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Abstract

YBa2Cu3Ox high-Tc ceramic superconductors have
been elaborated by the melt-textured-growth method
with additions of Ag particles and/or Y2BaCuO5

(211 green phase) in order to study the fracture
properties and the thermal shock resistance. The
Vickers indentation technique, initially devoted to
the sole determination of the toughness has been used
in conjunction with a new thermal shock resistance
parameter. It makes use of the initial stage of stable
propagation of Vickers indentation cracks when
submitted to a thermal stress, and results in a gen-
eralisation of the fourth parameter of Hasselman.
Whereas the toughness increases with increasing 211
content, does the thermal shock resistance decrease.
This is explained with respect of the strongly micro-
cracked (along the 001 planes) microstructure which
is seen as a stacking of dense laminates bound by the
211 particles and subjected to a linear temperature
gradient. The higher the number of bounding parti-
cles, the sti�er the quenched material, and the higher
the induced thermal stress. This micro-mechanical
model is implemented into a ®nite element software.
The ®rst results of the calculations con®rm the above
approach. # 1999 Elsevier Science Limited. All
rights reserved
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1 Introduction

The use of YBa2Cu3Ox, (123) ceramic super-
conductors below their critical temperature
includes cooling or quenching the parts to the
temperature of liquid nitrogen (T�b � 77 K), which
may lead to macroscopic crack extension under the
action of the transient thermal stress. The
increased temperature di�erence, with respect to
that of the elaboration, provokes additionally an
increase of the residual thermal mismatch stresses
of the second kind, which are due to the anisotropy
of the coe�cients of thermal expansion. They may
induce severe micro-cracking resulting in a
decrease of the super-conducting current transport
properties. A need for improved thermal shock
resistance appears thus. This is worked-out within
the competition between the thermal transient
stress due to quenching and the toughness (crack
extension) of the material. The main parameters of
a quenching system have been reviewed by King-
ery1 and Buessem.2 The methodology is to increase
the toughness and to achieve the highest thermal
conductivity to lower the thermal transient stress.
It can be made with the use of composite e�ects as
for the case of polycrystalline bodies. Due to the
peritectic decomposition, the Y2BaCuO5 (the green
211) phase nucleates in the textured micro-
structure, and its amount can be monitored. The
measurement of the toughness can be realised by
using the Vickers indentation technique.3±5 Fur-
thermore, does the stage of stable crack extension
of the Vickers indentation cracks under the action
of the transient thermal stress `freeze-in' its max-
imum value and thus allow quantitative compar-
isons. The apparent discrepancies are worked-out
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within the frame of a meso-structural model that
can be implemented into a ®nite element software.

2 Experimental

The investigated materials are platinum-doped
(0.5% PtO2), top-seeded and melt-textured YBa2
CuOx/Y2BaCuO5 (123/211) and YBa2CuO3Ox/Y2

BaCuO5/Ag (123/211/Ag), composites. The sam-
ples are discs (diameter: 20mm, height: 6.5mm) of
quasi-single crystals containing trapped 211 and
silver particles, 5 and 20�m in diameter, respec-
tively. Vickers indentations, with several loads
between 4.9 to 300N, have been introduced on the
polished surfaces, corresponding to the 123 (001)
planes. The initial (after indentation) and resulting
(after quenching) lengths, c0 and c, respectively, of
the radial cracks have been measured with an eye-
piece having a resolution of 1�m.

3 Results

3.1 Toughness and thermal shock resistance
The toughness, Kc, of the material has been calcu-
lated using the relation derived by Chantikul et al.6

for the case of median-radial cracks, of length, c0,
due to a Vickers indentation of load, P,

Kc � �r:P:cÿ3=2o �1�

where �r is a constant equal to 0.1 in the case of
dense YBa2Cu3Ox ceramics.4 The values of Kc are
plotted in Fig. 1 as a function of the content of 211
particles. The value Kc for the 123 single crystal7

is also given. Up to 50%mol, the presence of the

211 particles provokes a marked increase of the
toughness in a ®rst step. The observed micro-
mechanism of crack extension is de¯ection by the
residual mismatch stress ®eld around the 211 par-
ticles. When the amount becomes too high
(60%mol), this toughening mechanism becomes
less e�cient, probably as a result of interactions
between stress ®elds. When submitted to a mechan-
ical or thermal stress, the radial indentation cracks
propagate ®rst in a stable way under the combined
action of the residual contact stresses and the
applied stress. Their relative extension, from c0 to
the actual value, c, thus `freezes-in' the maximum
value of the thermal transient stress, �th, due to
quenching. This is given by the following:

