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ABSTRACT

All seven authors were agreed that power ramping
of UC>2-Zircaloy fuel pins could cause clad defects that
were not solely mechanical but of the stress corrosion
cracking or liquid metal embrittlement type. Very strong
circumstantial evidence for stress corrosion cracking was
presented by relating the results of laboratory experi-
ments and theoretical analyses with the behaviour of
fuel in-reactor and its physical and chemical character-
istics observed during post-irradiation examination. The
most likely corrodant species to be responsible for
defects are iodine, cadmium or cadmium dissolved in
cesium.
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REVIEW OF SESSION V OF THE ANS Ti -'.CAL MEETING
St. Charles, II., USA, May 1977:

"Mechanisms For Pellet Cladding Interactions"

INTRODUCTION

Seven papers were presented in Session V; three of
3) were concerned primarily with the interpretation of

power ramping defect phenomena in terms of iodine-induced stress
corrosion cracking of zirconium alloy cladding. One paper(4)
described a laboratory study of the embrittlement of Zircaloy
by another fission product, namely cadmium, either acting alone
or dissolved in cesium. Also a case was presented for the
existence of cadmium in elemental form at the interface between
the U02 pellet and Zircaloy cladding(4). a more general
discussion of the chemical states of fission products and
impurities in a fuel element was presented by Cubicciottit5).
Detailed characterizations of deposits on the inside surface
of irradiated cladding were taken together with literature data
dealing with oxygen potential, volatility, heats of formation
etc. to speculate on how the chemistry inside a fuel pin(5)
gives rise to the deposits which must be germane to stress
corrosion cracking or liquid metal embrittlement of the
Zircaloy cladding. The stress and stress intensity in fuel
cladding during and after a power ramp were investigated both
theoretically^4'5) and in a more practically oriented study'7'.
Thé practical application^7J was the introduction of undulations
on the bore of fuel cladding and results of ramping tests
have provided insights into the importance of stress concen-
tration in ramping defects.

SECTION A: INTERPRETATION OF RAMPING DEFECTS IN TERMS OF IODINE
INDUCED STRESS CORROSION CRACKING OF CLADDING

A.I K. Videm and L. Lunde made a fractographic study to ensure
that transgranular cleavage with river patterns, as
observed on the fracture faces of ramped fuel, could only
be induced by the action of a corrodant. Their other
major concern was to determine crack propagation rates
and thereby separate the times for crack nucleation and
propagation that comprise the time-to-fail of laboratory
specimens - and, by inferencev-fuel cladding on power
ramping.

Various types of Zircaloy test specimens were used
for the fractographic study (Table 1) and ductile shear
fracture surfaces resulted for all test conditions except
hydrided material. Hydride platelets will fracture in ci
brittle manner but their appearance in the scanning
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TABLE 1

MATERIALS AND SPECIMENS TESTED BY VIDEM AND LUNDE (1)

A Material Conditions

- Stress relieved at 500°C

- Recrystallized at 570°C with and without hydrogen
additions (200 ppm) and before and after irradiation
in Halden Boiling Water Reactor to a fast neutron
fluence corresponding to a fuel burnup of 480 MW.h/kg U
(20 GW.d/t)

B Tests on Tube Specimens

Inpaot(a>

Slow Bending

Ring Tensile

Burst Tests

Test

-195

Temperatures C

25 340

25 340

25

25

Creep Burst Tests
(b)

340

(a) Some specimens had a machined notch with a 10 ym
radius.

(b) Fatigue cracks in the tube wall 0.1 to 0.5 mm deep.
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electron microscope is sufficiently different from
cleavage of the metal phase to avoid diagnostic confusion.
Irradiation had only minor effects on the appearance of
the fracture surface with ductile dimpling starting
immediately at the notch tip. The general conclusion
agrees with a previous similar study(8) that transgranular
cleavage does not occur in the absence of a corrodant.

