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Résumé

D'importantes données sur le comportement sous contrainte
des gaines de combustible mises à l'essai dans le vide ont été
publiées par Hardy en 1973. Les études actuelles ajoutent à ces
données les effets d'une atmosphère de vapeur. A un taux o'e
chauffage de 25°C s"-1- la vapeur avait peu d'effet sur les résul-
tats aux contraintes de frettes de 12 MPa car le temps disponible
pour l'oxydation était trop court. A la contrainte de fret le
de (> MPa il y avait une différence marquée entre les résultats
de la vapeur et ceux du vide.

Les données obtenues suggèrent, à condition qu'aucune
fissure ne se développe, que l'oxyde grandissant et/ou les
couches do zirconium en phase-ct stabilisées par l'oxygène
compensent rapidement la charge du fait que leur épaisseur
combinée passe de 6 à environ 30 ym. A ce stade, alors que
relativement peu d'oxygène est diffusé dans la phase-S sous-jacente
la contrainte cesse, à une valeur maximale de 4°& . Si la contrain-
te est assez élevée pour fissurer l'oxvde et les couches en
phasc-a en un ou plusieurs endroits, la charge est transférée à
la phase-3 encore relativement faible sur une longueur de jauge
défi nie par les fissures ouvertes. A l'intérieur de ces courtes
longueurs de jauge la paroi du tube est îapidement réduite. La
contrainte circonfércntielle totale dépend donc du total des
largeurs de fissure qui en première approximation dépendra du
nombre des fissures.
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ABSTRACT

Extensive data on the strain behaviour of fuel sheathing
tested in vacuum was published by Hardy in 1973. The current
work extends these data to include the effects of a steam
atmosphere. At a heating rate of25°C s~i steam had little
effect on the results at hoop stresses of 12 MPa because the
time available for oxidation was too short. At 6 MPa hoop
stress there was a marked difference between steam and vacuum
results.

The evidence suggests that, provided no cracks develop,
the growing oxide and/or the oxyyen stabilized a-phase
zirconium layers rapidly take up the load as their combined
thickness increases from 6 to about 30 pm. At this stage,
when relatively little oxygen has diffused into the underlying
S-phase, straining ceases, at a value of 4 percent or less.
If the stress is high enough to crack the oxide and a-phase
layers in one or several places, the load is transferred to
the still relatively weak 6-phase over a gauge length defined
by the opening cracks. Within these short gauge lengths, the
tube wall rapidly necks. The total circumferential strain,
therefore, depends on the summation of the crack widths,
which to a first approximation will depend on the number of
cracks.
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THE EFFECT O't STEAM 0KTVAT10N ON THE STRAIN
OF FUEL SHEATHING AT HIGH TEMPERATURE

by

C.E.L. Hunt, D.E. Foote and D. Grant

INTRODUCTION

In 1973 Hardy(1) published extensive results on the strain
behaviour of internally pressurized CANDU* fuel sheathing
tested in vacuum. These results have been incorporated in
current computer codes which model fuel sheath behaviour under
hypothetical loss-of-coolant accident conditions. However,
behaviour under vacuum does not truly represent conditons in-
reactor where there could be a significant effect from sheath-
coolant reaction. As an example, Bradhurst and Heuer(2)
demonstrated that under stress at hjgh temperatures oxide
penetration of Zircaloy can be greater in local areas than the
penetration depth one would normally calculate. Their tests
were done at constant temperature by compressing ring specimens
in a. steam atmosphere. On the tensile outer surface of the
ring the growing oxide layer cracked exposing fresh metal to
steam attack, resulting in oxide intrusions into the underlying
metal. Successive cracking led to intrusion depths three or
four times the thickness of uncracked oxide.

Similar specimens were tested by Hobson^3)/ £>ut in
contrast to the above, they were tested in argon after prior
two-sided oxidation. Considerable strengthening of the speci-
mens was found in spite of the large reduction in metal wall
thickness caused by the oxidation.

Rose and Hindle'^) tested internally pressurized tubes in
steam at temperatures from 800°C to 1350°C. They found that
cracks formed in the growing oxide film as reported by Bradhurst
and Heuer and that failure occurred by propagation of one such
crack through the wall. They also showed that in spite of the
formation of these cracks, specimens tested in steam were
significantly stronger than similar ones tested in vacuum.

In view of these results, it was felt that additional
tests should be done on CANDU fuel sheathing in steam to provide
mechanical property data which could be compared directly with
Hardy's tests in vacuum. The information derived from these
tests will be used in future computer codes to more realistically
model fuel sheath behaviour under postulated loss-of-coolant
accidents.

