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1. INTRODUCTION

Stresses in superconductors arise in various ways, ranging from the stresses on a
macroscopic scale which arise from Lorentz forces in the operation of high field
superconducting magnets to the stresses on a microscopic scale which arise from defects
such as dislocations in the microstructure of superconductors. Stresses arise during
various steps in the manufacture of composite superconductors, such as the essential
processes of rolling and pressing that occur during the fabrication of silver-sheathed
bismuth cuprate superconducting tapes by the so-called powder-in-tube process, and
significant levels of stress can arise from differential thermal contraction between the
elements of a composite superconductor such as the normally-conducting metallic matrix
and the embedded superconducting filaments during the process of cooling from the high
temperatures employed in fabrication to the cryogenic temperatures of operation of the
superconductor.

The effects of stress on superconducting properties range from reversible changes,
caused by elastic deformation, in thermodynamic parameters such as the critical
temperature, the upper and lower critical magnetic fields, and characteristics of the magnetic
flux-line lattice such as the melting and irreversibility lines, to irreversible degradation of
the critical current density caused by stress-induced microcracks and finally catastrophic
failure by fracture of the superconductor at sufficiently high levels of stress. The formation
of cracks is particularly important because superconductors are often extremely brittle.

Because of the ubiquity of stress in superconductors and its potentially serious
consequences to the operation and integrity of superconducting devices, an understanding
of the mechanical properties of superconductors and the interaction of stress with
superconductivity is highly desirable, but many aspects of these topics remain virtually
unexplored. It would be exceedingly useful to have a quantitative description of the effects
of stress, both reversible and irreversible, on superconducting materials of interest so that
designers of superconducting devices could take such effects into account in their design
and could estimate limits to performance which might be imposed by stress. Likewise, an
adequate understanding of the mechanical response of superconducting materials would
greatly aid in the development of methods to fabricate superconducting tapes, wires, and



cables, as well as bulk superconducting levitators and trapped flux magnets, especially in
the case of the brittle ceramic high-temperature oxide superconductors.

In this chapter, I will give a brief outline of some of the important features of the
mechanics of superconductors, with a short description of reversible effects, but with an
emphasis on irreversible effects such as microcracking, i.e. the damage mechanics of
superconductors. The latter is particularly important in the case of oxide superconductors.

In the discussion above, I have referred often to “stress effects” and “the ubiquity
of stress,” etc. However, in the following discussion it is more convenient to consider
strain as the primary variable. In the reversible, linear elastic regime this certainly presents
no problems, since stress and strain transform unambiguously into one another via
Hooke’s law. However, when irreversible deformation occurs via plasticity or non-linear
ferroelastic deformation, one must be careful about the exact nature of loading conditions
and deformation history effects. In this brief and sketchy account, such rigorous attention
to detail is unnecessary and we will, for convenience, consider cases where strain can
safely be considered the primary control variable, unless otherwise noted.

2. REVERSIBLE EFFECTS OF STRAIN IN THE ELASTIC REGIME

In principle and in practice, the thermodynamic parameters of superconductivity,
such as critical temperature TC,upper critical magnetic field BCZ,flux-line lattice melting line
B~(T), etc. depend upon the interatomic spacing and crystal lattice symmetry of the
superconductor. Thus, a superconducting equation of state must depend not only upon the
temperature and applied magnetic field, but also upon the state of elastic strain. This can be
taken into account by adequately describing the strain dependence of the characteristic
parameters of superconductivity, e.g. b y describing the functional dependence of TC, B ~,,
etc. on the strain 8.

