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Phase-transition toughening of high-T
superconducting ceramics
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The effect of the superconducting transition (SCT) on the plane-strain fracture toughness Ki.
of YBCO and BSCCO is studied by the method of three-point bend loading at room
temperature and at 77 K. Toughening is observed and related to variation of the Gibbs free
energy through the SCT, and hence to the condensation energy of a Cooper-pair gas. This is
explained by the additional energy needed to excite superconducting electrons to normal ones
in crack surfaces owing to magnetic field penetration. The superconducting gap parameters of
YBCO and BSCCO are estimated and the results are reasonable.

1. Introduction

Mechanical properties of superconductor (SCs) such
as elasticity, bending strength, hardness and tough-
ness are of vital importance if SCs are to be applied as
engineering materials. Extensive studies on SC mech-
anical properties have been carried out for both clas-
sical and high-7, SCs. These studies mainly follow a
material science approach, emphasizing the interre-
lations between structure, properties and processing.
In high-T, SCs (HTSCs), studies of mechanical prop-
erties relate macroscopic properties either to micro-
structure and basic thermodynamic quantities such as
density and porosity [1], or to the fabrication tech-
niques [2, 3], with the goal of improving quality by
appropriate methods in powder preparation, sintering
techniques, metal doping etc. [4, 5]. On the other
hand, direct studies of the effect of superconductivity
on mechanical properties provide (vice versa) an un-
derstanding of the superconducting transition (SCT)
[6-19].

The plane-strain fracture toughness K, . predicts the
ability of a material to resist rupture and is measured
according to test standards, e.g. ASTM E399-72 to 83.
The K,. characteristics of ceramics have been ex-
tensively studied due to the fact that these show less
plastic deformation and so conform to linear elasticity
theory. The K, enhancement through a phase trans-
ition is called phase-transition toughening, which even
becomes a processing technique for functional ce-
ramics. A theory of phase-transition toughening
[20-22] has developed which relates the difference of
K2, before and after a phase transition to the change
of the Gibbs free energy density AG. Let the pre- and
post-transition toughness be K, and K_, respectively
(in the original form, they are the critical stress intens-
ity factors which become K, in mode I loading). We
have
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K. and K, are in units of Pa m'/?; r is the granular size
(of the order of micrometres), E the Young’s modulus,
v the Poisson’s ratio, V' the pre-transition volume
fraction of the constituents to undergo the phase
transition, and F the work density of the stress field
inducing the phase transition [20]:

F = |AG| — F,
where AG strongly depends on temperature and F; is
the strain energy associated with the fraction released
in the process of phase transition and fracture, almost
independent of temperature. Usually, F, is negligible
compared with |[AG|. |AG| can hence be determined.
This theory has been applied successfully to the ce-
ramic ZrO, [21, 22]. It is expected that it is also
applicable to the HTSC ceramics.

SCT brings about a change of the Gibbs free energy
density given by

1
On(T, P, 0) — GY(T, P, 0) = 5gA° e

where N is for the normal phase, S for the SC phase
and O for zero magnetic field; g is the energy-state
density per unit volume at the Fermi surface and A the
superconducting gap. Based on standard supercon-
ductivity theory, the SCT concerns the Bose—Finstein
condensation of a gas of Cooper pairs (see e.g. [23]).
The Gibbs free energy difference is directly related to
the condensation energy rather than to an integral of
negative magnetization M over a range 0 to H, (the
type I SC) or to H,, (type II), since for an HTSC its
superconducting state with magnetic flux excluded is
not a true thermodynamic equilibrium state (its mag-
netization curves are irreversible) and the integral of
— M has no definite physical meaning. The change of
the Gibbs free energy could lead to toughening,

In this work we study two HTSC cuprate ceramics
YBa,Cu,0, (YBCO) and BiSrCaCu,O, (BSCCO).

5875



YBCO usually completes the structure transition from
tetragonal to orthorhombic lattice [15] at a temper-
ature above 700 K. So does BSCCO but it is, depend-
ing on sintering techniques, still a multi-phase system
below 77 K [24]. Temperature reduction from 298 to
77 K does not cause other structural changes except a
slight decrease of cell parameters and bond lengths
[25]. For these materials the SCT is the only phase
transition in the temperature region 77 to 300 K. The
SCT should cause toughening as AG in Equation 2 is
non-zero.

