C3/3

Modeling the Transient Failure Behavior of Irradiated Fast Reactor
Cladding Tubes Including Fuel-Adjacency Effects

R.J. DiMelfi, J.M. Kramer

Reactor Analysis & Safety Division,
Argonne National Laboratory, 9700 South Cass Avenue,
Argonne, Illinois 60439, U.S.A.

Abstract

An analysis of transient deformation and failure of fast breeder reactor cladding tubes
is performed. The effects of fast neutron irradiation are taken into account in the analysis,
both for the case where the cladding was adjacent to fuel during irradiation ("fueled"), and
the case where it was not ("unfueled"). Since these effects are primarily intergranular em-
brittlement phenomena, the main focus of the analysis is on high-temperature deformation and
failure mechanisms in this material. To describe deformation in the high-temperature regime
of interest, we use a power-law creep equation. Thermally activated intergranular-crack
growth, which controls high-temperature fracture, is described with an empirical law in which
the fluence-dependent activation energy is nominally equal to the creep activation energy.

Based on experimental observations, we assume in our calculation that fuel-adjacency is
a stress corrosion phenomenon. The reaction rate theory is at the basis of our analysis, in
which we postulate two processes in sequence. However, we find that the chemical process pro-
ceeds much more rapidly than the mechanical one, and that, therefore, the latter is the con-
trolling mechanism. A relative maximum reduction in ductility, due to fuel adjacency, is cal-
culated by determining a lower bound on the intrinsic apparent cohesive forces at the grain
boundary.  This is done by minimizing the plastic work for fracture in accordance with estab-
1ished models for high-temperature ductility. The effect of changes in sample grain size is
important and is reflected in changes in the local stress intensity factor at crack tips.

Model calculations are compared with the results of the transient burst experiments.
Overall decreases in ductility and failure temperature are calculated for irradiated,
"unfueled" cladding. These decreases become more severe with increasing fast neutron fluence,
but saturate between 5 x 1026 and 10 x 1026 n/m2. Further decreases in ductility and failure
temperature are predicted for irradiated, "fueled" cladding tubes. The ratio of the strength
of irradiated cladding with respect to that of unirradiated cladding is also determined. This
ratio saturates at high fluence to about 75% for "unfueled" cladding and to about 30% for
"fueled” cladding. A1l of the calculated results compare favorably with experimental resuits.



1. Introduction
The "reference" fuel-cladding material in U.S. 1iquid metal fast breeder reactor (LMFBR)
designs is 20% cold-worked type 316 stainless steel. Its primary purpose is to contain the

fuel material and isolate fuel from coolant. However, mechanical loading, predicted as a con-
sequence of hypothetical accident scenarios and caused by fission gas pressure or fuel expan-

sion, can result in cladding failure. Such failure has been observed during accident simula-
tion experiments performed on cladding tubes [1]. It appears to be sensitive to the magnitude

of lToading, the temperature, the the heating rate accompanying an "accident" transient, neu-
tron irradiation history, and chemical effects related to fuel proximity. An understanding of

the nature and circumstances of cladding failure is important because its timing and location
can affect fuel motion, which in turn affects the further course of the accident.
In earlier work [2,3] the authors have formulated a model to calculate aspects of the

failure behavior of cladding tubes loaded under transient conditions. The material deforma-
tion law employed in that work describes the flow stress of cladding material in the range

from low temperatures, where plastic flow is essentially strain rate independent, to the
high-temperature creep regime. The effects of irradiation hardening and softening are also

incorporated in this same law. Failure at low temperatures is dictated by the onset of
plastic instability. At high temperatures, intergranular failure is expected and is modeled

using an empirical intergranular crack growth law. Neutron irradiation serves to strengthen
the material during Tow-temperature deformation and embrittles it at high temperatures. This

irradiation embrittiement is treated by modifying the crack growth law in accordance with
empirical observations. The results of calculations made for the case of cladding tubes,

neutron-irradiated to various fluence levels, including the case of unirradiated material,
were compared to the failure behavior observed during tube-burst experiments [1]. The details

of these calculations are shown elsewhere [2,3], and the resulting equations are employed here.
Recently, it has become apparent [4] that irradiation embrittlement of cladding becomes
significantly more severe when the tubes are irradiated adjacent to fuel ("fueled"). This

"fuel adjacency" effect has characteristics of intergranular stress corrosion failure and is
often associated with the presence of the fission products cesium and tellurium [5]. Inter-

granular attack of cladding is observed to be more severe at axial positions to which cesium
tends to migrate [5]. Important consequences of "fuel adjacency" are intergranular failure

at temperatures lower than those where such failure is usually observed, and reduced ductility
below that observed for material irradiated in the absence of fuel ("unfueled"). It has also

been observed that irradiated and "fueled" cladding, which is subsequently cleaned chemically
[6], behaves in a manner similar to the way irradiated and "unfueled" cladding does during

transient burst tests. Similarly, unirradiated tubes, exposed to cesium oxides and then
electro-chemically cleaned [7] before pressurization, have a diminished creep strength that

can be explained simply by the reduction in load bearing area as a result of chemical attack.
These latter observations suggest that the true embrittling effect of fuel adjacency requires
an ongoing supply of the corrosive element during loading. This, again, is an attribute of
stress corrosion failure.

