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Abstract

The mechanical properties of superconductor ceramics are of interest in the manufacture of superconducting devices. The current trend is to produce
smaller devices (using, e.g., thin films), and the correct characterization of small volumes of material is critical. Nanoindentation is used to assess
mechanical parameters, and several studies determine hardness and Young’s modulus by sharp indentation. However, studies on the elasto-plastic
transition with spherical indentation are scare. Here we used, spherical diamond tip indenter experiments to explore the elasto-plastic transition
and to measure the yield strength of the orthorhombic phase of YBa,Cu;07;_s (YBCO or Y-123) at room temperature. The study was carried
out for a range of monodomains on the (10 1)-plane for Bridgman samples. Inspection of the load—unload curves for penetration depths lower
than 200 nm allows for observation of the elasto-plastic transitions. Focused ion beam (FIB) trenches showed no cracking due to the indentation,
although oxygenation cracks were apparent. The mean pressure for the onset of elasto-plastic deformation is 3.5 GPa, and the elastic modulus, E,

calculated using the Hertzian equations is 123.5 4= 3.4 GPa.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The mechanical properties of YBCO superconducting ceram-
ics are critical to the design of superconducting devices such as
cables and motors. Precise knowledge of the elastic and defor-
mation behaviour is a prerequisite for successful manufacturing
and operation of such devices. However, very little information
on the elastic-to-plastic transition is available in the literature.

The superconducting matrix of YBCO materials,
YBa;Cu307_s, (Y-123), contains a fine, well-dispersed
distribution of Y,BaCuOs (Y-211) precipitates. The Y-211
particles increase the irreversibility line by acting as pinning
centres, improve crystal growth, and reduce macro-cracks.!
The peritectic reaction is slow, so a fraction of non-reacted
peritectic Y-211 can be retained in the final product in the
form of inclusions with a size lower than few micrometers.
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The crystal of YBCO is highly anisotropic, as dislocations
are confined to the (001) plane. Ledbetter et al.> reported
that strong covalent and ionic bonds create high Peierls’
barriers which constrain the dislocation mobility in YBCO
single crystals. The incorporation of Y-211 particles into the
bulk Y-123 would favour particular orientations in which the
direction is parallel to ab-plane.

YBCO has suitable properties for ceramic materials, such
as hardness and stiffness, together with tendency to fracture.
However, references about the mechanical properties of this
material, particularly yield strength and stress—strain curve, are
scarce. The mechanical properties (hardness, Young’s modulus
and fracture toughness) of YBCO samples have been exam-
ined with techniques such as ultrasound,? X-ray diffraction* and
nanoindentation.’> Reported values of Young’s modulus for Y-
123 are within the range 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=171-181GPa for YBCO samples textured by the
Bridgman technique, which is in agreement with Johansen,
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who applied between 30 and 100 mN. Nanohardness values in
the range of 7.8-8.0 GPa at maximum loads of 30 mN were
recently reported by Lim and Chaudhri® for bulk, single-crystal
YBCO. Roa et al.! found a hardness value of 8.9 + 0.1 GPa by
nanoindentation on YBCO samples textured by the Bridgman
technique.

All these measurements were performed by sharp tips
(mainly Berkovich), so an elasto-plastic regime was achieved
from the beginning of the test, which yielded no informa-
tion about the elasto-plastic transition. This transition can be
observed if a blunt indenter is used to perform the test.

Spherical nanoindentation stress—strain curves can help us
to understand elasto-to-plastic deformation in superconducting
ceramics. This is relevant for the fabrication of superconduct-
ing devices at room temperature. Here we determine the elastic,
plastic and elasto-plastic ranges at room temperature for YBCO
samples textured by the Bridgman technique using nanoinden-
tation with a spherical tip, and we measure the yield stress of
YBCO materials by nanoindentation.