In anisotropic superconductors, such as the cuprates, the full tensorial character of
strain must be taken into account, and even in superconductors with a high degree of
structurals ymmetry, such as the cubic A15 superconducting compounds it has been found
that the non-hydrostatic components of strain play the dominant role in the strain
dependence of superconducting properties. However, since the achievable magnitude of
elastic strain is small, a low-order expansion of the superconducting parameters such as TC
in powers of the elements of the strain tensor is possible [1], and it is found in practice that
terms only up to quadratic in the strain suffice to describe the available experimental data.
For example:

q(&) =q(o)+r. &+; &. A.& (1)

where &is the strain (written as a six-component vector) and r and A are tensors for which
the components must be found experimentally. The number of distinct, nonzero elements
is governed by crystal symmetry (e.g., A has the same symmetry as the elastic moduli); for
crystals with cubics ymmetry, Eq. (1) becomes

+ ALZ(EIEZ+&2&3‘&I&3)++q&;+#+&;)
(2)

Thus in this framework, one requires four coefficients to describe the strain dependence of
TCfor a cubic crystal. For polycrystals one must average over the orientation of the crystal
axes of the grains. Consider a polycrystal subjected to a triaxial strain state with principal
strains, 81P,8ZP,83P. For a random distribution of grain orientations, and writing the strains



in terms of the dilatation, e= .SIP+&zP+&~P,and deviatoric components (i.e., nonhydrostatic),
~i ~ ~ip–e13,

(3)

where

A, = (All+ 2A12)/3 (4)

[The components of A have been grouped in this way to stress their analogy with the
grouping of elastic constants in the bulk and shear moduli of cubic crystals: (Cll +
2C1z)/3, (Cll - C1z)/2, and Caa.] Equations (2) and (3) now provide the desired
phenomenological framework to characterize the strain dependence of TC in both
polycrystals and single crystals of superconductors with cubic crystal structures.

Experimental data for several A15 compounds show that the magnitudes of the
coefficient of the linear term rl and the quadratic hydrostatic coefficient A, are very much
smaller than the coefficient A, for the quadratic non-hydrostatic term in Eq. (3). Values of
this non-hydrostatic coefficient are collected in Table I.

For superconductors with non-cubic crystal structures, Eq. (1) has coefficients
which reflect the crystal symmetry and Eq. (2) must be changed accordingly. For cuprate
superconductors, experimental data show that, in contrast to the case of A15
superconductors, the linear terms in the strain dependence of TCdominate for these high-TC
materials:

Z(E) = q (o)+ra&a +r~&~ + rc&c (6)

where a, b, and c denote the directions of the conventionally chosen unit cell axes for the
cuprate structures. Some experimental values of r,, r~, and rC are collected in Table II.

Table I. Critical temperatures and quadratic non-hydrostatic strain coefficients (Eq. (3)) for
several A15 compounds. (From Ref. 1.).

Compound TC, K A,, K

V,Si 16.8 -9 x 104

V,Ge 6.1 +5 x 104

V,Ga 16.5 -9 x 103

Nb,Sn 18.0 -7 104

Nb,Ge -20 -8 X 104



Table II. Linear strain coefficients (Ea. (6)) for some REBa.Cu,O. com~ounds. (The
critical temperature is -95 K for these compounds.)

z.>, . .

Compound ra, K rb, K rc, K Ref.

GdBa,Cu,O, +362f50 -301f30 -239*24 2

YB~Cu~OT +230 -222 +18 3

Other thermodynamic superconducting properties in addition to TC, such as the
upper critical field BCZ,vary reversibly with elastic strain [1]. Experimental data for the
strain dependence of BCZexist for A15 compounds [1,4-6], the C15 Laves phase Vz(Hf,Zr)
[6], the B 1 structure compounds NbN and Nb(C,N) [6], and the Chevrel phase PbMo,S,
[7]. Furthermore, in YB~Cu,O, (and presumably other cuprate superconductors) the
density of mobile holes, a critical variable which controls the phase diagram for cuprates,
varies with elastic strain in the manner described by Eq. (6) [8].

