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j ABSTRACT

1

This progress report summarizes work performed by the Materials Science
and Technology Division of Argenne National Laboratory during October, November,

j and December 1984 on water reactor safety problems related to fuel and
j cladding. The research and development areas covered are Transient Fuel

i Response and Fission Product Release and Clad Properties for Code Verification.
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EXECUTIVE SUMMARY

1. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASE"
i

1

! The theoretical FASTGRASS-VFP model has been used in the interpretation

]
of fission gas, iodine, tellurium, and cesium release from (1) irradiated

j high-burnup LWR fuel in a flowing steam atmosphere during high-temperature,
in-cell heating tests performed at Oak Ridge National Laboratory and (2)2

trace-irradiated and high-burnup LWR fuel during severe-fuel-damage (SFD)

tests performed in the PBF reactor in Idaho. A theory of grain boundary4 ,

sweeping of gas bubbles, gas bubble behavior during fuel liquef action
,

(destruction of grain boundaries due to formation of a U-rich melt phase),
.

and U-Zr eutectic melting has been included within the FASTGRASS-VFP

formalism. The grain-boundary-sweeping 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

)
I 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 theory of the effects of fuel liquefaction and U-
t Zr eutectic melting on fission product behavior considers the migration and
1
! coalescence of fission gas bubbles in either molten uranium, or a Zircoloy-

! uranium eutectic melt. Results of the analyses demonHtrate that intra"

granular fission product behavior during both types of tests can be inter-

preted in terms of a grain-growth / grain-boundary-sweeping mechanism that

) enhances the flow of fission products from within the grains to the grain
<

boundaries. Whereas fuel liquefaction leads to an enhanced release of
'

.

j

1 *:

i

aRSR FIN Budget No. A2016; RSR Contact: L. Chan.
i
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f fission products in trace-irradiated fuel, the occurrence of fuel lique-
faction in high-burnup fuel can degrade fission product release. This
phenomenon is due in part to reduced gas-bubble mobilities in a viscous

j medium as compared to vapor transport, and in part to a degradation of grain
growth rates and the subsequent decrease in grain boundary sweeping of
intragranular fission products into the liquefied lamina. The analysis

'
shows that total UO dissolution due to eutectic melting leads to increased2

release for both trace-irradiated and high-burnup fuel. The FASTGRASS-VFP4

predictions, measured release rates f rom the above tests, and previously
published release rates are compared and dif ferences between fission product

'

behavior in trace-irradiated and in high-burnup fuel are highlighted.

|
DII. CLAD PROPERTIES FOR CODE VERIFICATION

!

; Zircaloy fuel cladding is susceptible to local breach-type failures
during power transients in LWRs because of stresses imposed by dif ferential

q thermal expansion of the fuel and cladding. In this program, the effect of

stress state, strain rate, and temperature on the deformation characteristics

of irradiated Zircaloy fuel cladding is being investigated to provide
J mechanical-property information and a failure criterion for the cladding under

loading conditions conducive to pellet-cladding interaction (PCI). The
j 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 elements and new fuel element designa

.1

in commercial reactors to PCI failures during power transients.

!
! TEM microstructural characteristics of the H. B. Robinson Zircaloy-4

cladding tube 217A4G, which failed in a brittle manner during an expanding- !

mandret test at 325'C, have been described in the previous reporting period,
The microstructure of the brittle specimen was characterized by copious bulkt

precipitates of cubic Zr02 and hydride, <10 and 35-100 nm in size, respec-;

( tively. The bulk hydride was identified in this reporting period to be fec
6 hydride. The characteristic structures containing the cubic-Zr02 and
6-hydride precipitates were also observed in Zircaloy-2 cladding specimens

..

I
bRSR FIN Budget No. A2017; RSR Contacts 11.11. Scott.
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!

!
j 165AG10 and 165AE4B from the Big Rock Point Reactor, which failed in a brittle

-

manner during' internal gas pressurization tests. Stereopairs of weak-beam
dark-field images were analyzed to show the bulk nature of the cubic-Zr02 and
6-hydride precipitates by the "2ht icroscopy" technique. !

j

i

j Some TEM thin-foil specimens from tubes that exhibited brittle-fracture
behavior were' irradiated with 1-MeV electrons in the HVEM at 325'C in a vacuum

{ of -1.3 x 10-0 Pa. The in-situ irradiation experiment showed that radiation-

induced precipitation of Zr30 and cubic Zr02 occurs at 325'c in the specimens.i

However, neither precipitation nor dissolution of the 6 hydride was observed

} during the HVEM irradiation; thus, the 6 hydride presumably forms by thermal r

1
aging.

.,

!

Several Zircaloy cladding sections and metallographic specimens that
contain actual PCI defects produced during operation of a commercial power .

f reactor were obtained. A microstructural evaluation of these specimens will

be performed to identify the phases present in the material for comparison'
,

'

with results obtained on irradiated material that exhibited brittle-fracture,

behavior in the internal gas pressurization and mandrel-loading experiments. j

)
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s I. TRANSIENT FUEL RESPONSE AND FISSION PRODUCT RELEASE

Principal Investigator:
J. Rest

A. Grain Boundary Sweeping and Liquefaction-induced Fission Product
Behavior in Nuclear Ebel Under Severe Core Damage Accident Conditions

(J. Rest and S. A. Zawadzki)

1. FASTCRASS-VFP Model for Crain-Growth / Grain-Boundary-Sweeping

I-3FASTGRASS-VFP is a mechanistic computer model for predicting the

behavior of fission gas and volatile fission products (VFPs) in solid UO -2

based fuels during steady-state and transient conditions. The model ac-

counts 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, Cs, CsI, and fis-
.

