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Influence of simulated fission products on the ductility and time-to-
failure of zircaloy-4 tubes in LWR transients

Summary

The compatibility behavior of simulated fission product elements as well
as compounds with Zircaloy-4 was studied in the temperature range of 500
to 10000C. Also tube burst experiments were performed with these sub-
stances in order to determine their influence on the mechanical properties
of Zircaloy for transients under LWR accident conditions. The test results
have shown that there is a more or less distinct change in burst strain
and time-to-failure with all the substances investigated as compared to
the fission product free reference specimens. However, only iodine or vo-
latile iodine compounds result in Tow ductility failure of Zircaloy-4 clad-
ding tubes up to about 800°C. By contrast, Csl does not exert an influence
at all. Selenium and tellurium give rise to chemical interactions with the
Zircaloy, partly lTeading to a reduction of burst strain. The critical
iodine concentration resulting in stress corrosion cracking of Zircaloy-3
was determined as a function of temperature.

EinfluB von simulierten Spaltprodukten auf die Duktilitdt und Standzeit

von Zircaloy-4-Hillrohren unter LWR-Stdrfallbedingungen

Zusammenfassung

Es wurde das Vertrdglichkeitsverhalten von simulierten Spaltproduktelemen-
ten und -verbindungen gegeniiber Zircaloy-4 im Temperaturbereich zwischen
500 und 10000C untersucht. Mit diesen Substanzen wurden auch Rohrberstex-
perimente durchgefiihrt, um deren Einfluf auf die mechanischen Eigenschaf-
ten des Zircaloy bei Storfalltransienten zu ermittein. Die Versuchsergeb-
nisse zeigen, daB es in Verbindung mit allen untersuchten Substanzen zu
einer mehr oder weniger ausgepragten Anderung der Berstdehnung und Stand-
zeit gegeniiber den spaltproduktfreien Referenzproben kommt. Jedoch nur
Jod oder leicht fliichtige Jodverbindungen bewirken ein verformungsarmes
Versagen der Zircaloy-4-Hiillrohre bis etwa 800°C. CsI besitzt dagegen
keinen EinfluB. Selen und Tellur verursachen chemische Wechselwirkungen
mit dem Zircaloy, wodurch es z.T. zu einer Abnahme der Berstdehnung kommt.
Es wurde dariiberhinaus die kritische Jodkonzentration in Abhdngigkeit
ge; Temperatur bestimmt, die zur Spannungsrifkorrosion des Zircaloy-4
uhrt.
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1. INTRODUCTION

The fuel element of a nuclear reactor undergoes various chemical and
mechanical loads during normal operation and, above all, in transients under acci-
dent conditions. In the course of nuclear fission of U0y some 30 different fission
product elements are formed, and oxygen is released. Part of the fission products
are volatile and will therefore escape from the fuel during irradiation. The fis-
sjon product elements which are not stabie thermodynamically with Zircaloy-4 clad-
ding material, are susceptible of reacting with the cladding material; so does UO2
/1/. Besides, with increasing burnup, the gap provided between the fuel and the
cladding material will narrow as a result of cladding creepdown, fuel swelling and
relocation, and it will ultimately disappear. Then, in addition to chemical inter-
actions,there will be mechanical pellet-cladding interactions (PCI). The mechani-
cal interactions are evident,particularly, when the reactor power is increased be-
cause the fuel exhibits more thermal expansion than the cladding material. More-
over, in transients under accident conditions, the cladding material temperature is
increased. For reasons of safety it is therefore of great importance to know how
the Zircaloy-4 cladding material behaves under the combined chemical and mechanical
loads occuring during power increases and transients under accident conditions.

2. , DEFINITION OF THE PROBLEM

Extensive studies have been made during recent years on the fuel rod
behavior under normal reactor operation and during power ramps. The results ob-
tained until 1977 have been delineated in detail in a state-of-the-technology re-
view of fuel cladding interactions /2/. More recent results available in this field
were presented at various conferences/3,4,5,6/. It was demonstrated without any doubt
that the fuel element failure during fast power ramps is mainly due to stress cor-
rosion cracking (SCC).Iodine is considered to be the reactive fission product ele-
ment /2,3,4,5,6,8,9/ although in out-of-pile ingestigations also Cd and Cs gave rise to
Zircaloy-4 embrittlement /10,21,23,24/. However, SCC failures of the cladding ma-
terial will occur only after a certain burnup since both the fission product con-
centration and the mechanical interactions depend on the burnup. Moreover, a cer-
tain critical rod power must be exceeded /7,8/. In case of rather slow power in-
creases, damage to the fuel rods can be avoided /7,8/. Also use of a PCI resistant
fuel or cladding will improve the fuel rod behavior with respect to SCC failures

/9/.

