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L'EFFET DE L'OXYGENE SUR LA RUPTURE DES GAINES DE COMBUSTIBLE DE REACTEUR

AU COURS D'UNE PERTE ACCIDENTELLE HYPOTHETIQUE DE CALOPORTEUR

par

J. Ferner et H.E. Rosinger

RESUME

Le modèle de rupture des gaines de combustible de réacteur en
zircaloy 4 a servi à étudier l'effet d'oxydation exerce par la vapeur sur
les contraintes de rupture des gaines. Le modèle, un programme d'ordinateur
du nom de BURST-3, a servi à calculer la contrainte de rupture d'une gaine
en zircaloy 4 suivant des séquences de pression et de température choisies
arbitrairement dans une atmosphère oxydante (vapeur). On s'est servi parti-
culièrement de BURST-3 pour les besoins d'une étude paramétrique visant â
prédire le comportement de la gaine dans la vapeur par rapport à une atmo-
sphère Inerte ainsi que l'effet du taux de chauffage et l'effet des varia-
tions de température circonférentielles sur la contrainte de rupture. L'é-
tude a révélé que l'oxydation de la gaine de combustible, qui réduit la
contrainte de rupture, devient de plus en plus importante au fur et à mesure
qu'augmentent la température et/ou la durée. Une concentration d'oxygène
effective supérieure â 0,27% au poids provoque la rupture de la gaine en
présence d'une contrainte négligeable. C'est dans la région de la gaine où
la température est la plus élevée que l'on retrouve la plus forte concentra-
tion d'oxygène et la contrainte localisée la plus marquée, et c'est là que
va se produire la rupture.

On a comparé les prédictions du modèle à des données expérimen-
tales dans la gamme de 900 à 1600 K. La correspondance entre théorie et
expérience est très bonne pour les trois taux de chauffage, c'est-â-dire 5,
25 et 100 K.s"1.
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THE EFFECT OF OXYGEN ON THE FAILURE OF REACTOR FJF.L SHEATHS

DURING A POSTULATED LOSS-OF-COOLANT ACCIDENT

by

J. Ferner and H.E. Roslnger

ABSTRACT

The failure model for Zircaloy-4 reactor fuel sheaths was used to
study the effect of steam oxidation on sheath burst strain. The model, In
the form of a computer program called BURST-3, was used to calculate burst
strain for a Zircaloy-4 sheath under arbitrary pressure and temperature
sequences in an oxidizing (steam) atmosphere. In particular, BURST-3 was
used in a parametric study to predict the sheath behaviour in steam as
compared to an inert atmosphere, the effect of heating rate, and the effect
of circumferential temperature variations on burst strain. It was found
that fuel sheath oxidation, which decreases burst strain, becomes in-
creasingly important with increasing temperature and/or time. An effective
oxygen concer;ration of greater than 0.27 wt.% will cause the sheath to
fail with a negligible strain. The hottest region of a sheath will have
the highest oxygen concentration, the largest localized strain, and will be
the site of failure.

The model predictions were compared to experimental data in the
range 900 to 1600 K. Agreement between theory and experiment for all three
heating rates [5, 25, and 100 K's ] was very good.
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1. INTRODUCTION

If a reactor fuel sheath is subjected to a rise in temperature

and an internal overpressure, as in a postulated loss-of-coolant accident

(LOCA), it may expand and eventually burst. The deformation may causi-

restrictions in the coolant flow through the cooling channels and, hence,

limit the efficiency of the emergency core cooling system. In addition,

the timing of the sheath failure will determine the time at which fission

products will be released to the cooling system. Therefore, the study of

factors that affect sheath strain and failure is important for the pre-

diction of fuel sheath burst time, temperature and strain under various

conditions.

A failure model for Zircaloy-4 fuel sheaths has been developed to

predict the bursting of the sheath for a given pressure and temperature.

