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Superconducting films with poor mechanical properties are useless even if they possess good transport and flux-pinning proper-
ties. Since additive particles as pinning centers are important changes in a microstructure, their effect on the micromechanical
properties such as Young’s modulus and hardness have to be investigated with respect to the additional-particle type and quan-
tity, using experimental and numerical methods. In this study, films were dip-coated onto (001) SrTiO; (STO) single-crystal
substrates with metalorganic deposition using the trifluoroacetate (TFA-MOD) technique. The phase analysis and the micro-
structure of the superconducting thin films were determined with an X-ray diffractometer (XRD) and a scanning electron micro-
scope (SEM). The mechanical-property variations of the pure YBCO and the YBCO thin films with Mn (reacting as BaMnO3)
were experimentally obtained with nanoindentation techniques. Thus, the BaMnOs nanoparticle effects on the structural and
mechanical properties of the films were observed. According to the nanoindentation results, the Young’s modulus and
indentation hardness of the films decreased from 88.54 GPa to 76.47 GPa and from 12.51 GPa to 3.88 GPa, respectively,
depending on the additive particles. In addition, the finite-element modeling (FEM) of the indentation was applied to estimate
the failure stress/stress distribution relation at the contact region between the indenter and the surface of a YBCO-based thin
film, obtaining the same force/penetration depth curve as with the indentation experiment. According to these main aims of
FEM, the mesh-design effect, material properties and the boundary condition of the axisymmetric model were chosen and
optimized to obtain the mechanical results of the instrumented indentation.

Keywords: superconducting films, mechanical properties, nanoindentation, finite-element modelling, stress distribution

Superprevodne tanke plasti s slabimi mehanskimi lastnostmi so neuporabne, ¢eprav imajo dobre transportne lastnosti in
zmoznost zadrZevanja toka. Ker so dodani delci kot mesta zadrZevanja pomembna sprememba v mikrostrukturi, je treba z
eksperimentalnimi in numeri¢nimi metodami raziskati njihov vpliv na mikromehanske lastnosti, kot sta Youngov modul in
trdota, v odvisnosti od vrste in koli¢ine dodanih delcev. V tej $tudiji so bile mono- kristalne tanke plasti (001) SrTiO; (STO) s
potapljanjem obloZene s kovinsko-organskim nanosom z uporabo tehnike s trifluoroacetatom (TFA-MOD). Fazna analiza in
mikrostruktura superprevodnih tankih plasti sta bili dolo¢eni z rentgenskim difraktometrom (XRD) oziroma z vrsticnim elek-
tronskim mikroskopom (SEM). Spreminjanje mehanskih lastnosti ¢istega YBCO in tankih plasti YBCO z Mn (reagira kot
BaMnO:s) je bilo eksperimentalno doloceno z nanovtiskovanjem. OpaZeni so bili u¢inki nanodelcev BaMnO; na strukturne in
mehanske lastnosti plasti. Na podlagi rezultatov nanovtiskovanja sta se Youngov modul in trdota plasti zmanjsala iz 88,54 GPa
na 76,47 GPa oziroma iz 12,51 GPa na 3,88 GPa, odvisno od dodanih delcev. Dodatno je bilo uporabljeno tudi modeliranje
vtiskovanja s kon¢nimi elementi (FEM) za doloCanje poruSitvene razporeditve napetosti v podrocju stika vtisnega telesa in
povrsine tanke plasti na osnovi YBCO, da bi dobili krivulje sila — globina vtiskovanja pri preizkusu vtiskovanja. Skladno s
ciljem FEM-modela, je bil izbran ucinek oblike mreZe, lastnosti materiala in robni pogoji za osnosimetri¢ni model in izvr§eno je
bilo optimiranje glede na doseZene rezultate pri mehanskem instrumentiranem vtiskovanju.

Klju¢ne besede: superprevodne tanke plasti, mehanske lastnosti, nanovtiskovanje, modeliranje s kon¢nimi elementi, razporedi-
tev napetosti

up to the value, at which the distance between the nearest
centers reaches the coherence length will severely
deteriorate the mechanical properties of the films. Thus,
it may occur that for many of the HTS thin-film appli-
cations requiring a high critical-current density, the
limiting factor will no longer be the critical-current
density magnitude but the mechanical strength against
the body forces caused by flux pinning. The mechanical
strength makes a crucial contribution to the stability and
credibility of any device based on this form of materials.?
In addition, the mechanical properties are also very

1 INTRODUCTION

Since the discovery of high-7. superconductors,
numerous researchers focused on their electric proper-
ties. The production effect and the critical-current den-
sity (J.) dependence on the external magnetic field and
on the temperature in high-7. superconductor (HTS)
YBCO films have been widely investigated.'”” The
results demonstrate a high potential for an application of
YBCO films in power devices such as fault current limi-
ters (FCL) and motors. J. depends on the vortex-pinning

capability of a film, the optimization of which is
currently achieved by controlling the microstructure and
the defect distribution (BaMeQO; as a nanorod and dot) in
a film. However, increasing the pinning-center density
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important for the final industrial application.

