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bstract

ince hardness is a quantitative measure of bulk mechanical properties, it can be used to examine the kinetics of crack propagation inside
Ba2Cu3O7−δ (YBCO or Y-123) ceramics. YBCO samples with a tetragonal phase were oxygenated at a range of temperatures (from 250 ◦C to
50 ◦C) for different times. For each oxygenation temperature and time, hardness was measured by the nanoindentation technique, to study the
efects (macro-/microcracks and porosity) produced along the c-axis. These defects were visualized by optical microscopy. The main purpose of
his study was to establish the oxygenation kinetics for YBCO samples, which were textured by the top-seeded melt growth technique. We studied
he evolution of hardness perpendicular to the ab-plane, as measured by the nanoindentation technique at a maximum penetration depth of 150 nm.

he results indicate that the nanoindentation technique can be used successfully to monitor oxygenation and to establish the kinetics of the process.
2011 Elsevier Ltd. All rights reserved.

eywords: Superconductivity; Mechanical properties; Hardness; Oxide superconductors

i

w
s
n
b
p
s

. Introduction

The oxygen content of the YBa2Cu3O7−δ (YBCO or Y-123)
ingle-domain bulk is related to its superconducting properties.1

BCO exhibits a tetragonal to orthorhombic (T-to-O) phase
ransformation as the oxygen content (7 − δ) exceeds 6.5.2

BCO prepared by the top-seeded melt growth technique
TSMG)3 contains cracks on the ab-plane (0 0 1). These cracks
re often generated by volume changes during the T-to-O phase
ransition. These macro-/microcracks are highly undesirable in

undamental studies and engineering applications. Two types of
acro-/microcrack are formed:
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i. a/b macro-/microcracks parallel to the a/b-plane and
i. c macro-/microcracks parallel to the a/c-plane.

While the a/b macro-/microcracks extend over almost the
hole sample, the length of the c-macrocracks is limited by the

pacing between the a/b-macrocracks.4 The c-axis macrocrack
etwork is a mesoscopic defect in bulk superconductors obtained
y TSMG, and limits the local current density in the sam-
le. Diko et al.4 attributed microcracking to thermal expansion
tresses between oxidized and non-oxidized zones. In addition,
eddy and Rajasekharan5 studied the inner structure of partially
xygenated Y-123 bulk melt-textured material.

Nanoindentation, or the instrumented indentation technique

ITT) is a powerful tool for measuring mechanical properties
t very small scales, mainly in the submicron range.6 This is a
ersatile, non-destructive and selective technique. It can work at
ifferent applied loads, from 50 nN up to 500 mN. Nowadays,

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2011.09.013
mailto:jjrr_cons@hotmail.com
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Fig. 1. FE-SEM micrograph of the c-axis of a YBCO textured sample after
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anoindentation is commonly used for the mechanical character-
zation of thin films,7 surface layers and bulk materials. One of
he advantages of nanoindentation is that most of the mechan-
cal properties of materials can be directly extracted from the
nalysis of the indentation load–displacement data (P–h curve),
hus avoiding the need to observe the hardness imprint, and
acilitating a proper measurement at sub-micron scale. Besides,
he measurements are non-destructive at very small penetration
epths. To our knowledge, there are no references to the deter-
ination of the oxygenation kinetics in YBCO materials using

anoindentation.
Here we used nanoindentation to examine the oxygenation

inetics of YBCO single domain samples in the direction per-
endicular to the ab-plane. In addition, a SQUID magnetometer
as used to measure the critical temperature (Tc) and the critical

urrent density (Jc) for samples annealed at 450 ◦C.

. Experimental procedures

.1. Sample preparation

The samples were obtained by the TSMG technique.8 A
mall NdBa2Cu3O7−δ (NdBCO) melt-textured single domain
as used as a seed. It was placed at the top centre of the pellet sur-

ace before heating, and the melt-growth process was performed.
efore annealing under oxygen, the textured samples were cut

rom the middle part of the TSMG sample with the following
imensions: width = 4 mm, length = 4 mm and height = 4 mm.
he samples were then introduced into a horizontal furnace at
ifferent temperatures (250, 350, 450, 550 and 750 ◦C) with a
ontinuous oxygen flow of 0.2 ml/min, with 99.999% purity.

After the oxygenation process, the annealed samples were
olished until half their initial width in order to examine the
xygenation profile before performing the mechanical char-
cterization by nanoindentation. The structure of all polished
amples was observed by optical microscopy with polarized
ight. Samples were etched in a solution of 1% (w/w) HCl in
thyl alcohol, to observe the several macro-/microcracks that
ad developed during the oxygenation process.

