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ABSTRACT

Tnis progress report summarizes work performed by the Materials Science
and Technology Division of Argonne National Laboratory during January, February,
an: March 1984 on water reactor safety problems related to fuel and cladding.
The research and development areas covered are Transient Fuel Response and
Fission Product Release and Clad Properties for Code Verification.
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EXECUTIVE SUMMARY

I. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASE®

The theoretical FASTGRASS-VFP model has been used in the interpretation
of fission gas, {odine, and cesium release from (1) irradiated high-burnup
IWR fuel in a flowing steam atmosphere during high-temperature, in-cell
heating tests performed at Oak Ridge National Laboratory and (2) trace-
irradiated IWKk fuel during severe-fuel-damage (SFD) tests performed in the
PBF reactor in Idaho. A theory of grain boundary sweeping of gas bubbles
has been included within the FASTGRASS-VFP formalism. This theory considers
the interaction between the moving grain boundary and two distinct size
classes of bubbles, those on grain faces and on grain edges, and provides a
means of determining whether gas bubbles are caught up and moved along by a
moving grain boundary or whether the grain boundary is only temporarily
retarded by the bubbles and then breaks away. The results of the analyses
demonstrate that intragranular fission product behavior during both types of
tests can be interpreted in terms of a grain-growth/grain-boundary-sweeping
mechanism that enhances the low of fission products from within the grains
to the grain boundaries. The FASTGRASS-VFP predictions, measured release
rates from the above tests, and previously published release rates are
compared and differences between fission product behavior in trace-
irradiated and in high-burnup fuel are highlighted.

8RSR PIN Budget No. A2016; RSR Contact : L. Chan.
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II. CLAD PROPERTIES FOR CCDE VERIF ICATION®

Zircaloy fuel cladding is susceptible to local breach-type failures
during power transients in LWRs because of stresses imposed by differential
thermal expansion of the fuel and cladding. 1In this program, the effect of
stress state, strain rate, and temperature on the deformation characteristics
of irradiated Zircaloy fuel cladding is being investigated to prcvide
mechanical-property information and a failure criterion for the cladding under
loading conditions conducive to pellet-cladding interaction (PCI). The
information will be used in the development of codes to analyze PCI in fuel
rods from power ramp experiments in test reactors, and to evaluate the
susceptibility of extended-burnup fuel elemer.cs and new fuel element designs

in commercial reactors to PCI failures during power transients.

Continued efforts in the TEM-HVEM examination of the brittle-type
PCl1-1ike failure produced in Big Rock Point fuel cladding by internal gas
pressurization at 325°C resulted in a direct observation of individual
dislocations decorated by Zr40 precipitates. This provides further evidence
that t. .ttle-type failures are associated with segregation of oxygen (present
ir the cladding material either as an alloying element or as a by-product of
in-reactor corrosion) to dislocations and radiation-induced defects, which
leads to the formation of a Zr;0 phase, an immobilization of dislocationms, and
eventually to a minimal plastic deformation in the material. A large number
of diffraction patterns were obtained from dislocation substructures of Big
Rock Point cladding that failed in a brittle manner and the patterns were
analyzed for the Zr40 superlattice reflections. From an analysis of the
resuite, the fraction of the number of diffraction patterns that contained the
superlattice reflections was determined and the fraction was denoted as the
s-parameter. The s-parameter provides a quantitative measure of the extent of
the Zr40 phase precipitation on and immobilization of dislocations in the
specimen. The value of the parameter was 0.62 for a specimen that failed in a
brittle manner and exhibited a large extent of the pseudocleavage plus fluting
feature (characteristic of a pellet-cladding interaction failure) on the
fracture surface. The parameter had a value of 0.09 for a specimen that

failed in s ductile wanner.

DRSR FIN Budger No. A2017; RSR Contact: H. H. Scott.
v



I. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASE

Principal Investigator:
J. Rest

A. Description of FASTGRASS-VFP Theory

!’-‘AS'I’GRASS--\'l'-'Pl'3 is a mechanistic computer model for predicting the

behavior of fission gas and volatile fission products (VFPs) in solid U0,~
based fuels during steady-state and transient couditions. The model
accounts for the effects of a number of processes on both the distribution
of fission products within the fuel and the amount released. These
processes include fission product generation; gas bubble nucleation and re-
solution; bubble migration and coalescence; interaction between I, G, Gs1,
and fission gas bubbles; chemical reaction between I, Cs, and fuel; channel
formation on grain faces; interlinked porosity on grain edges; and
microcracking. The present version of the theory models the fission gases
Xe and Kr; the volatiles I and (Gs; and the maicvr VFP reaccion products, GslI,
Cs,Mo0,, and Cs,U0,. Including the latter two reaction products can alter
the 6 and (G811 release predictions by up to 102.2 Fission products released
from the fuel are assumed to reach the pellet surface by successively
migrating from the grain interiors to grain faces and then to the grain
edges, with subsequent transport through a network of interconnected tunnels

and as-fabricated porosity.

The approach to modeling VFP chemistry in FASTGRASS-VFF is to assume
that the kinetics of the relevant reactione occur fast enough for a quasi-
equilibrium to be maintained. The following reactions are considered to

dominate I and Cs release characteristics:

Cs + I —+Csl; 208 + UOZ + 02 ——— CerOQ; and 2Cs + Mo + 202 —-——

The model for the VFP chemistry is based on the analvxis of Tam et al.,

which employs the laws of mass balance and mass action.”