The original model [1-4 ] was developed for a sheath strained totally in an

inert atmosphere. However, it is known that the sheath will oxidize as

steam enters the fuel channel. Since oxidation has a significant effect on

the properties of ZIrcaloy-4, a more complete failure model was necessary

to include the effect of oxygen [5]. The initial failure model was, there-

fore, modified to include oxidation kinetics and was used in this study in

the form of a computer program called BURST-3 to calculate the burst

parameters (burst temperature, strain, and time) for a fuel sheath in an

oxidizing (steam) atmosphere for various pressure and temperature

conditions. In particular, BURST-3 was used to predict the effects of

various parameters on fuel sheath burst strain; some of the predictions

were compared with experimental data.
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2. THEORETICAL

2.1 STEADY-STATE CREEP RATE EQUATIONS

The failure model assumes that the deformation of an internally

pressurized Zircaloy-4 sheath can be calculated from the steady-state creep

rate equation of the material, including the effects of oxidation. The

tangential steady-state creep rate equation is given by the Arrhenius

relationship:

_ J _ v eXp (§)-oe
n (1)

where eg is the creep rate, T is the absolute temperature, AQ is a

structure-dependent constant, Q is the activation energy, o is the

tangential stress, n is the stress exponent, and k is the universal gas

constant (8.314 J'mol *K~ ) . Values of Ag , Q and n are derived from

measurements of the uniaxial steady-state creep rate, e , which is given

by:

V

where A is another structure-dependent constant and a is the uniaxial
z z

tensile stress. Uniaxial constants [6] are given in Table 1 for each phase

region of Zircaloy-4; a (823 to 1085 K ) , a+e (1085 to 1248 K) and 0 (1248

to 1873 K ) .

The value of A is calculated from:

A
6

(n-D/2 . ( H + F ) .

where F, G and H are the anisotropic factors in Hill's equation [7].

Anisotropic values of F, G and H were used for the a-phase region, and

isotropic values of F = G = H = 0.5 were used for the (a+6)- and 0-phase
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regions. The effect of ot-phase recrystallization and the effect of heating

rate on the <*- to (o+S)-phase transformation temperatures have been

included in the creep-rate calculations.

When studying the stress-strain behaviour of thin-walled tubing

it is usually assumed that the tangential stress is described by the simple

hoop-stress equation, and that the cross-sectional area of the tube is

conserved during deformation. From these simple assumptions, the

stress-strain correlation for a thin-walled tube under a differential

pressure P is given by:

°e " *TT ( 1 + Ee ) 2 (4)

where R and W are the initial mean tube radius and tube wall thickness,o o
respectively.

Substituting Equation (4) into Equation (1), and rearranging,

gives the differential equation for diametral strain:

(5)

2.2 OXIDATION KINETIC EQUATIONS

Since the degree of oxidation influences the burst stress of

Zircaloy-4 fuel sheaths, oxidation kinetics must be considered. From iso-

thermal stream oxidation tests on Zircaloy-4, it has been shown [8] that the

oxygen uptake can be described by:

T = 0.724 /t • exp(-10 481/T) (6)

where x is the oxygen uptake, t is the exposure time, and T is the

oxidation temperature. Assuming that the oxygen is uniformly distributed

throughout the sheath, the rate of oxygen uptake is given by the differ-

ential equation:
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i L 1+ee
jj 5 - -J ' 0-724 • ̂ * exp(-10 481/T) • — • (7)

o

where dOx/dt is the rate of oxygen uptake and P is the density of

Zircaloy-4.

2.3 EFFECT OF OXYGEM ON THE STEADY-STATE CREEP RATE

The basic steady-Btate creep rate is given by Equation (1). To

calculate how the parameters A., n and Q change, the concept of homologous

temperature was adopted. It is assumed that the steady-state creep rate of

Zircaloy-4 with a given oxygen content is the same as Zircaloy-4 with a

lower oxygen content at a lower temperature, i.e. it is assumed that fuel

sheaths with the same homologous temperature have the same properties. The

homologous temperature, Tu _„, is given by:
H,UA

•T/T for T < T
a — a

TH,OX = i — V f o r T a < T < T e (8)
B a

-T/Tg for T >_ T0

where the transition temperatures of the pseudo-binary phase diagram [9]

are given by:

Ta = 1085 + [- 2.0 + 82*(100'Ox)
1"717] K (9)

Tg = 1248 + [- 8.6 + 334'(100'Ox)1'717] K (10)

where Ox is the oxygen concentration (100'Ox = weight percent).

