. The Vickers hardness H (GPa) was calculated
according to the following formula®*:

P
H (GPa) = 0.018187d—2 ()

where P is the load in N, and d is the arithmetic mean of the two
diagonals in m.

The indentation fracture toughness Kr was calculated
from the resulting Vickers indentation by using the following
formula®:

EN\YV? p
H

Kr (MPa /m) = x(— P 2

where P is the applied load in N, E is the Young’s modulus in
GPa, H is the Vickers hardness in GPa, a is the corner crack
length measured from the center of the indent in m, and y is
an empirically determined ‘“calibration” constant taken to be
0.022 in ambient air.2%27 The modulus values used to calculate

KRr were obtained from spherical nanoindentation experiments
described in the companion paper.”® Two samples of each ori-
entation (LaGaO3 (100) and (00 1)) were chosen for the tests.
The average of five tests at each load was used for reporting the
hardness and fracture toughness values.

4.2. In situ nanoindentation inside the SEM

Nanoindentation is widely used to measure the hardness and
Young’s modulus of a material.?>** Some recent studies have
also used the technique to measure indentation fracture tough-
ness of different materials.?®3! In a typical nanoindentation test,
the load—displacement data is measured continuously during
the test. Other information, such as the size and geometry of
the impression after test and the distribution and size of cracks
that may be generated during test, is assessed after the inden-
tation. Insights into the material behavior may be obtained by
post-mortem investigations of the indentation area and/or relat-
ing the indentation characteristics to theoretical simulations.
In many cases, however, such correlations are not easy. For
example, it may not be clear whether the cracks, visible after
the indentation, formed during loading or unloading. Crack
lengths can be difficult to measure as cracks are often closed
after unloading and are therefore almost impossible to visual-
ize. The real contact area may be overestimated as a result of
such crack formation leading to inaccurate hardness values. Also
material pile-up during nanoindentation is not revealed in the
load—displacement data but can significantly affect the hardness
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Fig. 2. Microindentation of the (1 00) LaGaO3 single crystal. (a) Vickers hard-
ness. Inset: SEM image of Vickers impression (9.6 N load) with significant lateral
cracking. (b) Vickers fracture toughness. Insets: A schematic of Kr measure-
ment using Vickers impression and crack measurements. Twins generated on
the (100) crystal due to Vickers indentation.

value. These and many other such difficulties have been outlined
in Ref. 32. In situ nanoindentation tests inside the SEM chamber
have the advantage of observing the surface around the tip dur-
ing the loading/unloading cycle and therefore provide additional
information about material pile-up, sinking-in or the onset and
propagation of cracks under load.

In situ indentation experiments were performed using a
custom-built instrumented in situ indenter inside a Zeiss DSM
962 SEM chamber. The instrument has been described in detail
elsewhere.>> The indenter assembly consists of an x—y stage
for sample positioning and scratching, while indentation is per-
formed along the z-axis. The indentation axis is inclined by
about 70° with respect to the electron beam. This allows con-
tinuous observation of the area around the indent during the
loading/unloading cycle, simultaneously with the acquisition of
the load and displacement values.>?

All measurements for the in situ nanoindentation have been
done using a diamond cube-corner indentation tip. The smaller
effective cone angle (the angle of the cone that provides the
same area to depth relationship as the actual indenter) of the
cube-corner geometry (42.28°) compared to the commonly used
Vickers (70.3°), Berkovich (70.3°) or spherical tips guarantees
a better view of the indentation zone with the SEM. However it
should be noted here that due to the different indenter geometry,
the load—displacement curves measured with cube-corner tips
have different shapes compared to curves measured with other
tip geometries such as spherical.
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Fig. 3. Microindentation of the (00 1) LaGaOs single crystal. (a) Vickers hard-
ness. Inset: optical micrograph of Vickers impression (9.6 N load) taken with
Nomarski contrast prism showing the longer cracks in one direction and shorter
cracks in the direction perpendicular to it. (b) Vickers fracture toughness mea-
sured separately for two perpendicular directions.

