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Nanoindentation of LaCrO; thin films
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Nanoindentation of LaCrOg3 thin films deposited by radio-frequency magnetron sputtering onto
stainless steel substrates was performed using an XP Nanoindenter. The “as-deposited” film
was amorphous but transformed to an orthorhombic LaCrO3 perovskite structure after
annealing at 1073 K for 1 h. The film thickness in the “as-deposited” state was 800 nm. Single
loading/unloadings were performed in the displacement control mode on the crystalline film
using different maximum displacements (50, 200, 400, and 800 nm). Therefore, the integral
response of the film—substrate system was probed at different distances from the substrate.
Nanoindentation experiments on LaCrO3 perovskite films revealed sharp “pop-in” events at
certain loads. Such “pop-ins’, are most likely caused by the orthorhombic-to-rhombohedral
phase transition which is known to occur in a LaCrO3 perovskite structure under pressure.
However, such discontinuities have never been observed upon indentation of the amorphous
“as-deposited” La-Cr-O thin films, and the pressure found to be typical of this transition in the
LaCrOg3 thin films is higher than previous bulk LaCrO3 sample studies. Mechanical
characteristics of the films, such as hardness and Young’s modulus, were also measured.

© 2006 Springer Science + Business Media, Inc.

1. Introduction

Inthe last ten years nanoindentation has become a very im-
portant method of characterizing both mechanical proper-
ties and deformation behavior of materials under contact
loading [1-3]. It can also provide insight into pressure-
induced structural changes such as dislocation nucleation,
amorphization, and phase transitions developing in differ-
ent materials upon their indentation [4-6]. Nanoindenta-
tion is especially effective and convenient for the eval-
uation of mechanical behavior of thin films, where fre-
quently other methods are not available. Such properties
as Young’s modulus and hardness can easily be measured
for novel thin film materials, even when their mechanical
characteristics are not known in advance.
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0022-2461 © 2006 Springer Science + Business Media, Inc.
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Despite the ease with which nanoindentation can be
applied to the study of thin film properties, care must
be taken in the analysis of the indentation response,
since there are a number of film and indenter parame-
ters that will affect the films response to contact load-
ing. The nanoindentation response is sensitive to surface
roughness, residual surface stresses, elastic anisotropy,
texture, film thicknesses, and substrate characteristics.
The indenter tip geometry can also have a significant
effect because of the small penetration depth, which is
limited by the film thickness. Nanoindentation is also
strongly affected by different deformation processes oc-
curring under the indenter during loading/unloading of the
film.
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Figure1l Microsturcture of a LaCrO3 perovskite thin film.

Magnetron sputter deposited La-Cr-O thin films are
amorphous when deposited on an ambient temperature
substrate. An amorphous-to-crystalline transformation
starts upon annealing at high temperatures in air. This
transition occurs in the two steps, viz. first the material is
transformed to a monoclinic LaCrO, monazite phase at
803 K and after annealing at 1073 K, a further transfor-
mation to an orthorhombic LaCrOs perovskite structure
takes place [7]. During the phase transition from LaCrO,4
to LaCrOg, oxygen is released from the lattice and a loss
of oxygen leads to about a 30% decrease in its molecular
volume, which corresponds to about a 10% decrease in
LaCrOg3 grain sizes. Such a volume decrease gives rise
to the structure containing self-organized dendrites with
a substantial degree of porosity (Fig. 1).