In the literature, there have been several reports on
their hardness, bending strength and internal friction. A
precise knowledge of the elastic and deformation beha-
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viour is a prerequisite for a successful production and
operation of such devices. However, very little informa-
tion on the elastic-to-plastic transition is available in the
literature.®'' On the other hand, nanoindentation has
been used routinely in the mechanical characterization of
thin films and thin-surface layers in recent years.'> The
technique applies a programmed function of an in-
creasing and decreasing load to the surface of interest
with an indenter of a well-defined shape, continuously
measuring the indenter displacement (Figure 1). The
advantage of this method is that the mechanical
information, such as the elastic modulus, can be obtained
through an analysis of the load-displacement behavior
using only the coating of the material to be tested on a
substrate made from a different material. This makes it
an ideal tool. The technique has been used to assess the
elastic and plastic properties of coatings on a range of
substrates, but there are limitations in measuring the
properties of much thinner coatings, particularly when
elastic properties are required.'>!'* For the coatings with a
thickness of a few hundred nanometers, it has been
suggested that extrapolating the properties determined
for a range of peak loads or indenter displacements to
zero load/depth can be used to determine the
coating-only properties. With high-quality sharp
indenters it is possible to assess coatings down to the
thickness of 100 nm using this method.'’

The indentation-system frame stiffness and the
diamond tip shape were carefully calibrated with a
fused-silica test sample, using the standard Oliver and
Pharr method (1992), before and after the measurements
with no change for either of them. Nano-indentation load
(P) vs. displacement (h) curves were then recorded for
each indent and only the ones showing evidence of a
plastic deformation (i.e., the loading and unloading
curves are different) were used in the analysis of Young’s
modulus using the above methods.'>"!® In addition, most
of the previous studies about the depth-sensing nano-
indentation technique demonstrate that: to extract the
mechanical properties of the coatings or films from the
indentation test, we should limit the indentation depth to
less than 10-20 % of the film thickness.!*?° As we know,
during the nanoindentation experiments, especially when
the indentation depth is about 100—1000 nm, size-scale-
dependent indentation effects become important. These
possible size-scale-dependent effects on the hardness
have been modeled using higher-order theories?'>* and
these effects can also be related to the bluntness of the
nominally sharp indenters.?*?* For the cases when the tip
bluntness is on the same order as the indentation depth,
Borodich and Keer?* proposed fundamental relations for
depth of indentation, size of contact region, load, hard-
ness, and contact area for various boundary conditions. If
the indentation is sufficiently deep (typically deeper than
1 um), then the scale-dependent effects become small
and negligible. Therefore, the limitation of the inden-
tation depth to less than 10-20 % of the film thickness
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for the films with the thickness measured in micrometers
is not a good rule. However, when the indentation depth
is deeper than 1 um, the deformation of the substrate has
an effect on extracting the mechanical properties of the
film from the indentation test for very thin films. Saha
and Nix?® examined the effects of the substrate on
determining the hardness and elastic modulus of thin
films with nanoindentation. They found that the effect of
the substrate hardness on the film hardness was negli-
gible in the case of soft films and the substrate hardness
affected the measured film hardness in the case of a hard
film on a soft substrate.

Compared to hardness, the nanoindentation measure-
ment of the elastic modulus of thin films was more
strongly affected by the substrate. Recently, with respect
to an elastic-plastic film applied to an elastic substrate
system, some researchers?»?’?8 have proposed the tech-
niques that allow us to extract a film’s elastic-plastic
properties, taking into account the influence of the
elastic substrate from a conical indentation test using the
finite-element method (FEM). In this study, elastic
properties and the limits (£ and oy) of YBCO-based films
with/without BaMnO; defects as pinning centers were
designated with the finite-element method (FEM) and
nanohardness experiments according to the theory of
indentation. Furthermore, failure (oy), contact-deforma-
tion characteristics, stress distribution near the contacts
of the films depending on the amount of formed
BaMnO; particles were obtained using an algorithm with
FEM and a comparison between the experimental and
simulation results of the nanoindentation.

