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STRESS CORROSION CRACK GROWTH FOR SHORT CRACKS WITH
PARTICULAR REFERENCE TO THE ZIRCALOY-2/TODINE SYSTEM

B, Tomkins and J. H. Gittus*

INTRODUCTION

A study of the behaviour of short cracks (< 1 mm) in various fracture
fields involving slow stable crack extension e.g. (creep, fatigue) is of
increasing intervest, In the development of fracture studies, it provides

2 link between crack nucleation processes and long crack fracture mechanics
analyses. In practice, the life of many high quality compenents (e.g.
nuclear fuel cladding, gas turbine blades) is dependent on the behaviour
of small cracks and defects. Now short crack growth often involves high
stresses with accompanying plastic straining and the problems of elastic-
plastic or fully plastic fracture analyses are well known. However recent
developments such as the use of the .J contour integral and earlier concepts
such as crack tip opening displacement have improved our ability to

examine the short crack problem particularly in relation to fatigue [1, 2].
A current problem in water reactor fuel cladding has precipitated a study
of the behaviour of short cracks in a stress corrosion situation. The
particular cladding alloy, Zircaloy 2 (a zirconium, 1.5% tin alloy), is
susceptible at reactor operating temperature (~300°C) to failure during

@ rapid uprating of the fuel power in the presence of gaseous iodine
fission products [3]. As the maximum cladding thickne is of order

0.6 mm, failure involves only initiation and short crack growth.

This short paper examines one possibility for the mechanics of the onset
of stress corrosion crack extension from a small crack and its subsequent
growth. The results are applied to the behaviour of cracked Zircaloy
fuel cladding during a power ramp transient.

CRACK TIP OPENING FOR SHORT CRACKS

The crack tip opening displacement (6) of long cracks in a predominantly
clastic field (small scale yielding) is well characterised. For the
idealised B-C-S ack model where crack tip plasticity is confined to
discrete slip lines radiating from the crack tip it is possible to
estimate § up to general yield (Y), as,

8 = »f;;“ on [sec (Bo)] (1)

for an edge crack (of length a) in a semi infinite plate subjected to an
applied tensile stress 0. A ~ 1 for a plane strain crack with plastic
relaxation by two 45° slip lines at the tip, and B = 7/2Y. For a work
hardening material, it is possible to extend this model for stresses
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svceeding vield if ¥ is increased to the ultimate stress T and a Yariable
%;duiuﬁ aoyds is used for E [4, 5}. The resulting 6 has an elastic and
plastic term,

N s ¢ o . 8,0 810)’
5 = éTE_»n [sec (Bio)] + AaaP [fﬁil) + éf%ﬁ:jj L

Aae .
g;%%E-au [sec (B.o)] + fg:%j’taﬂ (B10) (2)

for small work hardening exponent (n, < 0.1). B = w/2T. Tor higher n
values and (o/T) > 0.8, a good approximation is,

2€
. 1 P
& = Aa In [sec (B10)] E:E‘* ey (3)

Equations (2) and (3) show that any plastic strain (€p) contributes
:ppraximatély twice as much to crack opening as would an equal elastic
strain.

Mow mechanistically, the achievement of a given crack open%ng wheth?f bxnd
elastic or plastic straining involves the sane processgs of vgry 10»%1 se
flow at the crack tip |2]. Hence the c§ack tip state for a g}yen optn%qg
should be the same in terms of diSlUC&th? strqctura}and denSfty? aﬂd 1&{&
iritjcal crack tip situation is involved in a fracture procoss, 1? ;houlc
apply to a whole range of shoyt as well as long crfck sizes. 1n[¥hls
regaid it is becoming increasingly clegr that the Stage I/btagg ! tr??~

5 tion in fatigue crack growth occurs in hth.low‘stresg and high %trdL?
faticue when the correct crack opening condition 1is achieved. Iq sﬁr?s%

e rrosion crack growth, Kig is such a crack state parameter. In terms
of the equivalent crack opening.

5 = (1)
1sce

, o) .

= [sec (B10%)] + Aack [—“—ﬁ;‘{—- O (5)

from equation (2) where o* and Eﬁ are the Criticgl applie? %tréss~an%k
plastic strain for stress COYrosion Frack cxtons19n‘from a >h??§ iraL :th
The need for a significant degree of plastic straining is gonglstbnt wi
the well known conditions of a high stress (o*), of or@er Y, for the
maintenance of stress corrosion failure in smooth specimens.