2.<* BURST-STRESS CORRELATION

The form of the general creep-rate equation (Equation (1)) dic-

tates that, at some time during deformation, the creep rate, and hence
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total strain, will tend to infinity. From Equation (A) this suggests that

the stress on the sheath will also tend to infinity. Since infinite stress

and strain are not possible, a further relation to limit hoth stress and

strain at burst is required. The empirical correlation of Brzoska et al.

[10] between burst stress, o0B» and burst temperature, T_, has been used as

the failure criterion:

a*exp(-bTB) • exp
100-Ox - 0.12

0.095 (U)

where a and b are constants for each of three temperature ranges corres-

ponding approximately to the three phase regions of Zircaloy-4. This rela-

tionship, based on published data, is shown in Figure 1, and the upper-

limit constants are given in Table 2.

2.5 THE FAILURE MODEL SIMULATION

In the computer simulation of the failure model, the equations

for the steady-state creep rate and the rate of oxygen uptake are inte-

grated numerically to provide the tangential stress as a function of time.

The fuel sheath is assumed to have failed when the tangential stress equals

the burst stress, i.e. when a. = a.-. At this point the burst time is

known, and the remainder of the burst data, including strain, stress, tem-

perature, pressure and oxygen concentration are determined from the known

pressure and temperature histories, and the appropriate equations discussed

above.

A simple flow chart of the development of the failure model in

BURST-i is given in Figure 2. Generally, BURST-3 calculations simulate

sheath behaviour in a steam atmosphere, but a simple program adjustment

removes the increase in oxygen concantration, allowing inert atmosphere

simulation.
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3. THE PARAMETRIC STUDY

The computer program BURST-3 was written for the failure model

and includes the effect of oxidation on Zircaloy-4 fuel sheathing. The

program can calculate (predict) the burst data for a fuel sheath with

arbitrary pressure and temperature sequences and has provisions for multi-

ple angular sheath divisions to allow burst calculations for a sheath with

imposed circumferential temperature variations.

The parametric study to be discussed was done with BURST-3 and

consisted of three main parts:

(1) A comparison of predictions of sheath burst strain for inert

and steam atmospheres.

(2) A study of the effect of heating rate on burst strain in a

steam atmosphere.

(3) A study of the effect of circumferential temperature vari-

ations on burst strain in a steam atmosphere.

All computer simulations were carried out assuming an initial

temperature of 590 K and a constant internal pressure. The anisotropy of

the Zircaloy-4 in the a-phase region was assumed to be F = 0.934,

G " 0.374, H = 0.192, while the (<*+B) and 6 phases were assumed isotropic

(F = G » H = 0.5).

3.1 COMPARISON OF BURST PREDICTIONS IN INERT AND STEAM ATMOSPHERES

As seen in Section 2, the most significant effect of oxygen

occurs in the burst stress, defined by Equation (11). From this equation

it is evident that an effective oxygen concentration of 0.12 wt.% will

eliminate the oxygen-dependent term in the equation and make °gg a function

only of temperature This will, In effect, produce the same results as for
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an inert atmosphere. For concentrations greater than 0.12 wt.%, the burst

stress and, hence, the burst strain will be reduced. Thus, the theory

indicates that one effect of oxygen is to reduce the burst strain of the

sheath.