This situation in mind, when investigating the fuel rod behavior during LWR tran-
sients (ATWS, LOCA, RIA, PCM) *, the question must be solved which influence is
exerted by the fuel and the fission products on the mechanical properties of Zir-
caloy-4 under the particular conditions concerned. An accelerated chemical attack
of the cladding must be anticipated on the basis of the partly high cladding ma-
terial temperatures which are supposed to exist in transients under accident con-
ditions. At the same time, the cladding tube undergoes great mechanical stresses.
The tangential tensile stress on the fuel rod cladding tubes is brought about by
mechanical interaction between the fuel and the cladding material (PCI) in ATWS and
RIA transients and during LOCA transients by the inner gas pressure (filling gas,
fission gas) rising with the temperature while the external pressure of the
coolant (system pressure) decreases simultaneously. In PCM accident, the cladding
tube collapses onto the fuel since the external pressure is greater than the inner
pressure and it has to sustain compressive stresses.

In all transients considered here, an additional release of volatile fission pro-
ducts must be expected on account of a great increase in fuel temperature; but the
rate of release will be the smallest in a LOCA transient because of the temperature
distribution in the U0y and the low average temperature /11/. '

In studies of the fuel rod behavior during a LOCA it was demonstrated by extensive
out-of-pile burst and creep rupture tests involving iodine that up to about 8000C
SCC can lead to Tow ductility failure of the Zircaloy-4 cladding tube /15,16,17/.
Moreover, the time-to-failure is in some cases reduced to a high extent by the in-

* ATWS: Anticipated Transients Without Scram; LOCA: Loss-of-Coolant Accident;
RIA: Reactivity Insertion Accident; PCM: Power-Cooling Mismatch Transient.
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fluence of iodine. However, the critical iodine concentration leading to SCC fail-
ures of Zircaloy tubing remains to be determined as a function of temperature.

It was shown in previous out-of-pile investigations with U0y of different 0/U-
ratios that in LOCA transients the oxygen potential of UO2 only has a negligible
influence on the mechanical properties of Zircaloy-4 /12/. The oxygen transport
from UO2 to Zircaloy, and hence the embrittlement of the latter, is very small. The
same applies to ATWS transients. In the case of PCM transients however, where tem-
peratures up to 15000C can be reached, greater chemical interactions between the
fuel and the cladding material take place above 1000°C on account of the good solid
contact between UOp and Zircaloy. In PCM-transients the embrittlement of the inner
side of the cladding material by U02 corresponds approximately to the embrittlement
on the external side by steam /13,14/.

It was the purpose of this work to examine which other fission products or fission
product compounds besides iodine react 1ikewise with Zircaloy-4. Therefore, tube
burst experiments were performed with the substances having proved aggressive to-
wards Zircaloy in order to determine their influence on burst strain and time-to-
failure of the cladding tubes under LWR transient conditions. Moreover, the criti-
cal iodine concentration above which lTow ductility failure of the Zircaloy clad-
ding tube due to SCC will occur was determined as a function of temperature. All
experiments were performed under the German Nuclear Safety Project (PNS).

3. EXPERIMENTAL PROCEDURE

The out-of-pile experiments were made on non-irradiated Zircaloy-4
tube specimens (10.76 x 0.72 mm; 60-600 mm length) mainly under inert gas. Part of
the experiments were made in steam /19,20/. The test specimens were heated under
inert gas by means of thermal radiation and in steam by means of a central heater
(fuel rod simulator). The cladding tubes were subjected to mechanical loading by
gas pressure (helium) within the specimens. The test equipment and the experimen-
tal procedure have been described elsewhere /14,15,16,17,19/.

Both,creep rupture tests as well as temperature and pressure transient burst test
were performed. The burst temperatures varied between 600 and 10000C. During the
tests, the pressure in the specimens and the cladding material temperatures were
measured continuously. Besides, also cladding tube ballooning as a function of

time was measured in some tests /19,20/. The cladding material was used in the as-
received condition, preoxidized, and predamaged (100 um deep internal notches). The
test specimens were filled with simulated fission products, closed and welded in
gloveboxes in a highly pure inert gas atmosphere.

Also isothermal compatibility annealings at 500, 700, 900 and 1100°C were made with
Zircaloy and the substances indicated below. The annealing time varied between 600
and 6000 s. The elements and compounds were annealed in small crucibles made of
Zircaloy-4 which were gas-tight sealed /22/.

The following simulated fission product elements and compounds were investigated:

- Se, Mo, Cd, Sn, Sb, Te, I, Cs;
- Te0p, Tely, ZrTep, Zrly, 1,05, Csp0, CspTe, CsI;
-~ Cs2Zr03, Cs,Mo0y.