.2. Mechanical tests

Hardness (H) tests were carried out in the direction per-
endicular to the ab-plane, (Fig. 1). TSMG textured YBCO
amples were tested using a Nanoindenter® XP System (Agi-
ent Technologies) equipped with Test Works 4 Professional
evel software. A three-sided pyramid Berkovich diamond tip
ndenter was used. The displacement or penetration depth (h)
as continuously monitored and load-time track of indenta-

ion was recorded. Indentations were made to a maximum depth
f 150 nm, under a constant deformation rate of 0.05 s−1. The
erkovich tip was calibrated with standard fused silica. In order

o establish the kinetics of oxygenation by nanoindentation, the

ariation of the H values along 4 mm in the transversal direc-
ion of the c-axis was studied. The gap between imprints was
5 times the maximum penetration depth in order to isolate the
lastic behaviour generated around the residual imprint. Eight

s
i
c

xygenation.

undred indentations were performed in the direction perpendic-
lar to the ab-plane of each sample, in order to obtain an internal
ardness profile. Based on the experimental results, the H val-
es were calculated as a function of penetration depth using the
liver and Pharr approach.9 In this method, the contact depth

hc) is expressed as:

c = hmax − ε
Pmax

S
(1)

here ε is a parameter equal to 0.75 for a Berkovich tip indenter,
max is the maximum penetration depth, Pmax is the maximum
pplied load, and S is the contact stiffness. The main parameter
sed to determine the H value is the contact area, A(hc), which
s calculated using the shape factor of the indenter. The H value
s calculated by:

= Pmax

A(hc)
= Pmax

24.5h2
c

(2)

.3. Superconducting characterization

A dc magnetization measurement was made using a super-
onducting quantum interference device SQUID MPMS-XL
agnetometer from Quantum Design. The method consists of

ooling the sample to below Tc in zero field cool (ZFC). Then,
he magnetization is measured under a constant magnetic field
f 10 Oe along the c-axis while the sample is slowly warmed to
bove Tc. Subsequently, the magnetization is measured while the
ample is cooled to below Tc in the same field cool (FC). The crit-

cal temperature and the irreversible behaviour of magnetization
an be identified with this procedure.
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ig. 2. Optical image of a region of the same sample with a high pore density
enerated during oxygenation.

. Results and discussion

.1. Oxygen defects and macro-/microcracking in
elt-textured samples

The c-axis section of the oxygenated samples was exam-
ned in order to detect the tetragonal regions, which can be
learly distinguished under polarized light as dark or bright
egions depending on the orientation of the Y-123 crystal axes.10

acro- and microcracking were the main structural changes
bserved in the samples after oxygenation, (Fig. 2). More-
ver, the pores created during the melting process tended to
row during oxygenation due to the movement of these macro-
microcracks. Both defects make the samples more brittle, as a
onsequence of the structural change. Moreover, Y-211 phase
as a lower thermal expansion coefficient than Y-123 phase
n the c-direction,11–14 therefore Y-211 particles are under ten-
ion during cooling, and a/b-macro-/microcracking is enhanced.
dditional tensile stresses in the c-growth section (GS) tends

o enlarge a/b-macro-/microckracks. The length and width of
/b- and c-macro-/microcracks increase continuously with the
xygenation temperature. At higher oxygenation temperatures,
he width of a/b-, and especially the c-macro-/microcracks,
ncreases significantly. In contrast, at lower oxygenation tem-
eratures (such as 450 ◦C) the c-macrocracks are fine and their
ensity in the sample is high. Tensile stresses in the c- and
/b-direction are induced by shrinkage of the lattice parame-
ers of the Y-123 phase with oxygen content. These stresses are
herefore responsible for a/b- and c-crack formation in the oxy-
enated layer. Oxygen may then flow along the c-cracks to the
/c-surfaces, oxygenating the surface and tip of the c-cracks and

urthering their propagation. As can be seen in Figs. 1 and 2,
high crack density is generated during the T-to-O transition

ue to the stress provided by the volume change. As the c-axis

l
n
p

ig. 3. Nanohardness evolution on the a/b-plane of tetragonal and orthorhombic
hases along the c-axis.

hortens, the Y-211 particles distributed in the matrix remain
lastically rigid and prevent the YBCO crystal from deform-
ng. This tensile stress is concentrated near the Y-211 particles.
n order for these cracks to propagate, several conditions are
equired:

i. there must be oxygen inhomogeneity in the sample,
ii. the sample must have a minimum size in which enough

volume stress can be generated during this process,
ii. an isotropic second phase must exist, to convert the com-

pressive stress into tensile stress due to the c-axis shortening,
and

v. a T-to-O phase boundary must exist.