In bulk samples, LaCrO3 has an orthorhombic struc-
ture with the lattice constants ~+/2ap x ~+/2ap x 2ap,
where ap is the lattice constant of a pseudo-cubic per-
ovskite structure [8] at room temperature and under at-
mospheric pressure. It exhibits a first-order orthorhombic
(space group Pbnm, #62) to rhombohedral (space group
R3c, #167) phase transition in response to pressure and
temperature [9, 10]. Significant volume compression due
to the shrinkage of CrOg octahedra was observed in the
case of the LaCrO3 orthorhombic-to-rhombohedral phase
transition at about 533 K [11], with a linear thermal ex-
pansion coefficient changing from 7.73 x 107% K= at
480 K to —17.64 x 1078 K~1 at 542 K [12]. A pressure-
induced LaCrO3 phase transition has also been reported
[9, 11]. The orthorhombic-to-rhombohedral transition in
LaCrOg3 occurred at a pressure up to 5.4 GPa. The crys-
tal system of LaCrO3; was shown to be orthorhombic at
room temperature and atmospheric pressure but it be-
comes rhombohedral at a pressure of 5.4 GPa. It was also
shown that at pressures within 1.1 and 5.1 GPa, a mixture
of orthorhombic and rhombohedral phases existed. From
simple considerations of enthalpy and molar volume vari-
ations at a phase transition [13], it was concluded that the
rhombohedral phase could be thermodynamically stable
under a pressure as low as 0.53 GPa at room temperature.

Findings on the indentation response of LaCrO3-based
perovskite ceramics have not been reported to date, al-
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though it is a very valuable material widely used as an
interconnect in SOFCs [14], as an anticorrosive coating
of metallic SOFC interconnects [15], or as heat exchang-
ers [16]. It’s applicability to the SOFC applications is
primarily due to its relatively good electronic conductiv-
ity [17], and it’s high phase stability in both oxygen and
hydrogen environments. Knowledge of the LaCrO3 de-
formation behavior under concentrated loading, and the
accurate measurement of the mechanical properties are of
great importance. For instance, the elastic properties can
be used to determine the interface fracture toughness of
the film/substrate pairing [18]. In this paper the results of
nanoindentation of RF magnetron-sputtered LaCrOg3 per-
ovskite films deposited onto stainless steel substrates as
a method of determining their deformation behavior un-
der contact loading are presented as well as the measured
values of hardness and Young’s modulus.

2. Materials and experiments

Thin films were deposited by RF magnetron sputtering
onto Cr-containing stainless steel (SS) substrates. High-
chromium ferritic Fe-25Cr steel coupons (SS 446) with
the following chemical composition: Fe (74 wt%), Cr
(23 wt%), Mn (1.5 wt%), Ni (0.3 wt%), Si (1.0 wt%),
C (0.2 wt%) were used as a substrate material. Stainless
steel substrates (10 x 10 x 5 mm) were polished with a
diamond spray to a mirror surface. To determine Young’s
modulus and hardness of the substrate, nanoindentation
was performed and these parameters were measured to be
220.2 GPaand 2.5 GPa, respectively. Light green La-Cr-O
films were deposited as a result of 8-h magnetron sputter-
ing. An “as deposited” film thickness, measured by phase
shift technology using an interferometric surface profiler,
was 800 nm. EDS analysis of the “as-deposited” film
composition gave a La/Cr ratio of 56.54/43.46 at%. The
“as-deposited” film and samples annealed in air at 1073 K
for 1 h were analyzed by XRD. The “as-deposited” film
was found to be X-ray amorphous [19], and the or-
thorhombic LaCrOj3 structure was determined after an-
nealing of the film. The crystalline LaCrO3 films were
used in nanoindentation experiments.

Nanoindentation tests of LaCrO3 perovskite thin films
were performed using an XP nanoindenter (MTS Sys-
tems) at room temperature. In the tests the Berkovich
diamond indenter was used. To account for indenter tip
irregularities, the projected contact area estimated by eval-
uating of the indenter shape function was used in calcula-
tions,

A(hc) = 24.4648h2 + 5000h, + 1123.26h(/?
+312.683hY/* + 165.257nL/8, (1)

here h¢ is the contact depth [1, 20]. The area factors were
fitted to the experimental data obtained with the Berkovich
indenter. Nanoindentation tests were performed in the dis-
placement control mode with a maximum 800-nm dis-
placement allowed. At least 10 indents were made for



each test with significant distances between them. Load-
ing and unloading rates were the same in each cycle,
however, from cycle to cycle they varied from 0.022 to
0.42 mN/s.