Canada Deuterium Uranium



PROCEDURE

One half metre long specimens of CANDU nuclear fuel
sheathing 15.2 mm OD x 0.43mm wall were internally pressurized
with inert gas, then heated by a-c resistance heating at a
rate of 2 5̂ C s~l in an atmosphere of flowing steam. The
methods and equipment used were similar to those described by
Hardy'l) for tests done in vacuum. Temperatures were monitored
by a tungsten-5% rhenium vs. tungsten-26% rhenium thermocouple
attached to the inside surface of the tube. Two types of test
were used. In one, temperature ramp tests, at a predetermined
temperature the internal pressure was released and the heating
stopped simultaneously; then the specimen was allowed to cool
in the steam atmosphere. The cooling rate was generally about
60°C s~l. In the second type, ramp and hold .tests to measure
creep, the specimen was heated to a specific temperature as
before, then held under pressure for times up to 240 s. The
diametral strain was measured after testing in two planes at
right angles using a micrometer. Certain specimens were
fuvther examined by metallography.

RESULTS

Temperature ramp tests were done at nominal hoop stresses
of 12 MPa, 8.5 MPa and 6 MPa. At 12 MPa the curve of strain
vs. temperature was indistinguishable from that obtained by
Hardy(1> in vacuum with the exception that the circumferential
strain at rupture was reduced. In vacuum, failure occurred at
1040°C with a maximum circumferential strain of about 110%.
In steam, failure occurred at 1020°C with a maximum circum-
ferential strain of 70%. At 8.5 MPa the effect of the steam
oxidation was marked. The circumferential strain at failure
was reduced to about 20% although the curve was still much the
same as the one in vacuum up to this strain.

^t a nominal stress of 6 MPa the curves of strain vs.
temperature in vacuum and steam coincided up to 1000°C; above
this temperature they diverged. Rupture in steam occurred at
a strain of about 8% at a temperature of 1350°C. In vacuum,
8% Jtrain was reached by about 1150°C and rupture occurred
with a strain of 90% at 1215°C. Creep tests were done at 6 MPa
at temperatures of 1050°C, 1100°C, 1200°C and 1300°C. A
maximum diametral strain of 6.4% was reached at 1300°C without
failure after a hold time of 240 s. The curves are shown on
Figure 1.

Tests were also' done at zero stress at 1050°C and 1300°C
for hold times up to 240 s. These were designed to measure
the apparent diametral strain caused by the growth of the
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oxide layer. The apparent strain rate from this mechanism
was approximately the same as that measured on the creep tests
at 6 MPa hoop stress.

At 8.5 MPa and 6 MPa the zirconium oxide film showed many
longitudinal cracks. Metallography showed these cracks to be
similar to those reported by Bradhurst and Heuer. Where the
oxide had cracked, the exposed metal underneath had oxidized,
resulting in ZrC>2 intrusions several times the depth of the
uncracked oxide. The various stages of crack growth are
illustrated on Figure 2. The upper picture shows two cracks
which extend through both the oxide and the underlying oxygen
stabilized a-phase layer but do not penetrate into the trans-
formed 3-phase. in the second picture a crack has opened to
a width of about 0.025 mm, forming a notch with a vee-shaped
bottom on which a fresh oxide and a-phase layer has formed.
The third picture shows a notch which has opened to a width of
about 0.0 94 mm. The oxide and a-phase layers taper towards
the centre of the notch, which indicates a progressive opening
of the crack followed by oxidation of the freshly exposed metal.
The curvature of the oxide and a-phase towards the centre of the
notch can be explained by necking of the underlying material as
the notch opened. The final picture shows a crack which has
opened to about 0.18 mm and subsidiary cracks have formed
within it. A vee-shaped notch similar to that shown in the
second picture has formed on the left-hand slope of the original
notch and a new crack is just starting at the root of the notch.

On the inner, unoxidized surface, necks formed opposite
each oxide crack, one of which eventually led to rupture.
Figure 3 shows the cross section of a ruptured tube. The
necks at the inner surface can be plainly seen. Figure 4 shows
a cross section of the wall with an opened crack on the outer
oxidized, surface and the accompanying necking on the inner
surface. Xn this case the outer-surface notch accounted for
a reduction in the wall cross section of about 13% and the
inner surface necking accounted for a reduction of about 21%.