The simulated fission product concentration varied,in general,between 30 and 350 mg
per 1 cm of tube length (1 cm corresponds roughly to 2.9 cm? of inner cladding tube
surface or 0.68 cm3). These concentrations do imply, partly, high burnup fission
product yields and/or fission product release rates. In the particular case of io-
dine, initial concentrations as low as 0.007 mg per cm tube length were employed.

After the tests, the tube burst specimens were investigated metallographically and
by scanning electron microscopy (SEM). The compatibility specimens were likewise
subjected to metallographic tests and to tests using a microprobe analyser and SEM.
Some of the reaction products formed were also analyzed chemically.

The "embrittlement" of Zircaloy-4 was determined by comparing the results in test
environments with those found in an inert environment (He) in terms of burst strain,
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time-to-failure, and fracture surface structure. The term embrittiement is used
simply to denote a reduction of ductiliy, and is not intended to imply that the
fracture process necessarily occurs in a completely brittle mode.

4, EXPERIMENTAL RESULTS
4.1 CHEMICAL INTERACTIONS BETWEEN SIMULATED FISSION_PRODUCTS_AND
ZIRCALOY-4

The investigations of chemical interactions between simulated fission
product elements and compounds with Zircaloy-4 cladding material yielded the fol-
lowing results /22/:

- No chemical interactions with Zircaloy-4 were caused by Mo, Cs and CsI, not even
at the maximum temperature investigated (11000C/6000s). A slight increase in
hardness of the Zircaloy down to a depth of 100 um at the maximum was found in
the compatibility annealings with Mo. The increase in hardness is very probably
due to the oxygen uptake by Zircaloy. The oxygen is present in the Mo powder
(0.32 wt.%) as an impurity.

- Oxygen diffused into Zircaloy forming an oxygen stabilized a-Zr( 0% phase durin
annealings with the oxide_compounds Cs,0, Cs,Zr0q and CspMoO, which resulted
in some embrittlement of Zircaloy. However, a not1ceab%e uptake of oxygen by Zir-
caloy takes place only from 7000C on. At 1100°C/6000 s, ‘the depth of the a-Zr(0)
phase varied between 60 um (CspZr03) and approx. 200 ym (CspMo0Og).

- Se, Te, Sn, Sb and iodine caused a nearly uniform attack of the Zircaloy. In all
cases, these elements do not diffuse into the cladding material but the cladding
material gets dissolved by the elements, while partly forming compounds such as
IrSep, Irj_yTe, ZrSny and Zr3Sny (at elevated temperatures). The reaction pro-
ducts pro uced by iodine were not completely identified because of their hy-
groscopic nature, but the formation of gaseous Zrls and a certain amount of con-
densed lower 1odides, can be assumed.

- Attacks onthe grain boundaries were caused by Cd, CspTe and Tel,. Visible reac-
tions of Cd with the Zircaloy take place only above 7000C. Cd diffuse into Zir-
caloy along grain boundaries and destroys the grain structure, while partly for-
ming ZrCd,. At 7000C and above ,CsoTe reacts with Zircaloy uniformly on the cir-
cumference of the test specimens. grom 9000C on, also stronger attacks of the
cladding materia1 take place locally along grain boundaries. Telg, which decays
into Te, I and Tel, above approx. 3000C, reacts with Zircaloy-4 already at
5000¢C, pre erably a%ong grain boundaries.

In brief, the results of the compatibility study is that with the exception of Mo,
Cs and Csl, chemical interactions take place with Zircaloy-4 cladding material in
the presence of the substances investigated. Therefore, it is interesting to know
to which extent the mechanical properties of Zircaloy will change by these reac-
tions. The results of the burst experiments with tube specimens containing little
amounts of the reactive simulated fission product elements and compounds will be
delineated in the following chapter. It should be added that in the tube burst
tests the concentration of the reactive fission products was clearly lower than in
the compatibility tests. The purpose was to simulate conditions relevant to prac-
tical application.

4.2 BURST EXPERIMENTS AND CREEP RUPTURE TESTS

The test results of the burst and creep rupture tests with Zircaloy
tube specimens containing Tittle amounts of simulated fission product elements or
compounds, are represented in Figs. 1 to 3. The figures show circumferential burst
strain versus time-to-failure for the different types of tube specimens (as-re-
ceived, notched) and chemical substances investigated. The changes of burst strain
and time-to-failure of the fission product containing tube specimens were deter-
mined by comparing their burst data with those of the fission product free re-
ference specimens. Some of the data on reference specimens and on fission product
containing specimens have been confirmed repeatedly; the scatter in the burst data
is small.