FASTGRASS-VFP has recently been used” 1n the interpretation of fission

gas, iodine, and cesium release from (1) irradiated high-burnup IWR fuel in
a flowing steam atmosphere during high-temperature, in-cell heating tests
performed at Oak Ridge National Laboratory (ORNL) and (2) trace-irradiated
IWNR fuel during severe-fuel-damage (SFD) tests performed in the PBF Reactor
in Idaho. The results of these analyses demonstrat( % that intragranular
fission product behavior during both types of tests can be interpreted iu
terms of a grain-growth/grain-boundary-sweeping mechanism that enhances the
flow of fission products from within the grains to the grain boundaries.
Basically, the model assumes that small intragranular bubbles (consisting,
in general, of Xe, Kr, I, 8, and (81), and gaseous and VFP atoms in the
path of a growing grain, are swept up by grain boundary adhesive forces.
Such grain boundary sweeping provides another mechanism for the collection
of fission products at grain faces and edges. The grain growth model
employed in Ref. 5 is limited in that it depends only on temperature and
does not include the . rding effects of bubbles being swept along by the

moving grain boundary.

A theory of grain boundary sweeping of gas bubtles has been included
within the FASTGRASS-VFP formalism. This theory considers the interaction
between the moving grain boundary and two distinct size classes of bubbles,
those on grain faces and on grain edges, and provides a means of determining
whether gas bubbles are caught up and moved along by a moving grain boundary
or whether the grain boundary is only temporarily retarded by the bubbles
and then breaks away.

At temperatures of about 1900 A,G atomic mobilities in U02 result in an
enhanced migration of a-“oms from the convex t: the concave side of a curved
boundary. The atoms move toward the concave side of the boundary because in
that location, they are surrounded bty a sumewhat larger number of
neighboring atoms and thereby exhibit a lower effective energy state. The
et result of this atomic motion is shr’nkage of small grains with
predominantly convex surfaces and grovch of larger grains with coacave

surfaces.




Speight and Grmuood7 have proposed a grain growth theory which
includes the sweeping of entrapped microbubbles by the front of an advancing
grain boundary. The basic postulate of their theory is that small bubbles
exert a minimal drag force on an advancing grain surface and thus are swept
along with the moving boundary, while large bubbles detach from the
advancing surface because of their higher drag. To assess the et..~{ency of
bubble sweeping, they compared the magnitude of the force exerted by a
bubble on the boundary, i.e.,

Fb - 'RbYBb sin 2’ ’ (l‘l)

with the adhesive effects of the interfacial surface tensions, i.e.,

2y
By = & .2 (1.2)

where "b = bubble radius, e ® radius of curvature of the grain, rgb =
characteristic distance of bubble spacing, Ygb = grain boundary surface
tension, and ¢ = angle of contact between the bubble and the boundary.

Whereas Speight and Greenwood considered the effects of the moving
boundary interacting with a population of equal-sized bubbles, the present
theory includes the effects on the moving boundary of two distinct
distributions of butble sizes, those on the grain faces and those on the
grain edges. In addition, as FASTGRASS-VFP provides for a mechanistic
calculation of intra- and intergranular fission product behavior, the
coupled calculation between fission gas pehavior and grain growth is
kinetically comprehensive. The magnitude of the force exerted by the
bubbles on the boundary, or vice versa, depends on bubble radius and angle
of contact according to the relationship

e wlpvsbun 20, - wkzygbun 20! 5 (1.3)
where Fp and Ry are the bubble radii for grain face and grain edge bubbles,

respectively, and ¢, and ¢p are the corresponding angles of contact between
the bubbles and the boundary.



Assuming that the grain face and grain edge bubbles move by surface
dilfusion control, the velocity of these bubbles can be expressed as

3 %%, [ Mgy %
V’ = S —é— 8in ZQP exp 7 (1.4)
R
F
and
'
3 ‘ono 27*5 —!-
VB = T—Rs- —K‘r-— 8in ZQ!eX <t | (1.5)
E

where Vp and Vg are the velocities of the face and edge bubbles,
respectively, a, 1s the lattice constant, T is the absolute temperature, K
is Boltzmann's constant, Do is the preexponential factor for surface self-
diffusion of the matrix solid, and Es 1s the activation energy for this

process.

In order to determine the contect angles ¢p and ¢p iu Eqs. (1.4) ard (1.5),
the velocity of the moving grain boundary needs to be evaluated. The net
flux of atoms, J, across a curved grain boundary occurs because the binding
energy of the atoms i~ the matrix is somewhat higher on the concave than on
the convex side of the boundary. The net flux of atoms across the boundary
can be expressed as

J --%% exp (-Q/KT), (1.6)
o
where v is the frequency of vibration of an atom in the solid lattice
adjacent to the boundary, Q is the activation energy for grain boundary
motion, and AE is the difference in energy between atoms located on the
concave versus the convex side of the boundary. The velocity of the grain
boundary, ng, is the product of the flux J and the atomic volume, which is

approximately equal to the cube of the lattice constant :

vgb - "13 = va % exp (-Q/KT). (1.7)

The energy difference AE can be related to the intrinsic properties of
the curved grain boundary and to the sizes and numbers of gas bubbles



attached to the boundary. In the absence of differential strain between
adjacent grains, the intrinsic grain-boundary tension force is the primary
force acting on the boundary, and acts to move the boundary toward the
center of curvature of the convex grain. The gruin face and grain edge
bubbles exert a drag force in the opposite direction. If a section of grain
boundary with area Aﬂ;, moves a distance dx, the change in energy is

gy
3 (Agb) - K |ax,

where K is given by Eq. (1.3). The number of atoms displaced from one side
of the boundary to the other is

A  dx
5
ad
o

Dividing thie expression by the preceding one gives the energy change
per atom transferred across the boundary, AE:

3 p
S Zao b rkyrccin ZQP 3 tl!rcs..n 2‘!
rc ‘gb Agb

(1.8)

Inserting Eq. (i.8) into Eq. (1.7) yields the grain boundary velocity

22" 2y w2\ /r
v, o208 o (/) |1 - 172 =2 N < Jotn 24
g " T iy \ % F
2
L r
- A T'! 'R£ sin 24, | . (1.9)
gb E ¥

When the bubbles are widely spaced or very small, the second and third
terms in ti.e Lrackets in Eq. (1.9) are negligible compared to unity, and ng
reduces to the intrinsic velocity of the curved grain boundary. The second
and third terms in the brackets in Eq. (1.9) account for the retarding

effects of the bubbles on grain boundary motion.