The crack growth studies were done with argon (plus
iodine) pressurized tubes of wall thickness 0.8 mm into
which pre-cracks of 0.1 to 0.5 mm depth had been intro-
duced by fatigue. In the absence of iodine, at 340°C,
unstable fast crack growth occurred at an apparent stress
intensity of 12 MPa«t̂ tP (10.8 ksi • /in' ) for fully
annealed tubes and 18.7 MPa-iT for tubes annealed at
520°C. These values are not strictly correct because
the tubing was too thin for a rigorous application of
fracture mechanics. With iodine (3 mg/cm3), also at 340°C,
it was found that cracks propagated at lower stresses when
the fatigue crack length was increased; this indicates
that stress intensity controlled crack growth. Figure 1(a)
shows the stress corrosion crack growth rate as a function
of stress intensity for fatigue precracked, recrystallized,
cladding and the character of the fracture surfaces.
(Note that the curve due to Wood and Cox"' that has been
added to Videm's figure refers to stress-relieved material in
a cantilever beam test.) An extrapolationd) to fuel
cladding of known fractography suggested a critical
stress intensity of 9 MPa-i/nT in close agreement with
Wood's unirradiated DCB result. Previous work on tubes
by Wood et al.(8) showed that apart from small crack
initiation sites, transgranular cracking was the dominant
SCC mode at low strain rates (Figure lb). A comparison
of the fracture types of Figures l(a) and (b) supports
Videm's conclusion that crack initiation takes a long time
compared with propagation by fast transgranular cleavage.

Videm and Lunde argued that sufficient plastic strain
to crack the protective zirconium oxide film is a pre-
requisite for SCC. The next stage was intergranular
pitting. Experiments at constant strain rates and constant
loads led to the conclusion that threshold stress was most
important in the initiation stages of SCC rather than
crack propagation where stress intensity dominates. Videm
and Lunde have sometimes observed transgranular crack
propagation in cladding removed from fuel pins with no
trace of the intergranular starting zone. They have
interpreted this in terms of high stress intensities
generated locally at the cladding inside surface by the
opening up of a U02 crack which assumes pellet/clad
mechanically strong bonding.
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( 2 )
A.2 A. Garlick and J.G. Gravenor discussed SCC in relation

to fuel ramped in SGHWR. The cracks in defective pins
were similar to those produced in laboratory tests with
iodine as the corrosive species and the stress threshold
from laboratory tests was a useful criterion for fuel
defects when the clad stress was calculated. Adhesion
between fuel and cladding was suspected to occur even at
power in some fuel pins.

The results of ramping five 36-pin assemblies were
presented (Table 2 ) . The assemblies were moved from low
to high power channels in order to effect the ramp and
re-oriented to maximize power increases from cross-channel
flux tilts. One pin of assembly A was obviously defective
and had deteriorated badly in three months further
exposure due to corrosion and hydriding. The adjacent
pin had allowed minor coolant ingress but scanning
electron microscopy and optical microscopy easily detected
transgranular cracking, largely unaffected by post-defect
corrosion or hydriding. The defect probability of this
assembly is 12% based on CANDU experience(10). In one
sector of assembly C eight pins were obviously defective
from axial cracks at pellet interfaces and the absence of
fission gas release on puncture. A pin adjacent to the
eight had allowed minor coolant ingress similar to the one
in assembly A and hydrogen was detected on puncture
suggesting plugging of defects. These two marginal defects
were the only ones to have developed defects in braze
heat affected zones. Again cracking was mainly trans-
granular. Based on CANDU experience! 1 0) assembly C had
a defect probability of 52%.

Garlick discussed possible defect mechanisms including
mechanical overload of the neutron embrittled cladding,
fatigue and fracture through local hydrides. He dismissed
these three from being generally applicable because of
high post-irradiation residual ductility of the cladding,
not enough power cycles (stress reversals) and the absence
of hydrides around cracks in the cladding of marginal
defects. The most likely defect mechanism was considered
to be stress corrosion cracking by fission product? such
as iodine. Fractographic similarities and the absence of
wall thinning were taken as strong indicators of the defect
mechanism. Garlick suggested thet the reason why severely
ramped pins defected away from braze zones and marginally
ramped pins defected in the braze zones was due to strain
rate dependence. The two marginal defects also had lower
pre-irradiation clad strengths maybe fortuitously.



