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Abstract

High temperature oxidation of metals induces residual stresses in metals and growing oxides. In this work, the evolution of the resid-
ual stresses in those oxides layers, during isothermal oxidation of metals is studied. A new justification is proposed in order to explain the
origin of those stresses leading to a proportional dependence between the growth strain and the oxide layer thickness. Moreover, we
emphasize the relation between viscoplastic strain and growth strain. Using the mechanics of thin layers, as well as the analysis proposed
to describe the growth strain, a system of equations is deduced that predicts the stresses evolution with oxidation time. Comparison with
previous experimental results is also made.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

When metals or alloys are oxidised at high tempera-
ture an oxide film generally develops. The existence of
a stress accompanying the oxide growth has been known
for many years [1]. In particular, the role of stresses dur-
ing the isothermal oxidation process may influence the
structure and the protective properties of the oxide scales.
Classical models (elasticity and/or viscoplasticity) are able
to predict the stress relaxation [1]. But, the origin of
those stresses must, therefore, be sought-after in a growth
strain related to the formation of the oxide above the
substrate.

1.1. Growth strain origins

Huntz et al. [2] indicate several main possible origins for
the growth strain during isothermal oxidation:

– the oxygen dissolution in the metal or alloy (incompat-
ibility of the atomic volumes);

– the epitaxy (lack of compatibility of the crystalline
lattices);

– the Pilling and Bedworth approach (incompatibility of
the molar volumes);

– the possibility that the oxide grows in the oxide grain
boundaries.

These hypotheses are based on incompatibilities of some
parameters leading to a stress state in the oxide layer. For
static films on substrates, residual stresses result only from
bidimensionnal mismatch, such as epitaxy [1,3–5]. In this
study, we are interested in phenomenon linked to the grow-
ing films, such as oxide films. In that case, ‘‘tridimension-
nal’’ mismatch can also occur at the interface due to the
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substitution of metal by the oxide. The oldest explanation
justifying this growth strain has been proposed by Pilling
and Bedworth [6]. The oxidation reaction product (i.e.
the oxide) has a molar volume (VM) different from the
metal. This difference of volume is assumed to induce an
isotropic growth strain egrowth given by the ratio:

PBR � V M in oxide

V M in metal

egrowth ¼
ffiffiffiffiffiffiffiffiffiffi
PBR

3
p

� 1 ¼ exx ¼ eyy ¼ ezz

ðisotropic strain modelÞ

ð1Þ

This simple analysis provides good qualitative results. In
particular, the sign of the PBR indicates if stresses in the
oxide layer are tensile or compressive. However, the magni-
tude of the associated stresses is often over estimated, typ-
ically several tens of GPa compared with less than 1 GPa
from experiments.

In a different analysis, Tolpygo et al. [7] propose a new
approach to take into account the evolution of the grain
size as well as the width of the grain boundaries where
the growth strain takes place. These authors define the
growth strain as the ratio of the oxide volume growing
along a grain boundary on the oxide grain volume. It
means, by hypothesis, that both an inward and outward
fluxes exist in grain boundaries, in order to form the oxide.
The oxide grain size is submitted to an evolution caused by
its growth [7,8]. This model is based on strains localised
along the grain boundaries perpendicular to the interfaces,
in agreement with the analysis of Rhines and Wolf [9]. Tol-
pygo et al. have proposed a microstructural approach
based on a volume ratio, similar to the Pilling and Bed-
worth analysis, but this new ratio depends on parameters
evolving with oxidation time.

The model proposed lately by Clarke [10] is also based
on a microstructural approach. A mixed flux (inward and
outward diffusion) is again assumed in the short circuits
of diffusion, i.e. the grain boundaries. This hypothesis
allows an oxidation reaction in the layer along the grain
boundaries. The part of the oxide growing at the grain
boundaries (in the volume of the layer) is assumed to be
weak in comparison to the one that forms at the internal
or external interfaces. The kinetic remains classically con-
trolled by the diffusion in volume and/or in the short cir-
cuits, and the oxide forms mainly at the interfaces. In
this case, the weak oxide proportion that develops in the
grain boundaries is sufficient to explain the appearance of
a lateral strain rate degrowth/dt related to the oxide growth.

This model leads to the analytical expression for the
growth strain:

degrowth

dt
¼ Dox

dhoxðtÞ
dt

: ð2Þ

The Dox parameter depends on microstructural features. If
the Dox parameter is constant, the direct integration of Eq.
(2) shows that the growth strain follows the kinetic evolu-

tion of the oxide layer thickness. Therefore, the growth ki-
netic influences the stress via the growth strain, in both
outward cationic and inward anionic oxidation.

2. Mechanical behaviour of thermal oxides

In the present work, a different approach is consid-
ered, based on a model which is not directly linked to
microstructural incompatibilities, but on general thermo-
dynamical explanation, on a multiscale approach and
on symmetrical properties. To find a mechanical constitu-
tive behaviour for thermal oxides under high temperature
oxidation, a relation between the strain rate tensor _e and
the particles diffusion flux ~J is assumed. Indeed, as a def-
inition of the strain rate, we have [8]:

_e ¼ 1

2
r~vþ r~v

� �T
� �

; ð3Þ

where~v is the velocity field of the crystalline lattice of the
material. ‘‘T’’ means the transposed matrix. r is the spatial
derivative operator. Moreover, we can consider as a first
approximation a direct relation, following Suo et al. [11],
between the velocity and the diffusion phenomenon:

~v ¼ �Xa
~J ; ð4Þ

where Xa represents the atomic volume (per unit of mole).
Besides, using symmetrical considerations on our geometry
(with // and ? representing the coordinates according to
the Fig. 1), the strain tensor can be written:

e¼
e== 0 0

0 e== 0

0 0 e?

0
B@

1
CA corresponding to the in-plane stress r

¼
r== 0 0

0 r== 0

0 0 0

0
B@

1
CA

Such a tensor is justified at a macroscopic scale and can be
verified experimentally, what we have shown in a previous
paper [12]. But at a microscopic scale, r?5 0, as demon-
strated for viscoplasticity in the following.

Finally, the oxide behaviour is based on the simplified
equation:

_e ¼ �Xar~J ð5Þ

The diffusion flux ~J of the ‘‘i’’ species can be expressed by
using the general non-equilibrium thermodynamics formal-
ism [13,14]:

~J i ¼�
XN�1

j¼1

DijðT ;r;qjÞ � ~rqj

���
T ;r

� 	
þbiðT ;r;qjÞ � ~r�r

� ����
T ;qj

;

ð6Þ
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