In situ indentation measurements were performed in load-
control mode to loads of 100 and 150 mN. The samples were
coated with a conductive ~2-nm thick coating for use inside
the SEM. The SEM observations were recorded as a video file
at a rate of 4.6, 6.9 and 3.5 s per frame (for Figs. 4-6, respec-
tively) and later synchronized with the load—displacement curve
to provide a one-to-one correlation between each video frame
and its corresponding position on the load—displacement curve.
It is to be noted that at most only 2/3rd of the events can be seen
in the video (1/3rd is happening behind the 3-sided pyramid).
Additionally, in order to get a high resolution video output, the

observed region is sometimes further reduced to only around
1/3rd.

5. Results and discussion

5.1. Vickers hardness and fracture toughness by
microindentation

LaGaOg3 is a relatively soft material (H is around 8 GPa). As
seen from Figs. 2a and 3a, the H values decrease with increasing
loads up to asymptotic values of ~8 + 0.4 and ~7 £ 0.3 GPa (Eq.
(1)) for (100) and (00 1) LaGaOs3 single crystals (the indenta-
tion direction was perpendicular to the (1 0 0) and (0 0 1) planes),
respectively. The standard deviation is significantly reduced at
increasing loads. Such decrease in hardness with increase in load
has been reported for different materials and can be explained
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Fig. 4. SEM indentation made on (1 00) LaGaOs3 single crystal. The indentation process was recorded as a video file from which individual picture frames were
extracted corresponding to a particular event during the loading/unloading cycle (indicated by arrows on the load—displacement graphs). Note the lower magnification

in (g) and (h).
by the indentation size effect3*30
above a certain load that leads to a decrease in hardness.
The indentation fracture toughness of (1 00) LaGaO3 single
crystal was found to increase with load from 0.7 MPam'? at
0.49N load to 1.3 MPam'? at 9.8 N. It is possible this appar-
ent increase in KR is a consequence of the use of Eq. (2).2
Another possible explanation for this is that it is a consequence
of the deformation twinning that was often observed at the tip
of the corner cracks in the (100) crystal (Fig. 2b inset). It
was noted that higher applied loads produced more deformation
twins. Deformation twins are known to increase strain hardening
rates and ductility of metals.3®3° In addition to the corner cracks
(cracks originating from the corners of the Vickers indentation)
that was used for Kr calculations, significant lateral cracking
(cracks from the lateral edges) has also been observed during
indentation especially at higher loads, as one can see from the
inset of the optical micrograph of the twinning (Fig. 2a inset).

or appearance of microcracks
37

However, for the (001) LaGaO3 single crystal the crack
lengths were significantly larger in one direction compared to the
perpendicular direction. These directions remained unchanged,
even when the sample was rotated with respect to the inden-
ter before the indentation. The fracture toughness values were
calculated as being ~0.5MPam'? for the longer cracks and
~21.3 MPam!”2 for the shorter ones (Fig. 3b) indicating that these
two perpendicular directions in the plane of the sample are dif-
ferent with respect to their toughness. The dependence of Kr
values on the applied load was less for the (00 1) samples than
the (100) samples which correlated well with the absence of
twins in the (00 1) single crystal.

5.2. In situ nanoindentation inside the SEM

Load—displacement curves measured inside the SEM on the
(100)and (00 1) LaGaO3 single crystals are shown in Figs. 4-6.



2044

S. Pathak et al. / Journal of the European Ceramic Society 28 (2008) 2039-2047

(s

(g)\

1

Displacement, pm

15 2

Fig. 5. SEM indentation made on (00 1) LaGaOs3 single crystal. The indentation process was recorded as a video file from which individual picture frames were
extracted corresponding to a particular event during the loading/unloading cycle (indicated by arrows on the load—displacement graphs). Cracks #1, #2 and #3 are
corner cracks originating at different loads under the indenter. Note the lower magnification in (g).

For all samples, individual picture frames were extracted from
the indentation video file corresponding to a particular event
during the loading/unloading cycle indicated by arrows on the
load—displacement graphs.