DISCUSSION

1. Temperature Ramp Tests

The results show that at hoop stresses of 12 MPa or
higher at a heating rate of 25°C s~l a steam environment
has little effect on temperature ramp tests, for the strains
are similar to those of tests done in vacuum. Only when the
hoop stress is less than 12 MPa, so that at the heating
rate of 25°C s~l used in this work the temperature before
failure can be well above 1000°C, is there sufficient time
to build up enough oxide to affect the strain results.
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At a hoop stress of 8.5 MPa the ductility at failure
was dramatically reduced, from about 100% in vacuum, to
15% for one specimen and 28% for a second. However, the
strain vs. temperature curve up to failure was much the
same as the one in vacuum. At 6 MPa hoop stress, on the
other hand, not only was the ductility reduced, to 8% at
rupture, but above 1000°C the steam and vacuum curves
diverged rapidly. For example, in vacuum 6̂ % strain was
reached at 1135°C, but in steam it was not reached until
1400c'C. The calculated thickness of combined oxide plus
oxygen stabilized a-phase at 1000°C, where the curves
started to diverge, was 6 pm.

2. Oxidation Kinetics

The growth of the oxide and oxygen stabilized a-phase
layers was assumed to follow the equation proposed by
Pawel(5)

r At

where £ = thickness of the ZrC>2 or a-Zr layer

t = time

8 = a constant which depends on the temperature

n = the current calculation time step increment

Values of 6 for both the oxide and oxygen stabilized layers
were taken from Urbanic^'. Figure 5 shows the calculated
combined thickness for the test temperatures and times used
in these experiments. Measurements on specimens selected
at random showed agreement within + 10% of the predictions
of this equation.

3. Creep Tests

Creep test curves at temperatures from 1050°C to 1300°C
were remarkably flat, and there was little difference in
the slope of the curves of stressed and unstressed specimens.
Figure 1 and Table 1. For comparative purposes the strain
at 100 s was taken as the datum since this time was well
past any primary creep. From the numbers on Table 1, which
were taken from Figure 1, it appears that one-quarter to
one-half of the measured strain in the stressed specimens,
over the time interval from 100 to 280 s, may be attributed



to the growth of the oxide alone. Since the volume of
ZrO2 is greater than the zirconium from which it is produced,
this diametral strain presumably consists of two components -
one of growth perpendicular to the surface and one of growth
tangential to the surface. The latter would produce a real
diametral strain in the underlying tube. Changes due to
residual stress may be ruled out since all specimens will
have been completely recrystallizad within the first 15
seconds of the test.

4. Oxide Cracking

Examination of the surfaces of the specimens shows a
consistent pattern. All tubes which ruptured showed one or
more wide cracks, such as the bottom picture of Figure 2.
Failure occurred as shown in Figure 3, with a combination
of the crack opening on the outside surface and the wail
necking from the inside surface as shown on Figure 4. In
most cases one could follow the growth of numerous cracks
through all the stages shown on Figure 2. However, some
specimens failed prematurely with the formation of only
one wide longitudinal crack. Hindle(7) suggested such
behaviour may be caused by pre-existing flaws such as sur-
face scratches. One specimen was tested with a scribed arrow
to indicate the limits of the gauge length. Figure 6 shows
the result. The crack has propagated along the tube from
the arrow tip and backwards along the two lines of the
arrow head. At the ends of the scribed lines it has
continued parallax to the tube axis. The remainder of the
tube surface was almost completely free from longitudinal
cracks.

The ULL,V° led to a re-examination of the surface
morphology of all specimens. They were arbitrarily divided
into five group?;:

(1) No oxide cracks of any kind were formed.

(2) Only circumferential cracks were seen. These were
the first features to appear, as shown in Figure 7a, •
but once having formed they did not grow further.
Figure 7b shows the same size of circumferential
cracks in a specimen which has strained to about 6%.
The reason for their formation is unknown; they are
parallel to the direction of principal stress. Since
they appear to have no role in subsequent deformation,
they have not been considered further.

(3) Longitudinal cracks about two or *_hree millimetres
long appeared at numerous sites. An example is shown
on Fiaure 7a.
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(4) Longitudinal cracks grew to tens of millimetres in
length but did not open very much. This was about
the stage shown in the second picture of Figure 2.

(5) Some longitudinal cracks opened dramatically, as shown
on Figure 7b, one of which led to failure. This
corresponded to the final picture of Figure 2.