2 EXPERIMENTAL PROCEDURE

Initially, (100) STO single-crystalline substrates with
dimension of 10 mm x 10 mm x 0.75 mm were rinsed in
acetone using a standard ultrasonic cleaner. After that,
the solutions were deposited on the substrates using a
dip-coating process with a withdrawal speed of 0.3 cm/s
in a vacuum atmosphere. The deposited gel films were
converted to an epitaxial pure YBCO and a YBCO film
with BaMnO; nanoparticles through a combination of
calcining and heat-treatment procedures. After that, the
structural development of the produced thin films was
investigated with the X-ray diffraction (XRD-Rigaku
D/MAX-2200/PC) patterns that were recorded using the
Co K, irradiation (the wavelength, A = 0.178897 nm),
with the scanning range between 20 = 10° and 90°. The
surface topographies and additional-particle effects on
the microstructure of the films were examined with a
high-resolution scanning electron microscope SEM
(JEOL JSM 6060). The hardness and Young’s modulus
of the produced thin films were measured under the peak
load of 300 uN three times with the CSM Berkovich
nanoindentation tester (the loading-unloading test mode)
to determine the additional-particle effects on the mecha-
nical properties.
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3 INDENTATION MODELING OF YBCO-BASED
THIN FILMS

A simulation of YBCO-based thin-film indentation
analysis exposed very important mechanical properties
such as the maximum (fracture-fracture) strength that
influenced the mechanical stability of the coated super-
conductor under service conditions. The elastic modulus
and hardness of YBCO-based thin films could be deter-
mined from the instrumented indentation with the load-
ing-unloading curves. However, the maximum stress, the
stress-strain relationship, the substrate and the thickness
effect on the characteristic loading-unloading curves
could not be obtained from the experimental results. At
this time, researchers used a simulation and finite-ele-
ment modeling with the developed algorithms. Normally,
until the 2000 s, a finite-element analysis of an indenta-
tion problem was applied to bulk ceramic and metallic-
based materials. However, after the development of
thin-film technologies and materials had increased, the
determination of mechanical properties of films and
coatings became more focused. For instance, thin-film-
based technologies provide for a higher performance, a
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Figure 1: Characteristic indentation curve and representation of the
parameters
Slika 1: Znacilna krivulja vtiskovanja in predstavljeni parametri
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higher density and a smaller overall size of a micro-
system package. Although thin films are increasingly
used for the sake of performance, functionality and size,
it is important to understand the mechanical behavior of
thin films to address the reliability concerns.

The indentation analysis of YBCO-based thin films
was started with a design of an axisymmetric model. A
diamond conical surface with a half-apex angle of 70.3°
was used to model the widely used Berkovich indenter.
In addition, the thicknesses of YBCO-based thin films
and substrates were 300 nm and 5000 nm, respectively,
and the ratio of the film thickness to the substrate was

(b)

Figure 2: Finite-element model of YBCO-based thin films on an STO
single-crystal substrate

Slika 2: Model kon¢nih elementov tanke plasti na osnovi YBCO na
monokristalni podlagi STO
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6 % in this model. The substrate dimensions (both width
and height) are taken to be at least 16 times larger than
those of the film, so as to simulate a semi-infinite
substrate (Figure 2a). On the other hand, four different
material inputs were loaded to the model as a pure
YBCO thin film, a YBCO thin film with 0.05 g Mn, a
YBCO thin film with 0.10 g Mn and a YBCO thin film
with 0.15 g Mn (BaMnOs). The input data of the material
properties of the axisymmetric thin-film model with a
substrate and an equivalent cone are listed in Tables 1
and 2. Elastic modules were experimentally determined
from the indentation unloading curves for four different
YBCO-based thin-film models. So, the determined
elastic modules were loaded with Poisson’s ratio as the
material elastic properties in the finite-element simu-
lation. While fixing the elastic properties presented in
Table 2 for each sample, the maximum stresses (failures)
of YBCO-based thin films were changed to determine
the same penetration force/depth curve with the experi-
mental indentation analysis.

The properties of the contact region between the
indenter and the surface of a thin film/ substrate system
could be designed in the assembly and interaction
modulus of the Abaqus package program. The contact
areas of YBCO-based thin films were divided into parti-
tions. As known from the indentation-analysis theory, a
fine-mesh design could be applied to the mesh part so as
to create the partitions near the contact region. The con-
tact regions of YBCO-based thin films were calculated
as the dimensions of 300 mm x 400 nm (thickness x
length). After this area determination (depending on the
indentation depth), the whole model began to partition
from the contact region to the substrate with dimensions
of 500 nm and 400 nm, respectively (Figure 2b). This
partitioned model can be used for different element-type

and region determinations for a fine-mesh design of a
contact area. At the same time, interaction properties for
the indenter and the film surface are established as the
finite-sliding formulation and surface-to-surface con-
straint-enforcement method. The contact property of the
entire model was assumed to be tangential, being fric-
tionless between the indenter and the surface of a film.