2. Experimental procedure

2.1. Preparation of bulk YBCO samples and monodomain
growth

The YBCO powders were prepared by the PVA method.”
The ratio used 69% (w/w) Y-123, 30% (w/w) Y-211 and 1%
(w/w) CeO,-H,O was chosen to maximize critical current
density.? The standard composition of the starting material was
Y-123 with an excess of 30% (w/w) Y-211. CeO,-H,O was
added to improve the distribution of Y-211 particles. The cal-
cinate powder was deagglomerated by ball milling in an agate
mortar.

Green bulk pieces were obtained by cold isostatic pressure
(CIP) and further textured using the Bridgman method.>!0 After
this, bulk textured pieces were oxygenated in a horizontal fur-
nace at 450 °C for 240h.!! From the oxygenated pieces all of
which had a common c-axis tilt of 45°, small pieces of 2 mm
height were cut along the ab-plane!? and further polished.

2.2. Measurement of elastic properties with a spherical
tipped nanoindenter

Nanoindentation tests were performed with a Nano Indenter®
XP System (Agilent Technologies) with continuous stiffness
measurement, CSM (harmonic displacement 2nm and fre-
quency of 45 Hz). The strain rate was held constant at 0.05s~ .
The experiments were performed on the (10 1) plane at room
temperature using a spherical diamond tip of 25 pm in radius,
and performed at a maximum load of 650 mN.

In nanoindentation it is critical to correctly determine the
initial contact point, especially for spherical indenters. Various
methods have been used, '3 but all options require some subjec-
tivity. For instruments with CSM capabilities, Oliver and Pharr'4
proposed, using the point at which § increases steadily, a method
that works satisfactorily when using sharp indentations. Alter-
natively, they suggested using abrupt changes in CSM harmonic
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Fig. 1. Schematic representation of spherical indentation.

displacement or phase angle if they are clearer, but all options
require some subjectivity.

When using spherical tips, the contact point is more difficult
to determine, due to the moderate increase in stiffness during
initial contact, and the interaction between tip and sample before
contacting.

Recently Barsoum et al.,'> proposed fitting the stiffness vs.
penetration depth data, and extrapolating to zero, as predicated
by a relation between effective modulus and contact point, as

follows!?:

S = 2E¢fra (D

The stresses and deflections arising from the contact between
two elastic solids are of particular interest to those undertaking
indentation testing. The contact between a rigid sphere and a flat
surface is shown in Fig. 1.

The mean contact pressure, p,, is the load applied divided by
the contact area. For small penetration depths, it can be obtained

from the Hertzian equation!©:
P P 4Ee\ a
= — = — = gy 2
Po= Y4 = qa2 < 3 ) R @

where P is the applied load, A is the contact area, a is the radius
of the contact point, R is the radius of the tip and E.f is the
effective Young’s modulus. Eq. (2), allows us to plot the o—¢
curves when we use the spherical nanoindentation test. The left
side of this equation represents the indentation stress or mean
contact pressure, also referred to as the Meyer hardness.!” The
expression in parentheses or a/R on the right side represents the
indentation strain.!”
The E.f can be obtained from:

2

L, 3)

1 1—v2+1—v
Eef E E;

where v is the Poisson’s ratio, and E is the Young’s modulus.
The subindex i denotes the values of the indenter. For a diamond
indenter, the elastic constants are E; = 1141 GPa and v; =0.07.18

The radius of the circle of contact a is related to the indenter
load P, the indenter radius R, and the elastic properties of the
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contacting material by:

4/3 PR
4 Eqt¢

a= 4
The indentation load—displacement data were analysed based
on the Hertz equation in the elastic region'*!%20 as follows:

3
P = EeiRn;” (5)
The o—¢ in a typical traction test can be written in the elastic
region as:

o= FEg, (6)

where o is the stress applied, E is the Young’s modulus and ¢ is
the strain. In a spherical nanoindentation, the o—e curves follow
the same tendency; for more information see Eq. (2).