Within the accuracy of the instrument, the load—displacement
curve for (1 00) LaGaO3 single crystal (Fig. 4) is smooth and
does not indicate any significant pop-in (during loading) or pop-
out (during unloading) events that can be correlated to crack
formation or phase transformation. However the SEM video
images suggest otherwise. The SEM images reveal that at 25 mN
applied load a clear pile-up around the indentation tip is visible
(Fig. 4a) that cannot be inferred from the load—displacement
data. With increasing load, this pile-up becomes more pro-
nounced and lateral cracks start growing and become visible
(Fig. 4b and c). As the load continues to increase to around
60 mN, initiation of corner cracking can be observed (Fig. 4c,
the crack is marked by a circle). At a load of around 70 mN

a small discontinuity in the load—displacement curve is visible
which corresponds to the moment when the upper right part of
the lateral crack (Fig. 4d) becomes completely detached from
the specimen. Further increase in load does not show any other
major event other than the continuous growth of the corner crack
(Fig. 4e and f), with small secondary lateral cracks being devel-
oped at about 140 mN (Fig. 4f). The indenter was stopped at
a maximum load of 150 mN (Fig. 4g). The residual impression
after the indenter was removed (Fig. 4h) shows the extensive lat-
eral cracking and pile-ups. Similar lateral and corner cracking is
also visible in Fig. 2a and b (insets) after Vickers indentation of
the (1 00) LaGaOs single crystal. While a simple study of the
residual impression by SEM cannot reveal the full details of the
indentation process in general and the exact moment of crack
initiation and occurrence of pile-up in particular, the in situ SEM
techniques can be very useful in observing such details under
contact loading. Note that, as in the case of Vickers indenta-
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Fig. 6. SEM indentation made on (00 1) LaGaOs single crystal. The indentation process was recorded as a video file from which individual picture frames were
extracted corresponding to a particular event during the loading/unloading cycle (indicated by arrows on the load—displacement graphs). A prominent pop-in can
be seen at a point ‘c’ in the curve at around 75 mN. After the pop-in event the curves converge back together. The curve A is the load—displacement curve for this
particular experiment. The curves B and C, which are similar curves at the same and higher maximum loads respectively, on different locations of the same sample,

are used for comparison. Note the lower magnification in (g).

tion, there was no significant difference in the size of the cracks
formed on the three edges of the cube-corner indenter for the
(100) LaGaOs single crystal.

The load—unload curve for the (00 1) LaGaOs single crystal
sample presented in Fig. 5 is comparable to the one measured for
the (1 00) sample. At the same time, the SEM images recorded
during the nanoindentation cycle reveal a different behavior.
Unlike the (1 00) sample, no lateral cracking was observed up
to a significant load of 140 mN (Fig. 5f). Instead, the cracking
started with the formation of corner cracks (marked as crack
#1) which were preferentially growing in one particular direc-
tion (Fig. 5Sa—c). Even at higher loads of 80, 125 and 140 mN
(Fig. 5d—f, respectively), no corner cracking had originated from
the corner of the indenter facing the observer while the crack (#1)
had grown significantly from the two corners in the back. This
is an indication of the difference of the toughness in the two per-
pendicular directions of the LaGaO3 single crystal, when one
direction is much weaker/softer than the other. This is again
in correspondence with the microindentation result (Fig. 3a

inset) where Vickers indentation shows the same behavior. It
is worth mentioning here that unlike the indentation behavior of
the (1 00) LaGaO3 single crystal, the pile-up during the nanoin-
dentation of (00 1) sample occurs after the corner cracks have
already been formed (Fig. 5b). Two other corner cracks (cracks
#2 and #3) are forming at a load of around 30 and 40 mN as seen
in Fig. 5c and d, respectively. The micrograph of the residual
impression after the nanoindentation (Fig. 5g) shows significant
lateral cracking and pile-up. The corner crack (#1) can be seen to
have significantly grown in one specific direction and appear to
be relatively larger than cracks #2 and #3. This observation is in
agreement with the results from Vickers indentation described
earlier (Fig. 3), where two different cracks lengths were noted
in two perpendicular directions. Lateral cracking has occurred
after the indenter has been removed, and pile-up is also visible
after the nanoindentation.