These results were then plotted as a function of strain and
temperature as shown on Figure 8. Region 1 is bounded by
a strain of about 4% which slowly decreases with time. It
also contains points whose accumulated thickness of oxide
plus oxygen stabilized a-phase is less than 50 um. For
accumulated thicknesses of about 50 to 70 pm the circum-
ferential cracks appear and above about 70 um we find
longitudinal cracks. The coarse longitudinal cracks seem
to be associated with strains in excess cf about 6% and
calculated oxide plus a-phase thicknesses of around 150 gm.
There are three notable exceptions tr this generalization
where premature bursts occurred. The tube surfaces of these
two specimens fitted the appropriate region except for o->e
long, wide crack where failure occurred. It is thought
these cracks originated with a pre-existing flaw, as dis-
cussed in the previous paragraph.

5. Strain Distribution

One specimen with numerous longitudital cracks around
the circumference was photographed at a magnification of
200 X and the photographs assembled into a composite about
three metres in diameter; see Figure 9. The perimeter was
then measured with dividers and separated into two com-
ponents: that portion of the perimeter consisting of
cracks of various widths and that portion where the oxide
and oxygen stabilized a-phase was uncracked. The result
is shown on Table 2. The accumulated strain within the
cracks accounts for 31% out of 33%% measured strain or all
but about 2% strain. Of the two values of total strain
reported on Table 2, the one measured from the photographs
is probably the more accurate, since it consists of the sum
of many measurements. The error in any one measurement may
be either positive or negative and with many measurements
these errors should average out. However, systematic
errors are still possible. The other strain measurement
is made by wrapping a thin tape around the specimen between
the two lips of the fracture and then measuring the length
of the tape. Such a method is prone to subjective errors
and to lack of precision. As a result, the agreement
between the two methods is considered to be good.
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The above specimen which had a very large rumber of
cracks was stressed at 8.5 MPa. From Figure 1, one finds
that at 6 MPa a strain of 2% would be reached at about
1000°C, the temperature at which the 6 MPa stress cur-re
started to deviate from the vacuum results. At this
temperature the calculated combined thickness of oxide plus
oxygen stabilized a-phase is about 6 ym. Figure 8, which
consists of the same points as shown on Figure 1, shows that
the primary portions of the creep curves are completed by
the time the calculated combined thickness of the oxide
plus oxygen stabilized 'i-phase is between 20 urn and 35 |jm.

6. Role of Steam Oxidation

All of the foregoing evidence suggests the following
interpretation of the role of steam oxidation on the strain
behaviour of internally pressurized Zircaloy-4 fuel sheaths
during the early stages of these 25°C s~i heating rate
temperature transients:

(1) At a hoop stress of 6 MPa tl a strengthening effect is
first noticeable by 1000CC when the oxide plus oxygen
stabilized a-phase thickness is calculated to be only
6 pm. This thickness of oxide plus a-phase must be
starting to carry a significant fraction of the load.
By the time the thickness has grown to 20 to 3 5 yra,
depending on the temperature, it carries almost all
of the load and the remaining B-phase must, as a
result, carry very little. If the oxide and oxygen
stabilized n-phase .layers remain intact, straining
virtually ceases. The overall diametral strain at
this point is at most 4%, the exact value depending
on a combination of the hoop stress, temperature
and time.

(2) If strain continues it can only occur by cracking the
oxi.ie and oxygen stabilized a-phase layer. At the
crack, the load is transferred back to the underlying
f--phase material which strains over a gauge length
defined by the crack width. The strength of the
•-pnase will depend on the amount of oxygen which has
diffused ahead of the advancing a/6 im 3rface and by
work-hardening and recovery processes which will be
contiolled by the local strain rate. The additional
diameter increase to failure will therefore be con-
trolled by the number of cracks formed. If only one
crack forms, initiated perhaps by a pre-existing
surface flaw, failure will occur rapidly because the
gauge length is small. If many cracks form, as in
stage 3 of Figure 8, the effective gauge length is
increased. Work-hardening has a chance to distribute
the strain over many cracks and the strain to failure
can be increased by several percent.
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(3) At higher stresses, e.g. 8,5 MPa and above, the strain
rate is sufficiently high to crack the oxide and
..t-phase layers before they grow sufficiently thick to
carry any significant load. Thus, the strain vs.
temperature curve is very similar to the one obtained
in vacuum. However, as the thickness increases it
dfes have the effect of reducing the gauge length
and consequently the overall ductility is reduced.

The possible effects of steam oxidation on Zircaloy-4
fuel sheath behaviour in high temperature transients can
now be visualized. The critical factor for whether sheath
failure occurs is when, and how many, cracks form in the
oxide and oxygen staoilized a-phase layers. This will
depend on factors such as the uniformity of tne sheath wall
and surface imperfections. The latter will depend on
fabrication and subsequent handling procedures. As a result,
analytical procedures may not be sufficient; statistical
assessment may be required.