In this paper, we intend to present a coherent, physically based view of high-

temperature cladding failure, based on the results of earlier work. We hope to show that
this problem can be treated within the single framework of the reaction rate theory. However,
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for the sake of brevity, we will employ mechanical property equations derived previously,
and which are equivalent to those based on the rate theory. Considerable simplifications,
achieved through comparison of the rate processes involved, allow ready calculation of

cladding failure properties without resorting to complicated computational methods. The
results of these simple calculations for the cases of unirradiated, irradiated-and-"fueled,"

and irradiated-and-"unfueled" cladding are compared to experimental results.

2. Analysis
2.1 Basic Equations and Results

In this paper we are chiefly concerned with high-temperature deformation and fail-
ure of cladding tubes. It is assumed that plastic deformation occurs by steady-state creep

and that failure is primarily caused by the steady-state propagation of intergranular cracks.
It has been observed by Monkman and Grant [8] that, typically, the steady-state creep rate,

€, and the rupture time, t,., have essentially the same temperature and stress dependence.
In this case tr is proportional to the reciprocal of the crack propagation rate 2. Hence,

if the creep rate can be described by an equation of the form

-Q
F- n c
=C o exp (ﬁT—> (1)
then it can be shown [9] that the steady-state crack growth rate can be expressed as
-Q
. m 3
L = By Kp.exp <§T—> : (2)
In these equations, o is the equivalent stress, KI is the linear elastic mode I stress

intensity factor, Q. is the apparent creep activation energy, Q, is the apparent activation
energy for crack propagation, T is the absolute temperature, R is the gas constant, and n,

m, By, and C, are constants. In these derivations [9], n=m and Q, = Q.. Equations (1) and
(2) enjoy wide empirical support for type 316 stainless steel [9].
It is interesting to note that these rates could be expressed in a form more in

keeping with the standard reaction rate theory, involving a stress dependent free energy of
activation, aG(c); i.e.,

Hy-oQ
Rate =« exp[- Aﬁé%l] = Ay exp [- Eﬁ—%fz—l ] . (3)

In Eq. (3) AHy is a constant enthalpy of activation, @ is the apparent activation volume,
and Ao is a constant. It can be shown [10] for 316 stainless steel that equations having the

form of Eqs. (1) and (2) can appear to be equivalent to Eq. (3) as descriptions of rate over
a range of ten orders of magnitude in rate. Proof of this equivalence is outside the scope

and required brevity of this paper, but it is stated here in order to illustrate the consis-
tency of the reaction rate theory as an approach to the problem at hand.
In our earlier work [2,3] Eqs. (1) and (2) were integrated simultaneously to obtain

approximate equations for the ductility at failure and the failure temperature as a function
of applied stress during a thermal transient. This involved accounting for the geometric

aspects of thin-wall tube deformation, and the effects of crack geometry and spacing as well
as grain-growth on the rate of crack propagation. As a result, the diametral failure strain

is given by
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+1
h C 2!1/2 (Tn )
= _0 3

= o 4
D By 2(n+1)  g«n/2 (4)
and the initial applied hoop stress by
2" 1 ( Qc) [ -2n] [L/n
oy =V Ty o expl—=) |1 - (1%ep) (5)
H0 3(n+1)/2 nC0 RT* D
where
F * Q.
* RT G
6 =6 +-2 S exp-—=2] . (6)
° 7 G <RT*)

In Egs. (4), (5), and*(s), h0 is the initial load bearing ligament thickness, G* is the crack
spacing at failure, T 1is the failure temperature, T is the transient heating rate, Qg is

the activation energy for recrystalization, GO is the initial crack spacing, and FO is a

rate constant. Calculations made with these equations were compared with the results of
transient tests performed on unirradiated tubes.