Repeated load—unload cycles (three times) were also per-
formed for both (001) and (1 00) LaGaO3 single crystals at
different loads. The experiments did not reveal any significant
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changes occurring after the first load—unload cycle as observed
from the video and SEM images. There was no hysteresis
observed in the reload—unload cycles. As in the case of the Vick-
ers indents, the direction of the longer cracks in the (0 0 1) sample
was unchanged even when the sample was rotated with respect
to the indenter before the indentation.

Compared to the smooth load—displacement curves obtained
in Figs. 4 and 5 the loading part of the (00 1) LaGaOs single
crystal in Fig. 6 (curve A) shows a prominent pop-in event, i.e.
sudden increases of the displacement at constant load. The ori-
gin of this pop-in event can be explained by the presence of a
large defect next to the indentation site which results in pull-out
of a lateral crack chip. The subsurface defect is visible before
the indentation (Fig. 6a), and its presence is also revealed dur-
ing the nanoindentation process. The initial part of the loading
curve (curve A) shows a small change in slope at around 5 mN
(point a ~0.06 wm in the load—displacement curve). The corre-
sponding SEM image (Fig. 6a) does not show any significant
event occurring at that load. One possible explanation for this
change of slope could be that the indenter ‘felt’ the presence
of the defect at this point. This is also suggested by the devi-
ation of the loading curve A from the point ‘a’ onwards when
compared to other similar curves (curves B and C) on the same
sample but at different locations and at different load levels.
After the pop-in has occurred at around 75 mN all the curves
converge back together. The SEM images recorded after this ini-
tial change in slope (Fig. 6b—e) show the formation and growth
of corner cracks in a preferential direction similar to the previous
indentation shown in Fig. 5. The huge pop-in the loading curve
occurred at a load of about 75 mN (Fig. 6¢). This is indicative
of the defect forming or cracks propagating in the sample due to
nanoindentation. As nothing significant is visible on the surface
of the crystal during loading (Fig. 6¢ and d) cracks are proba-
bly forming below the surface or behind the indenter. It is only
during the unloading of the indenter (Fig. 6e and f) when a large
lateral crack chip is generated with a resulting depression. It is
also worth mentioning here that no hysteresis has been observed
following repeated load—unload cycles at the same location. The
residual impression after the removal of the indenter shows the
presence of the large depression as well as significant lateral
cracking occurring behind the indenter tip (Fig. 6g). The above
evidence shows that only such severe sample modifications, like
pull-out of a lateral crack chip, can be seen distinctly in the
load—displacement curve. This has been previously reported in
Ref. 32 where a discontinuity in the load—displacement curve
was related to the delamination of a large part of the coating
material on the sample.

6. Conclusions

Mechanical properties and in situ nanoindentation inside the
SEM of (100) and (00 1) LaGaO3 single crystals are reported
in this article. Hardness and fracture toughness have been mea-
sured by Vickers microindentation. While reported hardness
values are very similar for the LaGaO3 single crystals grown
in different crystallographic directions, the indentation crack
propagation behavior is very different. Lateral cracks have been

found to develop during the indentation of the (1 00) LaGaO3
single crystal, and deformation twins have also been observed
at the tip of the moving crack during indentation leading to
the formation of shorter Vickers cracks. For the (001) sin-
gle crystal the length of cracks originating from the corner of
the Vickers impression in one direction is significantly larger
than in the perpendicular direction. The in situ nanoindenta-
tion with a cube-corner tip revealed the different stages of
the indentation process visible on the crystal surface such as
pile-up, corner and lateral cracking. The sequence of these
events are different in the two different single crystals; lateral
cracking occurs significantly later in the (00 1) LaGaO3 sin-
gle crystal compared to the (100) crystal. These events do
not lead to significantly distinct features on the indentation
load—displacement curves, and only major events such as defect
pull-outs can be correlated to pop-ins in the nanoindentation
curve.
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