In this work the SCT effect on the fracture tough-
ness K;. of YBCO and BSCCO is studied through
measurements of three-point bend loading at room
temperature and-at 77 K. Phase-transition toughening
through SCT is observed. The change of the Gibbs
free energy determined from the toughening is related
to the superconducting gap parameter. The estimated
gap parameter is comparable to those obtained by
other techniques.

2. Experimental procedure

2.1. Specimens

YBCO powder was prepared using the standard co-
precipitation method from acetic acid solution of pure
Y,0; (99.99%), CuO (AR) and BaCO; (CP) in a
predetermined ratio. The powder was compressed
under 1.3 tonne cm ~ 2 pressure into rectangular pieces
of approximate size 3 mm x 6 mm x 60 mm and sin-
tered at 940°C for 6 h. A second 6 h sintering was
carried out after turning the sintered pieces upside
down, with subsequent cooling to room temperature
in the oven. Four-terminal resistivity measurements
were then carried out to determine that the zero-
resistance temperature 7, (0) for each specimen was in
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Figure 1 Characterization of HTSC ceramics: (a) resistance versus
temperature curve of a YBCO sample, (b) ([J) resistance and
( A) magnetic susceptibility versus temperature of a BSCCO sample.
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the region 79-85 K. The resistive behaviour was me-
tallic and diamagnetism appeared at 77 K (Fig. 1a).

Pb, ,Bi; SrCaCu,0, (BSCCO) was prepared
using the solid-state reaction method from a mixture
of PbO (CP), Bi,O; (CP), SrCO,; (AR), CaCO, (AR)
and CuO (AR) in a predetermined ratio, preheated at
820°C for 3 h (Pb and Bi were in 10 wt % excess to
compensate for heating loss. Pb is not required in the
original definition of BSCCQ, which will be explained
in the next paragraph). The powder was compressed
under 1.3 tonnecm™? pressure into pieces of size
3 mm x 6 mm x 60 mm and sintered at 840 °C for 48 h.
For these specimens 7, (0) was in the region
85-90.5 K, their resistive behaviour was metal-like
and they possessed partial diamagnetism (Fig. 1b).

The densities were 5.7 and 3.7 gem ™3 for YBCO
and BSCCO, respectively. The average grain size was
7um for both SCs based on measurements by an
image analyser of SEM photographs. Standard
characterizations such as structural identification us-
ing X-ray diffraction and T, determination using the
four-probe technique essentially followed our pre-
vious works (see e.g. Fig. 1 in [15] and Fig. 5 in [19]).
The YBCO sample was single-phase and BSCCO
multi-phase. In fact, the partial substitution of Pb for
Bi in the BSCCO system was aimed at raising
the volume fraction of the 110K-7, phase
(Bi,Sr,Ca,Cu;0,,). Since the SCT is the only phase
transition for BSCCO between room temperature and
77 K, its multi-phase character would not affect our
interpretation of the experimental results.

Each specimen was cut into two for separate meas-
urements at 300 and 77 K, respectively. After pol-
ishing, the size was 2.8 mm x 5.6 mm x 22.4 mm. A
lengthwise notch was cut in the middle of one surface
of each specimen by using a molybdenum wire of
80 pm diameter dipped in a mixture of emery and
silicone oil. Each notch had a curvature radius

= 55-60 ym and a depth a = 1.5-2.2 mm, deter-
mined by a tool microscope of 3 pum resolution.

2.2. Fracture experiments

The fracture experiments were performed in a home-
made small-size three-point-bend loading device, in
which the radii of indenter and supports (made of
smooth ceramic bars) were proportionately reduced
according to the ASTM E399-83 test standard for
plane-strain fracture toughness. The load P was meas-
ured by a stress transducer with dynamometer calib-
ration. The indenter displacement A’ was measured
using a micro-displacement transducer. Four-terminal
resistance measurements, with silver colloid as the
ohmic contact, were used to investigate the variation
of resistance with pressure. A micro-ammeter was
used to monitor the steady current at a value of
1.9 mA and voltage signals were taken across the
notch. The P-A" and R-A’ curves were recorded
simultaneously. The resolution of resistance measure-
ment was 8 and 5 pVem ™! for YBCO and BSCCO,
respectively. The loading speed was 0.74 Ns~ 1.
Experiments were carried out without magnetic

" shielding.