4.2.1 TIME TO FAILURE

In the temperature and pressure transient experiments the tube speci-
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mens were exposed to an internal helium pressure of 70 bar at 20°C and subsequently
heated until bursting. The average heating rate (Tpgoc » Tpyprst) Was about 99C/s.
During the heating process, a pressure rise takes p?ace in %Fe tube specimens. The
burst pressures varied therefore between 80 and 111 bar, the burst temperatures
between 730 and 805°C, and the times-to-failure between 70 s (ZrTep) and about 105s
(CsoZr03). The oxides (Csy0, CspMoO,, CspZrO3, TeO,) cause an increase in time-to-
fai?ure as compared to the reference specimens (Fig.l).

In the isothermal-isobaric experiments a constant pressure of 75 bar was applied
after the temperature of 700°C had been reached; this pressure corresponds also to
the burst pressure. The times-to-failure varied for the as-received cladding tubes
between 588 s (1,05) and 850 s (C52M004) (Fig.2), and for the predamaged cladding
tubes between 14's (I505) and 917 s (CspMoOg) (Fig.3). It can be seen from these
data that, especially on the internally. notched specimens, the time-to-failure is
greatly reduced by the presence of jodine or the highly volatile iodine compounds
(1205, Telgq, Zrlg) (Fig.2), but not with the specimens in the as-received condition

(Fig.3).
4.2.2 BURST STRAIN

As to the burst strains, it can be recognized that they are more or |
less influenced by all substances investigated. However, only in combination with
elemental iodine or with the volatile iodine compounds (I Og» Irly, Tel,) all types
of specimens in creep rupture and burst experiments exhibit“a marked reduction in
burst strain, which is especially great in the case of predamaged cladding tubes
(Figs.1, 2, 3). Generally, the burst strains of these specimens are less than 35%
and even below 5% in the case of notched specimens (Fig.3). In some cases, also Se
caused a lTow ductility failure of the Zircaloy-4 tubing (Fig.2).

4.2.3 EVALUATION OF THE FISSION PRODUCTS

As already mentioned iodine as well as I50g, Zrly and Telg always lead
to a great reduction in burst strain, partly also in time-to-failure. By contrast,
CsI did not exert any influence on the mechanical properties of Zircaloy, not even
if it was present in high concentrations. Selenium showed a partial influence on
burst strain. The creep rupture tests with the selenium containing tube specimens
in the as-received condition yielded a Tow ductility failure of the cladding tubes
(Fig.2; about 40% as compared with 120% of the reference specimens). This influence
of selenium was not found in notched specimens and in transient experiments, al-
though the experiments were performed repeatedly under the same boundary conditions
(Fig.1, 3). Compared with the other substances, tellurium has also shown a small
influence on burst strain; however, not as clearly pronounced as iodine and also
less pronounced than selenium (Fig.3). Cd and Mo, which in the uniaxial tensile
tests caused high embrittlement of Zircaloy /10,21,23,24/, did not reveal any con-
siderable effect on the mechanical properties of Zircaloy-4 tubing in these ex-
periments.

4.3 DETERMINATION OF THE CRITICAL IODINE CONCENTRATION

The burst experiments described before, which utilized a multitude of
simulated fission product elements and compounds, have shown that it is mainly
jodine that influences the burst strain. It also influences in some cases the time-
to-failure of the Zircaloy-4 cladding tubes. Since in these experiments the concen-
tration of fission products inside the tube specimens was relatively high, it was
important to know how the change of the ductility depends on the iodine concen-
tration.

Of particular interest was the discovery of the iodine concentration (in advance
called "critical") for which a strong reduction of the burst strain occurs as a con-
sequence of SCC. This critical concentration was expected to be highly dependent on
temperature and therefore extensive experiments were conducted on as-received Zir-
caloy-4 tubing in the temperature range between 600°C and 1000°C under helium.

Isothermal-isobaric creep rupture tests were preferred for this purpose to tran-
sient burst tests, since the control of test parameters like temperature, heating
time, burst pressure and time-to-rupture, is more properly achieved in the first
type of experiments. Moreover, to assure the reproducibility of the results it was
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necessary to preserve during the experiments as much as possible of the initial
jodine amounts inside the specimens. This was reasonably achieved by means of a
thin zirconium membrane (about 0.1 mm thick) which, welded at the pressure inlet
orifice of each sample, avoided the escape of volatile reaction product (i.e. Zrl,
(g)) during the heat-up period (about 1000 sec) in absence of an applied gas pres-
sure. Burst pressures ranging between 20 and 200 bar were used in order to prov1de
comparable times-to-rupture (60-240 sec) for all the temperatures checked. The ini-
tial iodine concentrations were varied between 0.01 and 100 mg/cm3(1 cm3 is
equivalent to 4.29 cm? of tube inner surface or 1.47 cm of tube length).