2.3. Focused ion beam sectioning

The damage produced under the residual spherical nanoin-
dentation imprint of YBCO samples textured by the Bridgman
technique was characterized using a dual beam FIB/SEM
(FIB Strata DB235). The residual indentation imprints were
cross-sectioned along the c-axis to evaluate the damage after
indentation. A thin platinum layer was deposited on the sample
prior to FIB machining in order to minimize ion-beam damage.
A Ga™ ion source was used to mill the surface at a voltage of
30kV. The final polishing of the cross-sections was performed
at 10 pA.

3. Results and discussion

Typical indentation load—displacement curves are presented
in Fig. 2 for the (1 0 1)-plane orientation obtained with the 25 pm
indenter. In Fig. 2a (maximum penetration depth of 100 nm), the
response was elastic (the slight disagreement between the curves
may be attributable to the holding time at maximum load). In
Fig. 2b (maximum penetration depth of 200 nm), the response
was plastic as the unload curve does not match the load curve. So,
the elasto-plastic transition took place at a penetration depth of
between 100 and 200 nm; the response was elastic until 150 nm

P = Ch,*?, (7

after this point, the load curve can be adjusted with an elasto-
plastic curve:

P=Chy. ®)

In both equations (7 and 8, respectively) P is the applied load,
C is the slope of the load curve, and 4 is the penetration depth.
The intersection of these two curves is the yield stress of the
material, which can present a pop-in event.!3

Fig. 3 shows residual indentation imprints observed by optical
microscopy. The Y-211 inclusions are heterogeneously dis-
tributed in the textured sample and this phase is not uniform
below the indentation region.
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Fig. 2. Characteristic curves obtained after loading/unloading for a spherical tip
indenter of 25 wm of radii at different penetration depths: (a) 100 nm, elastic
response and (b) 200 nm, elastic recovery and a little plastic deformation.

An imprint is visible only by atomic force microscopy (AFM)
when the test is performed at penetration depths greater than
150 nm, which correlates with the change in the slope of the load-
ing curve due to the elasto-plastic transition (Fig. 2b). For greater
penetration depths (2> 150 nm), different residual imprints can
be observed by AFM (see Fig. 4). In Fig. 4a—c, it is seen that
the Y-211 inclusions are not deformed, because this phase is
harder.!

Fig. 3. Micrograph of nanoindentation imprint obtained by O.M. at an applied
load of 650 mN.
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Fig. 4. AFM image at different penetration depths: (a) 300 nm, (b) 400 nm and
(c) 800 nm.
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Fig. 5. Contact point (S vs. a) for samples textured by the Bridgman technique
with (inset 1) elasto-plastic regimen and (inset 2) elastic regimen.
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Fig. 6. Stress—strain curve textured by Bridgman technique. The solid line is the
expected slope calculated from 4E.g/37 (Hertzian behaviour).

For a properly zeroed sample, according to Eq. (1), a plot of
S versus a should be a straight line that goes through the ori-
gin, with a slope of 2E¢s. Linear regression is used to assess
whether the S-versus-a curve is linear and goes through the
origin. Fig. 5 shows the results of tests performed in the (10 1)-
plane of YBCO samples textured by the Bridgman technique
with the 25 wm radius indenter. The differences between the
slopes presented in the S—a figure are due to the second Y-211
phase, which is not uniform under the indented region. More-
over, this phase presents a higher Young’s modulus value than
Y-123. However, since the tip is spherical, the single response of
each phase cannot be isolated and the response of the composite
is obtained (Y-123/Y-211). Inset 1 and Inset 2 in Fig. 5 shows
the different tests with a bad and good contact points between
the surface of the sample and the indenter. Fig. 5b plots the lin-
ear regression with a high correlation coefficient, which ensures
that the contact point of the YBCO samples can be obtained
correctly. After this, the Young’s modulus of the material can be
obtained by Hertzian equations (see Eq. (3)—(5)), giving a con-
stant value of 123 GPa for the complete penetration range. This
value is in agreement with that reported by Ledbetter et al.,> who
obtained the E value by Ultrasonic technique and Roa et al.,!
who used a sharp indenters. By plotting the mean contact pres-
sure against a/R (indentation strain) it is possible to determine
the point at which the elasto-plastic transition was produced.
As shown in Fig. 6; the contact pressure for the elasto-plastic
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Fig. 7. Cross-sectioning and imaging of damage under indentation using the
FIB-SEM: (a) indentation and platinum layer deposited on the indentation to
minimize beam damage, and trench milled at high ion-beam current in front
of the residual indentation imprint, (b) cross-sectioning before the imprint, (c)
cross-sectioning of the border of the indentation and (d) cross-sectioning in the
middle of imprint 3.