At 77K all parts contacting the specimen were

submerged in liquid nitrogen and loading started

when the system temperature stabilized. After obtain-
ing P-A’ and R—A’ curves, the notch depth a and the
curvature radius p were checked by the tool micro-
scope. According to the ASTM E399-83 test standard,
the critical stress intensity factor K, is determined
from the fracture loading P, and geometric para-
meters including the notch depth a, sample thickness
B, width W and span S. The fracture surface was kept
clean for further SEM analyses including energy
spectrum analysis to check the average surface
composition.

3. Results

The SEM studies of fracture surfaces show that flat
breaks across crystallites dominate. Figs 2 and 3 show
the P-A’ and R-A’ curves at 300 and 77 K, respect-
ively. They all exhibit the characteristics of brittle
fracture. Hence, the measured K, is just the plane-
strain fracture toughness K, .. Table I lists the average
values of K, (each over six specimens) with the
standard deviation, and the values of the three-point
bend fracture intensity o, = 3P S/[B(W — a)*] and
the fracture surface energy I' = K, (1 — v?)/2E res-
ulting from linear elasticity theory, taking v = 0.25.
Following Orange et al. [22], the curvature radius
p does not need correction in the range 55-60 pum.
Despite the scatter in the toughness values caused by
small variations of sample properties, the results con-
firm the enhancement of the fracture toughness of
HTSC ceramics through the SCT. The measurement
conditions and results are comparable to those pre-
viously reported (e.g. [3]) and they reproduce well.

Essentially, three points on the K,, versus
z(z=T/T,) curve have been obtained, at z~3
(T~300K), zz1 (T, < T=77TK)and z51 (T, > T
=77K). It is readily seen that K,
<) >K (22 1)~ K (z~3) from repetitive meas-
. urements on different samples. The original curves in
Fig. 2 describe the behaviour of all samples at 300 K
and the 77K behaviour of the samples with
T.(0) < 77 K (z > 1). Fig. 3 represents the 77 K beha-
viour of those with T(0) > 77 K (z < 1). Hence, Fig. 2
is for samples in the normal state and Fig. 3 for those
in the SC state. Inhomogeneity, impurities or BSCCO
multi-phase character, of the porous granular ceramic
samples have little influence in this macroscopic beha-
viour.

The electric conducting property was monitored by
resistance measurements. In the normal state, the
resistance of the specimen increases with pressure, as
with ordinary materials. In the SC state, the zero-
resistance is independent of the increase of pressure
until the specimen is broken. This shows that at a
resolution of 5-8 pVem ™1, SC current exists all over
the bulk SC specimen. In fracturing the number of SC
current paths decreases, i.e. the critical current I,
should reduce continuously, but the zero-resistance
state of the sample holds as long as some SC paths still
exist.
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Figure 2 Indenter-displacement dependence of three-point-bend
loading P and resistance R for a YBCO specimen (similar for
BSCCO sample) at 300 K (all in arbitrary units).

The order of magnitude of the compression elastic
modulus E was obtained from the compression
stress—strain curve measured from the broken speci-
mens. This was carried out by clamping each specimen
between a steel indenter and a supporting steel plate.
For YBCO specimens, the average (E)=1.6
x 10> MPa and for BSCCO specimens (E)> = 0.85
x 10° MPa. Energy spectrum analysis gave the
compositions as follows: YBa, 5,Cu,,,0, and
Pby.17Big.5651Ca0.7,Cuy 560,

From the experimental results, we conclude that the
HTSC cuprate ceramics show phase-transition tough-
ening through SCT.

4. Discussion

The plane-strain fracture toughness K, ; of the HTSC
ceramics was measured by conventional material
science methods. The toughening is attributed to the
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Figure 3 Indenter-displacement dependence of three-point-bend
loading P and resistance R for a YBCO specimen (similar for
BSCCO sample) at 77 K (all in arbitrary units).