TABLE 2 SGHWR POWER RAMP DATA OP GARLICK AND GRAVENOR WITH DEFECT

PROBABILITIES BASED ON CANDU EXPERIENCE ( 1 ° J ALSO GIVEN

Fuel Ramp
Assembly Time
Identity h

Burnup
MW.h/kg U
(GW.d/t)

Maximum
Power
kw/m

Powei
Increase
kW/m

Time
to

Defect
After
Ramp

A
Defect

B
Intact

C
Defect

D
Intact

E
Intact

1

1

0

0

0

.4-1.

.4-1.

.5-0.

.5-0.

.5-0.

7

7

6

6

6

144
(6.0)

168
(7.0)

134
(5.6)

240
(10.0)

142
(5.9)

43

41

55

46

43

.2+46.

•0+41.

.4+61.

.2*47.

.5+49.

6

8

2

1

6

5.1+15.8

6.9+7.8

8.8+24.0

13.4+14.6

10.8

"Soon"

Intact

0.5 h

Intact

Intact

Dwell
Time
After
Defect

Calculated
Clad

Stress <a)
MPa

2 h

a 500

~ 400

> 500

~ 500

= 400

Maximum Defect
Probability

Based on
CANDU Criteria

12

1 - 2

52

21

2 . 5

i

(a) Calculated by Garlick using SLEUTH and SEER.



- 6 -

Garlick's fuel defect criterion is based on exceeding a
a clad hoop stress of 5C0 MPa, Fuel pin clad stresses
were modelled using the computer codes SLEUTH and SEER,
assuming a pellet/clad friction coefficient of 1.0 and that
50% of the total crack opening displacement around the fuel
pellet was concentrated at one radial crack in the fuel.

As mentioned by Videm and Lunde , Garlick pointed
out the importance of pellet/clad bonding in coupling U02
cracks to cladding cracks. The argument in favour of bonding
at operating temperatures was that highly rated fuel pins
in an element elongate less than lower-rated pins. The
length changes are too large to ascribe to irradiation
growth and are thought to be due to ratchetting during
power cycling. Strain accumulates on account of downward
movement of pellets (under gravity) at low power and the
subsequent expansion on returning to high power. Not much
elongation is seen over the middle region particularly of
the highest powered fuel pins suggesting that fuel/clad
adherence prevents pellet relocation.

Garlick commented that in argon (plus iodine) pressurized
tube tests'^-1) there was a difference in the mode of
cracking during the initiation stage. Cracks in recrys-
tallized tubing started to crack by intergranular penetration
whereas1 in stress relieved tubing the fractures were mainly
transgranular. Based on the results of two grooved ring
tensile tests held at constant load in iodine till failure,
values of critical stress intensity were calculated as 5.8
and 6.5 MPa«/m* in good agreement with the results of
Videra and Lunde(1). Garlick's short review of the various
stages of the stress corrosion mechanism was in excellent
agreement with a previous review'^^'. Theoretical
refinements in which the path independent contour integral
J was recommended to replace stress intensity K are treated
in the section D.2 of this review.

A.3 J.C. Wood and D.G. Hardy described the phenomena associated
with power ramping defects including time lapse before a
defect signal, self plugging defects and burnup dependency.
They then discussed the post-irradiation examination of
ramped fuel elements and reported on an irradiation test
comprising the power ramping of fuel elements containing
small quantities of iodine, cesium iodide and water.
Laboratory tests on irradiated and unirradiated zirconium
alloys were performed to investigate iodine-induced SCC.
Parameters studied included fast neutron fluence, iodine
concentration, clad stress and strain, strain rate, moisture
contamination and nucleation and propagation times for
cracking.
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The time delay after fuel is ramped and before a
defect signal obtains is usually of the order 5 ks (1.4 h)
but occasionally time lapses as low as a few seconds or up
to 500 ks (139 h) have occurred. Discrete gamma signals
from in-reactor loop tests occurring at about 2 ks intervals
have, in two tests, corresponded to the numbers of fuel
pins subsequently proven defective. Some fuel pins have
released short bursts of fission products and then re-
sealed themselves by the growth of a zirconium oxide plug
within the defect hole.

Cracks in CANDU fuel had the characteristics of
stress corrosion cracks. For example: generally radial
direction, narrow, branched, mixtures of transgranular and
intergranular cracking and no discernible necking except
in the final 10% of clad wall penetration where shear
occurred. (Only three mechanical overload ruptures had been
seen - all in fuel that had been powered to central melting.)
Cladding cracks were deepest and most numerous at pellet
interfaces; a weaker correlation exists between UO;> cracks
and cladding cracks.