sion gas bubbles; chemical reaction between I, Cs, and fuel; channel forma-

tion on grain faces; interlinked porosity on grain edges; and microcrack-

ing. The present version of the theory models the fission gases Xe and Kr;

the volatiles I, Cs, Te; and the major VFP reaction products, CsI, Cs2 o0 ,M 4

and Cs2UO . Including the latter two reaction products can alter the Cs and4

Cs1 release predictions by up to 10%.2 Fission products released from the
,

'fuel are assumed to reach t'- pellet surf ace by successively migrating f rom
Ithe grain interiors to grain faces and then to the grain edges, with

subsequent transport through a network of interconnected tunnels and as-

fabricated porosity. |

4FASTGRASS-VFP has recently been used ,5 in the interpretation of

fission gas, iodine, cesium and tellurium release from irradiated high-
burnup 1RR fuel in a flowing steam atmosphere during high-temperature, in-
cell heating tests performed at Oak Ridge National Laboratory (ORNL), and

,

trace-irradiated and high-burnup INR fuel during severe-fuel-damage (SFD)
tests performed in the PBF Reactor in Idaho. The results of these analyses

.

demonstrated that intragranular fission product behavior during both types
of tests can be interpreted in terms of a grain-growth / grain-boundary-
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sweeping mechanism that enhances the flow of fission products f rom within .

the grains to the grain boundaries. Basically, the model assumes that small j

intragranular bubbles (consisting, in general, of Xe, Kr, I, Cs , and Cs I) ,

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.

5The FASTGRASS-VFP theory of grain boundary sweeping of gas bubbles

considers the interaction between the moving grain boundary and two distinct
size classes of bubbles, those on grain faces and on grain edges, and pro-
vides a means of determining whether gas t .bbles are caught up and moved

along by a moving grain boundary or whether the grain boundary is only tem-
porarily retarded by the bubbles and then breaks away.

~

6Speight and Greenwood proposed a grain growth theory which in-
cludes the sweeping of entrapped microbubbles by the f ront of an advancing
grain boundary. The basic postulate of their theory is that small bubbles

'

exert a minimal drag force on an advancing grain surf ace and thus are swept
along with the moving boundary, while large bubbles detach from the ad-
vancing surface because of their higher drag. To assess the ef ficiency of
bubble sweeping, they compared the magnitude of the force exerted by a
bubble on the boundary, i.e.,

T sin 24 (1.1)
F3 = wRb gb ,

with the adhesive effects of the interf acial surf ace tension, i.e.,

F *"#gb " '
r gb
c

b = bubble radius, y b " grain boundary surface tension, 4 = angle ofwhere R g
radius of curvature of thecontact between the bubble and the boundary, r =

c
.

grain, and 2r b = characteristic distance of bubbla spacing.g

'

Whereas Speight and Greenwood considered the effects of the moving

boundary interacting with a population of equal-sized bubbles, the present
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theory includes the ef fects on the moving boundary of two distinct dist ribu-e

tions of bubble sizes, those on the grain f aces and those on the grain
edges: the motion of the moving boundary is retarded by the presence of
both grain face and grain edge bubbles. In addition, as FASTGRASS-VFP pro-

vides for a mechanistic calculation of intra- and intergranular fission

product behavior, the coupled calculation between fission gas behavior and
grain growth is kinetically comprehensive. The magnitude of the total force

exerted by the bubbles on the boundary, or vice versa, depends on bubble
radius and angle of contact according to the relationship

Fb = wR N y sin 2$f + wR N y sin 2$ 5NF +NF, (1.3)gg gg

where the subscripts f and e denote grain face and grain edge bubbles,

respectively; Rg and R, are tk corresponding bubble radii; Ng and N aree

the corresponding numbers of bubbles; (f and 4, are the corresponding angles,

of contact between the bubbles and the boundary; and Ff and F, represent,
respectively, the forces exerted by a grain face and grain edge bubble on

.

the boundary.

The velocity of these bubbles can be determined from the individual

forces on the bubbles by utilizing the Nernst-Einstein equation. Assuming
that the grain face and grain edge bubbles move by surface dif fusion con-
trol, the velocity of these bubbles can be expressed as

f
gf 3 a D, 2y IDF

f-E,f
\

Vg= g 4 3 1 kT / ("'" # exp= *
f kT

R
f

and

4
DF aD f2y i f-E i
*

V, = (1.5)'" 4 *P"

kT 3 kT j kh ,

i e 3R
e

where Vf and V,, and Df and D, are the velocities and dif fusion coef ficients
of the face and edge bubbles, respectively, k is Boltzmann's constant, T is

.

the absolute temperature, a is the lattice constant, D is the preexponen-o o

tial factor for surface self-diffusion of the matrix solid, and E, is the
activation energy for this process.

1



O

)
In order to determine the contact angles $g and $, in Eqs. (1.4) y

and (1.5), the velocity of the moving grain boundary needs to be evalu-
ated. At temperatures of about 1900 K, atomic mobilities in 002 result in
an enhanced migration of atoms f rom the convex to the concave side of a
curved boundary. The atoms move toward the concave side of the boundary
because in that location, they are surrounded by a somewhat larger number of

neighboring atoms and thereby exhibit a lower ef fective energy state. In

other words, the net flux of atoms, J, across a curved grain boundary occurs
because the binding energy of the atoms in the matrix is somewhat higher on
the concave than on the convex side of the boundary. The net result of this
atomic motion is shrinkage of small grains with predominantly convex sur-
f aces and growth of larger grains with concave surf aces. The net flux of