As oxygen diffuses into the single domain, the first profile
stablished at the surface is the one where the oxygen level
s the highest. As the oxygen content rises above 6.5, the T-
o-O phase transition takes place.15 When the oxygen content
eaches a constant value, the cracks have propagated throughout
he entire crystal, and no further cracks are generated.

.2. Oxygenation kinetics

The hardness of the tetragonal and orthorhombic phases
as measured respectively in non-oxygenated and in fully
xygenated melt-textured YBCO samples, in order to pro-
ide reference values before the oxygenation process.
ig. 3 shows the nanohardness values of the reference
amples across the c-axis. In this figure, 0 x-axis is
he centre of the sample. The results obtained for each
hase across the c-axis are: Htetragonal = 10.5 ± 0.1 GPa and
orthorombic = 7.8 ± 0.1 GPa. These values are consistent with

previous report for a different sample,16 in which
tetragona = 10.6 ± 0.4 GPa and Horthorombic = 7.6 ± 0.4 GPa.
As a result of the T-to-O phase transition, structural changes
eads to the formation of various lattice defects such as twin-
ing and microcracks. These defects have significant effects on
hysical properties including flux pinning and current density
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ig. 4. Hardness evolution at different oxygenation temperatures and at differen
ardness and T is the temperature.

ransport in the YBCO crystals.17 One of the negative conse-
uences of the T-to-O transition is the formation and propagation
f macro-/microcracks along the a/b-plane. When the phase
ransition takes place, the c-axis becomes shorter, thus creat-
ng tensile stress in the outer regions of the sample. This strain

rofile at the oxygenation layer produces cracks parallel to a/b-
lane,11,18 although the contraction of the crystal along the
-axis is hindered by the Y-211.15,19,20

7006005004003002001000
0,0

0,5

1,0

 250ºC
 350ºC
 450ºC
 550ºC
 750ºC

7006005004003002001000

0,0

0,5

1,0

time, t (h) 

re
ac

te
d 

fr
ac

tio
n,

 X
 (d

im
en

si
on

le
ss

) 
t

ig. 5. Reacted fraction versus time plot at different oxygenation temperatures.

t
A
g
t
p
o
f
a

f
e

X

w
o
i
p

s. (a) 24 h, (b) 48 h, (c) 72 h, and (d) longer oxygenation times. Where H is the

Upon crack formation, oxygen diffusion accelerates along the
rack. As the oxygen diffuses into the sample along the c-axis,
hese microcracks also propagate towards the core of the domain
tructure at a rate that is comparable to oxygen diffusion. Fig. 4
hows the hardness evolution at different oxygenation tempera-
ures and times in the direction perpendicular to the a/b-plane.
s can be seen for each temperature, the hardness decreases pro-
ressively at both extremes of the sample when the oxygenation
ime increases. In this figure, we can see that the oxygenation
rocess for YBCO-TSMG samples is symmetrical. At longer
xygenation times, all the samples are completely transformed
rom tetragonal to orthorhombic phase, except when oxygenated
t 250 ◦C for 600 h (Fig. 4d).

In order to study the kinetics of the process, the reacted
raction at each time point was calculated from the following
xpression:

t = htetragonal→Orthorombic

wsample/2
(3)
here htetragonal→orthorombic corresponds to the distance of the
xygenation front from the centre where the change in hardness
s observed in all the measurements performed on YBCO sam-
les in the direction perpendicular to the c-axis, and wsample is
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he width of the sample. The oxygenation rate was calculated
rom the following expression:

= dXt

dt
(4)

Fig. 5 shows conversion of the transformed phase at each
ime (Xt) versus oxygenation time (t) at different temperatures.

There are two types of reaction between solids and fluids:
hose in which the solid size does not appear to vary, as the
haracteristics of the products are similar to that of the initial
olid, and those in which the initial solid shrinks, as the result
f the formation of a gas product, for example.

For non-catalytic solid–fluid reactions, different kinetic mod-
ls can be considered: shrinking core, shrinking particle,
omogeneous and grain models. In the shrinking core model
SCM) a non-porous solid is considered whose external sur-
ace is the first to react. Afterwards, the reaction front moves
nwards the solid, leaving behind the fully converted material.
n un-reacted core remains, whose size decreases as the reac-

ion proceeds. The shrinking particle model is similar to the SCM
xcept that no product layer is left around the un-reacted core.
he homogeneous model is applicable to a solid with a homoge-
eous distribution of pores, while the grain model is applicable to
solid consisting of individual dense grains compacted together.

For solids with low porosity, the most realistic model to rep-
esent the reaction between a fluid and a solid is the shrinking
ore model.21

The SCM was first developed by Yagi and Kunii,22 and it con-
iders the solid reactant as non-porous and initially surrounded
y a fluid film through which mass transfer occurs between the
olid particle and the bulk of the fluid. As the reaction proceeds,
product layer forms around the un-reacted core.