This argument does not indicate w§y a particulur.value of crack opeging
should be required but that once it has been uch+eved, cra;k extens}on

can occur. In corrosion fatigue studies, Fherc is some evxdgnc? that

the threshold for enhanced growth, the qulv?lent to Kysces 18 Fhe L
stage L/Stage I transition i.e. a mechgnlsﬁlc change at.§h§ ;rd?§ tip in
the accommodation of a given crack opening Lb]. In stre%§'corr?510n, -
$igce could be related to a wider variety o? stru?tur%l’s{fes (T:%ﬁ iiiuﬁg
si%ej or microstructural events (e.g. localised wmicrocracking whic S
at K ~ 15 Mdm~ % in high strength steels).
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THE GROWTH OF SHORT STRESS CORROSION CRACKS

Because stress corrosion crack extension above Kygee is stable up to the
much higher instability fracture toughness condition (K ,.), 1t must be
possible to exceed or at least maintain the critical crack opening con-
dition 6,g... In the long crack low stress situation this is easily
achieved because the crack extension force increases with increasing crack
length, even for constant end displacement.

However, for a short crack, the maintenance of §;gce is dependent on con-
tinued plastic straining. From the second half of equation (2) it can be
seen that the plastic strain needed decreases in proportion to the in-
crease in crack length for a constant value of o*.

An upper limit on plastic strain needed for growth is given by the con-
dition of continuous crack extension where,

= AS/2 {6)
Now, AS = aa Ae (7
p
Hence for crack extension from g to tp, increases from LPO to 5Pfj
5 ap
(& . ~-€_ ) == n {— (8)
pf po 5] a
N
NOW, o~ & e (vi_l)
1sce’ po o
and hence, Epf = {10)
for Lpf w Epo and ap > ag.

Such crack extension would result in large ductility and crack openings
comparable with crack length. This is not typical of most stress corrosion
cracking failures and certainly not of those which are dangerous in service
i.e. low ductility failures. This indicates a discontinuous crack advance
process, in which the crack grows by several times the critical crack
opening, once the initiation condition has been achieved. A further
plastic strain increment is then needed to attain this condition again.

A reasonable assumption for such a process is that the increment of crack
advance is proportional to the critical crack opening (8,5¢¢). This is
consistent with the fact that for a crack, the important linear dimer
are proportional to crack length, including ¢ and the plastic zone
Then, equation (6) becomes,

Aa = m 613CC (11)

The process is shown schematically in Figure L. After i steps, the crack

length a; is given by, i

~
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a. =a_ + imd ~a (I+imoe ) (12)
i o isce o po
and the increment of plastic strain €pi needed for the ith step is,
€ : ®E a /a. 3
pi po 0/ i (13)

For failure after r steps, the failure strain €pf is given from equations
(12) and (3) as,

xr

s eV E. 5 1 1 ‘

“pf T k “pi " “po [l T mee . T 2w "'] L)
i po po

Figure 2 shows how 5Pf/€ o varies with m for a material where
S15cc/ %0 ‘
[t can be seen that the ductility is reduced to 2 Epo if m is 5.5.

APPLICATION TO ZIRCALOY-2 CRACKING IN IODINE VAPOUR

The failure of Zircaloy-2 water reactor fuel cladding by stress corrosion
in the presence of fission product iodine vapour is a good example of a
displacement limited failure involving only short .crack growth. Cladding
thickness is of the order 0.6 mm and failures are*known to occur following
rapid power upratings (time period ~ 30 mins) involving cladding stresses
of order Y (~ 480 MN/m®). The cladding is forced out by the oxide fuel
during the uprating to a total hoop strain of ovder 1% (i.e. a plastic
strain of order 0.6%). flumediately after the uprating stress relaxation
will result in a further plastic strain increment of approximately 0.25%.
Assuming an initial crack of 10 um, can such strain increments overcome
the initiation condition given by & .,..? At present it is difficult to
know what the effective value of o/T is as o + Y, but it will = 1.0.
Therefore, although equation (2) cannot be used without Knowing o/T, it
is clear that a bound on the problem is penetration of the flow zones
across the section. In this case, the simpler equation

S 2 o € (15)

can be used where t is the clad thickness. When combined with equation
(4), this gives

(16)

and taking current values for K,g.. (32 MNm™ ¥~ yef (7)) and T (550 MN/m?),

Si1gce = 4.2um and e’ = 0.35%. This plastic strain is well within the
values expected during the uprating.
However, for failure to occur a further increment of strain is needed.

I'igure 2 indicates that an initiated crack could be pushed to 2/3t by an
additional 0.5% plastic strain if m = 4, i.e. the crack advance increment

averages 16.8 pm. This is 2-3 times the typical grain size for Zircaloy-2

and is therefore consistent with the cleavage mechanism observed.
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= 0.5, a5 = 10 um (a typical initiated crack size) and ag = 400 um.

Workshop
SUMMARY

Fhls initial study of the crack opening displacement of short cracks in a
high stress field has indicated that it provides a means of comparing low
strgss, }ong crack extension with short crack behaviour. Early calcg—
lations in relation to the Zircaloy-2 cladding problem indicate that its

failure is consistent wi a K
: ith a K, sce concept.
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The discontinuous crack advance process for stress

o =
crack growth cCorrosion
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Figure 2 - Ratio of fracture strain to initiation strain as a function

of crack advance coefficient
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