As the main aim of the study was to obtain the stress
distributions and force-depth curves of YBCO thin films,
the mesh design of the entire model became important,
especially when a problematic region included a contact
between two separated surfaces. As we already know, the
instrumented indentation analysis was carried out with a
diamond indenter that penetrated the surface of a thin
film at the nanoscale, deforming the contact region, not
the whole surface, plastically under the applied load. The
importance of a divided surface near a contact region
required very correct and sensitive results for simulated
loading-unloading curves of YBCO-based thin films. For
that reason, the elements were the finest in the central
contact area and became coarser outwards for the entire
model and a magnified view of the contact region can be
seen in Figure 2. According to Figure 2¢, the contact
region was meshed as a structured CAX4R element type,
A-4 node bilinear axisymmetric quadrilateral, reduced
integration and hourglass control with 2, 4, 8, 16, 32 and
40 numbers for a determination of the indentation depth
and load dependency on the mesh-element number. In
this model, as presented in Figure 2¢, the contact-region
size of YBCO-based thin films was 300 nm x 400 nm.
When the element number increased from 2 to 40, the
element size was decreased from approximately 200 nm
to 10 nm. The smallest element size and the total ele-
ment number were 10 nm and 3764, respectively, which
enabled an accurate determination of the real-impression
size.

Table 1: Indentation-experiment results for YBCO-based superconducting thin films
Tabela 1: Rezultati eksperimentalnega vtiskovanja v superprevodno plast na osnovi YBCO

Materi Force | Max. depth | Res. depth | Film thick- | Hardness Indentation |~ Young’s
aterial (uN) (nm) (nm) ness (nm) (HV) hardness modulus
(GPa) (GPa)
Pure YBCO thin film 40.24 £ 6.430.12+7.8| 292+9 695 £28 |12.51 +4.8 | 88.54 3.1
YBCO thin film with 0.05 g Mn 300 4232 +£9.4132.11£87| 297+5 52516 | 821 +1.2 /18341 +1.8
YBCO thin film with 0.10 g Mn 4245 +£59 13353 +44] 294+6 495 +21 | 575+ 1.1 |79.11 +1.9
YBCO thin film with 0.15 g Mn 47.04 £ 6.1 |3748 £5.7] 305+8 454 + 18 | 3.88+0.8 |7647 1.3

Table 2: Material properties of the entire model
Tabela 2: Lastnosti materiala za celoten model

Materi Elastic modulus Poisson ratio Maximum stress Ratio of Maximum
aterial type (GPa) ) (GPa) stress to elastic
modulus

Pure YBCO thin film 88.54 7.50-9.50 0.0847-0.1073
YBCO thin film with 0.05 g Mn 83.41 0.261 6.50-9.00 0.0779-0.1079
YBCO thin film with 0.10 g Mn 79.11 ’ 5.00-6.75 0.0632-0.0853
YBCO thin film with 0.15 g Mn 76.47 2.75-4.25 0.0360-0.0556
STO substrate 278 0.238 - -
Equivalent cone 1040 0.07 - -
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Figure 3: Phase analysis of YBCO-based superconductor thin films
with additional particles

Slika 3: Fazna analiza superprevodne tanke plasti na osnovi YBCO z
dodanimi delci
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4 RESULTS AND DISCUSSION
4.1 Characterization of YBCO-based thin films

Details of the phase analysis of YBCO-based thin
films are shown in Figure 3 relating to the pure YBCO,
and the YBCO with 0.05 g, 0.10 g and 0.15 g of
BaMnO; nanoparticles on the STO single-crystal sub-
strate. XRD patterns illustrate that YBCO films have
(001) and parallel plane reflections for the pure YBCO
thin film. The major diffraction peaks corresponding to
the (001) parallel plane was developed. In addition, no
second phases such as Y,Cu,Os, BaF, and CuO were
found, and only the pure YBCO phase was formed.
Apart from that, BaMnO; perovskite peaks with a low
intensity were determined on account of the Mn doping
effect. On the other hand, the surface analysis of
YBCO-based thin films indicated that structural defects
could react as nanodots or nanoparticles (due to the Mn
addition) along the c-axis of a YBCO film as presented
in Figure 4. Since Mn reacts with Ba and a BaMnO;
perovskite structure forms in the YBCO film during the
heat-treatment process, the microstructures of supercon-
ducting thin films were changed as expected.