Fuel pins comprising fresh UO2 fuel (no fission product
inventory) and highly irradiated cladding (susceptible to
iodine-SCC) were doped with iodine or cesium iodide, &'ith
and without moisture present and power ramped in two
stages to 64 kW/m and 72 kW/m. One element defected on
the first ramp (4 ks hold) and three were confirmed
defective after the second ramp {10 ks hold). The con-
clusions were as follows:

(a) iodine induced defects,
(b) moisture inhibited SCC by iodine as observed previously

in laboratory tests,
(c) cesium iodide did not cause defects, and
(d) unirradiated cladding did not defect even when two

control elements were doped with iodine.

At a fast neutron fluence of 1.0 x 102<f n/ci2 stressed
slotted rings of tubo-reduced Zircaloy cladding cut from
fuel pins became susceptible to iodine-induced SCC. Other
laboratory tests on split rings showed that crack nu^leation
occupied more than 90% of the time to fail, and that a
critical stress of 220 MPa had to be exceeded for failures
in 360 ks tests. A similar threshold stress dependence
has been encountered in argon (plus iodine) pressurized,
stress relieved Zircaloy tubes. The threshold stress is
higher for work-hardened Zircaloy and with reduced test
temperature in the range 300-400°C (573-673 K) for long-
term tests (10-2000 ks).
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Iodine SCC of Zircaloy tubing is strain rate dependent,
strains to failure generally falling with decreasing hoop
strain rates in the range 10" 3 to 10~ 6 s"1. Recent studies
with argon (plus iodine) pressurized tubes have shown a
reversal of the above trend'3' (Pigure 2 ) . Strains to
fail started to increase below 10~ 7 s"1 and low strain
specimens were defect-free at strain rates below 10~ 8 s"1.
Interestingly the same threshold clad strain rate results
at the safe ramping rate for GE (BWR) fuel of 0.1 kW/[ft.h)
(0.90 W/tm.s) as indicated on Pigure 2.

Wood and Hardy concluded that iodine SCC phenomena
helped explain the dependence of power ramping defects on

(a) burnup,
(b) ramped power,
(c) power increase,
(d) dwell time at power,
(e) ramp rate, and
(f) the effects of moisture contained in a fuel element.

The physical parameters considered important were respectively

(a) fast neutron fluence of the cladding,
(b) fission product concentration,
(c) threshold stress,
(d) nucleation and propagation times,
(e) strain rate, and
(f) inhibition of crack nucleation by surface ZrC>2 repair

and hydride-induced relief of local stress concen-
trations in the zirconium-base cladding.

SECTION E: EMBRITTLEMENT OF ZIRCALOY BY CADMIUM

(4)
W.T. Grubb and M.H. Morgan showed that cadmium is

capable of embrittling Zircaloy-2 in the solid or liquid phase
or dissolved in liquid cesium. As a fission product cadmium is
about twenty times less abundant than iodine but is expected,
thermodynamically, to exist at the pellet-clad interface of a
fuel pin in the metallic state whereas iodine combines with
metallic fission products.

The test apparatus was painstakingly constructed to ensure
high purity of the cadmium and cesium by double inert gas
containment and gettering by a Ir-Ti-Ni alloy. Specimens were
strained using an Instron tensile testing machine and the test
temperature was controlled to an estimated ± 2°C. Tensile
specimens (only 12.7 mm long and < 2.5 ram diameter) were machined
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from cross-rolled plate with lengths either parallel to the
basal pole direction (Texture T) or perpendicular to it in the
rolling direction (Texture R). Some specimens were notched
and pulled at 0.085 ym/s while smooth specimens were pulled at
0.85 um/s (2 x 10~3 inch/minute).

Cadmium at 300 and 340°C caused fractures with very little
reduction of area compared with 75% reduction of area in cesium.
Liquid cadmium at 340°C war. found to have dissolved enough
Zircaloy to obscure the fracture surfaces but solid cadmium at
300°C, while coating the fracture surface somewhat, allowed the
observation of a non-ductile fracture surface in which trans-
granular cleavage and intergranular features were not observed.
Liquid cesium saturated with cadmium at 300°C produced clearly
defined transgranular cleavage , fluting and river patterns like
iodine-induced SCC features. Occasional intergranular features
were also observed. There was a distinct effect of texture in
that cadmium induced cleavage on planes close to the basal
plane. This caused type R specimens to fracture nearly parallel
to the applied stress axis after starting to crack normal to
the basal plane.