The presentation of the burst strain, for a given temperature, as a function of the
initial iodine concentration clearly shows the existence of a particular range of
iodine concentration within which the ductility of the Zircaloy tubes is sensibly re-
duced. A low level value for the burst strain is rapidly obtained after the criti-
cal range is exceeded (Fig.4). This critical iodine range moves to higher values as
the temperature increases (Fig.4). The jump from the normal ductile failure of the
Zircaloy to the low ductility failure mode was found to be extremely pronounced at
low temperatures (600°C-750°C), becoming smoother at higher temperatures (7500C-
900°C). A tendency to a gradual disappearence of iodine SCC of Zircaloy tubing is
therefore noticeable while the temperature increases. This can also be recognized
by the absolute difference of the burst strains at both s1des of the critical
iodine concentration range, which starts to decrease at 800°C and becomes negligible
above 9000°C.

Further evaluation of the data demanded a more precise def1n1t1on for the critical
iodine concentration, especially for temperatures above 750°C. The location of the
steepest part of the curve representing burst strain versus iodine concentration
(Fig.4) was used as a criterium for determining the critical values. Concentra-
tions selected in that way showed a good correlation if plotted as a function of
the reciprocal temperatures. The corresponding Arrhenius plot (Fig.5) shows that
SCC of Z1rcaloy can be attributed to the same type of chemical process between
900°C and 700°C. On the other hand, the misalignment of the point belonging to
600°C, one fo the experimental data points with a great degree of confidence,
manifests that a sensible change in the corrosion mechanism takes place between
6000C and 7000°C.

This gives a good reason not to consider the extrapolation of the data from high
(2 700°C) to low temperatures, especially to the zone corresponding to the "normal
reactor operation". In this region (3000C-4000C) a great variation in the litera-
ture data exists /33-41/, partly due to difference in the materials used, types of
tests, the definition of the critical iodine concentration, and test parameters.

4.4 METALLOGRAPHY, FRACTOGRAPHY

The metallographic and SEM examinations clearly show the impact of
iodine on the chemical/mechanical behavior of Zircaloy-4 during the experiments.In
tube specimens containing no iodine at all or only very 1ittle amounts of it normal
plastic behavior is observed which means that the Zircaloy tube gets very much de-
formed (80-120%) while its wall thickness decreases continuously. Following very
great strains a local necking appears which results in a ductile failure of the
cladding tube. The ductile shear fracture occurs at an angle of about 450 (Fig.6).
Above the critical iodine concentration the tubes fail after slight deformations
already. Zircaloy undergoes failure as a result of iodine SCC. The fracture occurs
normal to the direction of the applied load, practically in the absence of any lo-
cal necking of the cladding tube (Fig.6). The same deformation and fracture be-
havior is observed with specimens predamaged internally.

If one examines the burst tube specimens under the scanning electron microscope
(SEM) one recognizes that due to iodine a great number of incipient cracks of dif-
ferent sizes are formed on the inner surface (Fig.7). These incipient cracks can

be observed over the entire circumference and specimen length. A1l of them run in
the axial direction, i.e., parallel to the tube axis. The cracks penetrate into the
cladding material which means that the stress immediately below the tip of the crack
and in the remaining cladding tube cross section rises continuously. As soon as a
critical crack depth is attained, the ultimate tensile strength of the Zircaloy is
reached and an instantaneous fracture of the tube occurs. It can be clearly seen
from the fracture surface that the type of crack caused by iodine is mainly inter-
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granular; the spontaneous fracture of the remaining cladding wall is a ductile one
(Fig.7). The intergranular type of crack can be recognized also in the transverse
crossection of the failed tubes (Fig.6).

In the course of experiments involving iodine concentrations below the threshold
value only very small single intergranular incipient cracks can be detected on the
cladding tube inner surface (Fig.8). The amount of iodine is no Tonger sufficient
to form the respective reaction or adsorption layers at the tip of the cracks.
Fracture of the cladding tubes then occurs exclusively in a ductile mode (Fig.8).

A further characteristic of the critical iodine concentration range is that speci-
mens initially charged with iodine concentrations within this range, change their frac-
ture mode from "ductile" (Fig.8) to "brittle" (Fig,7) in going from the low con-
centration side of the range to the high concentration side. Furthermore, as a con-
firmation of the tendency of SCC to disappear at high temperatures, no net brittle
fractures were observed in fractographs for 850°C and above, even for specimens
placed far inside the low strain zone that means with high initial iodine concen-
trations.

SEM examination of burst tube specimens containing other fission products than
iodine reveal only ductile fracture surfaces except for Se and.Te. In Zircaloy
tubings filled with Se or Te, intergranular incipient cracks were observed in the
wall below surface reaction layers (Fig.9). The intergranular type of crack, how-
ever, cannot always be clearly distinguished due to a very thick coating on the
internal cladding and the fracture surface (Fig.9). But only in the case of the as-
received tube specimens containing Se the intergranular cracks penetrated very
deep into the cladding wall (Fig.9) which resulted in a low ductility failure. The
fractography of the specimens which contained Cd showed an entirely ductile mode

of failure. The same holds for all the other examined burst specimens.