The average contact pressure (ACP), was calculated
from nanoindentation data by a procedure described in
[21, 22]. The average contact pressure oj is defined as

)

where P; is the applied load and A; is the projected contact
area (current contact area). Contact area was found using
accumulated load-displacement data. The elastic deflec-
tion at maximum load (hs)max Was calculated from [1]:

P
(hs)max = 8%, 3)

where ¢ is the geometrical constant equal to 0.72, Ppax
is the maximum measured load, and S is the slope of
the unloading portion of the load—displacement diagram
at the beginning of unloading. Next, the current elastic
deflection (hs); was determined from [21, 22]

P

Pm ax

(hs)i = (hs)max

(4)

This relationship is obtained from contact mechanics [3].
Finally, the depth of the material in contact with the in-
denter (h.); was found as

(hc)i = hi - (hs)ia (5)

where h; is the indenter displacement at the ith data
point measured experimentally. Now, the current contact
area was calculated from Equation 1 substituting (hc); for
hc. Thus, using applied load values obtained from mea-
sured load—displacement data and corresponding calcu-
lated contact area values, one can directly obtain ACP
values for all the data points from Equation 2.

3. Results and discussion

Nanoindentation is known to be an ideal instrument for
studying mechanical properties of thin films. Contact
loading also provides information on structural changes

(e.g., “pop-in” and/or “pop-out” events) that produce sud-
den displacements with little or no force change upon
loading and unloading [1, 4, 23]. Indentation responses
along with the plastic/elastic behavior of LaCrO3z per-
ovskite thin films were investigated and mixed plastic and
elastic responses were observed upon deformation of the
film.

The elastic response can adequately be characterized by
the residual displacement (corresponding to unloading)—
maximum displacement ratio [24]. This parameter, inde-
pendent of a displacement due to the self-similarity of the
indenter geometry, is easily determined from experimen-
tal data. Natural variation ranges for this parameter are
0 < hi/hmax < 1. The lower limit corresponds to purely
elastic strain and, thus, to the complete recovery of the
material upon unloading. The upper limit characterizes
the rigid-plastic material with no elastic recovery.

An alternative parameter, characterizing elastic recov-
ery upon indentation, is the ratio of the work spent for
plastic strain W, to the total work W; performed upon
loading. The total work required for indentation of the
material to the maximum load Ppay, i.e., the work of
external force for producing an indent corresponding to
Pmax, is W = fohm“ Pdh (the integral is taken over the
loading portion of the indentation diagram). The work
spent for plastic strain equals W, = W, — W, where
W, = fhhfma* Pdh is the energy of elastic strains released
upon unloading (the integral is taken over the unload-
ing portion of the indentation diagram). The ranges for
the parameter are 0< W,/W; < 1. If Wo/W; = 0, purely
elastic strain and, consequently, the complete recovery of
the material surface after complete unloading is expected.
The case of W,/W; = 1 corresponds to the rigid-plastic
material, which exhibits no elastic recovery.

Proceeding from the notion that the loading and unload-
ing portions of the indentation diagram can be represented
by P = Ch? and P = B(h — h¢)? curves (C is the inden-
tation curvature), one might reason [25, 26] that ht/hmax
= Wp/W,, which points to the equivalence of energy and
displacement-based approaches. However, it was demon-
strated [27] that the equality h¢/hmax = Wp/W, is a good
approximation only in the particular case, when h¢/hnax
is close to unity. In the general case this equality is not
observed.