If both the grain face and grain edge bubbles are swept along with the
moving boundary, then

Ve = Vg -Vsb . (1.10)



The first equality in Eq. (1.10) ylelds
sin 20!, sin 2‘!

%3 3 . (1.11)
ly R!
From Eqs. (1.9-=1.11), one obtains
2
Dr - Q " r
3 oc¢ 8 c
sin 2¢_ = exp +1/2 [— —
E |3 nZv KT Asb Ry
+1/2 ._._'Ri’ L _Rp\al-l (1.12)
Agb R, n!/ |

Since sin Z¢ cannot exceed unity, the condition for bubble detachment
is met when the right hand side of Eq. (1.12) exceeds unity. 1If this
condition is satisfied and Rp = Rg, both face and edge bubbles become
detached from the boundary. If Rp # Re. the larger bubble becomes detached
(we assume for the sake of this discussion that Rg > Rp) and the condition
that the smaller bubble be swept along with the moving boundary is examined
by requiring

which results in
-1

2
Dr nR s
3 oc¢ Es - Q )I F c
sin ZQP. 1 3 exp | - o5 1/2 (—Agb (_R . (1.13)

Rrv F

If the right hand side of Eq. (1.13) exceeds unity, then the smaller
bubble (Rp in this case) is also detached from the boundary. If the right
hand side of Eq. (1.12) or (1.13) 1s less than unity, both face and edge
bubbles, or just face bubbles, respectively, are swept along with the moving
boundary. The contact aagles ¢p and ép can be computed from Eqs. (1.11-
1.13) and used in Eqs. (1.4) and (1.5) or (1.9) to determine the bubble or
grain boundary velocity.

Ruel stoichiometry can have a pronounced effect on atomic mobilities in
vo, fuel and thus on grain growth kinetics. Dat.n8 on the diffusivity of
133%e 1n Woyy a8 a function of fuel stoichiometric condition show that
increased levels of oxygen in solution in U0, lead to observed increases in
the diffusivity of l”xg and aslr. For example, a change from lX)z.o to



U0, 12 can increase the diffusivity of l”Xe by more than two orders of
magnitude. Thus, the stoichiometry of the oxide can have a significant
impact on atomic mobility and grain growth characteristics. Indeed, for the
highly oxidizing enviromuea: of fuel exposed to steam flow at elevated
temperatures, ll)z can be expected to become hyperstoichiometric during the

course of a severe-core-damage accident.

To account for such oxidation effects, two values of the activation
energy, Q, are employed in the present version of FASTGRAS3S~VFP. For
stoichiometric W, ,, (nominal grain growth), Q = 357 kJ/mole. This value
of Q for stoichiometric fuel 1is close to the value of 360 kJ/M determined by
MacEwan and lhynhi.g For hyperstoichiometric (oxidized) fuel, the
activation energy is decreas«d to Q = 294 kJ/Mole, approxim:telv

proportional to the difference in activation energy between W, and Wy,
reported by Turnbull,’? This value of Q was determined by the requirement
that the integrated intragranular fission gas release as calculated by

FASTGRASS~VFP must be consistent with measured tot.l (end-of-tes:t) release

values for

SFD-ST.
dC b
As the boundary moves, the rate —d-é- at which fission products are

swept up by the moving boundary 15 proportional to the rate of change of the
volume of the grain; i.e.,

2
dC neC_D dD ueCIDiV b

-8 . Lt . Lte (1.14)

where Cr is the intragranular concentration of a fission product, D, 1is the
grain diameter at time t, and e 18 a factor that describes the grain

boundary sweeping efficiency. The factor e includes atomic vibrational and
minimum energy effects. The value of e 1s ase.med to be unity for the
fission gases, I, and GsI (in bubbles), and 0.6 for atomic Cs. The lower
value of e for Cs is consistent with the high chemical affinity of Cs for
U0,, other fission products, and metallic inclusions.

For each fission product, Eq. (1.14) provides one term in the overall
equations for the various dCI/dt and one term in the overall equations for



dcC

the varioue intergranular fission products, —d—:- (e.g., cee Ref. 3). The

bubble radii, the intra- and intergranular concentrations of the fission

products, the grain size, and the fraction of the grain boundary area
occupied by bubbles (wRPZ/Agb and 'RgzlAgb in Eqs. 1.9, 1.12 and 1.13) are
calculated as a function of time. The values employed for various
quantities used in Eqs. (1.4-1.5) and (1.9-1.13) are v = 1.0 x 10'2g"1,
r, = D,/2, Dy = 4 x 10° en?/s, and E, = 453.6 kJ/mole.

B. Fission Product Behavior in High-buraup Fuel during ORNL In-Cell
Heating Tests

Figures. 1.1 and 1.2 show FASTGRASS~VFP predictions of fission gas and
Cs release for ORNL tests HI-1 and HI-3.ll and compare them with the
corresponding measured quantities. Tests HI-1 and HI-3 were conducted for
30 min at 1673 K and 20 min at 2273 %+ 50 K, respectively, within a flowing
steam environment. The fuel specimens were 20-cm-long sections of H. B.
Robinson fuel rod irradiated to 28,000 MWA/MTU. In order to assess
correctly the state of the fuel prior to the test, a thermally and

mechanically ccupled model consisting of FASTGRASS-VFP and the LIFE~-IWR fuel
3

behavior code was used for the in-reactor irradiation period.” The total
gas released during the irradiation was about 0.2%.
5 0083 -~
oo wxx DATA e ¥ ta) 4% DATA e
. FAEORIDS <V . ] ~— FASTGRASS - v¥P e E
r 00e} T
3 ooz}t 1 g »
003
& ] |
§ case |
g g oozt i q,,-n.-ano-‘u.[ﬂ?’
- 1 1 £
. 1 2 oc‘-n.nr'-[—?' l?‘ 1
4 OO} 4
b e o
CASE =1
0 100 % BT T

Fig. i.1. FASTGRASS-VFP Predictions of (a) Fission Gas and (b) Cesium
Release during ORNL Test HI-1, Compared with Measured Values. 1In

(b), predictions are given for two values of the cesium diffusion
coefficient.
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Fig. 1.2. FASTGRASS-VFP Predictions of (a) Fission Gas and (b) Cesium
Release during ORNL Test HI-3, Compared with Measured Values.