The above pre-sapposes that sheath rupture, if it
occurs, does so early in the accident. One may hypothesize
an accident where a high temperature is reached early in
the cycle but significant pressure difference across the
sheath does not occur until later, by which time a thick
oxide film has been established and the sheath temperature
has dropped. In this case the oxide plus a-phase film ir.-ny
be uncracked and able to withstand considerable tensile load.

CONCLUSIONS

1. l~i emperature ramp tests at hoop stresses greater than
12 MPa at 25°C s~l there is insufficient time for steam
oxidation to have much effect on Zircaloy-4 fuel sheaths.
There is a small reduction in the strain at rupture but
otherwise the vacuum data published by Hardy(1J is
valid.

2. At 8.5 MPa hoop stress and at 25"C s~^ the strain vs.
temperature curve is almost identical to that in vacuum
but the elongation at failure is only about 20%. Many
cracks are formed in the oxide and a-phase layers,
probably before they have grown sufficiently thick to
carry much of the load.

3. At 6 Mia hoop stress at a temperature ramp rate of
25"C s~l, the oxide and/or oxygen stabilized a-phase
layers dramatically increase the strength and lower the
ductility at fracture to about 8%.
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4. In ramp and hold tests at 6 MPa hoop stress, the increase
in diameter depends to a first approximation on the number
of cracks formed in the oxide plus oxygen stabilized
u-phase layers.

5. Pre-existing surface flaws provide preferential sites for
cracks through the oxide and oxygen stabilized a-phase
layers and can lead to failure at reduced strains.

6. The oxide and/or a-phase layers start to carry some of
the load by the time their combined thickness is about
6 iim. If no cracks develop, these layers carry most of
the hoop stress after their combined thickness has reached
20 to 35 urn. As a result, straining almost ceases until
cracks are nucleated.
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TABLE 1

CALCULATED OXIDE PLUS OXYGEN STABILIZED u-PHASE THICKNESS
AND MEASURED APPARENT DIAMETRAL STRAIN FOR

HOLD TIMES FROM 100 s to 2 80 s

Stress Temperature

MPa

Caicu.lated Thickness of
Oxide Plus Oxygen
Stabilized a-phase

Apparent Diametral Strain

100 s 280 s
urn

Difference
urn

100 s | 280 s Difference

0

0

6.

6.

5.

6.

5.

0

0

9

4

9

1050

1300

1050

1100

1200

1200

1300

: 34

; 88
i

: 3 4

42

63

: 6 3

88

I

67 ;

183

67

84

127

127

183

33

95

33

42

64

64

95

! 0.25

i 0.3

3.25

| 3.6
j
I 4.25

5.1

5.25

; 0.45

0.75

; 4.0
1

! 4.25 :

I 4.75

! 5.8

1 6.25 i
l i
i i

0.2

0.45

0.75

0.65

0. 50

0. 7

1.0



TABLE 2

DETAILED STRAIN MEASUREMENTS OF RUPTURED TUBE

Total Strain Total Strain Accumulated Strain not
Measured Measured With Strain in Accounted fo1"

With Tape Microscope All Cracks Within Cracks

2 8 . 1 % 3 3 . 4 % 3 1 . 5 % 1.9%



^ 3

AT ZERO
s m S S - 0 X I D E G B 0 « T H _ 0 M ^

I 300 'C

IO5O"C

8 0 1 2 0 1 6 0 2 0 0

T I M E F R O M S T A R T O F T E S T I R O O M T E M P E R A T U R E )

T E M P E R A T U R E - 'C R E A I H E D D U R I N G R A M P A T 1 5 " L s '

J
280

5 C C 0 N C S

1 0 0 0 1 5 0 0

D I A M E T R A L S T R A I N V S T I M E F S O M S T A R T 0 ? T E S T F O R T E M P E R A T U R E R A M P A N D

R A M P P L U S H C D T E S T S I N A S T E A M A T M O S P H E R E

FIGURE 1



n cracks throuoh
oxide and i layers

oxide

a-phase

.transformed
i-phase

FIGURE 2

Progressive growth of cracks on a tensile surface
exposed to steam. Polarized light, magnification 500x.



FIGURE 3 Cross section through ruptured tube showing
multiple necks on the inside surface.
Magnification 2X.

FIGURE 4 Detail through necked region of tube showing
crack in oxide on outside surface and necking
on inside surface resulting in a total reduction
in effective wall thickness of about 35%.
Magnification 75X.
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FIGURE 6 Effect of scribed arrow on crack formation.
Magnification 2X.



FIGURE 7 Surface morphology of tubes strained in a steam atmosphere.
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