The hi/hmax and Wy/W; values for LaCrOs thin films
calculated at different displacements/loads are summa-
rized in Table I. As one can see the hf/hmax and Wp/W,

TABLE | Plasticity of LaCrOz perovskite thin films after nanoindentation results
With ‘pop-in’ Without ‘pop-in’
Maximum

Film composition displacement (nm) Load (mN) h /max Wo/We h /hmax Wo/W
LaCrOs 50 0.98 - - 0.64 0.59
LaCrO3 200 8.20 0.72 0.76 0.71 0.85
LaCrOs 400 20.70 0.83 0.74 0.79 0.75
LaCrO3 800 55.30 0.88 0.90 0.89 0.93
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Figure2 Load vs. displacement (a) and ACP vs displacement (b) diagrams
at a preset maximum displacement of 50 nm.

parameters are not equal, i.e., hf/hpax > Wp/W, in case
of both 50 and 400 nm displacement (with “pop-in” and
without it). However, at 200 and 800 nm displacements,
the inverse inequality hf/hmax < Wp/W, is observed in both
cases (with “pop-in” and without it). With an increase in
displacements, the hi/hmax and Wp/W; parameters show
a general increase that can be explained by the presence
of a more plastic substrate. At a given displacement, the
h¢/hmax ratios for the cases with “pop-in” and without it
are slightly different. The same relationship is also true for
the W,/W; parameters, which points to a weak influence
of “pop-in” associated processes on the film plasticity.

The effect of a substrate on the indentation diagrams can
be neglected for the case of a displacement not exceeding
a 10% film thickness [28]. But for the thicknesses of thin
films used in the present study, the substrate effect on the
indentation diagram (especially at large displacements)
cannot be ignored. The sole exception is the data obtained
at a 50 nm displacement where the materials properties
can be assigned to the LaCrO3 material.

The response of a film indented at a displacement less
than a 10% film thickness is shown in Fig. 2a. The hard-
ness and Young’s modulus of the film calculated accord-
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ing to the Oliver and Pharr technique [1] were 3.1 GPa
and 162 GPa, respectively. An ACP exhibited a maximum
value of 3.8 GPa at maximum loads (Fig. 2b). No “pop-
in” events were observed upon nanoindentation at such
small loads.

As the displacement/contact area increased with an in-
crease in indentation loads, the two types of deformation
curves could be seen (Fig. 3a and b). For the majority
of indentation tests, no significant discontinuities were
observed both upon loading and unloading of the film
(Fig. 3a). An ACP first increased up to 6 GPa with a further
decrease down to 4.7 GPa at maximum loads (Fig. 3c).
Elastic loading of the specimen surface is affected by
blunting of the indenter tip. At a displacement of about
60 nm, a constrained plastic strain zone crops out at the
specimen surface and plastic flow starts in the contact area.
Then ACP in the indent starts decreasing slowly, which
is the effect of a pliant substrate. Plastic flow usually de-
velops at a displacement of about 20 nm [29], however
in our case it happens at a 60 nm displacement, probably
because of significant blunting of the indenter tip. In some
cases pronounced discontinuity (“pop-in”) was observed
upon loading of the film (Fig. 3b). Since upon unloading,
“pop-out” was absent, the event was irreversible. Plastic
flow starts at a 50-nm displacement (change in the slope
of the curve). But an increase in pressure in the contact
area continues down to a displacement of about 170 nm. A
calculated ACP increased upon loading reaching a maxi-
mum value of 8 GPa at the beginning of “pop-in”, which
was only 5 GPa at the end of “pop-in” (Fig. 3d). During
such a “pop-in” a drastic volume decrease should occur.

Indentation to maximum displacements (400 and
800 nm) resulted in the two characteristic load—
displacement diagrams. In both cases, “pop-in”- free
(Figs 4a and 5a) and “pop-in” (Figs 4b and 5b) diagrams
are also observed. At a 400 nm displacement and in the
absence of “pop-in”, an ACP first increases up to 5.9 GPa,
then falls down to 3.9 GPa (Fig. 4c). In the presence of
“pop-in”, an ACP grows up to 6.8 GPa, then falls down to
3.7 GPa (Fig. 4d). At an 800 nm displacement and in the
absence of “pop-in”, an ACP first grows up to 5.2 GPa,
then decreases down to 2.8 GPa (Fig. 5¢). In the presence
of “pop-in”, an ACP increases up to 7.1 GPa followed by
its decrease down to 2.6 GPa (Fig. 5d). Therefore in all
cases “pop-in” events occur when the contact pressure is
higher than 6.86 GPa.