Iatoms across the boundary can be expressed as

J= exp (-Q/kT), (1.6)
-

a

where v is the frequency of vibration of an atom in the solid lattice
~

adjacent to the boundary, AE is the dif ference in energy between two atoms
located on opposite sides of the boundary, and Q is the activation energy
for grain boundary motion. The velocity of the grain boundary, Vgh, is the

product of the flux J and the atomic volume, which in approximately equal to
the cube of the lattice constant:

Vgb = Ja, = va, exp (-Q/kT). (1.7)

The energy dif ference 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 dif ferential 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 grain f ace and grain edge
bubbles exert a drag force in the opposite direction. If a section of grain

~

boundary with area Agb moves a distance dx, then

2T
.

gb (Agb)-P d*' (I'8)AE = br
C

. .
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where F is given by Eq. (1.3). The first term in the brackets in Eq . (1.8)b,

represents the adhesive ef fects of the interfacial surf ace tension, i.e.,

F f Eq . ( 1. 2 ) . The number of atoms displaced from one side of thegb
boundary to the other is

Agb *
*

,3
o

Dividing this expression into the preceding one gives the energy

change per atom transferred across the boundary, AE:

1 2a y f 3R N'r sin 2$ wR N r sin 2$*IN * *** (1.9)AE = I- -
.

^b ^b )
#
c

4
g g

Inserting Eq. (1.9) into Eq. (1.7) yields the grain boundary
i velocity

[wN R I fr I2a vy,

exp (-Q/kT) 1 - 1/2 ""V
Eb " T A fc 1 gb ) \ f)

_

*

[sN R I Ir 1
~

- 1/2 d**
(1.10)A sin 24" .

{ gb)(c)
,

When the bubbles are widely spaced or very small, the second and
third terms in the brackets in Eq. (1.10) are negligible compared to unity,
and Vgb reduces to the intrinsic velocity of the curved grain boundary. The

second and third terms in the brackets in Eq. (1.10) 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

Vg = V, = Vgb * (I*II)

The first equality in Eq. (1. !!) yields

,

sin 2$' sin 2$* !

(1.12) |= .
3

R ,3
.

R g

*
From Eqs. (1.10-1.12), one obtains

1

)

_ . . _ _ _ _ _ , _ _ . _ _ . _ _ __ __. _ _____ _ _,___ _ _ _ _ _ _ _ _ _ _ _ .
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6 .

~

Dr [E -QI [wN R* (dr!
t

2 ' *
exp '+ 1/2sin 24 --

Rv i ) (Agb)("e)e 4

- -
1

IwN R I /r II R
~

II # I
+ 1/2 (1.13).

\ gb ) (# ) (N )
A

f e
_

Since sin 2$ cannot exceed unity, the condition for bubble detach-
ment is met when the right-hand side of Eq. (1.13) exceeds unity. If this

condition is satisfied and Rg = R,, both face and edge bubbles become de-

tached f rom the boundary. If Rg A R,, the larger bubble becomes detached

R, > R ) and the condition(we assume for the sake of this discussion that fi

that the smaller bubble be swept along with the moving boundary is examined

by requiring1

|

: Vg=Vgb' .

,

which results in
, ,

D / E -QI [wN R [2rU~I
2 "r " " I

( 1.14 )exp + 1/2 '
sin 24 - .=

Rv ( ) i gb /g f /.AI
g,

If the right-hand side of Eq. (1.14) exceeds unity, then the
;

smaller bubble (R in this case) is also detached f rom the boundary. If the
g

right-hand side of Eq. (1.13) or (1.14) is less than unity, both face and
i edge bubbles, or just face bubbles, respectively, are swept along with the

! moving Imundary. The contact angles (g and (, can be computed from
i Eqs. (l.12-1.14) and used f n Eqs. (l.4) anxi (l.5) or (l.10) to determine the
4

bubble or grain boundary velocity.

1

Fuel stoichiometry can have a pronounced of feet on atomic
8

reobilitten in U0 fuel and thus on grain growth kinetics. Data on the
2

133diffusivity of Xe in UO as a function of fuel stoichiometric condition2tx

f show that increased levels of oxygen in solution in (X)2 lead to observed
I33 03

increases in the diffusivity of Xe and Kr. For example, a change f rom
I33

UO .0 E0 W2.12 can increase the dif fusivity of Xe by unre than two ot-
2 .

ders of magnitude. Thus, the stoichiometry of the oxide can have a signif-
icant impact on atomic mobility and grain growth characteristics. Indeed,

!

_ _ _ _ _ . . _ _ _ . _ _ _ . _ . _ _ _ _ . -- _ __ . . _ . . _ __ _~ _ _ _ _ . . _ _ _ _ . _ _ _
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i

h for the highly oxidizing environment of fuel exposed to steam flow at

| elevated temperatures, UO2 can be expected to become hyperatoichiometric
(0 < x < 0.15) during the course of a severe-core-damage accident.9

:

To account for such oxidation effects, two values of the activation

energy, Q, are employed in the present version of FASTGRASS-VFP. For

stoichiometric UO .00 (n minal grain growth), Q = 357 kJ/ mole. This value2

; of Q for stoichiometric fuel is close to the value of 360 kJ/M determined by

MacEwan and Hayashi.10 For hyperstoichiometric (oxidized) fuel, the activa-
tion energy is decreased to Q = 294 kJ/ Mole, approximately proportional to

the dif ference in activation energy between U02 and UO +x rep rted by2

Turnbull.II This value of Q, for oxidized UO , was determined by the re-
2

quirement that the integrated intragranular Xe release as calculated by

FASTGRASS-VFP must be consistent with measured total (end-of-test) release
values for SFD-ST.