Engineering stress versus elongation curves for smooth
T-texture specimens are shown in Figure 3. The embrittling
effect of cadmium is obvious. The annealed specimen broke at
the lowest stress,possibly because of its larger grain size.
(The initial slope of the curves in Figure 3 is the system
compliance.)

Cesium is about 100 times more abundant than cadmium as a
fission product and forms more stable oxide, iodide, telluride
and selenide than cadmium. Tensile samples showed liquid metal
embrittlement (LME) at 350°C when CdTe or CdSe was added to
cesium but not with Cs2 Te additions.

Embrittlement by cadmium is unusual in that LME does not
usually occur in systems in which high melting intermetallic
phases form or when the substrate metal is soluble in the
liquid metal.

Grubb concluded that cadmium-embrittlement of Zircaloy
must be considered as a possible chemical environment contributing
to the power ramping problem.

SECTION C; FISSION PRODUCT CHEMISTRY INSIDE FUEL PINS

D. Cubicciotti discussed fission product deposits on the
inside clad surfaces of fuel pins that had high or low gas
releases. Thermodynamic data were used to suggest mechanisms
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for the formation of the various observed fission product
deposits. The high gas release pins had also exhibited stress
corrosion cracking type defects probably associated with the
fission products (and possibly impurity species) found in a
abundance on the cladding surface.

The high gas release pins were from a small group of
Core 1 pins of the Maine Yankee reactor and had been irradiated
to 312 MW.h/kg U (13 GW.d/t) at a power of 30 kW/m. However
the UO2 had operated at abnormally high temperatures (~ 1400°C
at the centre) due to loss of fuel-to-clad thermal contact.
Hence 15% of the fission gas had been released. The low release
pins had been irradiated to 670 MW.h/kg U (28 GW.d/t) at a
power of only 23 kW/m in the H.B. Robinson reactor. The fission
gas release was less than 1%.

There were no significant deposits of fission products on
the inside clad of the H.B. Robinson pin. The UO2 had apparently
reacted chemically with the cladding in spots where there had
been good contact. When the fuel pellets were removed from
the cladding some UO2 remained bonded but occasionally zirconia
surface oxide was pulled away from the cladding metal. When
small particles of UO2 were in intimate contact with the cladding
surface oxide they had reacted to accelerate oxidation locally.

The rest of this section is based on the Maine Yankee
cladding which had heavy fission product deposits on the inside
clad surface. Macroscopically three types of deposits were seen:

(a) linear stripes 0.1 mm wide opposite cracks in the fuel,
(b) massive deposits at pellet interfaces, and
(c) circular mounds randomly distributed.

In addition some UO2 chips were seen adhering to the fuel.

The nature of the deposits was investigated using a Kevex
energy dispersive X-ray detector and the electron beam voltage
was 20 keV. The instrument was sensitive to elements of atomic
number greater than 10; therefore oxygen could not be analyzed.

When viewed by scanning electron microscopy the linear
stripes (type a) were seen to consist of two bands of 1-2 ]im
diameter nodules separated by more crystalline deposits 2-50 ym
diameter, with some amorphous particles. The nodules were rich
in zirconium and contained U, Cs and Te in increasing proportions
as their size increased. Crystals of UO2 and Csl were identified
and the amorphous deposits were CS2 Te containing Fe, Mn, Cu,
and Cl impurities occasionally. White particles rich in Cs
and U were presumed to be oxides. Opposite pellet interfaces
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(type b) was a ceramic substance, molten at some stage that
consisted of U and Cs (and presumably oxygen). This had a
duplex structure richest in Cs nearest the clad. The circular
mounds (type c) were the same material as type b with traces
of iodine in localized areas. In regions of fuel-to-clad
bonding the ZrC>2 was thickest and least protective.