4.2 Instrumented indentation results of YBCO-based
thin films

Since the general purpose is to determine the mecha-
nical properties such as the Young’s modulus and hard-
ness of the pure YBCO thin film and the YBCO thin
films with a Mn addition (Mn reacts as BaMnO;), an
instrumented nanoindentation test was used. At this time,
the importance of the applied load became apparent. The
indentation response of YBCO-based thin films on the
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Figure 4: Surface analysis of YBCO-based superconductor thin films with additional particles
Slika 4: Analiza povrsine superprevodne tanke plasti na osnovi YBCO z dodanimi delci

Materiali in tehnologije / Materials and technology 47 (2013) 6, 723-733

727



O. CULHA et al.: FINITE-ELEMENT MODEL OF THE INDENTATION FOR YBCO-BASED SUPERCONDUCTOR ...

STO substrate is a complex function of the elastic and
plastic properties of both the film and the substrate and it
is crucial to understand how the intrinsic mechanical
properties of the film can be determined from the overall
mechanical response of the film/substrate system. As the
values of the elastic modulus and hardness, determined
from indentations, do not depend on the value of A
(indentation depth) and, therefore, on the value of the
maximum load, the indentation depth should not exceed
1020 % of the film thickness, otherwise the results will
be affected by the properties of the substrate. Another
parameter that can influence the indentation test is the
surface roughness. It has a very active role in the inden-
tation experiment at the nanoscale. If the surface rough-
ness is bigger than the maximum indentation depth for
the applied load, the curve has a very scattered loading
and unloading part. According to the surface analysis,
the surface roughness of the pure YBCO thin film is
(21 £5) nm.

As presented in Table 1, the ratio of the indentation
depth to the film thicknesses is applicable for the instru-
mented indentation with the 300 uN applied load. The
smoothing procedure was applied to all of the instrumen-
ted indentation results of the samples. The loading-un-
loading (load-displacement) curves of YBCO thin films
under the 300 uN applied peak load are shown in Figure
5, at the nanometer scale, three times and the total test
time was 60 s. The maximum and residual indentation
depths of the YBCO thin film were increased from
(40.24 = 6.4) nm to (47.04 = 6.1) nm and from (30.12 =
7.8) nm to (37.48 £+ 5.7) nm, respectively, by increasing
the Mn content in the structure (Table 1). The ratios of
the indentation depth to the film thickness of the YBCO
thin film, the YBCO with 0.05 g Mn, the YBCO with
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0.10 g Mn and the YBCO with 0.15 g Mn were 13.78 %,
14.14 %, 14.43 % and 15.04 %, respectively. Further-
more, the elastic modulus and instrumented hardness of
YBCO thin films were decreased from (88.54 + 3.1) GPa
to (76.47 = 1.3) GPa and from (12.51 = 5.1) GPa to (3.88
+ 0.8) GPa under the 300 uN applied load as listed in
Table 1. The loading and unloading parts of the curves
have some fluctuations due to the surface roughness and
porosity of YBCO-based thin films. For that reason the
standard deviations were added to all the indentation-test
characteristics, such as the maximum indentation depth,
the residual depth, the elastic modulus and the instru-
mented hardness of the films.

According to the results, the indentation hardness of
the films decreased with the increasing Mn content in the
film structure. Depending on the Mn content, the maxi-
mum indentation depth, the residual depth and the
indentation hardness were changed scientifically. Since
the Mn content increased in the microstructures of
YBCO-based films, the intensity of BaMnOs phases in
the X-ray analysis increased. Furthermore, the SEM ana-
lysis showed that the BaMnOs phase structure dispersed
and agglomerated in the YBCO thin-film structure. So,
the characteristic indentation curves of YBCO-based thin
films changed depending on the Mn content and the
BaMnOs; phase structure. As expected, BaMnOj; reacted
as a defect, becoming the pinning center in the structure.
When the defect concentration increased due to the
increased Mn content, the stability of the structure and
interatomic bonding mechanism changed to particle-
doped YBCO-based thin films. Although the lattice
parameter was very close to YBCO, the BaMnO; based
structure in YBCO thin films caused some distortion (the
residual stress) and irregularities. Although the indenta-
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Figure 5: Indentation curves of YBCO-based thin films on the STO single-crystal substrate
Slika 5: Krivulje vtiskovanja tanke plasti na osnovi YBCO na monokristalni podlagi STO
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tion load was fixed at 300 pN, the indentation hardness
was decreased as if the indentation size effect had
influenced the mechanical properties. Since the hardness
is accepted as an inherent material property, it should not
vary with the indentation load and size but can change
with different phase formations. A decrease in the hard-
ness due to the increasing BaMnO; content in the YBCO
thin-film structure caused differences in the indentation
depth. According to this explanation, it can be concluded
that the pure YBCO thin film is harder and more brittle
than the BaMnOs films. As presented in Figure 6, the
indentation hardness of YBCO-based thin films de-
creased from 12.51 GPa to 3.88 GPa depending on the
Mn content in the structure. The elastic-modulus vari-
ation of YBCO-based thin films is also demonstrated in
Figure 6. Although hardness was very sensitive to the
maximum indentation depth and thickness ratio of the
samples, changing from 12.51 GPa to 3.88 GPa, the ela-
stic modulus of YBCO-based thin films did not show
any sharp decrease. However, as listed in Table 1, the
elastic modulus of the pure YBCO, the YBCO with 0.05
g Mn, the YBCO with 0.10 g Mn and the YBCO with
0.15 g Mn was 88.54 GPa, 83.41 GPa, 79.11 GPa and
76.47 GPa, respectively. However, the references about
the mechanical properties of this material, particularly
the yield strength and the stress-strain curve, are scarce.
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Figure 6: Indentation-hardness and elastic-modulus variations of
YBCO-based thin films