,

!
i dC

As the boundary moves, the rate at which fission products are

j swept up by the moving boundary is proport tonal to the rate of change of the

| volume of the grain; i.e., I

dC dD vec D VJ , neC DIt t I t gh
(1.15),

dt 2 dt 2 '

!
] where C is the _intragranular concentration of a fission product, D is theg g
I

grain diameter at time t, and e la a factor that describes the grain bound-

ary sweeping efficiency. The value of e is assumed to be unity for the ;

fission gases, I, and Cs! (in bubbles), and 0.6 for atomic Cs. The lower I

1 value of e for Cs is consistent with the high chemical affinity of Cs for
i UO , ther fission products, and metallic inclusions.

i2

For each fission product, Eq. (1.14) provides one term in the
t

j overall equations for the various dC /dt anal one tens in the overallg

equations for the various intergranular fission products, dC /dE I''E** "*"B,

i 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 (nN Rg g /Agb and wN,R,2/A
2

gb in Eqs. 1.10, 1.13 and
!
|

|
4

!

)
- ._ - - _ -----_------
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1.14) are calculated as a function of time. The values employed for various y
12 -1,quantities used in Eys. (1.4-1.5) and (1.10-1.14) are v = 1.0 x 10 3

5 c,2/s , and E, = W .6 Wmde .r = D /2, D = 4 x 10
c t o

2. FASTGRASS-VFP Model for the Behavior of Fission Products During

Fuel Liquefaction and Dissolution

A wide range of material interaction and phase transformation,

phenomena can be expected at the elevated temperatures associated with
severe core damage accidents; one of the more significant is the steam-

cladding (Zircaloy) reaction, with Zr02 and oxygen-stabilized alpha-Zircaloy
[a-Zr(0)] byproducts. The formation of partially oxidized Zircaloy species

fuel and the formation of ain turn can result in the reduction of the UO2
U-Zr-0 ternary phase system (liquefaction), with a pronounced alteration in
thermal, chemical, and physical prope-ties. Significant cladding-fuel

'

interaction can result in U-Zr eutectic melting of fuel (if the eutectic

melting temperature is attained) armi the attendant potential for enhanced
fission product release from the melt.

-

12,13 indicate that molten a-Zr(0)The results of recent experiments

dissolution of UO fuel is initially controlled by wetting charccteristics.
2

where reduction of UO e a hypostoichiometric (UO2-x) e ndition is a pre-
; 2

requisite to fuel dissolution. The experiments indicated that the initial

kinetics of dissolution were not af fected by grain size. It was observed

that molten Zircaloy first penetrated UO2 nly along gross macrocracks,
rather than at grain boundaries. However, once the dissolution process

commenced, liquid uranium (T,p = 1405 K) apparently precipitates preferen-
grain interfaces. The formation of the low-melting-tially along the W2-x

point U-rich phase apparently results in loss of grain boundary cohesion of
the polycrystalline fuel and appears responsible for sudden fuel dissolu-
tion, resulting in the dispersion of grain-size particles in a U/Zr-melt
phase. As discussed by the authors,12,13 the extent of such grain boundary

'

dissolution is controlled not only by contact duration and temperature, but

also by the total mass of the UO /Zr system, the initial porosity of the UO22

sample, and the oxidation state of Zr. -

w
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i A model describing the behavior of fission gases and volatile
l
' fission products during fuel liquef action and dissolution has been developed

and incorporated into FASTGRASS-VFP. Fuel liquefaction is defined to be the

destruction of the UO2 grain boundaries at f uel temperatures in excess of
2170 K via reduction of the W t W with the subsequent precipitation2.0 2-x

of a U-rich melt phase along the boundaries. Under these conditions, re-

lease of fission products occurs primarily by fission product migration

through the liquefied U, or U-Zr lamina (or film), to t he fuel surf ace.

Melting of U-Zr eutectic occurs at fuel temperatures in excess of 2650 K and

results in gross dissolution of the fuel grains. Fission product release

under eutectic melt conditions occurs by fission product migration through

the melt to a f ree surf ace. Gas bubble mobility in the U/U-Zr melt can
occur via bubble rise in a viscous liquid, evaporation-condensation, and

volume diffusion.

.

Escape of gas bubbles from the fuel during liquefaction conditions,

in the absence of strong temperature gradients, is due primarily to the,

motion of relatively large bubbles under the action of the gravitational

force, through the liquefied lamina, to the surf ace of the fuel (the lamina

is assumed to be 1-2 pm thick, and exists along the destroyed grain bound-
aries). This is in contrast to release processes in solid fuel, where re-

lease can occur directly upon the arrival of fission gas at the grain edges
if a stable network of interconnected porosity is encountered.

Modeling of bubble rise in a viscous liquid is based on an estimate

of the pore rise time f rom the interior of the melt to the f ree surface. An

approximation of the bubble velocity can be obtained by assuming that bubble
interference during an increment of time is negligible and variations in

properties along the distance of travel are minimal. Under such assump-
tions, the classical expression for bubble rise in a viscous liquid can be
employed . If a submerged, rigid bubble is allowed to rise from '.est in the

liquid, it will accelerate until it reaches a constant terminal velocity-

(V ). At this condition, the effects of gravity (F ) and drag (F ) are justt g d

balanced by that due to buoyancy (F ); i.e., the equilibrium force balanceb,

for such steady-state bubble rise can be written as



10 *

b g b L (V 'IbwR p g= wR E g + 6sR E '
t

where

Rb = bubble radius,
og = liquid fuel density,
g = gravitational constant,

o = bubble gas density, andg

g = viscosity of liquefied fuel.p

Noting that p >> p , can express the terminal rise velocity as
g

2
2R EEb L. ( 1.17)V =

9
L

'

Fission gas bubbles can also migrate in the liquid via a volume
.

diffusion mechanism. The dif fusivity of a bubble of radius Rb migrating by
volume diffusion is

.