The value of Q for stoichiometric U0, o was used for both test
simulations: This resulted in predictions of no grain growth for HI-l and a
26~45% increase in grain size for HI-3. These grain growth predictions are
consistent with microscopic observations. Figure 1.3 shows scanning
electron micrographs of H. B. Robinscn fuel specimens before and after test
HI-3; the grain size before transien:c heating was approximately 4.2 um,
whereas post-test examination indicates an ~50% increase in grain size.

More detailed microscopic results are presented in Ref. 12.

Very little fission gas and Cs release occurred during HI-Il (Fig. 1l.1).
Two curves for predicted Cs release are shown in Fig. l.lb; these correspond

to two different values of C8 diffusivity. The relatively high release

predictions were based on the Cs diffusivities reported by Matzké,13 while

the low release predictions were based on the assumption that the
diffusivities are the same for Cs as for Xe (r))(e is based on the data of

1“’). The Cs diffusivities used in earlier bxtudies“2 (based on the

Cornel
work of 01 and Takagi, as discussed in Refs. 1 and 2) result in Cs release
predictions for test HI-l which are a factor of ~3 larger than those
obtained with the diffusivities reported by Matzke., As the effects of

chemlical trapping are included in the FASTGRASS-VFP calculations (1.8., 1,
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CsZMoOA, and (bZUOA reaction products), and as the relatively low HI-1 test
temperatv-es preclude any appreciable grain growth, the predicted Deg
dependence of fission product release during the test should be physically
realistic. The results shown in Fig. l.lb suggest that equating DCS with
Dxe is the most reasonable assumption. Consequently, this value of DCs is

used in all subsequent calculations.

Fig. 1.3. Scanning Electron Micrographs of H. B. Robinson Riel (left)
before and (right) after ORNI Test HI-3.

In order to reflect the reported experimental uncertainty in
temperature for test HI-3, each part of Fig. 1.2 includes three predicted
curves, which correspond to test temperatures of 2273 % 50 K. Also shown in
Fig. 1.2 are the predictions of the theory in the absence of grain growth.
On the basis of the gocd agreement between theory and data for fission gas
and Cs release when a grain-growth/grain-boundary-sweeping mechanism is
operative (Fig. 1.2), and the agreement between predicted and observed end-
of-test grain size, it is concluded that grain boundary sweeping of fission
products is a key mechanism for moving fission products from within tle

grains to the grain boundaries under MI-3 test conditions.



This position is further supported by the agreement between the
FASTGRASS~VFP results for fission gas and Cs release am the data for test
HI~-/4“ shown in Fg. l.4. The fuel specimen for test HI-4 consisted of a
20.3-cr-long fuel segment from a rod which had been irradiated in the Peach
Bottom=2 reactor to about 10,100 MWd/MTU. Again, FASTGRASS-VFP/LIFE~LWR was
used to simulate the irradiation period prior to the transient test. About
9% fission gas release occurred from this rod during the irradiation. Test
HI-4 consisted of 20 min at a temperature of 2073 + 50 K in a flowing steam-
helium atmosphere. If the value of Q for stoichiometric mZ.OO is used and
an initial grain size of 6 um is assumed, the theory predicts an ~10%
increase in grain size. Again, this grain growth prediction is consistent

with microscopic obearvations. 12

0s
[ -
|

1
|

>
»

p———

—— 213K

. /* L o
.
— - 2073 K

Y
~

g
¥
-
g

o " SUNRE—— "
. ’,/zzrs-(nomomm
/ N

FRACTION RELEASED
o o
- -
L ISBSRIIN SIS N

™ n
TRANSIENT TIME lmin) ANSIENT TIME (min)

Fig. l.4. FASTGRASS-VFP Predictions of (a) Flssion Gas and (b) Cesium
Release during ORNL Test HI-4, Compared with the Measured Values.

It siwould be noted that whereas partial oxidation of the cladding was
observed after tests HI-3 and HI-¢ , no visual evidence of appreciable fuel
oxidation was detected.'? This result is consistent with the use of the
stoichiometric grain growth law within FASTGRASS~VFP for HI-1, HI-3, and
HI-4 test conditions.

Figure 1.5 shows FASTGRASS-VFP predictions of fission gas and Cs

11

release for test HI-2. The HI-2 test specimen was similar to those used
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in tests HI-1 and HI-3. Test HI-2 was conducted for 20 min at about 1973 K
in flowing steam. Metallographic examination!l»12 of the tested fuel
specimen rev2aled extensive fractures in the cladding, essentially complete
oxidation te Zr0,, and evidence of fuel-cladding interaction. Thus, 1t
seems likely that fuel oxidation did occur during test HI-2, in contrast to
tests HI-1, HI 3, and HI-4. Each part of Fig. 1.5 shows predicted curves
obtained with both the stoichiometric ("nominal”) grain growth activation
energy (maximum fuel temperature = 1973 K) and the hyperstoichiometric
("enhanced”) grain growth activation energy (maximum fuel temperature = 1973
%+ 50 K), as well as the predictions of the theory for the case of no grain
growth (maximum fuel temperature = 1973 K). For the cases where the
hyperstoichiometric grain growth activatior energy is used, the agreement
between theory and data is quite good. Thus, both the experimental results
available to date and the FASTGRASS-VFP analysis (Fig. 1.5) indicate that
the II)Z diffusivities were enhanced to some extent during test HI-2 owing to
U0, oxidation to LD

1973 K (NOMINAL GRAIN GROW TH)

973K (ND GRYN GROWTH) \
i 3
AR

%0 60 80 100
TRANSIENT TIME (ntd TRANSIENT TIME (min)

Fig. 1.5. FASTGRASS-VFP Predictions of (a) Fission Gas and (b) Cesium
Release during ORNL Test HI-2, Compared with the Measured Values.

