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Les efforts induits par les oxydes de surface sont peut-être la cause
de la croissance diamétrale des tubes de force en alliage de zirconium oxydé

par

J.G. McManus, D.J, Gorman et R.O. Watson

Résumé

On a démontré expérimentalement que de courtes sections de tubes de force
en alliage de zirconium subissent d'importantes augmentations permanentes
de diamètre lorsqu'elles sont oxydées dans l'air à une température d'environ
600 C.

Les efforts induits dans les tubes par les couches d'oxyde ont été évalués
au moyen d'un modèle analytique. Les hypothèses sur lesquelles ce modèle
est basé ont été dénombrées. Les valeurs obtenues pour les efforts sont
d'une grandeur suffisante pour provoquer la croissance permanente observée.
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ABSTRACT

It has been demoastrated experimentally that short sections
of zirconium alloy pressure tubing undergo significant
permanent increases in diameter when oxidized in air at about
600°C.

Stresses induced in the tubing by the oxide layers have been
evaluated by means of an analytical model. The assumptions
upon which this model is based have been enumerated• The
values obtained for the stresses are of sufficient magnitude to
cause the observed permanent growth.
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1. INTRODUCTION

It has been observed that short sections of zirconium alloy
tubing, when oxidized in air at temperatures of about 600°C,
have undergone significant permanent increases in diameter. An
attempt is made herein to advance a simple analytical model
which may explain, at least in part, the permanent diametral
increases observed. It should be emphasized that the applica-
bility of this model is very much open to question. It can
only be checked out by means of a set of careful laboratory
tests.

2. ANALYTICAL MODEL

It is observed that the oxide layers on both the inner and
outer tube surfaces can actually be divided into two regions.
The region nearest to the unoxidized metal containing oxygen in
solid solution is known as the "diffusion layer". Oxidation
has not yet been completed in this layer. The remainder of the
oxide layer, where oxidation is completed, is known as the
"fully oxidized layer".

It has been determined experimentally that under oxidation the
metal, if unconstrained, will undergo a substantial increase in
volume [1,2,3]. Approximate values for the ratio of volume
after oxidation to that before oxidation are presently set at
1.56 for the fully oxidized layer, and an average of 1.01 for
the diffusion layer.

In the analytical model set up to evaluate stresses induced in
the non-oxidized portion of the tube, a two step approach is
followed.

(1) It is assumed that the oxide layers are allowed to take on
the configuration that they would assume if all of the
layers (diffusion and fully oxidized) were, free to expand
independently (Figure l(a)).

(2) It is next assumed that the unoxidized tube and the oxide
layers are stressed and strained in such a way as to take
on a configuration compatible with the laws of equilibrium
and maintenance of continuity of the original tube
material (Figure l(b)).



CALCULATION OF STRESSES IN THE TUBE

We consider first the stress induced in the tube (in using the
term "tube" we are now for convenience referring to that part
of the original tube which is unoxidized) as a result of the
diffusion layers. Since the effects are additive we will
consider single diffusion layers of double thickness to act.
All numerical values used herein are preliminary estimated
values. They are subject to change if further experiment
indicates that such change is warranted.

The ratio of final volume to original volume of diffusion layer
material, if the material is free to expand, equals 1.01;

therefore,

V
V

1.01 (1)

where £ is the peripheral strain which would be experienced by
the diffusion layer if free to expand. The strains are assumed
to be isotropic.

Then,

0.0033

Let £j)L represent positive compressive peripheral strain
experienced by the diffusion layer in moving inward to join in
equilibrium with the tube.

Let Ef be the corresponding position tensile strain of the
tube. The sum of these two strains must be equal to the strain
experienced by the diffusion layer during free expansion.

Therefore,

eT + £ D L - 0.0033

Also from the condition of equilibrium we have

DL
W
CL

(2)

(3)

where EElj and E T equal Young's modulus for the diffusion
layer and tube, respectively.

