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ABSTRACT

High-temperature, steady-state deformation is usually controlled by diffusion of the
Slowest moving ion along its fastest diffusion path. Therefore, measurements of
steady-state deformation can, in principle, be used to obtain information concerning
diffusion. This paper will briefly review the assumptions that relate creep, defect
chemistry, and diffusion. Steady-state deformation of the NaCl-structured oxides,
Col-xO and Mnl.xO, and the perovskite-structured high-temperature superconductors
YBa2Cu30x and Bi2Sr2CaCu20 x will be discussed, emphasizing diffusion of the
minority defects.

INTRODUCTION

The kinetics of high-temperature plasticity of metals and ceramics are commorfly
controlled by the nonconservative motion of dislocations, by pure transport of matter,
or by grain, boundary sliding, accommodated by matter transport. In general, most
models can be described by a generalized creep equation:

k =A D , (1)

where k is the steady-state _train rate, b the Burgers vector, d the grain size, p the
shear modulus, o the stress, Deftthe effective diffusion coefficient, A a constant, and
kT has its usual mearfing. The grain size exponent, h, and the stress exponent, n, are
deformation-model-dependent parameters; it is generally assumed that they are not

functions of temperature or oxygen partial pressure, PO2. These asstunptions must be
verified if equation 1 is used to calculate Deff.



Asstmaing that the deformation mechanism remains constant with stress or strain, the
problem of how to relate Deft to the diffusion coefficients of the various species has
recently been reviewed for binary [1] and ternary oxides [2]. The eft'ective diffusion
coefficient for the xth species is given by:

Deft=D t+lO DP+-D . (2)
x x x d x

In equation 2, superscripts refer to the lattice, l, dislocation core, P, and grain
boundary, gb, paths. The grain boundary width is denoted by 8. Consider an oxide,
AaB_O_. Plastic deformation usually occurs without decomposition, so the fluxes, J, of
the components must be in the same ratio as the components of the compound,
therefore:

J.___A= __a .J_A= _a J__B= ft--. (3)
JB ft' Jo ?' Jo ?"

, eJy"Equation 3 can be rewritten for the combined diffusion coefficic.nt, D , in two
. . , C . . •

different forms depending on whether lt is assumed that the overall composition is
con.sr.ant [3]

Deftc -[__ff+__ff'+o;ff-] -1 (4)

or whether the composition along each path is constant [3],

= +-- + ---+-ft. . (5)

The forms of equations 4 and 5 are quite different and are only equal if the diffusion
coefficient of one species is much smaller than the others, for any path.

In an oxide, the point defects are often associated with a deviation from stoichiometry.
The thermodynamic equilibrium is fixed by the vapor pressures of the different

components. In oxides, at high temperatures, Po2 and T usually control stoichiometry.
Ira these cases,

where * denotes the reference oxygen partial pressure, and AH is the activation energy
for the diffusional process. If one species has a smaller diffusion coefficient, m and AH
are characteristic of that point defect, but if the diffusion coefficient of two of the
species are about equal, the activation energy will be an average, but m will still be
characteristic of the point defects. Equation 6 is only valid for concentrations of
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defects sufficiently _mall so that they do not interact. If defect-defect interactions
have to be considered, the correlations between m and AH are more complex. For
example, non-ideality, at least in electrical conductivity, nonstoichiometry, and cation
diffusion, becomes apparent in Col.xO at x >_0,005 [4].

COl.xO

Cobalt monoxide is an ideal model oxide on which to test the relationship between
defbrmation and diffusion. Pure single crystals of COl-xO are available and the defect
chemistry, for small x, is well known and easily controlled [5]. In addition, it is known
that the diflhsion of the anion is considerably slower than the diffusion of the cation
[e.g. 6,7]. The high-temperature steady-state creep (constant load) of COl.xO single
crystals has been investigated over a wide range of temperatures and Po, [8].
In addition, the steady-state flow stress, Xs, in single crystals was investigated for
nearly constant _ conditions [9]. Analysis of the deformation results, combined with
TEM [10], indicates that deformation proceeds via dislocation climb and that steady
state is achieved when the climb rate equals the recovery rate. Results obtained for

the variation of% with Po2at 1200°C and for # = 5 x 10-5 s-I are shown in Fig. 1.
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Fig. 1. Variation o£ ts with PO fbr CoO Fig. 2. Variation OfXswith Po^ for MnO
at 1200 ° C and _= 5 x 10-5 s-1 [9_. at 1200°C and _= 5 x 10-5 s-1 [_3].