2.2 The Effects of Fast Neutron Irradiation

As has been stated, fast neutron exposure can serve to significantly reduce the

ductility of cladding deformed at high temperatures subsequent to irradiation. It was
assumed, in our earlier work, that neutron exposure does not affect the post-irradiation

creep behavior [Eq. (1)], but does influence the crack propagation rate [Eq. (2)]. After
careful examination of changes in the Dorn rupture parameter [11] accompanying various levels

of neutron fluence, it became apparent that shifts in this parameter could be accounted for
via a fluence-dependent decrease in the activation energy for crack propagation, Qﬁ. An

empirical fit, consistent with our previous assumptions, gives

(QC'QL)/R = 3.82 x 103 Kelvins [l-exp -—:12——-> (7)
1.5x1026

where ¢t is the neutron fluence in neutrons/m?2. The amount of decrease in Q, relative to

Q. saturates to a maximum value at a fluence of about 5 x 1026 n/m?, giving a minimum value

of Q, = 0.9 Q. The reduction in Ql can substantially reduce the ductility of irradiated
cladding as given by

(Qe-Qy)
-0y ] (®)

I
€p T €p &XP [‘ TRT
If one were using a rate equation of the type shown in Eq. (3), one could account for this

maximum reduction of 10% in apparent activation energy through an intensification of the
operative stress by a factor of ~1.5. A stress intensification of this magnitude is not

unreasonable if one considers the presence of irradiation-induced helium bubbles in the
grain boundary ahead of the propagating crack.

2.2 Fuel Adjacency Effects

Based upon experimental evidence, to which we alluded earlier, the fuel adjacency

effect can be viewed as a stress-corrosion phenomenon. Krausz [12] has examined extensively
the general use of the theory of rate processes to-study stress corrosion cracking. ‘We en-

visage crack propagation under these circumstances to involve two separate thermally activated
processes occuring in sequence: the chemical penetration of the corrosive element into
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cladding grain boundaries, and the process of creep failure. Creep fracture itself, as
described by Eq. (2), involves creep deformation, having an activation energy characteristic
of mass transport, followed by a bond-breaking process which is essentially temperature-
independent. Hence, creep flow, being the slower process, dominates the rate of crack prop-
agation. In this case, the work of failure involves plastic work which can be substantially
larger than just the energy to form new fracture surfaces [13]. It is assumed in this work
that the chemical penetration of the corrosive element, associated with fuel adjacency, re-
duces cladding grain boundary cohesion to the extent that creep flow, though essential [4],
is minimized. Hence, the work of failure is reduced to levels close to the true surface
energy.

In order to analyze the process of failure in the case of "fueled" cladding, one
must compare, quantitatively, the rate processes involved. It has been found [14] that the
activation energy associated with the chemical penetration rate of relevant cesium compounds
is QCH 20 k cal/mole. This is substantially lower than the activation energy for creep (mass
transport), Qc = 80 k cal/mole. Therefore, at temperatures where the rates of these two
processes are comparable, chemical penetration will occur faster in the low-temperature re-
gime. In fact, at temperatures ordinarily too low for intergranular creep failure to occur,
one can still expect chemical penetration to occur at a relatively rapid rate. This can be
seen by comparing curves (1) and (2) in Fig. 1. The point is that if chemical penetration
can weaken cladding grain boundaries to the extent that the creep fracture process is itself
speeded up [curve (3), Fig. 1], then intergranular stress corrosion cracking will be observed
at these lower temperatures. Curves (2) and (3) in Fig. 1 both represent intergranular fail-
ure controlled by creep. The process represented by curve (3) occurs only when chemical pen-
etration [curve (1)] is faster than both processes (2) and (3). Intrinsic intergranular creep
failure [curve (2)] is independent of chemical effects and will dominate the failure rate at
temperatures where curve (2) exceeds curve (1). There can be an intermediate temperature

range where intergranular stress corrosion failure is controlled by the low activation en-
ergy process [curve (1)].

We make approximate calculations of the effects of fuel adjacency on cladding fail-
ure properties by determining the extent to which chemical penetration can weaken grain boun-
daries and hence increase the crack growth rate . Most theories of creep crack growth that

lead to equations having the form of Eq. (2) are based on the work of Williams and Palmer [13].
He showed that the rate of growth of stable cracks is proportional to -i—-, where e is the

Ve

effective fracture surface energy. Hence, the constant B0 in Egs. (2) and (4) becomes B;/JZ;
In the high-temperature creep regime, y, can be as high as 10% J/m? for steel. If creep were
limited, so that the effective energy for fracture was reduced to the true surface energy,