C. Fiseion Product Behavior in Trace-irradiated Riel dutm SFD Tests in
the PBF Reactor

The SFD-ST uperhcntls consisted of a 32-rod bundle of PWR-type fuel
rods, 0.91 m long and enclosed in an insulated shroud. The bundle was
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subjected to a slow heatup (~2 h) in an oxygen-rich enviromient to shout
1400 K in the lower part of the fuel bundle and about 1800 K in the upper
portion of the bundle and then rapid heatup (~10 min) to 2400 K, followed by
a rapid quench and coolant reflood. Considerable cladding oxidation and
melting, fuel liquefaction, and fuel fragmentation occurred., The SFD 1-1
test!? also consisted of a 32-rod bundle, put the temperature transient
consisted of a rapid heatup (~30 min) in a steam-3starved environment to
2400 K followed by a slow cooldown (~20 min) without a rapid quench. The
effective burnup levels for SFD-ST and SFD 1-1 are 88.9 and 79.1 MWd/MTU,
respectively.

In Ag. !.6, the measured fission gas release rates for SFD-ST are
comrared with the release rates predicted by FASTGRASS-VFP on the basis of
both the stoichiometric (nominal) and hyperstoichiometric (enhanced) grain
growth activation energics. The enhanced grain growth activation energy,
which is assumed to be activated at the tir~ when the peak fuel temperatures
exceed 1900 K, gives rise to a release rate curve that simulates the ST data
quite well, whereas the nominal value of Q gives release rates that are
approximately an order of magnitude below the data at fuel temperatures
21900 K. Such differences in preqdicted release characteristics due to
grain-growth/grain-boundary-sweeping effects are further illustrated in
Flg. «7, which shows intragranular fission gas retention during SFD-ST as
predicted by FASTGRASS-VFP. If nominal grain growth occurs, the majority of
the fission gas is predicted to remain trapped within the grain interior,
with a total fractional retention of greater than 80 even as fuel
temperatures approach 2400 K. llove;rer, if the grain growth is enhanced
owing to fuel oxidation, a much larger fraction of the intragranular gas 1is
swept t g +in boundaries, with only ~10Z retention within grains at fuel
temperatures of ~2400 K. Such predictions clearly illustcate the important
influence of the grain-growth/sweeping process on the morphology and
attendant release behavior of gaseous and volatile fission products.

Pigure 1.8 shows FASTGRASS-VFP predictions of grain growth in the
hottest fuel region of SFD-5I for the cases of nominal and enhanced grain
growth, The theory predicts more than a twofold increase in grain size (for
a 10-ym initial grain size) when the hyperstoichiometric grain growth
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Fis. 1.6.

FASTGRASS~VFP Predictions of
Fission Gas Release Rates for
the SFD-ST Experiment, Compared
with the Measured Values and
Those Obtained from NUREG-0772.
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FASTGRASS~VFP Predictions of Fission
Gas Retained Intragranularly at the
Hottest Fuel Region during the SFD-ST
Experiment, Just Prior to Quench.

Pigo 1.8.

FASTGRASS~VFP Predictions of Grain
Growth in the Hottest Fuel Region
during the SFD-ST Experiment.
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activation energy is invcked. Since the steam flow conditions of the SFD-ST
scoping test produced an oxidizing enviromment, enhanced grain growth
appears appropriate for this analysis. The analysis is also consistent with
the fuel-oxidation-enhanced grain growth noted in the PBF-SFD scoping
te.t,ls where both Uy0qg precipitates and a substaatial increase in grain
size were noted upon post-test fuel examination.

In Table 1.1, FASTGRASS-VFP predictions for fission product release
during SFD-ST are compared with the measured values. The calculations shown
in Table 1.l were made by assuming that the requencl provided the
appropriate mechanisms (e.g., fuel fracturing) for the release of the
majority of the fission products predicted to be on the grain boundaries.

( FASTGRASS-VFP does not currently contain a model for requench-induced

processes, e.g., grain boundary fracturing.)

TABIE 1.1 FASTGRASS~VFP Predictions of Fission Product Release During
The SFD-ST Test, Compared with the Measured Values

Fraction Released

Fission FASTGRASS -V FP Collection Tank
Product Calculation Measurement
Xe 0.47 ~0.50
Cs 0.34 ~0.32
I 47 ~0.49

The agreement between the theory and the data shown in Table i.l is
very good. The theory predicts that in the absence of a requench (and fuel
liquefaction), very little fission product release would have occurred
during SFD-ST. The reason for this result is that owing to the low
concentrations of fission gas fn this trace-irradiated, low-burnup fuel,
very little interconnection of fission gas bubbles is predicted to occur on
the grain faces and along the grain edges. This 1s ir contrast to the ORNL
transient tests on high~burnup fuel described earlier. The relatively high
concentration of fission gas in the high-burnup fuel enables a high degree



FRACTIONAL RELEASE RATE (min"")

of bubble interconnection to occur, with subsequent venting of the retained
fission products.