Kc � �r:P:cÿ3=20 � �r:P:cÿ3=2 ÿ �th��
c�1=2 �2�

where 
 is the geometrical factor for a semi-ellip-
tical surface crack �
 � 4=�2�. The thermal shock
resistance parameter Rth � �Kc=�th�2 describes the
competition between the toughness of the material
and the thermal transient stress. It results in:5

Rth � ��
c�=�1ÿ �c=c0�ÿ3=2�2 �3�

The disc-shaped textured samples were ®tted with
several indentations under di�erent loads and the
initial lengths, c0, of the radial cracks measured
(see Fig. 3). The sample is then quenched into
liquid nitrogen (�T � 300 K), removed and
allowed to reheat within water absorbing paper to
avoid stress enhanced corrosion. In order to
achieve a more severe thermal shock, quenching
was also realised in ®rst heating the indented sam-
ple to 320�C and dropping it into low viscosity
silicon oil at room temperature (�T � 300 K,
also). The resulting crack lengths were then mea-
sured and the thermal shock resistance parameter,
Rth, deduced from the slope of the c versus
(1ÿ �c=c0�ÿ3=2�2 plot. From a physical point of
view, Rth indicates relative thermal shock resis-
tances of di�erent materials at quenching tem-
perature di�erences, �T, lower than the classical
�Tc. The values for toughness and thermal shock
resistance (quenching into silicon oil) are listed in
Table 1. The variation of Rth with 211 is plotted in
Fig. 2. The increase of Rth due to the addition of
Ag is much larger and was not plotted because
largely out of scale. It re¯ects the e�ect of silver in
increasing the thermal conductivity, thus lowering
the thermal transient stress.
For the case of the 123/211 composites, the

toughness increases with increasing amount of 211
particles, whereas the thermal shock resistance

Fig. 1. Toughness, Kc, of a textured super-conducting YBa2-
Cu3Ox matrix reinforced by the ceramic 211-green-phase par-
ticles and by silver particles for 60%mol content of 211. With
respect to the toughness of the single crystal,7 an increase of
that material property can be observed. The error bars are due

to the scatter in the crack-length.
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decreases at the same time. This indicates that
the induced thermal stress increases more with
increasing 211-content than does toughness. The
later can be described by the e�ect of crack de¯ec-
tion mechanisms due to the elastic and thermal
mismatch stresses around the 211-particles, and
reveals to be rather narrow.8 An increase of the
maximum of the thermal transient stress during
quenching must be proposed and justi®ed.

3.2 Microstructural and micro-mechanical
modelling
Assuming that neither the Young's modulus nor
the thermal conductivity would be changed by the
presence of the 211-particles, the classical theories
for dense and isotropic bodies would predict an
increase in thermal shock resistance because the
toughness increases with the 211-content. The
microscopic observation of the textured parts
reveals also that these textured samples are
strongly micro-cracked along the 123 (001) planes.

According to these observations, the micro-
structure can be represented by a stacking of dense
laminates which are bound by the 211 inclusions.
The scheme is shown in Fig. 3. The assumed linear
temperature gradient, from Tcore, at the interior, to
Ti, temperature of the quenching medium, at the
exterior of the sample, is also sketched. The cylin-
der external walls, perpendicular to the 001-planes
are not considered here because the highest tran-
sient thermal stress occurs on the basis.
Basic principles can thus be applied to that

meso-structural model. An isotropic plate sub-
mitted to a linear temperature gradient across its
section and deforming freely will not give rise to a
thermal stress. By extension it is considered as
being the case of the stacking of laminates as long
as they are not bound (absence of 211-particles. If
they are (presence of 211-particles), they are not
longer allowed to deform freely and a thermal
stress will build up under the action of the tem-
perature gradient during quenching. The higher the
number of 211-particles, the sti�er will be the
quenched body and the higher the induced thermal
stress. The extreme case is that of completely
sticking laminates. They would then behave like a
dense and un-cracked bulk. The drop of the ther-
mal shock resistance parameter, Rth, results thus
from the increase in thermal stress, due to the stif-
fening e�ect of the increased number of bonds by
211-particles, which results in an increase of the
thermal stress larger than that of toughness.
This meso-structural model has been imple-

mented into a ®nite element software (Castem
2000). Although it does not strictly respond the
anisotropic characteristics of YBa2Cu3Ox, it has

Table 1. Microstructural characteristics and thermo-mechan-
ical properties of the materials used in the experiments (the
values ofRth are those resulting from quenching into silicon oil)

123:211
stoichiometry
(211 adjunction,
mol%)

Silver
volume
fraction
(%)

Toughness
(Kc)