transition is 3.5 GPa (close to the hardness) beneath the inden-
ter. There are three different regimes, which can be observed
in this figure?! depending on the contact pressure applied: (i)
initially, when p, <1.10ys, there is a full elastic response, and
no residual impression can be observed after the removal of the

applied load; (ii) 1.10ys <po < Coys, plastic deformation occurs
beneath the surface but is constrained by the surrounding elas-
tic material, where C is a constant whose value depends on the
material and the indenter geometry; (iii) finally, when p, = Coys
the plastic region extends to the surface of the specimen and con-
tinues to grow. One of the purposes of this work is to calculate
the yield strength of YBCO samples textured by the Bridgman
technique. In Fig. 6, the elasto-plastic transition can be calcu-
lated to a value of around 3.5 GPa. The value of yield stress
obtained for Bridgman samples can be estimated to be 3.2 GPa.

The effect of the spherical tip indenter was examined by
cross-sectioning the samples by Focused ion beams (FIB) tech-
nique. Fig. 7 illustrates the possible deformation mechanisms
and the presence of cracking or porosity below the indentation
imprint. First, the image shows a heterogeneous distribution of
Y-211 particles around the samples, with sizes ranging from 1
to 5 wm. Also, intrinsic microcracks appear at 45° of ab-plane,
which are generated during the tetragonal-orthorombic phase
transformation. Large secondary phase inclusions (unreacted
liquid and Y-211) can also create macrocraks due to thermal
expansion mismatch.>?> Oxygen annealing, necessary to make
Y-123 samples superconducting, is reported to be responsible
for further macro and microcracking.?® Finally, it is seen that no
cracks or failure events can be appreciated under the nanoinden-
tation imprint, indicating that the deformation can be attributed
to dislocation movement or twinning of the sample, without
effect of porosity or microcracking.??> Previous studies have
reported that the ab-plane presents a high density of disloca-
tions. But, on the other hand, the c-axis presents a high quantity
of twins.>** Also, we believe that the plastic work produced
during the indentation process contributed to closing the oxy-
genation crack. For this reason, we believe that the elasto-plastic
transition is produced by an activation of different dislocations
and twins present in the ab-plane and c-axis.

4. Conclusions

In this study we performed spherical nanoindentation tests in
YBCO samples in order to examine the elastic properties and
the stress—strain curves. The contact point was determined by
the methodology of Barsoum et al. The following results were
obtained:

(i) The Young’s modulus for YBCO material was calcu-
lated with the Hertzian equations, obtaining a value of
123.5 3.4 GPa. This value is in agreement with the pub-
lished results obtained using sharp indentations.

(i) The elastic-to-plastic transition occured at mean con-
tact pressure of 3.5 GPa (at 150 nm of penetration depth)
which implies that the indentation yield strength is around
3.2GPa.

(iii) With a cross-section employing FIB technique, we showed
that the samples present a heterogeneous distribution of Y-
211 particles imbedded in a Y-123 matrix. No porosity or
microcracking were observed, so the deformation mecha-
nisms can be attributed to dislocations and twin generation
in the ab-planes and c-axis, respectively.
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