Figure 3 shows a comparison of burst strains for inert and steam

atmospheres for a range of burst temperatures. In the case shown (simula-

tion of a 1 K#s temperature ramp and a uniform circumferential tempera-

ture) the effect of steam is minimal at low burst temperatures (where oxi-

dation is minimal), but becomes important at high burst temperatures. In

particular, instead of burst strain increasing with temperature beyond the

(ct+B)-phase dip (near 1180 K), as does the inert atmosphere curve, the

strain for the steam atmosphere curve rises only briefly and then drops to

essentially zero at about 1300 K. This "zero strain" represents the point

where th; oxidized Zircaloy-4 becomes so brittle that the sheath bursts

without straining.

3.?. THE EFFECT OF HEATING RATE

Previous studies [1-5] in an inert atmosphere showed that heating

rate significantly affects sheath burst strain; increasing the heating rate

decreased the burst strain. However, in a steam atmosphere, two opposing

mechanisms affect burst strain; the extra time provided by a slow heating

rate allows increased straining, but also allows increased oxidation, which

tends to reduce burst strain. Figure A shows burst strain versus burst

temperature for heating rates of 1, 10 and 100 K's • At low burst temper-

atures, the lower heating rates produce higher burst strains, but, as the

failure temperatures move into the (a+6)-phase region, the effect of oxida-

tion becomes evident, and eventually the order of the curves becomes re-

versed, with th: highest heating rate producing the highest burst strains.

The figure also shows that, as heating rate increases, the temperature of

zero burst strain also increases. An effective oxygen content exceeding

about 0.27% will result in essentially zero strain at burst.
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3.3 THE EFFECT OF CIRCUMFERENTIAL TEMPERATURE VARIATIONS

Several studies [3,4,11] have shown that the burst strain of a

fuel sheath is extremely sensitive to circumferential temperature varia-

tions (AT); even small circumferential temperature variations can cause

very significant decreases in burst strain.

When analyzing the failure of a fuel sheath having a circumfer-

ential temperature variation, the basic equations of the failure model will

not apply since no provision is made for the temperature and oxygen con-

centration to vary with circumferential angle. Therefore, computer simula-

tion of such a case requires dividing the sheath into numerous angular

elements, each with a unique, but uniform, temperature and oxygen concen-

tration. Calculations then proceed on each element, with sheath failure

occurring when one of the elements satisfies the failure criterion. Pro-

vided the number of angular elements is sufficient (usually more than 16)

to give a reasonable approximation of the temperature distribution on the

sheath, the accuracy of such calculations is quite good.

In earlier studies of the effect of AT on burst strain in an

inert atmosphere, calculations (and tests) were performed to simulate (and

cause) failure of the sheath in each Zircaloy-4 phase region; failure tem-

peratures used were 1023 K (a-phase region), 1183 K ((orf-g)-phase region)

and 1323 K (S-phase region). Since oxygen effects are minimal at low burst

temperatures, only failures for the (cr+6) and 6 phases are considered here.

Figures 5 and 6 give the calculated curves showing the effect of AT on

burst strain for the (ot+8) and B phases, respectively, with heating rate as

a variable. Several things can be noted from these curves.

First, the strain "cross-over" for different heating rates noted

in Figure 4 is also evident from a comparison of the two figures, as the

order of the curves for the different heating rates is reversed.

In studies involving an inert atmosphere [11], it was shown that

circumferential temperature variations cause a reduction in burst strain,
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with the most of the reduction occurring over the first 10 to 20 K of AT.

For the steam atmosphere case considered here, a reduction in burst strain

with increasing AT is also predicted, but the decrease for the first few

degrees of AT is much less rapid. In the 6-phase region (Figure 6) burst

strain is predicted to decrease almost linearly with increasing AT.

In an inert atmosphere, the burst strains for the a and

phases tend tc an asymptotic value near 5-20% at high AT, irrespective of

heating rate. In a steam atmosphere, the (<*48) phase (Figure 5) shows this

trend, although the asymptotic strain is reduced to approximately 5-10%.

The B phase (Figure 6 ) , however, is predicted not to follow this trend.