Hardness and Young’s modulus values as a function of
the displacement are shown in Fig. 6a and b, respectively.
Both hardness and Young’s modulus values, correspond-
ing to >50 nm displacements, can be considered only
as a qualitative integral characteristic of the material ac-
counting for the effect of the film and substrate and only
the integral reaction of the film—substrate system is ob-
tained. Hardness and Young’s modulus corresponding to
the properties of the film material should be measured
only when a displacement is equal to 50 nm. When a
displacement is equal to the film thickness, hardness and
Young’s modulus corresponding to the substrate are prac-
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tically measured. As it was measured with a 50 nm dis-
placement the hardness of the film was higher than that
of the substrate, and the Young’s modulus of the film was
lower then that of the substrate material. As the pene-
tration depth increases, hardness decreases and Young’s
modulus values increase from a value corresponding to
the film material to a value corresponding to the substrate
material (Fig. 6b). At an 800 nm displacement a mea-
sured hardness and Young’s modulus value approaches
that of the substrate (Fig. 6a). At the same time, at a 50-
nm displacement, a reduced hardness value is revealed,
which can be associated with a substantial influence of
the indenter tip shape at such shallow depths.
Superposition of ACP/displacement diagrams for pre-
set displacements of 50, 200, 400, and 800 nm revealed
that all the diagrams without “pop-in” are in a close agree-
ment as if corresponding to a single diagram. The dia-
grams with “pop-in” are also practically coincident with
a single diagram, except for the range of maximum ACP.
In this range (at displacements of an order of 100 nm),
when “pop-in” is observed, certain additional strengthen-
ing takes place (as compared to the cases without “pop-
in”). In the case without “pop-in” the maximum ACP
value is about 6.0 GPa, and in the case with “pop-in” this
value is within 6.8-8.0 GPa. After reaching a maximum in
the case with “pop-in” the pressure falls sharply with the
penetration of an indenter in depth, and at a displacement
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of about 200 nm, it reaches the level corresponding to a
single diagram.

Such “pop-ins” can be explained either by microcrack-
ing (fracture under the indenter) [30] or by an abrupt and
irreversible phase transformation. It is known that LaCrO3
undergoes an orthorhombic to rhombohedral phase transi-
tion at pressures in the range of 1.1 to 5.4 GPa. During this
phase a significant volume compression is observed which
is principally due to discrete shrinkage of [CrOg] octahe-
dron. However, the pressure observed here for “pop-in”
events is much higher and these events do not occur for
all points tested in this study. Therefore the origin of the
“pop-in” events is not completely understood.

4. Summary

The deformation behavior of LaCrO3 under concentrated
loads was investigated. The nanoindentation results were
obtained for RF magnetron-sputtered LaCrO3 perovskite
films deposited onto stainless steel substrates. Nanoin-
dentation resulted in the two types of load—displacement
diagrams. The majority of the diagrams refer to the first
type, without any noticeable discontinuities. The second
type of these diagrams is characterized by the presence
of “pop-in”. To assess an elastic recovery level, residual
displacement/maximum displacement as well as plastic
strain work/total work of loading ratios were analyzed.
At a given displacement, the hs/hnax ratios in the cases
with “pop-in” and without it are practically coincident.
The same relation is also valid for the W,/W, parameters,
which is indicative of a weak influence of “pop-in”-
associated processes on the elastic recovery and plasticity
of the films.

ACP — displacement diagrams were calculated. The
additional strengthening ahead of “pop-in” events (in
comparison with the case without “pop-in) was revealed.
The nature of a “pop-ins” and strengthening effects re-
mains uncertain and requires further investigations.
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