D, (1.18)D =

b "
4wR

where D is the molecular volume and D is the U-atom diffusivity.u

The U-atos diffusivity, D , in molten UO is based on theu 2
I4Sutherland-Einstein model and is given by

II'I9)D =

4sr u *g

The parameter values used in Eq. (1.19) are

21.38(10-16) erg /K = 1.28(10-16) 8'en /s ,g,k =

liquid viscosity - 4(10'2) g/seca,pg = UO2

r, = U-atomic radius = 1.42(10-8) c,,

= 1.93(10~0)cm /s*K, and
4 st, p

T = 11guld UO /m-Zr(0) temperature.2
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From Eq. (1.19) with the above parameter values, D = 4.15 x 10'53

u
2cm /s at T = 2200 K. This is to be compared with a xenon dif fusivity in

;

solid fuel of 2 x 10-13 c ,2/s based on an extrapolation of Cornell's data.Ib
'

FASTGRASS-VFP analyses of the PBF SFD 1-1 test (e.g., see Section 6)

indicate that significant liquefaction-induced release during the test depends

on the initial coalescence and growth of relatively small (-0.04 pm) diameter
bubbles in the liquefied material due to a volume diffusion mechanism.

Whereas volume diffusion (i.e., self diffusion of the U'* ion) is relatively

slow in solid UO , it appears to be a significant factor in the motion of [2

small bubbles in liquefled UO . The growth of small bubbles in the liquefied
2

material is predicted to occur mainly by the volume diffusion mechanism until |
the bubbles reach sufficient size such that their mobility by viscous flow is

high enough to promote appreciable bubble sweep-up. Subsequently, the release
of fission gas (and other fission products trapped in the bubbles) is domi-.

nated by the motion of relatively large bubbles (-1 pm diameter) under buoyant
forces. If a relatively large temperature gradient exists in the material,,

the bubbles can attain an appreciable mobility via the evaporation-conden-
sation mechanism. Ilowever, as the tests discussed in this paper had rela- ;

tively small temperature gradients, the evaporation-condensation mechanism
will not provide competitive mobilities when compared to viscous flov. '

!
t

3. Fission Product Behavior in liigh-Burnup Fuel During ORN!, In-Cell
Heating Tests with No Fuel I,1quefaction

'Figures 1.1 and 1.2 show FASTCRASS-VFP predictions of finston gas
and Cs release for ORNL tests 11I-1 and 111-3,16 and compare them with the

corresponding measured quantities. The effects of fuel liquefaction are not

considered here, but will be discussed in Section 4 Testa 111-1 and 111-3

were conducted for 30 min at 1673 K and 20 min at 2273 1 50 K, respectively,
within a flowing steam environment. The fuci specimens were 20-em-long
sections of H. B. Robinson fuel rod irradiated to 28,000 mwd /HTU. In order

.

to assess correctly the state of the fuel prior to the test, a thermally and

mechanically coupled model consisting of FASTCRASS-VFP and the LIFE-LWR fuel

b.havior code was used for the in-reactor irradiation period.3 The total
*

i

'

gas released during the irradiation was about 0.2%.

i

|
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! The value of Q for stoichiometric UO .00 was used for both test2

simulations: This resulted in predictions of no grain growth for HI-I 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 11. B. Robinson fuel specimens before and af ter test'

HI-3; the grain size before transient heating was approximately 4.2 um,
whereas post-test examination indicates an ~50% increase in grain size.

|

! More detailed microscopic results are presen ted in Re f. 17.

i

In order to re f lec t the reported experimental uncertainty in
temperature for test HI-3, each part of Fig. 1.2 includes three predicted

I curves, which correspond to test temperatures of 2273 1 50 K. Also shown in
I

I

Fig. 1.2 are the predictions of the theory in the absence of grain growth.
On the basis of the reasonable agreement between theory and data for fission

i gas and Cs release when a grain-growth / grain-boundary-sweeping mechanism isi

'

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 the
' grains to the grain boundaries under HI-3 test conditions.
!

W#
' *
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Fig. 1.3. Scanning Electron Micrographs of II. B. Robinson Fuel (Lef t)
Before and (Right) Af ter ORNL Test 11 1 - 3 . -
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' It should be noted that whereas partial oxidation of the cladding
was observed af ter tests HI-3, no visual evidence of appreciable fuel
oxidation was detected.I7 This result is consistent with the use of the
stoichiometric grain growth law within FASTGRASS-VFP for HI-1, HI-3, and HI-
4 (see Section 4) test conditions.

Figure 1.4 shows FASTGRASS-VFP predictions of fission gas and Gs
release for test HI-2.16 The HI-2 test specimen was similar to those used
in tests HI-I and HI-3. Test HI-2 was conducted for 20 adn at about 1973 K
in flowing steam. Meta 11ographic examination 16, 17 of the tested fuel

specimen revealed extensive fractures in the cladding, essentially complete
oxidation to Zr0 , and evidence of fuel-cladding interaction. Thus, it2

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. 1.4 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.

i 50 K), as well as the predictions of the theory for the case of na grain
growth (maximum fuel temperature = 1973 K). For the cases where the hyper-
stoichiometric grain growth activation energy is used, there is reasonable
agreement between theory and experiment. Thus, both the experimental re-
suits available to date and the FASTGRASS-VFP analyses (Fig. 1.4) indicate
that the U0 diffusivities were enhanced to some extent during test HI-22

owing to UO2 xidation to UO +x*2

4. Fission Product Behavior in Righ-Burnep Fuel During ORNL In-Cell
Heating Tests with Fuel Liquefaction

Figure 1.5 shows FASTGRASS-VFP predictions of fission gas release

for test HI-3 with and without the effects of fuel liquefaction, compared
with the experimental observations. As discussed in Section C and shown in
Figs. 1.2 and 1.5 (dashed curve), the FASTGRASS-VFP calculations made with