Slika 6: Spreminjanje trdote in modula elasti¢nosti tanke plasti na
osnovi YBCO
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The mechanical properties (the hardness, the Young’s
modulus and the fracture toughness) of YBCO samples
were examined with the techniques such as ultrasound?
X-ray diffraction® and nanoindentation.’! The reported
values of the Young’s modulus for Y-123 are within the
range of E = 40-200 GPa. This large scatter may be due
to the residual porosity and poor contact between the
grains.?? Other authors,* also using nanoindentation,
reported a value of E = 171-181 GPa for the YBCO
samples textured with the Bridgman technique, which is
in agreement with Johansen, who applied between
30 mN and 100 mN. Nanohardness values in the range of
7.8-8.0 GPa at the maximum loads of 30 mN were
recently reported by Lim and Chaudhri** for a bulk,
single-crystal YBCO. Roa et al.** found a hardness value
of (8.9 = 0.1) GPa using nanoindentation on the YBCO
samples textured with the Bridgman technique.’?-’

4.3 FEM results of indentation

The depth-sensing instrumented nanoindentation
technique provided a continuous record of the variation
in the indentation load and the penetration depth into the
specimens. This technique has attracted considerable
attention in recent years due to its high resolution at a
low-load scale with respect to determining the elastic
modulus and hardness of thin films. The importance of
the mechanical stability of superconductor thin films
with/without additional particles under service condition
was exposed during the experimental work and finite-
element modeling.

Additional particles behave as defect centers increas-
ing the superconducting properties under a given tempe-
rature as explained above. While increasing supercon-
ducting properties with additional particles, in this study
they are Mn (BaMnO;) particles, the elastic modulus and
the hardness of thin films decreased from 88.54 GPa to
76.47 GPa, 12.51 GPa and 3.88 GPa. However, the vari-
ations in the plastic properties of YBCO-based thin films
with additional particles could not be determined with
the instrumented indentation test. For that reason, the
finite-element modeling of YBCO-based thin films with
and without BaMnOs; particles was carried out using the
Abaqus 6.10-1 package program, taking into account the
experimentally determined elastic properties of the films.

According to the depth analysis, indentation with a
different element number and size for FEM, 40 elements
with the element size of 10 nm, was chosen, due to its
sensitivity at the nanometer scale, for the simulated
loading and unloading curves of the pure YBCO thin
film and the YBCO thin films with 0.05 g, 0.10 g and
0.15 g Mn. Figure 7 shows that the simulated maximum
and residual indentation depth variations for the four
different YBCO-based thin films depend on the maxi-
mum stress rises under the 300 uN indentation load.
According to the FEM indentation analysis, the maxi-
mum depth values decreased from 40.74 nm to 39.58
nm, 43.13 nm to 41.36 nm, 44.89 nm to 42.84 nm and

729



O. CULHA et al.: FINITE-ELEMENT MODEL OF THE INDENTATION FOR YBCO-BASED SUPERCONDUCTOR ...

50

50

29
= 45 | P
£ 2 E
£ 4 40,74 40,57 40,41 ry
§' 3983 39,58 25 E’
o o
§ 35 5
B B §
£ 7 a1se £
E =
£ 19,38 ®
g 25 4 19,18 19 §
= m
o
g 20 4 ( ) 17 %

15 15

7 75 8 85 9 9,5 10
Maximum Stress (GPa)
50

34
E 45 2429 -
£ 44,14 43,61 2 E
£ 4306 4384 £
B a0 ]
a 0 &
83 2
3 8 §
£ 3
g% % 5
= °
£ £

325

E 24 5
L] a
s 20 22 3

15 T T T T T 20

45 5 55 6 6,5 7 75

Maximum Stress (GPa)

Figure 7: Depth analysis of the FEM model for YBCO-based thin film

r29
—_ 45 1 4313 42,69 L 27 T
E ——— . £
£ 1 4291 4191 £
= 4 41,36 =
- r2s o
|3 -]
Q 35 2328 . 5
% 2067 22,07 g
- ta 8
ﬁ 19,82 £
£® t1o §
T
g 1791 K
= 20 4 F17
i |(b)
b3
15 T T T 15
7 8 9 10
Maximum Stress (GPa)
55
54 o
’E L P
£ 521 0 E
= sus £
£ so0 4 tas &
o ” a
8 4] 5
] ta §
€ Yoy €
8 46 - wrn s
£ a3 r3 £
E 4 | s 3
3 11,76 3
E w3 B
8 4 2
=" ](d)
40 T 25
25 3 35 4 45