5. DISCUSSION

The compatibility tests have shown that except for Cs, CsI and Mo the
simulated fission product elements and compounds investigated prove to be aggres-
sive against Zircaloy-4 at high temperatures. The most serious attack on Zircaloy
was caused by iodine, to a lesser degree by selenium, tellurium and cadmium,in this
order. Also in the case of a combined chemical, mechanical loading of Zircaloy-4
tubes, iodine caused the greatest change in mechanical properties, likewise to
lesser degrees by selenjum and tellurium. The effect of selenium and tellurium,
however, is not so uniform as that of iodine, which means that burst strain was not
reduced in all cases. The reasons for this behavior remain to be elucidated.

The effect of embrittlement of Zircaloy by Cd /10,21,23/ and Mo /24/ as described
in the literature could not be confirmed. As to the effect of cadmium, it can be
imagined that the mechanism of Tiquid metal embrittlement of Zircaloy is no longer
effective at the high temperatures applied here The exper1ments described in the
lTiterature /10,21,23/ were performed at 300- 350°C. However, it is also possible
that the relatively high oxygen content of the Cd used in our experiments (about
3 wt.%) is responsible for this phenomenon. The high oxygen content could also be
a reason for the fact that Cd reacted with the Zircaloy from 700°C on only. After
the compatibility annealings performed at 5000C, Cd was still present as a powder
although the me1t1ng point of Cd lies at about 320°C By contrast, Cd oxide does
not melt below 1200°C. Starting at 7000C, a reduction of Cd oxide by Zircaloy be-
comes probable for reasons of kinetics. The metallic Cd so formed can then react
with the Zircaloy.

The highly embrittling effect of Mo on Zircaloy as described in /24/ is very
probably caused by oxygen impurities present in the Mo powder (oxygen analyses of
Mo were not described).

On the basis of thermodynamic considerations, I, Se and Te should be bound in the
fuel rod by Cs forming CsI, CspSe, and Cs,Te. These compounds, however, are either
no longer reactive at all with respect to Zircaloy (CsI), or they react much less
violently than the elements (Cs,Se, CspTe). At any rate, they do no longer exert an
influence on the mechanical properties of Zircaloy in the case of simulated LOCA
transients (Figs.1, 2, 3).
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Despite the fact that CsI cannot cause SCC failure of the Zircaloy cladding in
out-of-pile experiments, this mechanism of failure is observed in in-pile experi-
ments. There are several explanations for this fact, but none of them has been
proven in an unambiguous way. It is conceivable that possibly available CsI is
split up under certain conditions. Two mechanism have so far been described in the
Titerature for CsI splitting /25,26/; however, their efficiency is not sufficiently
known. For instance, it was demonstrated that CsI is capable of disintegration in the
y-radiation field /25/ and that it is susceptible of being split by a high oxygen po-
tential while forming Cs-oxides /26/ . However, it has not been demonstrated so far
whether the CsI splitting by these mechanisms is sufficiently strong to cause the
observed effects (SCC by iodine). Own preliminary out-of-pile experiments with CsI,
conducted with different oxygen potentials, have shown that CsI splitting can take
place at such a fast rate that even in transient burst experiments thg Zircaloy '
cladding fails as a result of SCC. This means low ductility failure of Zircaloy-4 sim-
ilar to that with elemental iodine. Now, itmust be proven whether such oxygen po-
tentials can occur temporarily in the fuel rod during fast power ramps and reactor
transients. Relevant studies are under way.

Moreover, there are great differences between the iodine concentration determined
out-of-pile resulting in a lTow ductility failure of the cladding tube due to SCC,
on the one hand, and the jodine concentration to be expected on the cladding tube
inner surface, on the other hand /28,29/. The iodine supply is much smaller than
the demand, both at power ramps and in transients under accident conditions.
Nevertheless, the Zircaloy cladding tube may fail in in-pile ramp experiments

as a result of PCI/SCC if fuel rods with medium and high burnups and excessive
power ramps are involved. This was demonstrated beyond any doubt /2,3,4,5,6/.
Therefore, processes must take place in a fuel rod which, during a transient, lead
to an elevated iodine concentration at the inner surface, independent of the
splitting mechanisms for Csl as described above. This can be achieved only by in-
creased fission product release during a transient or by local, high fission pro-
duct enrichment during steady state irradiation due to fission product redistri-
bution (e.g., at the U0, pellet interfaces). lodine and cesium enrichments at the
pellet interfaces were surely detected /30/. Moreover, it is known that appropriate
power ramps will imply crack formation in UOp, thus releasing spontaneously vola-
tile fission products. These events can give rise to local fissjon product con-
centrations at the cladding tube inner surface which are clearly higher than those
corresponding to the state of nominal burnup of the fuel. Therefore, when estima-
ting the possible iodine concentration in the fuel rod, one should not assume a
homogeneous distribution of iodine. On the other hand, local fission product en-
richment cannot yet be quantified /30/.