(MPam1/2)

Rth (mm)
silicon oil

(�T=300K)

1:0.3 (30) 0 1.43 3.05
1:0.4 (40) 0 1.59 2.04
1:0.5 (50) 0 1.65 1.36
1:0.6 (60) 0 1.42 Ð
1:0.6 (60) 10 1.95 Ð
1:0.6 (60) 20 2.34 Ð

Fig. 3. Micro-graphical view of the 211 reinforced 123-matrix
(on the right-hand), and its meso-structural modelling (on the
left hand). The cracks in the 123-matrix arise from the strong
crystallographic anisotropy in the thermal expansion coe�-
cients. These cracks are bridged by sticking 211-particles
which are white on the photograph. The linear temperature
gradient (�T � 300 K) is also sketched. The Vickers indenta-
tion were introduced onto the (001)-plane with an orientation
to make the radial cracks perpendicular to the expected radial

and tangential stresses appearing in the quenched disc.

Fig. 2. Thermal shock resistance parameter, Rth; of the super-
conducting YBa2Cu3Ox-matrix reinforced by solely the cera-
mic 211-green-phase-particles as a function of their amount.
The values result from quenching the indented samples (pre-
heated to 320�C in air) into silicon oil at room temperature.
The temperature di�erence, �T � 300 K is then the same as in
quenching from room temperature, in air, into liquid nitrogen.
Due the di�erence in heat transfer the quench test into silicon
oil (forced or natural convection) is much harder than that

into liquid nitrogen (boiling ®lm).
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been assumed in this ®rst step that the Young's
modulus and the coe�cient of thermal expansion
are isotropic. The deformations of the meshing are
represented in Fig. 4. In a ®rst step two lamellae
are bound by three inclusions. The linear temperature
gradient of �T � 300 K is imposed across each
lamella, the highest temperature is at the boundary
between them, the lowest (at the surface of the
disc), is that of the quenching medium. Two cases
are considered. In the ®rst [Fig. 4(a)], the corners
of each plate are allowed to move freely; the con-
ditions at the limits being zero displacement in any
direction of the points representing the sticking by
the 211 particles. The resulting stress state is
symetric and a slight compressive stress appears on
the outer faces. For the second step, a supplemen-
tary condition is imposed. Two corners remain in
contact [Fig. 4(b)]. It thus corresponds to the
introduction of a supplementary 211-particle. The
deformation state changes drastically and it can be
observed that tensile stresses appear at the coolest
(outer) faces. Considering a higher number of
inclusions and of the sticking laminates should
approach the behaviour of the real textured sam-
ples. This is part of on-going work.

4 Conclusion

Composites were made of a textured matrix of
the super-conducting ceramic, YBa2Cu3Ox, and
containing particulate dispersions of only the
ceramic 211-green phase (up to 60%mol), or 10
and 20% vol, metallic silver, at a 211-content of
60%mol, have been fabricated and tested for
toughness and thermal shock resistance. The num-
ber of identical samples in the sense of a repro-
ducible microstructure is limited because they are
in the stage of research and development. A
recently developed approach based on the Vickers
indentation technique has thus been put to work. It
allows, with the help of a few indentations made on
a de®ned crystallographic plane to determine in a
®rst step the toughness, and in a second the ther-
mal shock resistance. The increase in toughness
due to the 211-particles can be additionally
increased by the additions of silver-inclusions. It
results in a huge increase of the thermal shock
resistance, thus making a proof for an optimised
superimposition of the e�ects of silver on both the
electrical conductivity9 and the thermo-mechanical
reliability of functional components and parts. For

Fig. 4. Views of the ®nite element simulation (Castem 2000) of the deformed meshing resulting from the numerical imposition of a
linear temperature gradient of �T � 300 K across each laminate and representing the microstructural modelling of the textured
samples. (a) two dense laminates are sticked by three 211 inclusions; (b) Two dense laminates are sticked by an additional 211

inclusion.
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the less expensive case of the sole toughening by
the 211 inclusions, an apparent discrepancy
between the variation of toughness and thermal
shock resistance has been noted. Whereas the
toughness increases with the increasing amount of
the 211 phase, does the thermal shock resistance
accordingly decrease. This discrepancy is explained
by the competition between the increase in tough-
ness due to the deviation mechanism by the inclu-
sions and that of the maximum thermal stress
during quenching which is due to the sti�ening
e�ect by the same inclusions. A meso-structural
model has been designed for that purpose. Its
implementation into a ®nite element software and
calculations shows that the search for the best
compromise between super-conducting properties
and thermo-mechanical reliability, with respect to
the content in the green phase becomes possible.
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