,

the assumption of no liquefaction are in good agreement with the data. The
calculations made with the assumption that fuel liquefaction occurred in

.

test HI-3 (solid curve in Fig. 1.5) show a degradation in the fission gas
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release, and are not in agreement with the data. The reason for this result

is that during fuel liquefaction, the resultant enhanced growth of fission,

gas bubbles in the liquefied lamina bordering the U02 grains reduces grain
growth rates and reduces grain boundary sweeping of intragranular fission

.

products into the liquefied region. In addition, just subsequent to fuel

liquefaction, fission product release rates are reduced owing to decreased
mobility in a viscous medium as compared to vapor transport through inter-
connected tunnels. The effect of reduced grain growth rates during fuel
liquefaction is demonstrated in Fig. 1.6, which shows FASTGRASS-VFP predic-
tions for grain growth during test H1-3 with and without the effects of fuel
liquefaction. Also shown in Fig. 1.6 is the reported grain size observed in
the post-tested fuel. As shown in Fig. 1.6, the predicted grain size
without the effects of fuel liquefaction is consistent with the observa-
tions, whereas the calculated grain size for the case' of fuel liquefaction
is substantially below the reported values. The FASTGRASS-VFP results for

fission gas release and grain growth during test H1-3 in the absence of any
fuel liquefactf-7 are consistent with the result that only minimal evidence ,

of fuel liquefaction was observed in test HI-3.18

.

Figure 1.7 shows FASTGRASS-VFP results for fission gas release

during test HI-4 with and without the effects of fuel liquefaction, compared
.

I6to the experimental observations. The fuel specimen for test H1-4

. __ _
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consisted of a 20.3-cm-long fuel segment from a rod which had been ir--

radiated 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 f rom this rod

during the irradiation. Test HI-4 consisted of 20 cdn at a temperature of

2273 1 50 K in a flowing steam-helium atmosphere. (These temperatures have
IObeen revised upward from those referred to in Ref. 16.)

Grain boundary liquefaction of the fuel, i.e., formation of liquid

uranium at temperature, was observed in portions of the fuel, principally

near large amounts of Zircaloy.IO As shown in Fig. 1.7, the FASTGRASS-VFP

results for fission gas release during test HI-4 under liquefaction condi-

tions are consistent with this observation. The calculations made with the
assumption of no fuel liquefaction effects (dashed line) substantislly over-

predict the reported data. In addition, the FASTGRASS-VFP prediction of,

<10% increase in grain size is consistent with the observation of no grain
growth within a 15% uncertainty range. I7

.

5. Fission Product Behavior in TYace-irradiated and High-Burnup Fuel
During SFD Tests in the PBF Reactor with No Fbel Lique f action

I9The SFD-ST experiment consisted of a 32-rod bundle of PWR-type

fuel rods, 0.91 m long and enclosed in an insulated shroud. The bundle was

subjected to a slow heatup (-2 h) in an oxygen-rich environment to about
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 re flood. Considerable cladding oxidation and
melting, fuel liquefaction, and fuel fragmentation occurred. The SFD l-1

I9test also consisted of a 32-rod bundle, but the temperature transient
consisted of a rapid heatup (-30 min) in a steam-starved environment to

2400 K followed by a slow cooldown (-20 min) without a rapid quench. The
effective burnup levels for SFD-ST and SFD l-1 are 88.9 and 79.1 mwd /MTU,

.

respectively.

*

In Fig . 1.8, the measured fission gas release rates for SFD-ST are

compared with the release rates predicted by FASTGRASS-VFP on the basis of

_
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both the stoichiometric (nominal) and hyperstoichiometric (enhanced) grain
growth activation energies. The enhanced grain growth activation energy,

,

which is assumed to be activated at the time when the peak fuel temperatures

exceed 1900 K, gives rise to a release rate curve that simulates the trend

of the ST data, whereas the nominal value of Q gives release rates that are

i approximately an order of magnitude below the data at fuel temperatures

>1900 K. Such differences in predicted release characteristics due to

grain-growth / grain-boundary-sweeping effects are further illustrated in
Fig. 1.9, 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 tempera-

tures approach 2400 K. However, if the grain growth is enhanced owing to

fuel oxidation, a much larger fraction of the intragranular gas is swept to

grain boundaries, with only ~10% retention within grains at fuel tempera-

tures of ~2400 K. Such predictions clearly illustrate the important in-

fluence of the grain growth / sweeping process on the morphology and attendant ,

release behavior of gaseous and volatile fission products.

..

Figure 1.10 shows FASTGRASS-VFP predictions of grain growth in the

hottest fuel region of SFD-ST for the cases of nominal and enhanced grain

- - ___ _ .
-
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growth. The theory predicts more than a twofold increase in grain size (for
a 10-un initial grain size) when the hyperstoichiometric grain growth acti-
vation energy is invoked. Since the steam flow conditions of the SFD-ST

scoping test produced an oxidizing environment, enhanced grain growth ap-
pears :ppropriate for this analysis. . The analysis is also consistent with
the fuel-oxidation-enhanced grain growth noted in the PBF-SFD scoping
test,I9 where both U 04 9 precinitates and a substantial increase in grain
size were noted upon post-test fuel excmination.

.

In Table 1.1, FASTGRASS-VFP predictions for fission product release;

during SFD-ST are compared with the measured values. The calculations shown
,

j in Table 1.1 were made by assuming that the requench provided the appro-
priate mechanisms (e.g., fuel fracturing) for the release of the majority of

i

- - - - , _ - ,.
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TABLE 1.1. FASTCRASS-VFP Predictions of Fission Product Release
During the SFD-ST Test, Compared with the Measured Values -

Fraction Released

Fission FASTGRASS-VFP Collection Tank'

j Product Calculation Measurement

(
.