WDL an<* WT equal effective thicknesses of the diffusion layer
and tube, taking the tube thickness as effectively unchanged
from its original thickness, i.e. « 0.120" (3.05 mm), and the
diffusion layer thickness equal to twice the thickness of one
layer, i.e. - 0.008" (0.20 mm).
Also, E D L - 14 x 106 Psi (96.5 GPa) and E T - 14 x 10

6 (96.5 GPa)
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We have from (3)

ETWT _ 14 x 106 x 0.120 _
- 1 3 . 0GT EDLWDL 14 x 106 x 0.008

Substituting in (2) we have

eT + 15.0 eT - 0.0033 (5)

and therefore eT - 0.00021.

The resulting tangential tensile stress in the tube is denoted
by CT, and we have aT - ET -eT - 14 x 10

6 x 0.00021
" 2,940 psi (20.0 MPa).

We consider next the stresses induced in the tube as a result
of the fully oxidized layer. Again, we will consider a single
layer of double thickness to act. The value taken for this
double thickness equals 0.0006" (0.015 mm).

The ratio of final volume to original volume of the fully
oxidized layer material is 1.56.

Therefore,

Y~ - 1-56 - (1 + e) 3 - 1 + 3e + 3e2 + e3 (6)

Due to the large strain involved here the non-linear terms in
(6) are not dropped. The value obtained for e is equal to
0.16. Following the same procedure used to arrive at equation
(2), and denoting positive compressive peripheral strain
experienced by the oxide layer as EOL> we obtain

£t + £0L * °'16 (7>

Again from the condition of equilibrium we have

E0L E0L W0L = Et Et Wt (8>
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where sub-script "OL" refers to the fully oxidized layer.
Then,

I9i - fi!t - 14 x 106 x 0.120 „I9i - -fi!- -
t OL OL 40 x 10 x 0.0006

Substituting in (7) we obtain

£0L + -j± - 0.16 (10)

and therefore GQL ^ 0.16.

The resulting tangential stress indicated in the oxide is
denoted by CJ0L and OQL * EQL

 S 0 L * 40 X 106 x 0.16
= 6,400,000 psi (44 GPa).

The stress computed for the fully oxidized layer has an
extremely high value. It is not known at what compressive
stress yielding would occur in the oxide. If yielding takes
place at a stress below 6,400,000 psi (44 GPa) it would be more
realistic to consider that the oxide is maintained in a
compressive yield condition. This is the approach that is
followed here.

Let the yield strength in compression of the oxide be denoted
by ayo* Then the stress induced in the tube as a result
of this condition is given as follows:

x 0.0006
.,. (12)

It is estimated that the yield strength in tension for the
oxide is equal to 500,000 psi (3.4 GPa). If this value were
the same for compression then we should have

ct - 0.005 x 500,000 - 2,500 psi (17.2 MPa) (12)

This stress,:added to the stress induced by the diffusion
layer, would give a total tangential tensile stress in the tube
of 5,440 psi (37 .2 MPa).
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4. DISCUSSIONS AND CONCLUSIONS

As stated earlier, the reliability of this model for explaining
the observed free growth in diameter of sections of zirconium
alloy tube under oxidation is open to question. Numerous
assumptions and approximations have of necessity been made.
Careful experiment would be required to throw further light on
the matter.

Some of the more significant assumptions which have been made
are listed as follows:

(1) That the volumetric growth in the oxide layers is not
directionally sensitive*.

(2) That axial shortening of the tubular oxide layers when
they are required to join up with the tube, in the
analytical model, has no effect on the final stress
condition.

(3) That the oxidizing process on the surfaces will progress
with time so as to maintain constant stresses in the
tubes. Otherwise, the initial stresses in the tube could
be relaxed by creep strain.

If the stresses discussed above are in fact induced into the
tube the growth in free tube diameter is not surprising. This
growth will not necessarily result entirely from the elastic
strain associated with stress induced in the tube beneath the
oxide layers. Creep of the tube under the action of these
stresses will take place, provided that the stresses act for a
long enough period of time. It is further noted that due to
the nature of the oxides, creep of the tube will not relieve
the stresses. The oxides will continue to induce stresses in
the tube and still further creep will follow. The creep rate
should fall off, however, as the secondary creep takes over.

Anisotropy in the tubes, leading to oxide volume growth in
preferred directions, could theoretically increase the
stresses induced by the diffusion layer by a factor of from
1.5 to 3.
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Approach from Initial to Final
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