The transport property critical current density, JC,is the vitally important parameter
which dominates the elastic power applications of superconductivity such as power
transmission lines, cables, magnets, etc. It also controls the levitation force in applications
of monolithic superconductors for applications in magnetic bearings, trapped-flux magnets,
etc. The elastic strain dependence of JCis dominated by the strain dependence of BCZand TC
which appear in scaling laws describing JC(B,T) as a function of applied field B and
temperature T [1,5,6,9-11]. There is also some evidence [12] that elastic strain can also
alter JCby reversibly altering the strength of pinning centers.

3. IRREVERSIBLE EFFECTS OF STRAIN: MICROCRACKING AND THE
CONCEPT OF DAMAGE MECHANICS

Compound superconductors, such as A15s, and especially the ceramic high-TC
cuprate superconductors, are brittle materials except at high temperatures near their melting
points where thermally-activated atomic diffusion processes become significant. However,
certainly under the conditions of operation at cryogenic temperatures and also under many
conditions of fabrication and processing, the superconductors can be accurately described
as brittle materials and linear elasticity is a good approximation in most cases. In the case
of composite wires and tapes, the ductility of the metallic components, such as the Ag
sheath in the case of cuprates and the Cu-alloy matrix in the case of A15s, must be
accounted for when calculating the stress which accompanies a given level of strain.

For such systems, one expects three regimes of behavior: 1) at low strains the
brittle superconductor deforms elastically and reversibly and the superconducting properties
are altered reversibly as described in Section 2 above; 2) at a critical value of strain, 8*,
sometimes called the strain tolerance level of the conductor, pre-existing subcritical
microcracks grow but remain subcritical, and accompanying irreversible changes can be
detected in the properties, but macroscopic crack propagation and fracture do not occur,
although the critical current density of the superconductor becomes degraded; and 3) at the
fracture strain, &~,a macroscopic crack propagates across the superconductor so that it no
longer carries current. Such regimes of behavior are indeed observed in composite
superconductors (e.g. [13]).

In recent years much research has been done on metal-matrix composites in which
brittle ceramic fibers are embedded in a ductile metal matrix, such as Si-C reinforced
aluminum alloys, etc., for structural applications, and many useful theoretical models of
the mechanical properties and fracture mechanics of such composites have been developed



[14] which may well be of use in rationalizing and understanding the behavior of composite
superconductors, but have not yet been exploited for this purpose. This is a very
promising area for further research.

Another area of research in the mechanics of solid materials which has been actively
developed in recent years is the concept of “damage mechanics.” This approach seems well
suited to regime 2, above, in which subcritical cracks grow prior to macroscopic failure.
The aim of this approach is to describe the evolution of damage between the virgin state of
the system and the onset of macroscopic crack initiation during some type of
thermomechanical process. The approach taken is phenomenological in nature, although it
should be based on the physics of crack nucleation and propagation, and it attempts to
obtain a damage characterization from one type of physical measurement and apply it to the
prediction or interpretation of another physical phenomenon, usually mechanical response
of some sort. In the present case, we would attempt to measure a damage parameter by
some means, elasticity measurements for example, and use it to predict or interpret
superconducting properties such of critical current density or current-voltage relations (“I-
V“ relations).

In its simplest form, damage mechanics is conceptually very simple [15]: it relies
on the concept of renormalization of “intensive” quantities such as stress (force per unit
area), current density (current per unit area), etc., by means of a damage parameter, D,.
The damage parameter, D,, is a measure of the local damage relative to the direction defined
by the unit vector n and is defined so that it lies between zero and unity: zero for the
undamaged reference state and unity corresponds to complete failure in a given volume
element under consideration across a plane normal to n. If one has a functional describing
the strain field which arises in an undamaged material from a given stress field, then it is
assumed that the strain in the damaged material is obtained from the same functional as for
@undamaEed material by inserting an effective stress field obtained by “renormalizing”

——

the actual stress field with the damage parameter D,. This is best understood with a simple
example.