Xe 0.50 -0.50s
Cs 0.39 -0.32

I 0.51 -0.49

a0btained from integration of the release rate data.

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.) .

As was stated previously, the value of the activation energy, Q, ,

for grain boundary motion in hyperstoichiometric UO2 was determinod by the
requirement that the integrated intragranular Xe release as calculated by

| FASTGRASS-VFP must be consistent with measured total (end-of-test) release

values for SFD-ST. Thus, the agreement between the Xe release predictions
and the SFD-ST measured values, shown in Table 1.1, is a consequence of this

| procedure for determining a value of Q for oxidized UO . However, the2

successful interpretation of the HI test series 1-4 (Figs. 1.1, 1. 2, 1.4-

1.7) and of the trends of the SFD-ST and SFD 1-1 fission gas release rate
data (Figs. 1.8 and 1.11), as well as the reasonable agreement between the
predicted integral releases of I and Cs and the SFD-ST data (shown in Table
1.1), supports the hypotheses set forth in this paper.

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 con- .i

centrations of fission gas in tiits trace-irradiated, low-burnup fuel, very
little interconnection of fissio~n gas bubbles is predicted to occur on the ,

grain faces and along the grain edges. This is in contrast to the ORNL

. - . _ . . _ -. -. . _ _ . . -
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j Fig. 1.11. FASTGRASS-VFP Predictions of Fission Cas Release Rates During
the SFD l-1 Experiment, Compared with the Measured Values and
Those Obtained From NUREG-0772.

.

transient tests on high-burnup fuel described earlier. The relatively high
concentration of fission gas in the high-burnup fuel enables a high degree.

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

4

In Figure 1.11, the measured fission gas release rates for the SPD
l-1 test are compared with the release rates predicted by FASTGRASS-VFP for

UO2 and W +x. FASTGRASS-VFP predictions for W +x are based on the stoi-2 2

chiometric (nominal) grain growth activation energy for fuel temperatures
<1900 K, and on the hyperstoichiometric (enhanced) grain growth activation

i

energy invoked at the time when the peak fuel temperatures exceed 1900 K.
The predicted release rates are seen to increase dramatically upon the ini-
tiation of grain-growth-induced sweeping of entrapped intragranular bubbles
to grain boundaries. Without such grain-growth-induced sweeping, little gas
release is predicted for such low-burnup fuel. Such calculations clearly
illustrate the point that for low-burnup fuel, in the absence of fuel lique-
faction the majority of the fission products remain trapped within the graini.

interior until elevated temperatures cause sweeping of fission products to
grain surfaces end open pores..

-l

3
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Although the initial release characteristics are modeled fairly .

well by FASTGRASS-VFP, the total fractional release for the SFD l-1 test is
underpredicted by an order of magnitude (i.e., 0.5-2% total predicted
release versus =20% measured release for the test). This is attributed to
the fact that during grain growth, the fission gases are predicted to be
swept to grain boundaries, where the gas is trapped. Owing to the absence
of quench-induced grain separation in the SFD l-1 test , and the fact that

21the gas release that accompanies fuel liquefaction has not been included

in the analysis leading to Fig. 1.11, 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 due to entrapment of gaseous
fission products as individual atoms or intragranular microbubbles, with
negligible gas release; (2) grain-growth-induced intragranular microbubble
sweeping to grain boundaries at temperatures above ~1900 K, with gas accumu-

,

lation at grain boundaries and initiation of slow gas release; and (3) de-
struction of the grain boundary structure by fuel liquefaction (to be dis-

.

cussed in Section 6), with attendant rapid gas release.

Figures 1.8 and 1.11 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 an extrapolation of the empirical temperature correla-

tions given in NUREG-0772.20 As indicated earlier, the FASTCRASS-VFP-

predicted release rates simulate the trend of the data 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 is

due, in part, to the fission product morphology characteristics of the

trace-irradiated fuel employed in the SFD-ST and SFD l-1 tests. The NUREG-

0772 correlations were developed primarily f rom release experience for

medium- to high-burnup fuel under relatively isothermal test conditions; in

contrast, the SFD-ST and SFD l-1 tests were non-isothermal, and the fuel

used in these tests was essentially fresh (except for the development of a
,

small inventory of fission products at an effective burnup level of

approximately 0.0089 at.%). FASTGRASS-VFP analyses indicate that for trace-
.

irradiated fuel, the vast majority of both fission gases and volatiles (I

and Os) are still retained within the interior of individual grains either
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as individual atoms or as newly nucleated intragranular microbubbles.-

i
'

FASTGRASS-VFP calculations indicate that such morphology will exist until
grain growth causes the sweeping of intragranular microbubbles to grain

! boundaries. Since grain growth normally requires fuel temperatures in
excess of 1900 K, significant release during the heatup phase of these
PBF/SFD tests is precluded. Only when temperatures above 1900 K cause

destruction of the grain boundary structure (by liquefaction, eutectic fuel

melting and/or quench-induced processes such as grain boundary fracturing)
is significant release predicted for such low-burnup fuel.

:

The effect of burnup on fission product release and grain growth is

further demonstrated in Figs. 1.12-1.15, which show FASTGRASS-VFP predic-

tions for SFD l-1 accident conditions as a function of as-irradiated burn-
up. These calculations do not include the effects of fuel liquefaction and
quench-induced release processes (see Section 6). Figs. 1.12-1.13 and 1.14-.