The Maine Yankee deposits appeared to bave formed mainly
by vapour transport. Two parameters are of great importance
in determining the mechanism of formation of fission product
deposits. These are the volatility of fission products (which
is a function of the chemical state) and the oxygen potential
(which determines fission product chemistry). The range of
oxygen potentials is set (buffered) in the central region of a
fuel pellet by the co-existence of Mo and M0O2• At these
oxygen potentials those fission products expected to exist in
the fuel centre as :

OXIDES are Y, Ba, Sr, Zr and Nb, and as
ELEMENTS are Sn, Sb, Cd, Tc, Ru, Rh, Pd, Ag, Xe and Kr.

In the cooler periphery Cs and Rb form compounds like CS2UO4
which are reasonably stable but will contribute Cs or Rb to the
more stable halides, tellurides and selenides. Vapour transport
would occur via the volatile:

ELEMENTS Cd, Sb, Ag, Sn (Cs?) and possibly Pd, and
COMPOUNDS Csl, CsBr, Cs2O, Cs^e and CSjSe.

Cubicciotti argued that the partial pressure of cesium was
smaller than its vapour pressure at cladding temperatures based
on the absence of liquid cesium in fuel rods.

Based on his assessment of chemical states Cubicciotti
then speculated on mechanisms of formation of the deposits
observed as follows:

- Cs-U oxide formed by reaction of UO2 chips with Cs vapour.

- The small nodules opposite UO2 cracks formed by deposition
of a volatile Cs-U-Te-(0) compound and reaction with the
cladding.

- The massive Cs-U-(O) ceramic deposits at pellet interfaces
and in circular mounds formed by the transport of CS2O gas
from the hot fuel to the cladding where it remained partially
solid and partially molten and dissolved some UO2• CS2O
melts at 457°C (730 K) which is between the clad temperature
of 377°O (650 K) and fuel surface 627°C (900 K).
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SECTION D: FRACTURE AND STRESS: ANALYSES AND A DESIGN MODIFICATION

D.l E. Smith and G.V. Ranjan presented a physically
based theoretical cladding defect criterion predicated
upon fracture by stress-corrosion. Fracture was predicted
to occur above a threshold stress associated with nucleation
and the early stages of crack growth. Pellet/clad friction
effects were shown to intensify the stress in the clad by
about 36* at radial UO2 cracks. The only metallurgical
factor considered helpful in increasing the threshold
stress was crystallographic texture.

Smith argued that the fracture process zone size
of a very small crack is so large, compared with the
crack length, thet the principles of linear elastic
fracture mechanics (LEFM) are invalid. From the narrow
appearance of cladding cracks it was concluded that the
average stress within the fracture process zone fff was less
than the yield stress. Application of an analysis by
Bilby, Cottrell and Swindend^) gave the stress a required
to extend a crack of length c as

0 = a, . f sec"1 exP j —ï-JLi j (1)

J 8 o£ c (1-V) )

where E is the Young's Modulus of the cladding, V is
Poisson1 s Ratio and <Ji is the critical crack opening dis-
placement. For very small cracks, the hoop stress required
for crack extension tends to a limiting value of af. It
was noted that even with stress corrosion fractures, a
limited number of grains in the Zircaloy fail by a plastic
process and that any limitation of SCC crack propagation
would arise from these ligaments.

Smith quoted work by Jones'1^' employing argon (plus
iodine) pressurized tubes with pre-cracks 0.12 mm deep
that required a critical stress of 280 MPa to induce crack
growth. A value of <j> of 5 jjm was calculated using
Equation (1). Furthermore very little effect of crack
size on the failure stress is expected if the crack size
is less than 0.25 mm. This accords with Jones' observation'14'
(but not with those of Videm and Lunded').

Smith has derived an expression for the average stress
measured over the fracture process zone (size h) as follows:
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where e is the mean clad l;oop strain, y is the pellet-to-
clad friction coefficient, w is the number of peripheral
UO2 cracks, t is clad thickness and R is pellet radius.
Substitution of y = 0.5, N = 10, t = 0.7 mm, R = 7 mm and
h = 0.07 mm yielded af = 1.36 E i so friction forces
enhanced the stress at OO2 cracks by 36%. Smith justified
using y = 0.5 by taking Rolstad's(15) result, that y < 1
because the averaged interfacial shear stress could not
exceed the fracture strength of the UO2» and refining it.
The refinements were stress intensification mid-way between
002 cracks where the interfacial shear stress is dis-
continuous and also stress intensification in the UO2 due
to surface scratches. Smith concluded from these
considerations that y < 0.5.