The reaction rate is determined by the control regime, that is
he rate-limiting step. If it is assumed that the solid particle is
pherical, that it reacts with the fluid isothermally, and also that
he concentration of the reacting fluid is constant or in excess,
epending on the rate-limiting step, the reacted fraction (Xt) can
e expressed by the following equations:

When the process is controlled by the diffusion through the
fluid layer surrounding the solid particle:

Xt = kf t (5)

where kf is a constant that includes the concentration of reac-
tants and the density of the solids.
When the process is controlled by the diffusion through the
solid products layer:

1 − 3(1 − Xt)
2/3 + 2(1 − Xt) = kdt (6)

where kd is a constant proportional to the diffusion coefficient.
When the process is controlled by the chemical reaction at the
surface of the un-reacted core:

1/3
1 − (1 − Xt) = krt (7)

where kr is a constant that includes the concentration of reac-
tants and the density of the solids.

s
n
a
i

Fig. 6. Arrhenius plot.

If we plot the three left terms of these equations against time,
one of them gives us a straight line, thus indicating that two or
ore process steps overlap in the oxygenation of YBCO-TSMG

nd that the rate-controling process changes as the reaction pro-
eeds.

If we plot the logarithm of the initial reaction rate (that is the
lope of each curve in Fig. 5 at time zero), versus the inverse of
he temperature, we can calculate the activation energy of the
rst process taking place. Thus, Fig. 6 shows the Arrhenius plot.
he activation energy, calculated for annealing times shorter

han 50 h, is 9.5 kJ/mol, thus indicating that the initial process is
ontrolled by oxygen diffusion. This energy can be considered
s the minimum energy necessary to begin the T-to-O phase
ransition.

The first stage of the oxygenation process can be related to
he diffusion of oxygen into the sample, favored by the micro-
racks produced during crystal growth. Once oxygen reaches
he surface, it reacts with the tetragonal phase, leading to the
rthorhombic phase. This generates an important change in vol-
me that is translated into the formation of more cracks, which
ncrease the reactive surface. So, the first initial step can be

odeled by a typical diffusion equation, while the T-to-O tran-
ition can be modeled by reaction rate-controlled kinetics, as
t increases the oxygen diffusion, thus becoming the restrictive
tage. Consequently, crack formation mainly depends on the dif-
usivity of oxygen.15 At higher temperatures, at which oxygen
iffusion is more favored, only one curve is observed related to
he reaction rate-controlled stage. Thus, the combination of both
rocesses in series would yield this particular plot.

.3. Determination of the magnetic properties by SQUID

At annealing times around 182 h at 450 ◦C, as indicated by the
anoindentation results (Fig. 4c), the oxygenation content of the
ample is quite homogeneous. Fig. 7a and b shows a typical mag-

etization curve for YBCO samples annealed at 450 ◦C for 182 h
nd 240 h, respectively. Due to the low magnetic field applied
n this case, the critical temperature (Tc) can be determined by
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ig. 7. Magnetization versus temperature at of 450 ◦C. (a) 182 h and (b) 240 h.

he intersection of ZFC and FC curves, as shown in Fig. 7a,
hich occurs at 88 K. The superconducting transition presented

s very large and occurs in a two-step process. This phenomenon
s attributed to the fact that the oxygenation time (182 h) was
ot long enough to produce the full transition from tetragonal
o orthorhombic phase and conversion was incomplete. How-
ver, after 240 h of annealing, the magnetization results show a
arrow transition, with only a one-step process, and with higher
agnetic shielding values (see ZFC curve) than in the previ-

us case (182 h), although the Tc is similar in both cases. This
ase corresponds to the complete T-to-O transition of the overall
ample (Fig. 5).

. Conclusions

Nanoindentation has been shown to be a powerful tool to char-
cterize the mechanical stability and determine the kinetics of
xygenation of YBCO-TSMG samples. We determined the vari-
tion of the hardness along the c-axis at different oxygenation
imes.

The oxygenation process induces micro- and macrocracks
ue to the introduction of oxygen atoms inside the crystallo-

raphic structure. Moreover, we found that the oxygenation
rocess is mainly controlled by the oxygen diffusion at low
emperatures. During the first 50 h the oxygen enters the
eramic Society 32 (2012) 425–431

tructure through microcracks produced during the texturing
rocess. After this time, the T-to-O transition takes place, thus
roducing an important change in volume, leading to more
icrocracks that increase the reactive surface.
The activation energy for the first stage of the oxygenation

f the superconducting samples was found to be 9.5 kJ/mol.
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