In Ag. 1.9, the measured fission gas release rates for the SFD 1-l
test are compared with the release rates predicted by FASTGRASS-VFP for two
values of the maximum fuel temperature. The FASTGRASS~VFP predictions are
based on the stoichiometric (nominal) grain growth activation energy for
fuel temperatures <1900 K, and on the hyperstoichiometric (enhanced) grain
growth activation energy invoked at the time when the peak fuel temperatures
exceed 21900 K. A fuel temperature of ~1900 K occurs at ~32-35 minutes into
the accident, as is shown in Fig. 1.10. The predicted release rates are
seen to increase dramatically upon the initiation of grain-growth~induced
sweeping of entrapped Antragranular bubbles to grain boundaries. Without
such grain-growth-induced sweeping, little gas release is predicted for such
low-burnup fuel. It is of particular interest to note that the
hyperstoichiometric grain growth activation energy for equiaxed grain growth
simulates the test dats rather well. Such calculations clearly illustrate
the point that for low-burnup fuel, the majority of the fission products
remain trapped within the grain interior until elevated temperatures cause

sweeping of fission products to grain surfaces and open pores.
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Although the Initial release characteristics are mod:lad fairly well by
FASTGRASS-VFP, the total fractional release for the SF 1-1 test is under-
predicted by an order of magnitude (i.e., 2% total predicted release versus
=20% measured release for tie test). This is attributed to the fact that
during grain growth, the fission gases are predicted to be swept to grain
boundaries, where the majority of such gas is trapped. Owing to the absence
of quench-induced grain separation in the SFD 1-1 test, and the fact that
FASTGRASS~VFP does not currently model the gas release that accompanies fuel

1iquefaction.l6

the model predicts gas accumulation at grain surfaces. In
actuality the following morphology sequence, leading to fission product
release for the SFD l-1 test, appears probable: (1) initial high gas
retention within individual grains dwe to entrapment of gaseous fission
products as individual atoms or intragranular microbubbles, with negligible
gas release; (2) grain-growth-induced intragranular microbub.le sweeping to
grain boundaries at temperatures above ~19J00 K, with gas accumulaticn at
grain boundaries and initiation of slow gas release; and (3) destruction

the grain boundary structure by fuel liquefaction (not currently modeled

FASTGRASS-VFP), with attendant rapid gas release.

This suggested sequence of events 1s supported by the FASTGRASS-VFF
prediction of retained intragranular gas in test SFD l-1 in the absence of
fuel liquefaction (for a fuel region ~1/4 L from the bottom of the rod,

where L is rod length), shown in Fig. l.11. The predictions represented by
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the dotted curves are based on the stoichiometric (nominal) grain growth
activation energy, which is invoked for temperatures <1900 K, and the
hyperstoichiometric (enhanced) grain growth activation energy, which is
invoked when the peak fuel temperature exceeds 1900 K; predictions are given
for two values of the maximum fuel temperature (2050 and 2400 K). Also
shown in Fig. 1.1l are the pradictions of the theory for the case of nominal
grain growth with maximum fuel temperature = 2050 K (solid curve). For the
situation of fuel-oxidation-enhanced grain growth, a large fraction of the
intragranular gas is swept to grain boundaries, wi.h only ~48 and

~12% retention within grains at the end of the transient for the cases where
the maximum fuel temperatures are 2050 and 2400 K, respectively.

Figures 1.6 and 1.9 also show fission gas release rates as a function
of fuel temperature for the SFD-ST and SFD l~1 tests, respectively, as
calculated from the temperature correlations given in NUREG-0772.17 s
indicated earlier, the FASTGRASS-VFP-predicted and measured release rates
agree quite well; however, these rates are about 4 orders of magnitude lower
than the predicted rates based upon the NUREG-0772 temperature
correlations. This discrepancy 1s due, in part, to the fisefon product
morphology characteristics of the trace-irradiated fuel employed in the
SFD-ST and SFD 1-1 tests. The NUREG~0772 correlations were developed
primarily from release experience for medium- to high-burnup fuel under
relatively isothermal test conditions; in contrast, the SFD-ST and SFD 1-1
tests were non-isothermal, and the fuel used in these tests was essentially
fresh (except for the development of a small inventory of flssion nroducts
at an effective burnup level of approximately 0.0089 atom-percent).
FASTGRASS~VFP analyses indicate that for trace-~irradiated fuel, the vast
majority of both fission gases and volatiles (I and Cs) are still retained
within the interior of individual grains either as individual atoms or as
newly nucleated intragranular microbubbles. FASTCRASS-VFP calculations
indicate that such morphology will exist until grain growth causes the
sweeping of intragranular microbubbles to grain boundaries. Since grain
growth sormally requires fuel tempers*ures in excess of 1900 K, significant
release during the heatup phase of thase PBF/SFD tests is precludad. Only
when temperatures above 1900 K cause destruction of the grain boundary
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structure (by eutectic fuel melting and/or quench-induced processes such as
grain boundary fracturing) 1is significant release predicted for such low-
burnup fuel.

The effect of burnup on fiss‘on product release and grain growth is
further demonstrated in Figs. 1.12 and 1.13, respectively, which show
FASTGRASS~VFP predictions for SFD 1-1 accident conditions as a function of
as~irradiated burnup. Fission gas release during the accident is predicted
to increase dramatically as the as irradiated burnup is increased from 0.0l
to ~3 at.X (see Fiy. 1.12). However, above ~3 at.Z burnup, the predicted
fission gas release decreases and tends to saturate at a relatively constant
value. The reason for the dramatic increase in gas release for burnups
between 0.01 and 3 at.X s that the higher burnup fuel has an increased
development «f fission gas bubbles on the grain boundaries, which provide an
increased degree of interconrection to a free surface. At burnups >3 at.X,
however, the fissicn gas release is limited by a substantial dscrease in the
grain boundary sweeping ol intragranular gas to the grain surface; this is
due to a decrease in the predicted grain growth, which is a consequence of
the increased development of fission gas bubbles on the grain boundaries
(see Fig. 1.13).
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A conclusion that can be drawn from the above analyses is that rapid
fission gas release processes such as liquefaction and those induced by a
requench, although very important at low burnup <0.5 at.X), will not have as
significant an effect on the release of fission products at high burnup
(>0.5 at.Z2).