If one compares the out-of-pile determined critical iodine concentrations with the
iodine supply in a fuel rod, e.g., after a burnup of 35 000 MWd/t, it can be re-
cognized that an influence of iodine on burst strain can actually be expected to
occur only in the temperature range of 600 to 7000C. Only in this temperature range
the iodine supply in the fuel rod is higher than the critical iodine concentration
required (Figs.4, 5). However, it must be considered in this comparison that the
valueindicated for the iodine supply in the fuel rod after 35 000 MWd/t of burnup
(2.23 mg/cm3) would be available on the cladding material surface only in case of
complete iodine release. This assumption is certainly not correct. Measurements of
the fission gas release after LOCA transients, which can be considered Tikewise as
a measure of iodine release, yielded maximum values of about 6% /11,31/. A com-
parison of these release rates with the critical jodine concentration assuming a
homogeneous distribution of jodine yields too low values. But, as described above,
one can expect local enrichments of iodine in fuel rods.

From considerations made in analogy with ramp experiments in which failure by em-
brittlement of Zircaloy due to PCI/SCC can occur, it had to be expected

that similar failure mechanisms can also take place in LOCA transients. It was
clearly shown in the out-of-pile experiments that the effect of jodine can imply
Tow ductility failure of Zircaloy cladding tubes up to about 800°C. The burst
strains of the cladding tubes are much lower at a sufficiently high idine concen-
tration than that of jodine free reference specimens (Fig.4). A great part of the
results was published in /15,16,17,18/. :

However, the in-pile LOCA experiments performed so far at the FR 2 (Karlsruhe) and
the PBF (Idaho Falls) have not yet furnished a clear indication for the fact that
iodine or other volatile fission products exert an influence on burst strain /27,
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31,42/. Even with fuel rods of high burnups (35 000 MWd/t). But, in these in- p11e
LOCA experiments the burst temperature of the cladding tube was always above 700°C.
However, at burst temperatures above 7500C the iodine supply on the cladding tube
inner surface is too Tow to cause SCC of Zircaloy, even in the cases where all of
the iodineis released (Fig.4). This could be one of the reasons why low-ductility
failure of the Zircaloy cladding tube has not yet been observed during in-pile LOCA
experiments. In all cases a ductile failure of the cladding tubes occured /27,42/.

This in-pile fuel rod behavior during a LOCA transient can have different causes:

(a) The most trivial reason could be, as already mentioned, that iodine is not
present at a sufficient]y high concentration on the c]adding tube inner sur-
face. Local enrichments in iodine on the cladding tube inner surface are less
probable in LOCA transients than in experiments involving power ramps {or in
ATWS transients). During a LOCA transient the cladding gets detached from the
fuel and an annular space is generated in which the volatile fission products
may spread uniformly. This results in a decrease of the specific fission pro-
duct concentration at the cladding tube inner surface.

(b) Another reason could be that the fuel/fission product chemistry in the fuel
rods is no longer relevant to practical application due to the long period
between preirradiation and the LOCA experiments. The fuel rods are not pre-
conditioned for a longer time prior to the LOCA transient.Therefore, there is
no buildup of short-lived fission products and the fission product chemistry in
the fuel rod has not reached its steady-state. (for this reason the fuel rods
are preconditioned in the ramp experiments over 300-500 hours in order to build
up a steady-state fuel/fission product chemistry).

(c) The LOCA transient in the FR 2 reactor takes a different course than in an
anticipated "real" LOCA transient. One does not start the experiment from full
rod power ending in the transient, but from a very Tow rod power (45 W/cm),
which is to simulate the decay heat of the fission products only. By this fact
the temperature distribution in U0, takes a different course in terms of time
which might influence the release of fission products.

(d) The fuel rods are opened after preirradiation in order to connect them with
pressure transducers. During this step air and humidity might penetrate into
the fuel rod which exerts an influence on the chemical state of the fission
products and with that possibly on the SCC behavior. Moreover, volatile fis-
sion products might escape(for example, the fuel rods to be subjected to power
ramps are not opened for instrumentation).

Therefore, considering the items discussed above, a final judgement cannot yet be
given on the fission product influence on burst strain of the cladding tubes in a
LOCA transient (in-pile). It cannot be excluded that low ductility failure of clad-
ding tubes will result from appropriate preconditioning relevant to service condi-
tions. But, a Tow ductility failure can be expected with great probability only at
burst temperature of the Zircaloy tubing between 600 and 700°C. No in-pile LOCA ex-
periment were performed up to now in this temperature range.