Smith predicted that the SCC threshold stress of
Zircaloy would not change appreciably during the life of
a power reactor fuel pin after the initial irradiation
hardening. The threshold stress would be = af which is
controlled by the restraining forces provided by those
grains that fail plastically.

During Prof. Smith's presentation it was emphasized
that the average stress was most important and that the
36% stress intensification was relatively unimportant. A
lively discussion followed the presentation when A.S. Bain
asked why, if this were true, did thick-walled cladding
fail as readily as thin-walled cladding during power
ramping. The increased restraint due to thick-walled
cladding would cause increased plastic deformation of the
UO2 which should reduce the total strain. However when
fuel is ramped to high powers such thùt the cladding is
beyond the yield point there would be little difference
expected between thick- and thin-walled clad fuel.

(2)D.2 A. Garlick and J.G. Gravenor suggested the appli-
cability of a J concept(16) to SCC crack propagation to
allow for the effects of plastic straining on crack tip
opening displacement. J is the path independent contour
integral and constitutes a generalization of the Griffith
energy balance approach to fracture'^' . The following
expression gives J for a small edge crack in an infinite
plate when the stress exceeds yield;
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= 1 . 2 5 < — - 1 ) • • • •"• • = m 0 <5

y y

where e is the total strain, ev is the yield strain, a
is the crack length, E is Young's Modulus, m is a constant
~ 1 for small strains, CTV is the yield stress and <S is the
crack opening displacement. (Note that J contains a term
that is the square of the stress intensity K = 0* /ira' .)
When J exceeds a critical value Jgcc a c r a c^ will propagate
and from the above expression the rate of SCC will increase
as the plastic strain and the crack size increase.
Theoretical calculations with J are somewhat cumbersome
and require numerical methods such as finite element
analyses.

D.3 H. Mogard described a modified design of fuel
cladding that had some 30 regular longitudinal undulations
of about 20 ym height around the circumference. This
design suppresses stress corrosion cracking associated
with stress concentrations opposite UO2 cracks because
the cladding is in compression at the points of hard
contact. In the arc surfaces of the cladding, mid-way
between contact points, bending stresses arise. However
if the undulations are closely spaced (< 10 degrees) the
cladding tends to deform as if it were uniformly strained.
Furthermore the stress pattern obtained is calculated to
promote enhanced relaxation of hoop tensile stresses in
the cladding.

Only a few power ramp experiments have been done yet
with the modified clad design. In the first, two fuel pins
with stress relieved cladding and with small fuel-to-clad
gaps (0.05 mm) were power ramped at 134 MW.h/kg U
(5.6 GW.d/t) from 40 kW/m to 72 kW/m. This induced
defects in one pin (20 ym ribs spaced 22.5 degrees apart)
in 1.66 h and in the other (10 ym ribs spaced 11.25 degrees
apart except in one doubly spaced location) in 4.0 h. A
reference fuel pin with the same low power history was
ramped to 63 kW/m and failed after 1.33 h. Strains of up
to 0.4 to 0.5% were observed in the cladding of the reference
pin and a strong coincidence of cracks in pellets and
cladding. The defects in the ribbed fuel pins seemed to
be associated with UO2 pellet chips which were readily
available from non-chamfered pellets.

The fuel pin with the wider angular rib spacing
preferentially produced defects in the mid-arc positions
at plastic strains of 0.3 to 0.4%. The pin with the 11.25
degree spacing had not cracked at the mid-arc locations
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except in the one wide arc location (22.5 degrees).
Metallography showed that the inside surface of the
Zircaloy clad had oxidized preferentially at the rib
locations as observed by Cubicciotti(5).

In no case have defects been seen to initiate in the
pellet-rib interface location even at contact widths up
to 0.6 mm. This is strong evidence that PCI defects are
not purely mechanical and occur readily av/ay from cracks
in the UO2 fuel pellet.
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(b) Fractography from previous ceramic annulus expansion tests in iodine
vapour(8) showing preponderance of TG cracking at low strain rates.
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