Maximum Stress (GPa)

Slika 7: Analiza globine s FEM-modelom pri tanki plasti na osnovi YBCO

51.15 nm to 46.71 nm due to an increase in the maxi-
mum stress value from 2.75 GPa to 9 GPa, respectively,
for the material input data of the pure YBCO thin film
and the films with Mn additions. On the other hand, the
residual indentation depth of thin films decreased from
22.17 nm to 19.18 nm, 23.28 nm to 17.91 nm, 28.28 nm
to 23.58 nm and 38.50 nm to 30.81 nm under the con-
ditions of the same indentation-analysis input data
(Figures 7a, b, ¢ and d). However, the increases in the
Mn content in the structures of YBCO-based thin films
caused significant variations in mechanical properties.
When the indentation results for the pure YBCO-based
thin film and the film with the addition of 0.15 g Mn are
compared under the same simulation conditions, it is
found that the maximum and residual depths were
increased from 40.74 nm to 51.15 nm and from 19.18 nm
to 30.81 nm (Figure 7), respectively. It means that the
ductility or the plastic-deformation properties of
YBCO-based thin films increased due to the increased
Mn content in the thin-film structure or the BaMnO; for-
mation during the production procedure of the instru-
mented indentation.

Depending on the experimental set-up used to per-
form the indentation, the loading and unloading charac-
teristics of the P — h curve, and thus the material proper-
ties estimated from the analysis of the P — h curves,
could be obtained at varying levels of accuracy. Thus, the
sensitivity of the estimated elasto-plastic properties to
the variations in the input parameters obtained from the
P — h curves is an important issue. In the FEM study, the
structural model of the instrumented indentation test was
performed as an axisymmetric and, therefore, two-
dimensional model. The indentation process is complex,
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so simplifications and assumptions have to be made to
achieve a low numerical cost but, of course, sufficient
accuracy. For the time being, the problem is idealized: it
was assumed that the surface of the specimen was ideally
smooth, whereas in reality a certain roughness may be
present as well, e.g., thin films of four different YBCOs.
The indenter is an equivalent cone and, furthermore,
isothermal conditions are adopted. The model set-up is
described below. First, the appropriate boundary condi-
tions were selected and the contact to be modeled was
defined. All the simulations were carried out under the
load-controlled conditions. Two reasons can be given for
this: First, a real-indentation experiment is hard to exe-
cute under displacement-controlled conditions, i.e., up to
the maximum displacement. Second, regarding the nu-
merical cost and accuracy, neither displacement-con-
trolled nor load-controlled experiments show an import-
ant advantage. A force-depth (P — h) curve is a
straightforward characterization of indentation results
that can be precisely obtained with the instrumented
indentation equipment. As described above, the surfaces
of YBCO-based thin films were ideally smooth. How-
ever, the instrumented indentation results are affected by
the surface roughness of materials. Both loading and
unloading parts of indentation curves can have more
scattered data depending on the ratio of the indentation
depth and roughness to the film thickness. Figure 8a
presents both indentation and simulation results of pure
YBCO-based thin films under the same condition of
instrumented indentation. The same maximum penetra-
tion depth was obtained by setting E at 88.54 GPa and
the maximum stress at 8.00 GPa for the experimental and
simulation analyses (Table 2) for the pure YBCO thin
film. The surface-roughness effect on the indentation
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Figure 8: Comparison of experimental and simulation indentation
curves

Slika 8: Primerjava eksperimentalnih in simuliranih krivulj vtisko-
vanja

simulation could not be seen due to the choice of an
ideally smooth surface. According to the experimental
indentation results, /im.x and i, were (40.24 + 6.4) nm and
(30.12 £ 7.8) nm, respectively, for the 300 uN applied
load. Similarly, the finite-element modeling of the pure
YBCO-based thin-film indentation had the maximum
and the residual indentation depths of 40.41 nm and
32.27 nm. Good agreement was found between the maxi-
mum indentation depth and the loading curves of pure
YBCO-based thin films, having an error of 0.4 %. In
addition, when the average experimental-indentation
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Figure 9: Stress-strain distributions on the contact regions between
the indenter and the surfaces of the films