Careful analysis of the calculations involving several angular

elements, mentioned above, can reveal useful information on such items as

the localization of strain and oxygen concentration, and the region of

failure. A modified version of BURST-3 was developed that not only gave

general burst data for the sheath as a whole, but also strains and oxygen

concentrations for individual angular elements. Table 3 shows an output

for three values of circumferential temperature variation. All cases

assumed a sinusoidal temperature distribution, with failure occurring In

the S-phase region where oxidation is severe. The table shows how a small

AT produces a nearly uniform oxygen distribution and uniform strain, where-

as a large AT produces nonunifor distributions. In all calculations, it

was found that the hottest sheath element had the highest oxygen concentra-

tion, the largest strain and, hence, was the element of failure. Although

the hottest sheath elements (in Table 3), show similar burst strains and

oxygen concentrations, the significant differences In strain for the other

elements is responsible for the differences in the average burst strain for

the three cases.

4. COMPARISON OF THEORY WITH EXPERIMENTAL DATA

At the Chalk River Nuclear Laboratories, carefully controlled

burst tests have been performed [12] In steam at heating rates of 5, 2* and
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100 K« s , and for failure temperatures ranging from POO to 1600 K.

Figures 7 to 9 compare the experimental data with the theoretical curves

predicted by BURST-3.

Allowing for the data scatter, the curves for heating rates of 5

and 25 K«s show excellent agreement. The curve for the 100 K»s heating

rate shows equally good agreement for temperatures up to approximately 1400

K, after which the theoretical curve begins to underpredict the burst

strain, to a maximum of about 30% at 1600 K. Considering that this under-

prediction occurs only for a very small temperature range, and that all

other predictions show excellent agreement, this particular part of the

failure prediction appears sound.

5. DISCUSSION

Since there was limited experimental verification of the concepts

presented, and since the only comparison between theory and experiment

showed good agreement, little can be said about discrepancies. However,

some potential causes of discrepancies can be noted for the BURST-3 com-

puter program, and for the basic failure model discussed in Section 2.

The most general of these possible error screes is the uncer-

tainty in the constants and parameters used in the computer program. Many

of the constants used in BURST-3 have been determined experimentally and,

therefore, contain some built-in experimental error. For example, both the

burst-stress and creep-rate equations (Equations (11) and (1), respective-

ly) are experimentally determined relations and might have associated

errors of + 50%, depending on the phase region of the sheath. Experimental

error is also present in the oxygen-uptake equation (Equation 7). Errors

such as these can severely affect computer predictions of final burst

strain.

A yecond, and possibly more significant, source of error involves

the assumption in the development of the oxidation equations (Section 2.2)
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that oxygen absorbed by the Zircaloy sheath Is distributed evenly across

its thickness. This is dubious since several studies have shown that the

oxygen concentration in an oxidized fuel sheath can vary significantly

across the wall thickness. However, it appears that the use of an effec-

tive or average oxygen concentration gives a reasonable approximation as

indicated by the good correlation between BURST-3 predictions and the ex-

perimental data. The validity of this approximation Is evident from

Figure 7 where the 5 K#s heating rate represents a situation of signifi-

cant oxidation.

6. CONCLUSIONS

In this work, a fuel-sheath failure model, which included the

effects of oxidation of the Zircaloy sheath, was used to study the effect

of oxidation on fuel sheath burst strain. This failure model was used in

the form of a computer program called BURST-3 to calculate the burst strain

of a Zircaloy-4 sheath in an oxidizing (steam) atmosphere for arbitrary

pressure and temperature sequences. In particular, BURST-3 was used to

predict of the effects of varying several parameters on fuel-sheath burst

strain. The study consisted of a comparison of burst strains in inert and

steam atmospheres, a determination of the effect of heating rate, and of

the effect of circumferential temperature variations. Some of the predic-

tions were compared to experimental data. Agreement between theory and

experiment was very good.

Within the limits of this study, the following conclusions can be

drawn:

(1) An oxidizing atmosphere lowers sheath burst stress and,

hence, burst strain, vis-a-vis an inert atmosphere.

