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a b s t r a c t

The classical concept of Nabarro creep is extended for a general dislocation microstructure.
The specific mechanism of the creep consists in generation and annihilation of vacancies at
dislocation jogs acting as non-ideal sources and sinks for vacancies. This mechanism causes
the climb of dislocations, allowing for local volume and shape change. The final kinetic
equations, relating the dislocation microstructure and the local stress state to the creep
rate, are derived by means of the thermodynamic extremal principle. Closed-form equa-
tions for the creep rate are derived for isotropic polycrystals. Based on the model the creep
rate in the ferritic P-91 type steel at very low applied stress is evaluated and compared
with experiment.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

As Sai has shown in a recent overview paper, Sai (2011), multi-mechanism models are now widely understood and open
for future development. The mechanisms dealt with in his paper are mainly of mechanical type (dislocation slip and creep,
hardening, damage, etc.). However, chemical mechanisms may interact with mechanical ones. Recent experimental works
on the development of nanoparticles and their influence on creep behavior of intermetallics by Morris et al. (2008) and
Muñoz-Morris et al. (2009) show instructive examples for the interaction of mechanics and chemistry. A related process
is coarsening of precipitates like carbides via interstitial diffusion and its influence on creep as investigated by Morra
et al. (2009).

According to classical text books, motion of dislocations contributes to plastic deformation by two mechanisms:

(i) Usually the dislocations can propagate easily in slip planes by motion of kinks along the dislocation line. As for the
motion of kinks diffusion is not needed, slip of dislocations may occur at low temperatures.

(ii) In structural materials like steels a number of obstacles like precipitates exist in the slip plane, which prohibit slip of
dislocations. Further motion of dislocations is then possible only by dislocation climb, during which jogs move along
the dislocation line. The motion of the jog by one interatomic distance requires generating or annihilating one
vacancy. As the vacancies must be transported to or from the jog by lattice diffusion, significant climb of dislocations
may occur only at elevated or high temperatures.

Significant plastic deformations can be obtained under steady-state creep conditions, if the strain hardening is compen-
sated by recovery enabled by dislocation climb. Many experimental studies clearly indicate that climb of dislocations is the
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controlling mechanism of the steady state creep, and thus, the activation energy of creep corresponds to the activation en-
ergy of lattice diffusion mediated by vacancies. Most recently an explicit atomistic detailed study (Kabir et al., 2010) has ap-
peared outlining the interaction of dislocation motion and vacancy diffusion during creep. Predominantly, the contribution
of dislocation slip to the total creep deformation dominates the contribution of dislocation climb. Only in the case of an ex-
tremely large volume fraction of precipitates like in nickel-base superalloy single crystals, the contribution of slip and climb
of dislocations to the creep deformation in steady state is practically the same, see e.g. Eggeler and Dlouhý (1997), Dlouhý
and Eggeler (1997), and Svoboda and Lukáš (2000).

The current paper deals with the role of vacancies whose generation and annihilation are combined chemical and
mechanical processes. The understanding of the role of vacancies on the deformation process of structural materials is of
increasing relevance, see e.g. Svoboda et al. (2005a) or Fischer and Antretter (2009) and concerns specifically the role of creep
as outlined above in detail.

The usual picture of creep is based on slip and climb of dislocations subjected to a mechanical driving force. Recent treat-
ments (Svoboda et al., 2006; Svoboda and Fischer, 2009; Fischer and Svoboda, 2010), however, have shown that also the
chemical driving force may significantly contribute to creep via generation and annihilation of vacancies at sources and sinks
(note the prominent Kirkendall effect). Up to now it was accounted for isotropic swelling and shrinkage of representative
volume elements being sensitive only to the value of hydrostatic stress rH.

The goal of the current model is now to show that vacancies, located at jogs of dislocations and acting as non-ideal
sources and sinks for vacancies, are activated in a different amount by the local stress state and lead to a creep rate yielding
both a volume change and a shape change. In the paper only the contribution of the generation/annihilation of vacancies at
jogs on a fixed dislocation structure to the creep strain is taken into account. The amount of vacancies described by their site
fraction is changed by their generation/annihilation and also by the flux of vacancies which balances the fluxes of the sub-
stitutional components situated in the lattice positions. In the case of chemically inhomogeneous alloys with multiple sub-
stitutional components, significant deviation of vacancy site fraction from its equilibrium value and also formation of
significant internal stresses can occur due to diffusion. In pure materials, where no diffusion occurs, only the applied stress
plays a role. The reader can take the kinetics of vacancies from Svoboda et al. (2006) and the recent paper Fischer and
Svoboda (2010) demonstrating details how to calculate the distribution of vacancies.

2. Model

As a first step a scalar generalized chemical potential for vacancies is introduced; see the open literature or Svoboda et al.
(2006) for a rigorous derivation:

l�0 ¼ l0 � rHX: ð1:1Þ

X is the volume corresponding to one mole of lattice positions taken to be equal to the partial molar volume of vacancies. l0

is the chemical potential of vacancies given by

l0 ¼ RgT lnðy0=yeq
0 Þ ð1:2Þ

with Rg being the gas constant, T the absolute temperature, y0 site fraction of vacancies and yeq
0 their equilibrium value in the

stress free state. The role of strain energy is neglected in (1.1); for details see Svoboda et al. (2006), Section 3.1.
Local generation (annihilation) of vacancies is always coupled with the local inelastic swelling (shrinkage). In the case of

generation/annihilation of vacancies at jogs on a dislocation line with the Burgers vector b the material swells/shrinks just
only in the direction of b. If the generation/annihilation of vacancies occurs at jogs on dislocations with randomly distributed
Burgers vectors and the jogs are activated in an equal amount, then the swelling/shrinkage strain is addressed only to a
hydrostatic component dependent on l�0 and no deviatoric components. Such an assumption has been used in the past
and also in all our previous treatments. We develop now a concept introducing the sensitivity of sources and sinks for vacan-
cies on the whole stress tensor with the goal to obtain a corresponding generalized creep strain rate tensor including both
the hydrostatic component and also deviatoric components. We consider a representative volume element of unit volume
subjected to a homogeneous stress state r = rij and having a homogeneous chemical composition and a homogeneous chem-
ical potential of vacancies l0. For simplicity, any effects of segregation of some components at dislocations are neglected.
Furthermore, let us assume that dislocations with different (normalized) Burgers vectors b(k), k = 1, . . . , K, exist in the repre-
sentative volume element, and there are H(k) jogs corresponding to each k in the representative volume element,

bðkÞ ¼ bðkÞi ; i ¼ 1;2;3;
X3

i¼1

ðbðkÞi Þ
2 ¼ 1: ð2Þ

The motion of H(k) jogs along the dislocation line with normalized Burgers vectors causes the shrinkage or expansion just in
the direction of the Burgers vector b(k), and, thus, the generalized creep strain rate due to activity of H(k) jogs is given by

_eðkÞ ¼ _eðkÞrs ¼ aðkÞbðkÞr bðkÞs : ð3Þ

a(k) is the kinetic parameter expressing the rate of moles of vacancies generated in the representative volume element at jogs
corresponding to Burgers vector b(k) related to the total number of moles of site positions in the representative volume
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