Consider the case of stress in a material subject to a uniaxial stress U, in the
direction n. In the undamaged material there is a constitutive function F(cJ, T,t) which
gives the strain, &U,in the undamaged material for given values of stress (cJ), temperature
(T), and time (t):

&u = F(on ,T, t) (7)

For example, F might be a function yielding the creep strain of the material. The simplest
form of damage mechanics assumes that the strain, ~, in damaged material is given by the
same function evaluated for a renormalized stress cJ,~~

ED = F’(o,fl, T,t)

where

CJ
CJ =-

‘ti l–Dn

(8)

(9)

It remains, by means of theory or a separate experiment, to evaluate the damage
parameter, D,, which results for a given density and distribution of defects, voids,



microcracks, etc. This might be evaluated, for example, from the results of a separate
experiment using ultrasonic wave propagation to measure Young’s modulus, E,, along
direction n, in a damaged specimen, E,(d), and in a comparable undamaged specimen
E,(0). A damage mechanics analysis of the wave propagation experiment shows that the
damage parameter is given by:

~ =1 _ En(d)
n

En(0)
(lo)

Measurements of electrical resistivity can also be used to evaluate D,. Experiments show
that electrical and mechanical measurements of damage were found to give good agreement
for tension-compression tests on several metals and alloys performed under various
conditions ranging from pure fatigue to creep; agreement between the two methods was
especially good for the case of pure fatigue in which case the damage resulted from the
initiation of microcracks [15]. (This latter result suggests that mechanical and electrical
measurements of damage should give good correspondence for the case of brittle
superconductors in which the damage maybe dominated by microcracks.)

4. DAMAGE EVOLUTION AND ITS EFFECT ON I-V CURVES AND JC

Our aim in the case of superconductors is to obtain the damage parameter, which
itself is a functional of defect density and its distribution, for a given process, such as
bending strain, rolling, etc., and to use this damage parameter to estimate the effect on the
current-voltage (I-V) relation and the critical current density.

Suppose, for simplicity, that there is one dominant type of defect, which has a
density p. We need to know by experiment or theory how the damage parameter D
depends on p. One possible functional form is a power law:

(11)

where pCis the critical value of defect density for complete failure and the exponent r
describes how effectively the defects cause damage. Another functional form is suggested
by recent measurements of the dependence of Young’s modulus on the volume fraction of
porosity, p, for sintered (Bi,Pb)SrCaCuO, i.e. ‘BSCCO’, by Oduleye et al. [16]. They
find that Young’s modulus, E, decreases exponentially with p, over the range 0.15-0.55.
Thus, by Eq. (10) above:

D=l-e-mp (12)

where the decay parameter m was found to be 2.77 from the measurements of Oduleye et
al. [16]. Odule ye et al. also measured the porosity-dependent bending strength over the
same range of porosity. These data are fit within experimental error by renormalizing a
value for the bending strength of a damage-free specimen, 250 MPa by the damage
function of Eq. (12). Thus, the damage mechanics approach seems to work well for the
mechanical properties of porous sintered BSSCO.

Let us suppose that a damage parameter D, can be used to describe the
superconducting transport properties. This may not be exactly the same function of defect



density as that for mechanical properties, since recent theoretical calculations by Gurevich
and McDonald [17] have shown that the effect on supercurrent transport by defects can be
much larger than that of simply the geometric size of defect itself. However, we will
assume that the damage function approach, as outlined in Section 3 above, applies. Then,
the voltage for a given current density in a damaged sample is obtained from the functional
form for an undamaged sample simply by inserting a current density renormalized by the
damage parameter.

A conventional form for the current-voltage curves of superconductors is:

V=ct(kly ’ (13)

where J is the current density and JOis a measure of the critical current density. The
exponent P describes the sharpness of the current vs. voltage curve. The damage
mechanics approach yields an expression for voltage V~ of the damaged sample, obtained
by replacing J in Eq. (13) by its renormalized value J/(l-D,):

v, =CL,(J-Jo(d))p

where

‘d=(1-;,)’

(14)

(15)

and

Jo(d) = Jo(l- D,) (16)

We see that for a damaged sample the critical current density JC(d) is given b y that for an
undamaged sample, JC,renormalized by the factor (1 - D,).