(2) The strain reduction caused by oxidation increases with

increasing burst temperature.
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(3) For a given burst temperature, a fuel sheath oxidizes more

with a slow heating rate than with a fast heating rate.

(4) At low burst temperatures, lower heating rates produce

larger burst strains than higher heating rates. At higher

burst temperatures (where the effect of conclusion 3.

becomes more significant), higher heating rates produce

larger burst strains than lower rates.

(5) The failure temperature at which a sheath shows "zero

strain" increases with increasing heating rate.

(6) An effective or average oxygen content of 0.27 to 0.30 wt.%

or more will cause a sheath to fail with negligible burst

strain ("zero-strain").

(7) Circumferential temperature variations in a sheath in a

steam atmosphere cause a reduction in average burst strain.

(8) For a fuel sheath burst in a steam atmosphere in the (ot+0)-

phase region, the burst strain tends to an asymptotic value

near 5-10%, irrespective of heating rate, for large

circumferential temperature variations.

(9) For a sheath with a circumferential temperature variation,

the hottest region has the highest oxygen concentration,

shows the largest localized strain at failure, and is the

site of failure.
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TABLE 1

CONSTANTS IN THE UNIAXIAL TENSILE CREEP RATE LAW

Temperature

T [K]

900 to 1085

1166.5

1248 to 1873

Strain Rate

all

£ 3 x 10"3

> 3 x 10"3

all
1

A2[(MPa)-
n.s~1]

1.94 x 10*

0.24

qtJ.moi"1]

320 000

102 400

n

5.89

2.33

interpolation between a and B phases

7.9 142 000 3.78

Phase

a

a+e

B

TABLE 2

UPPER-LIMIT CONSTANTS IN THE BURST-STRESS/BURST-TEMPERATURE RELATIONSHIP

T

873

1104

1260

B f1

to

to

to

1104

1260

1873

5

7

1

a

.04

.15

.52

[MPA]

x 103

X 107

xlO3

2

1

2

b

.64

.13

.76

[if1]

XIO"3

X 10~2

xlO"3
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TABLE 3

BURST STRAIN AND OXYGEN DISTRIBUTIONS FOR THREE VALUES OF AT*

Sheath
Element

1
2
3
4
5
6
7
6

Average

Sheath
Element

1
2
3
4
5
6
7
8

AT-5 K

3.14
3.17
3.24
3.31
3.34
3.31
3.24
3.17

3.24

Oxygen

AT-5 K

0.257
0.258
0.260
0.262
0.263
0.262
0.260
0.258

Strain (%)

AT°50 K

1.47
1.65
2.16
2.75
3.02
2.75
2.16
1.65

2.20

Concentration

AT=50 K

0.218
0.224
0.239
0.256
0.263
0.256
0.239
0.224

AT-150 K

0.03
0.10

0.61
1.71
2.36
1.71
0.61
0.10

0.9O

(wt. %)

AT=150 K

0.161
0.170
0.200
0.242
0.265
0.242
0.200
0.170

All cases assumed a heating rate of 5 K*s
pressure of 0.23 MPa.
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FIGURE 1: Burst-Stress/Burst-Temperature Relationship
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FIGURE 2: Flowchart of the Sheath Failure Model
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(ctfg)-phase Region, i.e. at 1183 K



- 21 -

B̂ 2

PQ
CD

EH

g

Pressure: Constant

Anisotropic Factors: F= 0.934
G= 0.374
H= 0.192

Failure at 1323 K
(B Phase)

Heating Rates

-1

100 150

CIRCUMFERENTIAL TEMPERATURE VARIATION, AT (K)

FIGURE 6: Effect of Heating Rate on Burst Strain as a Function of
Circumferential Temperature Variation for Failure in the &-phase
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FIGURE 8: Comparison of Predictions and Experimental Strain Data for
Failed Fuel Sheaths Heated in Steam with a Heating Rate of
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FIGURE 9: Comparison of Predictions and Experimental Strain Data for
Failed Fuel Sheaths Heated in Steam with a Heating Rate of
100 K*s
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