D. Conclusions

The results of the FASTGRASS-VFP analysis indicate that for the SFD-ST
and SFD 1-1 tests, the sequence of events leading to fission product release
appears to be as follows: (1) initial high fission product retention within
individual grains due to entrapment of fission products as individual atoms
or intragranular microbubbles, with negligible release; (2) grain-growth-
induced intragranular atomic and microbubble sweepir to grain boundaries at
temperatures in excess of 1900 K, with attendant bubble growth and gas
accumulation at the grain boundaries and initiation of slow gas and VFP
release; (3) destruction of the grain boundary structure via fuel

liquefaction and/or quench-induced processes (e.g., grain-bouandary

fracturing), with attendant rapid intergranular gas release.

FASTGRASS~VFP theory correctly predicts the fission product behavior of
high~burnup fuel during the ORNL high-temperature healing tests. The
results of the analysis indicate that a grain-growth/grain-boundary-sweeping
mechanism is responsible for the relatively large intragranular fission
product release predicted to occur during the majority of these tests.
FASTGRASS-VFP-predicted grain sizes for tests HI-1, HI-2, HI-3, and HI-4 are
in reasonable agreement with grain growth ohservations made on the tested
fuel. The measured grain growth for the high-burnup fuel used in these ORNL
high-temperature heating tests i{s substantially less than the observed grain
growth for tne VABF tests on trace-irradiated fuel. These results are
Interpreted in the context of the theory for grain-growth/grain-boundary-
sweeping in that the accumulation of fission products on the grain

boundaries of high-burnup fuel retards grain boundary movement.

The results of FASTGRASS-VFP Analyses Iindicate the inapprcpriateness
nxtrapolating the NUREG-0772 correlations, which are based primarily upon
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medium~to high-burnup data, to determine release characteristics fcr the
trace-irradiated fuel employed in the PBF tests. This is because at
extremely low burnup, there does not exist a sufficient inventory of fission
gases to precipitate the development of a network of interconnected porosity
necessary for gas release from the fuel interior to the pellet surface.

Only upon initiation of enhanced grain growth at elevated temperatures
(»1900 K), and destruction of the grain boundary structure by liquefaction
and/or quench-induced processes, would significant release be e.pected for
these low-burnup conditions.
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II. CLAD PROPERTIES FOR CODE VERIFICATION

Principal Investigators:
H. M. Chung, F. L. Yaggee, and T. F. Kassner

The Zircaloy cladding of fuel rods in light-water-cooled reactors is
susceptible to local breach-type failures, commonly known as pellet-cladding
interaction (PCI) failures, during power transients after the fuel has
achieved sufficiently high burnup. As a result of the high burnup, the zap
between the U0, fuel pellets and the cladding is closed and highly localized
stress is believed to be imposed on the cladding by differential thermal
expansion of the cracked fuel and cladding during power transients. 'n
addition to the localized stress, a high-burnup fuel cladding is also char-
acterized by high-density radiation-induced defects (RID), mechanical
constraints imposed by pellet-cladding friction, compcsitional changes (e.g.,
oxygen and hydrogen uptake associated with in-service corrosion), and geo-
metrical changes due to creep-down and bowing. It is possible that syner-
gistic effects involving more than one of the above factors influence the
deformation ard fracture of the in-reactor fuel cladding, e.g., strain aging
associated with impurity or alloying elements, irradiation- or stress-induced
segregation of the elements and subsequent formation of non-equilibrium
phases. Although mechanisms of stress corrosion cracking (SCC) associated
vith volatile fission products such as 1 and liquid metal embrittlement (LME)
associated with an element such as Cd have been well established for local
breach~type failures of irradiated and unirradiated Zircaloy cladding under
out-of-reactor simulation conditions, conclusive evidence of these processes
is not yet available for in-reactor PCI failures. Consequently, to provide s
better understanding of the PCI phenomenon, we have undertaken a mechanistic
study c¢f the deformation and fracture behavior of actual power-reactor fuel

cladding discharged after a high burnup.

In this program, the effect of temperature, strain rate, and stress
localization on the deformation and fracture characteristics of Zircaloy
cladding from spent-fuel rods is being investigated by means of internal
gas-pressurization and mandrel-loading experiments in the absence of simulated
fission product species. The deformed and fractured specimens of spent-fuel
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cladding are then being examined by optical microscopy, scanning electron
microscopy (SEM), tramsmission electron microscopy (TEM), and high-voltage
electron microscopy (HVEM). The results of microstructural and fracture-
property investigations will be used to develop a failure criterion for the
cladding under PCI-type loading conditions. The information will be incor-
porated into fuel performance codes, which can be used to evaluate the
susceptibility of extended-burnup furl elements in commercial reactors to PCI
failures during power transients in lster cycles, and to evaluate cladding
performance and reliability of new fuel-element designs. An optimization of
power ramp procedures to minimize cladding failures would result in a sig=-
niticant decrease in radiation exposure of plant personnel due to background
and airborne radioactivity as well as an extension of core life in terms of

aliowable off-gas radioactivity.