Data presented in figure 1 were taken from experiments performed at nearly constant
strain rates and may be analyzed (values of n were measured) to yield m = 1/5 and 1/2
for the low- and high-Po, _ regions, respectively [9]. It should be noted that while ts
shows a maximum, creep &nd tracer diffusion measurements would show a minimum

[9]. The PO2 dependence of Xs, which is in agreement with measurements of
constant-load creep [8], and the A/i measurements are in full accord with the tracer
diffusion measurements [11,12]. Therefore, identification of the rate-controlling

species, oxygen vacancies and interstitials, for low- and high-Po2, respectively, is
unambiguous and furthermore, the creep studies (at least as a function of Po2)
preceded the diffusion measurements.



Mnl.xO

The steady-state deformation of Mnl.xO single crystals has been investigated over a
wide range of T and Po_ [10,13,14]. Analysis of creep results and TEM of the
dislocation microstructure _ of deformed MnO established that the recovery process is
o_e of dislocation climb. The similarity between Xs fbr CoO and MnO is striking and
data for MnO are shown in figure 2. Oxygen tracer diffusion data are I)nly available at
1 atm [15,16], but the activation energy for creep (405 + 40 kJ/molc) and diffusion
(395 + 40 kJ/mole) agree at that point. Stress exponents were measured and used to
calculate values of m from plots similar to figure 2. The conclusion was that for
T >_1200°C, volume diffusion dominates creep with singly charged oxygen vacancies

and neutral oxygen interstitials controlling for low- and high-Po2, respectively. It
appears that pipe diffusion becomes important for T < 1000°C. The ionization state of
the minority defects decreases at T = 1400°C [13].

HIGH-Tc SUPERCONDUCTORS

YBa2Cu3Ox and Bi2Srl.7CaCu20x

Despite the intense interest in YBa2Cu3Ox (YBCO), high-temperature, steady-state
deformation studies on fully dense material have only been performed within a narrow
T (850-980°C) and Po- (0.01-1.0 atm) range: deformation proceeds too slowly at
lower temperatures a_d YBCO decomposes at high temperatures and low Po2.
Nevertheless, creep studies have determined n = 1, and h = 2.8 [17,18]. These value_,
combined with the microstructural observations that the grain shape remains
constant during deformation, ina;cate that plasticity occurs by a grain boundary
sliding accommodated by diffusion. Some results obtained under nearly constant
strain rate conditions are shown in figure 3 [17]. The results are not as easily
interpreted as results for the simple oxides discussed above. The activation energy for

creep in YBCO is a function of Po2, (970 + 130 kJ/mole between 0.1 and 1.0 atm and
._ 650 kJ/mole for 0.01 atm) [18].

Tracer diffusion of Cu [19] and the A-site cations, Y and Ba [20], has been recently
investigated. The results are presented in the Arrhenius plot of figure 4. Also shown
are the diffusion coefficients of some rare earth elements. As expected, the cations
move considerably slower than oxygen [21]. The activation energies and

Po , dependencies for tracer diffusion are given in table 1. The slowest movingspecies is Y, as would be expected from recent atomic simulations of point defects in
YBCO which indicate that formation energies of Ba and Y defects are extremely high
[22]. These calculations indicate that AH for Y is larger than that of Ba, as observed.
The creep activation energy agrees with that for tracer diffusion of Y, and therefore, Y
is probably the rate-controlling species responsible for the diffusion necessary
to accormnodate grain boundary sliding. One puzzlement is that changes of Po, do not
affect the tracer diffusion of' Ba, and presumably, although not determified, Y.
It is likely, however, that the lower activation energy for creep determined

for Po2 = 0.01 atm may be the result of deformation mechanism changes, or that the
nature or path of the rate-controlling defect changes.

The only creep study of a Bi-based superconductor, Bi2Srl.7CaCu2Ox [23], despite
being performed at fixed Po , in a narrow T m_d g--range, indicates that a diffusional
flow region exists characterized by an activation energy of 990 :__190 kJ/mole.
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Fig. 3. Variation of the steady-state stress Fig. 4. Diffusion o£ O, Cu, Ba, Y, and
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Table 1. Activation energies and oxygen partial pressure dependencies
for diffusion of'_omponents in bulk polycrystalline YBa2Cu3Ox.

:= , ,

Q Po2
Tracer (kJ/mole) Dependence Reference

O 94 +_3 no effect 20

Cu 256 +_4 negative 21
Ba 890 _+125 no effect 19

Y 103 ± 200 unknown 19

The activation energies for tracer diffusion of O along the c-axis, and for Ag in
polycrystalline material, the only other cation measured, are 212 and 181 kJ/mole,
respectively. It has been postulated that Ca is the rate--controlling species [23].

CONCLUSIONS

Careful measurements of high-temperature plasticity in oxides, when combined with
examination of the deformed microstructures, can determine the charge states of the

I minority defect and the activation energy for diffusion.
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