Based on this result, we can use the damage parameter for porosity in sintered
BSSCO derived from mechanical measurements [16], Eq. (12), to predict the effect of
porosity on JC:

Jc = Jo e-msp (17)

where the decay parameter for superconductivity m, may be greater than the value of 2.77
for mechanical properties obtained by Oduleye et al. [16]. Unfortunately Oduleye et al. did
not measure the superconducting properties of the porous sintered BSCCO on which they
measured the mechanical properties, so that an experimental comparison with Eq. (17) is
not possible.

Assuming that the damage mechanics approach itself is an adequate methods for
estimating the effects of microcracks and other damage resulting from deformation, it is
vital to use a realistic expression for the damage parameter D, as a function of microcrack
density, as well as a realistic description of the strain dependence of microcrack density.



Let’s consider the first aspect: the damage parameter as a function of microcrack
density. Based on experiments involving fatigue cracks in metals and alloys [15], the
damage parameter for microcracks is more likely to be of the form of Eq. (11), with
exponent r > 1, rather than Eq. (12), which describes the effect of porosit y in sintered
BSCCO. For microcracks, a suitable crack density function p, might be the area of
microcracks with surface normal n, per unit volume. The next step is to estimate the
density of microcracks as a function of strain. This is a complex question, although
various mechanisms for microcrack formation in brittle ceramics are known [18], and
recently, an ingenious ultrasonic method has been used to reveal the presence of
microcracks in BSCCO tapes manufactured by various processes [19]. Nevertheless,
much remains to be done to quantify such results and to select suitable forms for p,(&) for
various conditions of deformation.

For heuristic purposes, we will assume that, for a given mode of deformation, the
microcrack density for a given crack face orientation is given by:

p=po+k&y (18)

where p ~is the microcrack density in the undeformed material. The damage parameter D is
then given by Eq. (11) and the critical current density by Eq. (16):

r
JC=JO 1-

1

P.+ k&y ‘1

P. )]
(19)

Thus, the damage mechanics approach has .izivenus a form for critical current density as a
function of init;al condition afid strain. It ~ow remains to do systematic experimefits to
determine JCversus strain in order to test the validity of this approach.

5. DISCUSSION

In the previous sections I have outlined factors which determine how deformation
affects superconducting properties, especially how the methods of damage mechanics can
be used to develop a phenomenological description of irreversible changes in critical current
density caused by microcracking and porosity. Much remains to be done to convert this
outline of a theory into a useful tool. For example, systematic studies are required to
determine the functional dependence of the damage parameter on the density of various
types of defects. Similarly, careful studies are required to understand how various
processing variables, strain state, conductor geometry, etc. affect the density of various
types of defects. Given that this type of research has been done, considerable attention is
still required to more satisfactorily relate the damage parameter (or parameters) to
superconducting properties.

In all of these aspects, attention must be paid to the mode of deformation. A recent
comparison of effects of uniaxial tension and bending strains on the critical current density
of BSCCO Ag-sheathed tapes shows substantial differences between the two modes [20].
The bending mode presents certain special features, such as the effect of current shunting
because of the inhomogeneous nature of the strain in the bending mode [21]. Also, a
recent study of bending of Ag-clad BSCCO tape revealed different responses of transport
critical current and magnetization to the deformation [22], which demonstrated the
importance of correctly accounting for the geometry of residual cracks induced by
processing and of accounting for the effect of crack geometry and connectivity on the
nature of superconducting current flow. Clearly much remains to be done before a detailed



understanding of the effects of damage on superconductivity in composite conductors is
achieved. Nevertheless, the damage mechanics approach appears to be a useful means of
interpreting experimental data in order to achieve such understanding.
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