SCT and hence is associated with the condensation
energy of a Cooper-pair gas. Before any physical
information is extracted from the experiments, we
have to substantiate this assumption by providing an
interpretation.

In the process of brittle fracture of HTSC ceramics,
strain energy is released for crack propagation, i.e. to
provide the surface energy necessary for creation of

TABLET Average values of K, 6, and T’

the new surface. The energy for increasing a unit
surface element of the crack is the fracture surface
energy I'. In the SC fracture, extra surface energy is
needed owing to transformation of the interior super-
conducting state to the surface normal state in cracks
by magnetic field penetration, resulting in en-
hancement of the fracture toughness. The depth of the
normal-state surface is the thickness A of the penetra-
tion layer. A surface area increment AS results in
excitation of condensed electrons to normal ones
within a volume ASA, corresponding to additional
energy 3gA?ASA. Considering the volume fraction
V for ceramics, the increase of the fracture surface
energy is
1

Al = EgAZKV (3)
The fracture toughness is proportional to the fracture
surface energy through

1 —v3
I = K}
1c 2E

We obtain

2MEV
2 )

KI—-K} = %gAzl ey
Equation 4 is similar to Equation 1 except that the
penetration depth X replaces the granule size and the
volume fraction V is that of the superconducting
constituents. It shows that our assumption is reas-
onable.

From Equation 4, the superconducting gap is

A = (k2 - K2)1__V2 " (5)
a ¢ g EV

The three-point-bend loading is hence providing an
estimate of the SC gap. We take the average
T.= 82K and 87.8K for YBCO and BSCCO sam-
ples, respectively. For granular porous supercon-
ducting ceramics, only an effective penetration depth
of the polycrystalline sample is meaningful [ 26], which
should be at least an order of magnitude larger than
the penetration depth defined for a single crystal.
YBCO single crystals have provided the most com-
plete data [27] in the low-temperature limit: A,
= 140 nm and A,~700 nm and they rise precipitously
when T approaches T, [23]. It will be reasonabie to
estimate A (YBCO, 77K; T, =82K)~40 um and
Aer(BSCCO, 77K; T.=878K)~20um, values
which are several times larger than the average gran-
ule size. By taking the values in Table I, rational values

Sample T,(0)(K) Test K, .(MPam'?) o, (MPa) r(Jm™?)
temperature (K)

YBCO 79-85 300 094 £ 0.12 27 5.1

77 1.21 £ 0.16 36 8.4
BSCCO 85-90.5 300 0.13 + 0.03 3.6 0.19

77 0.25 £ 0.06 7.1 0.69
BSCCO <77 300 0.15 £ 0.04 47 0.25

77 0.13 + 0.03 4.0 0.19
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V = 0.7 and 0.3 and carrier densities n = 2.6-5.0 and
2.2-4.6 x 10> cm ™3 [23, 25] for YBCO and BSCCO,
respectively, and the Fermi energy E. = 04eV, we
estimate (adopting the approximation g/n~3/2Eg)
A(YBCO)~(1.3-1.7)ks T,

A(BSCCO)~(1.0-1.5)ky T,

These values are comparable to those from other
studies: 2A(O K) = (5-8)kg T, [25], despite all the un-
certainties concerning the microscopic parameters
and the crudity of the approximations. These values
also show the temperature dependence of the gap:
A reduces in magnitude when T approaches T
However, intrinsic uncertainties in our estimate and
insufficient data hinder an affirmative conclusion.
Nevertheless, this estimate shows that, qualitatively,
the concept of phase-transition toughening may be
applicable not only for a structural phase transition
but also for SCT (second order).

5. Summary

The plane-strain fracture toughness K,, of HTSC
cuprate specimens is in the range of 0.1-1.0 MPam'/?
and its values at 77 K are higher than those at 300 K.
This is the phase-transition toughening of HTSC, and
it can be explained by the additional energy needed to
excite superconducting electrons to normal ones in
crack surfaces owing to magnetic field penetration.
The theory of phase-transition toughening for
ordinary ceramics is hence applicable to HTSC with
minute modification.
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