As regards ATWS transients which, in principle, are more intensive power ramps, an
influence of the fission products on the mechanical properties of Zircaloy clad-
ding tubes is very probable. Both the mechanical interactions between the fuel and
the cladding material and the release of fission products will be distinctly higher
in ATWS transients than in power ramps. The same applies to RIA transients. In ATWS
transients the ant1c1pated maximum cladding material temperatures will be in gene-
rall below 700°C.

Although determinations of critical iodine concentrations are still lacking between
400 and 600°C, it is possible to anticipate that the Zircaloy cladding material
undergoes at least two different types of SCC mechanism in the temperature region
defined by the "normal reactor operation” and the "accident conditions”. A reason
for this could be the complexity of the chemistry of the system Zr-iodine, which
shows a varied behavior in the cited temperature range /32,33/.

The disappearance of SCC of Zircaloy with increasing temperature (at approx. 850°C),
as repeatedly reported in our earlier publications /15,16,17,18/, might be attri-
butable to an insufficient iodine concentration and not to the temperature. In

these experiments the jodine concentration varied between 4 and 10 mg/cm3. However,
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considering the present state of our knowledge, this iodine concentration is too
Tow so that influences by SCC above 800°C can no longer be expected (Figs.4, 5).

6. CONCLUSIONS

- The out-of-pile experiments with fission product containing Zircaloy-4 tube speci-
mens have revealed that iodine can cause a Tow ductility failure of the Zircaloy-
4 cladding tubes as a result of SCC up to about 800°C. Iodine partly has an ef-
fect also in the time-to-failure of the tube specimens. By contrast, Csl does not
exert an influence on the mechanical properties of Zircaloy-4. Selenium and tel-
Turium partly produce a reduction in burst strain which, however, is not so marked
for tellurium as in the case of iodine.

- The critical iodine concentrations determined out-of-pile which result in SCC
failure of Zircaloy are in general clearly higher:than the iodine concentrations
to be expected from considerations of supply and demand in fuel rods on the clad-
ding tube inner surface. This could be one reason why in the in-pile LOCA experi-
ments so far performed an influence of fission products on burst strain has not
yet been observed. Other possible reasons are discussed in the paper.

- If one compares the out-of-pile determined critical iodine concentrations with
the iodine supply in a fuel rod, e.g., after a burnup of about 35 000 MWd/t, it
can be recognized that an influence of iodine on burst strain can probably be ex-
pected to occur only in the temperature range of about 600 to 7000C. Only in
this temperature range the iodine supply in the fuel rod is higher than the cri-
tical iodine concentration required. However, the decisive factor influencing the
impact of iodine is its availability on the cladding tube surface. It depends de-
cisively on the release of iodine during the LWR transients and on the fraction
released during pre-irradiation.

- The critical iodine concentration which results in a low ductility failure of
Zircaloy-4 tubing at 7009C amounts to about 0.7 mg/cm3. This jodine concentration
corresponds to the fission iodine generated in a LWR fuel rod after a approxi-
mately 1.2 at.% (% 10 000 MWd/t), assuming total release of iodine from U0s in
the elemental form. This iodine concentration is within the range of values de-
termined by other ivestigators /33-41/ for normal reactor operation temperatures
(300-3500C).

- According to the test results, a change of the mechanism leading to iodine SCC
of Zircaloy tubing seems to take place between 600 and 7009C. For this reasons,
tge critical iodine concentration values determined at high temperatures
(= 7000C) cannot be extrapolated to Tower temperatures (S 600°C).

- The probability that the volatile fission products can exert an influence on the
mechanical properties of Zircaloy-4 in case of ATWS and RIA transients is very
high as results from considerations performed in analogy with ramp experiments.
Although the discrepancy between iodine demand and ijodine supply is similarly
great for the ramp experiments, the cladding tube can fail as a result of SCC.

- The safety relevant importance of these out-of-pile test results is due to the
statement that the effect of iodine could restrict cladding tube strain to values
wich are not critical with respect to the flooding of the reactor core in LOCA
transients.

’
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Temperature and pressure transient burst tests
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Fig.1l: Effect of simulated fission products on the burst strain and time-to-
failure of as-received Zircaloy-4 tubing in temperature and pressure
transient burst tests in He.
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Fig.2: Effect of simulated fission products on the burst strain and time-to-
failure of as-received Zircaloy-4 tubing in isobaric creep rupture
tests at 700°C in He.
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50+ Isothermal, isobaric creep rupture tests
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Fig.3: Effect of simulated fission products on the burst strain and time-to-
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notches) in isobaric creep rupture tests at 700°C in He.
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failure under helium-iodine-gas pressurization at 700°C. The high initial
jodine concentration of 7 mg/cm3 Teads to a low ductility failure of the
Zircaloy tubing. The fracture occurs in a "brittle" mode.
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