Ye =y v 1 J/m?, the crack growth rate would be increased by a factor of ~100. Assuming
that the overall creep rate is unaffected by fuel adjacency, one would expect a reduction in
ductility by this factor in accordance with the observation of Monkman and Grant (8]. we
assume that this maximum effect on grain boundary decohesion occurs, in order to make bound
calculations of the failure properties of "fueled" cladding tubes. Hunter et al. (4] have
used the fracture surface energy parameter in treating failure of "fueled" cladding, but only

as yo relates to the Griffith criterion for the critical stress giving unstable crack growth.
We feel that stable intergranular crack growth models are more appropriate.
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3. Results and Discussion

The assumptions in this model lead to the expectation of constant creep ductility of
unirradiated cladding as a function of transient failure temperature provided that recrystal-
ization does not occur during the transient test.. A value of this constant ductility, epgp,
for unirradiated type 316 stainless steel loaded as pressurized tubes is required as input

for these calculations. The ductility for irradiated-"unfueled" and -"fueled" cladding is
calculated from the model. A value of no % 0.3 is extracted from tube burst experiments
performed by Yamada [15] on unirradiated tubes. These experiments were such that a uniform
temperature could be maintained along a reasonable section of tube length so that the ductil-
ity at the failure temperature measured a short axial distance from the failure site would
1ikely reflect the actual failure ductility. The short tubes used in HEDL [1] experiments,
performed on unirradiated material, could allow temperature gradients along the tube and
inaccurate estimates of failure ductility. The value reported by Yamada is also consistent
with the tensile creep ductility of this material. Incidentally, grain growth is observed

to occur during tests run to very high temperature [15]. This leads to a precipitous drop in

the ductility of unirradiated and irradiated tubes closely tied to the temperature dependence
of recrystalization [2,3].
Calculations of clad failure properties are made and compared to tube burst experiments

[16] performed on irradiated-"unfueled" and -"fueled" cladding tubes. These tests involve
maintaining a constant inert gas pressure in the tubes while heating them at a constant rate

until they fail. Figure 2 shows calculations of the ductility of transient tested tubes of
irradiated cladding material for fluences of 1, 5, and 10 x 1026 n/m2. The distinction be-

tween "unfueled" and "fueled" material is made simply by assuming the maximum effect of fuel
adjacency, namely a reduction in unirradiated ductility, 0o’ by a factor of 100. Ductility
data [}6] for transient tested tubes is also shown in the figure for comparison. Figure 3
shows the results of calculations made of the hoop stress as a function of failure tempera-

ture for the same fluence range in comparison with data. Ductility reductions caused both
by irradiation embrittlement and fuel adjacency result in decreased failure temperatures at

a given stress. In Fig. 4, the ratio of the strength of irradiated cladding to that of un-
irradiated cladding is shown as a function of neutron fluence both for the "fueled" and

"unfueled" cases. Once again, calculated values are shown in comparison with experimentally
determined ones.

4. Conclusions

Calculations have been presented of the failure properties of irradiated fast reactor

cladding tubes, including the effects of fuel adjacency. The overall reductions in calcu-
Tated failure temperature caused by irradiation embrittlement and fuel adjacency compare

quantitatively well with experimental results. The fact that the data is fit so well by
assuming a maximum reduction in grain boundary cohesion, as a model for fuel adjacency, is
perhaps because chemical penetration is fast relative to the rate controlling creep failure
mechanism. Justification has been made for the treatment of the failure of irradiated-

"fueled" and -"unfueled" cladding material deformed at high temperatures within the single
framework of the theory of rate processes.
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Figure 1.
Schematic, ITlustrating Three Processes
Contributing to the Intergranular
Crack Growth Rate. Curve (1) represents

the chemical penetration rate,
curve (2) intrinsic creep crack growth,
and curve (3) creep crack growth

enhanced by chemical penetration.
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Figure 3.

Calculated Hoop Stress vs. Failure Temperature
for Transient Burst Tests

Performed at 5.6 K/s. The solid curves represent
"unfueled" cladding and the dashed curves "fueled"
cladding. The data [16] are for cladding irradi-
ated to fluences of 3-4 x 1026 n/m2.
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Figure 2.
Calculated Diametral Failure Strain vs. Failure
Temperature for Transient
Burst Tests Performed at 5.6 K/s. The solid

curves represent the case of

irradiated and "unfueled" cladding and the dashed
curves the case of irradiated and "fueled"
cladding. Data bands for measured [6] ductility of
cladding irradiated to fluences of 2-6 x 1026 n/m?
are also shown.
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Figure 4.

The Calculated Ratio of the Strength of
Irradiated Cladding to that of

Unirradiated Cladding as a Function of Fluence
for, "Unfueled" (solid) and "fueled" (dashed)
Material Tested at 5.6 K/s. Open symbols
represent data on "unfueled" material. The

data [16] band for "fueled" material is also
shown.
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