A. Observation of Zrq0 Precipitates on Dislocation Substructures
(H. M. Chung$

1. Introduction

It has been reported previously that spent-fuel . ladding specimens
that failed in a PCl-like brittle manner were characterized by small failure
strains, a large extent of pseudocleavage plus fluting in the fracture
surface, and a very low dislocation demity.l It was also shown that the Zr30
phase was observed primarily in associaticn with dislocation substructures of
a specimen that failed in a brittle manner.) Dark-field morphologies obtained
from the Zr40 supcrlattice reflectiuns showed that the dislocations were deco-
rated by small Ze40 precipitates.z In this reporting period, a large number
or diffraction patterns, which were obtairned from the dislocation substruc-
tures of brittle-type failure specimens, were analyzed fur the superlattice
reflections. As a result, the fraction of the number of diffraction patterns
that contained the superlattice reflections were determined out of a total of
~40 patterns. The fraction, designated as an s-parzmeter, is an indication of
the extent of the Zr40 phase precipitation on and immobi.ization of the dislo-

cations. The parameter is useful, in that it can be coirelateé 7juantitatively
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with the fracture characteristics of the specimen, e.g., the Fp-para-eter
which defines the extent of penetration of pseudocleavage plus fluting on the

fracture surface.l

2. s-parameter of the Big Rock Point Cladding Specimen 165AE4B

The Big Rock Point cladding tube 165AE4B failed at 325°C in a
prittle~type manrer during internal gas-pressurization loading. The pseudo-
cleavage plus fluting failure, characteristic of a pellet-cladding-interaction
failure, penetrated up to 78% of the wall thickness at the failure site, i.e.,
Fp = 0.78.! TEM-HVEM examination of a thin-foil specimen (adjacent to the
failure site) revealed a very small density of dislocations compared to other
specimens that failed in a ductile manner (i.e., specimens with Fp = 0).l
Selected-area diffraction patterns of the area containing the dislocation
substructures of the specimen usually showed the Zr;0 superlattice reflec-
tions. A few typical examples are shown in Figs. 2.1 and 2.2, which were
obtained from 1-MeV HVEM and 100-keV TEM, respectively. Numerous superlattice
reflections are shown in the indexed diffrac*ion patterns of Figs. 2.1(C) and
2.2(B). From the dark-field images of Figs. 2.1(D) and 2.2(C) and (D), it can
be observed that the individual dislocations are decorated by small Zr,0

particles of the order of 10 nm (100 A) or less in size.

The results of diffraction analyses for the presence of Zr;0 super-
lattice reflections, similar to those of Figs. 2.l and 2.2, are summarized in
Table 2.1. Overall, the results in Table 2.1 indicate the extent of Zr;0
precipitation on the dislocation substructures and the immobilizatior of the
dislccations in the specimen. Out of a total of 39 selected-area diffraction
patterns analyzed, 24 contained superlattice reflections. This corresponds to

61.5%2, 1i.e., an s-parameter of 0.615, for the 165AE4B specimen.

A preliminary result from a similar analyois of the 165AE4A speci-
men, which failed in a ductile manner (i.e., Fp = 0),l vielded an s-parameter

of ~0.097. Detailed results for the specimen will be reporied in the next
reporting period.
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TABLE 2.1. Summary of TEM~HVEM Analyses of Zr40 Superlattice Reflections
Observed in Association with Dislocation Substructures in the
Big Rock Point Spent-Fuel Cladding Specimen 165AE4B Which Failed
in a Brittle Manner at 325°C by Internal Gas Pressurization®

Identification No. Identification No. Observed Zr40 Dark-Field
of Selected-Area of Selected-Area Superlattice Image
Diffraction Pattern Bright-Field Inageb Reflections® Available
34350 34348 544, 545, 722, 002
723, 814, 813,
812
34132 34131 802, 803, 804, 002
805, 806
8606 8605 None
34137 34136 324, 325, .26, 327 002
34141 34130 802, 803, 804,
805
34143 34142 802, 803, 804
425, 426, 427, 428
34145 34144 324, 325, 326,
327
34583 34582 540, 541, 542, 002
312, 313, 310,
311, 312, 313
35275 35273 420, 421, 422, 002

423,
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TABLE 2010 (Contdo)

Identification No. Identification No. Observed Zr30 Dark-Field
of Selected-Area of Selected-Area Superlattice Image
Diffraction Pattern  Bright-Field Image® Reflections® Available
34579 34577 430, 431, 432, 002
320, 321, 3%,
323, 404, 403,
514, 513, 012,
102, 212, 024,
114, 204, 314,
504, 505, 426,
427, 216, 106,
016, 126, 713,
712, 611, 610
611
33312 33310 None 002
34296 34294 626, 627, 424, 002, 215
425, 426, 427,
315, 316, 317
6089 6087 None 002
34587 — 430, 431, 432,
321, 322, 323,
34285 34284 832, 831, 830 002
34590 34589 None 002
35290 35289 432, 431, 430,
431, 432
35292 35291 None
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TABLE 2.1. (Contd.)

Identification No. Identification No. Observed Zr,0 Dark-Field
of Selected-Area of Selected-Area Superlattice Image
Diffraction Pattern Bright-Field Image® Reflections® Available
35294 35293 None
35298 35297 None
35300 35299 800, 801, 802
35302 35301 424, 423, 427,
421, 420, 421,
422, 423, 424,
425
35305 35304 432, 431, 430,
431, 432, 433,
311, 312, 313,
314, 315, 316
35307 35306 722, 723, 72%,
801, 800, 801,
802
35309 35308 None
8593 8590 017, 018, 019, 002

0110, 0111, 019,

0110, 0111




TABLE 2.1. (Contd.)

Identification No. Identification No. Observed Zr40 Dark-Field
of Selected-Area of Selected-Area Superlattice Image
Diffraction Pattern Bright-Field Inngeb Reflections® Available
34975 34964 621, 622, 623, 002
624, 421, 422,
423, 514, 515,
516, 315, 316,
612, 613
34358 34361 433, 434, 435
34587 - 432, 431, 430,
323, 322, 321
34589 34586 None
27172 27174 None
8039 8038 None
8049 8047 407, 408, 409, 002

4010, 4011, 435,

436, 437,

439, 4310, 4311,

4312, 4313, 317,

318, 319,
316, 317,
319

438,

315,

8For information on burnup, fluence, mechanical test conditions, SEM
fractographic, and metallographic characteristics, see Ref. 1.

right-field image of the selected area containing the dislocation sub-

structures.
“Denoted in Miller indices.
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