Slika 9: Razporeditev napetost — raztezek na podrocju kontakta med
vtisnim telesom in povrsino tanke plasti

loading/unloading was considered, this error value was
graphically obtained as 7 %, as presented in Figure 8a.
This may be due to the differences in the maximum
strength or due to the use of a constitutive model of both
YBCO-based thin films, like the elastic/perfect plastic
one without any strain-hardening exponent. On the other
hand, Figures 8b, ¢ and d show instrumented (the ave-
rage for three different regions) and simulation indenta-
tion results for the YBCO-based thin films with 0.05,
0.10 and 0.15 g Mn under the 300 uN applied load. The
experimentally determined maximum and residual
indentation depths for YBCO-based thin films were
(42.31 £9.4) nm and (32.11 = 8.7) nm, (42.45 + 5.9) nm
and (33.53 +4.4) nm, and (47.04 £ 6.1) nm and (37.48 =
5.7) nm, respectively. According to the FEM indentation
results, the maximum and residual indentation depths for
the YBCO-based thin film with Mn were 42.69 nm and
38.61 nm, 42.84 nm and 39.42 nm, and 47.17 nm and
40.43 nm, in line with the material input data from Table
2. When the average curves of the indentation were con-
sidered, the loading parts of the curves were much closer
to the numerically determined ones.

With respect to the pure YBCO thin-film indentation
results, the unloading part of the curves was separated as
it was modeled without a strain hardening exponent. The
strain hardening exponent of ceramics and, especially,
oxide thin films was close to zero. As expected, cera-
mics- and oxide-based materials did not plastically
deform and harden with deformation like the metals.
Additionally, they showed brittle failures at the maxi-
mum stress. The main aim of the FEM study of inden-
tation was to obtain the same experimental and numeric
loading/unloading curves for YBCO-based thin films,
while the elastic and plastic properties of the model were
iterated according to Table 2. Depending on the
material-property variation listed in Table 2 for the FEM
model, the maximum stress of YBCO-based films was
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changed from 2.75 GPa to 9.50 GPa for different Mn
additions. When the Mn content in the structure
increased from 0 g to 0.15 g, allowing a BaMnOs; forma-
tion, the maximum stress of the films decreased from
8.00 GPa to 4.00 GPa.

Stress distributions near the contact region of the
indented material and the indenter give very important
information about the simulation of the experimental
indentation. The effects of the maximum depth, the resi-
dual depth and the film thickness on the substrate-film
system under the applied load could be observed when
the field-output request of the indentation analysis was
undertaken depending on the steps of the simulations.
Figure 9 shows the Von Misses equivalent stress distri-
butions for the pure YBCO-based thin film and the
YBCO with 0.05 g, 0.10 g and 0.15 g Mn under the 300
uN applied load at the contact regions. According to the
analysis of the indentation, firstly, the indenter app-
roached and made a contact with the surface. Secondly,
the indenter was penetrating the surface until a load of
300 uN was reached. As seen in Figure 9, the stress
distribution shows yielded elements near the contact
region for the indenter and the surface. It is understood
that if an increase in the stress formation approaches the
set maximum stress during the loading step, the plasti-
cally deformed part of the contact region can be analyzed
easily when the unloading step of the simulation has
finished. The maximum stresses for the pure YBCO and
the ones with additional Mn were applied to the FEM
model, described in Table 2 as 7.50-9.50 GPa,
6.50-9.00 GPa, 5.00-6.75 GPa and 2.75-4.25 GPa,
respectively. The same penetration force/depth curves
were obtained with the instrumented indentation and
simulation for the above films when the maximum
stresses were loaded into the Abaqus 6.10-1 program in
the following order: 8.00 GPa, 7.00 GPa, 6.75 GPa and
4.00 GPa.

5 CONCLUSION

In this study, finite-element modeling (FEM) of the
indentation was applied to estimate the failure stress/
stress distribution relation at the contact region between
an indenter and a surface of YBCO-based thin films on
an STO single-crystal substrate, and obtain the same
force/penetration depth curve with an indentation expe-
riment to determine the additional-particle effects on
both structural and mechanical properties. So, the
following results were obtained:

— XRD patterns show that YBCO films have (001) and
parallel plane reflections for both the pure YBCO
and the YBCO with a BaMnOs thin film.

— SEM micrographs indicate structural defects com-
prised of the nanodots or nanoparticles of BaMnO3
along the c-axis of a YBCO film. These properties
result in an enhanced pinning over the pure YBCO
film.
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— The calculated Young’s modulus of YBCO-based
thin films with/without BaMnO3 decreased down to
the range of 88.54-76.41 GPa, with the increased
Mn content in the microstructure. In addition, the in-
dentation-hardness values of the films were de-
creased from 12.51 GPa to 3.88 GPa depending on
the Mn content.

— The finite-element-analysis results showed that the
maximum, or failure, stress of YBCO-based thin
films decreased due to the increased Mn content in
the microstructure. The yield stresses of the pure
YBCO thin film, the YBCO thin film with 0.05 g
Mn, the YBCO thin film with 0.10 g Mn and the
YBCO thin film with 0.15 g Mn were found to be
8.00 GPa, 7.00 GPa, 6.75 GPa and 4.00 GPa, respec-
tively, by comparing the experimental work and
numerical load-penetration-depth analysis under the
applied load of 300 uN.
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