1.15 show results for 002 and 00 /UO +x fuel c mPositions, respectively2 2

(i.e., analogous to the two FASTGRASS-VFP curves shown in Fig. 1.10).,

Figure 1.12 shows that for 00 , the fractional transient gas release2

increases with irradiation time to a maximum value of 13.8% at 6 at.%
burnup. The reason for this increase in transient gas release with as-
irradiated burnup is that the higher-burnup fuel develops more and larger
fission gas bubbles on the grain boundaries, which provide an increased,

degree of interconnection to a free surface. The transient gas release from
UO is limited to relatively moderate values because of the limited degree2

of grain growth, as shown in Fig. 1.13. Transient fission gas release for

UO /UO +x fuel c mpositions is predicted to increase dramatically as the as-2 2

irradiated burnup is increased from 0.01 to ~3 at.% (see Fig. 1.14). How-

ever, above ~3 at.% burnup, the predicted fission gas release decreases and
tends to saturate at a relatively constant value. Again, the reason for the

j dramatic increase in transient gas release for burnups between 0.01 and
3 at.% is the increased degree of interconnection of grain boundary porosity

;. to a free surface. At burnups > 3 at.%, however, the fission gas release is
limited by a substantial decrease in the grain boundary sweeping of intra-
granular gas to the grain surface; this is due to a decrease in the pre-,

dicted grain growth, which is a consequence of the increased development of
fission gas bubbles on the grain boundaries (see Fig. 1.15).

_ _ . . - - _ _ , _ _ _ _
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6. Fission Product Behavior in Trace-irradiated and High-Burnup niel -

During SFD Tests in the PBF Heactor with Fuel Liquef action

!

j Figure 1.16 shows the results of FASTGRASS-VFP calculations for SFD

l-1 type accident conditions with and without the effects of fuel liquefac-
tion. As discussed in Section 5, the predicted release in the absence of

fuel liquefaction and/or dissolution is much lower than the measured
amounts. The theory predicts an enhanced release of fission gas from this

;

trace-irradiated fuel subsequent to fuel liquefaction (solid curve in
Fig. 1.16). FASTGRASS-VFP analyses of the SFD l-1 test indicate that sig-

nificant liquef action release during the test depends on the initial coales-
cence and growth of relatively small (~0.04-um-diameter) bubbles in the
liquefied material due to a volume dif fusion mechanism. Whereas volume dif-
fusion (i.e., self diffusion of the ik lon) is relatively slow in solid
UO , it appears to be a significant factor in the motion of small bubbles in

2 ,

liquefied UO . The growth of small bubbles in the liquefied material is2

predicted to occur mainly by the volume diffusion mechanism until the bub-~

| bles reach sufficient size such that their mobility by viscous flow is high
.

enough to promote appreciable bubble sweep-up. Subsequently, the release of

fission gas (and other fission products trapped in the bubbles) is dominated

0.20 . . , , , , , , , , ,
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Fig. 1.16. FASTGRASS-VFP Predictions of Fission Gas Release During the

j SFD l-1 Experiment With and Without the Effects of Fuel
Liquefaction.
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:

by the motion of relatively large bubbles (~1 um diameter) under buoyant.

' forces. The FASTGRASS-VFP result for total fission gas release during SFD

1-1 with liquefaction (solid curve in Fig. 1.16) is in reasonable agreement

with the measured quantity. I9 In trace-irradiated fuel, because of the low
level of interconnected porosity, fuel liquefaction provides the major

release paths.

In high-burnup fuel, under fuel liquefaction conditions, the

resultant enhanced growth of fission gas bubbles in the liquefied material
'

surrounding the grains reduces grain growth rates and grain boundary sweep-

ing of intragranular fission products into the liquefied lamina. In addi-

tion, just subsequent to fuel liquefaction in high-burnup fuel, fission

; product release rates are reduced owing to a decreased mobility in a viscous

medium as compared to vapor transport through interconnected tunnels. This

t, situation is evident in Fig. 1.17, which shows the predictions of the theory

for a SFD l-1 type accident scenario with fuel irradiated to 3 at.% burnup.

( As shown in Fig. 1.17, the occurrence of fuel liquefaction reduces the fis-
'

sion gas release rates and the overall fission gas released is less than,

that predicted to be released with no fuel liquefaction.

i
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Fuel temperatures in SFD l-1 exceeded the U-Zr eutectic melting -

temperature (these revised temperatures have not been used in the analysis

dissolution was observed in addition to U02presented here), and gross U02
liquefaction.22 FASTGRASS-VFP results for the case of gross UO2 dissolution

indicate an enhanced release for both trace-irradiated and high-burnup fuel
under SFD l-1 type accident scenarios. A description of the FASTGRASS-VFP
dissolution theory and results for SFD accident conditions will be presented
in future publications.

I 7. Conclusions

The results of the FASTGRASS-VFP analysis indicate that for the
SFD-ST and SFD l-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 sweeping to grain

,

boundaries at temperatures in excess of 1900 K, with attendant bubble growth
and gas accumulation at the grain bounde.ies and initiation of slow gas and
VFP release; and (3) destruction of the grain boundary structure via fuel
liquefaction and/or quench-induced processes (e.g., grain boundary frac-
turing), with attendant rapid intergranular gas release. Subsequently,
enhanced telease due to gross dissolution (eutectic melting) may occur.

FASTGRASS-VFP theory is in reasonable agreement with the observed

fission product behavior of high-burnup fuel during the ORNL high-
temperature heating 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 observations made on the tested fuel. The measured grain growth for ,

the high-burnup fuel used in these ORNL high-temperature heating tests is
substantially less than the observed grain growth for the PBF 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

!

|

|
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fission products on the grain boundaries of high-burnup fuel retards grain,

boundary movement.

The FASTGRASS-VFP model for the behavior of fission products during
fuel liquefaction conditions was applied to the interpretation of the NRC-
sponsored SFD tests in the PBF reactor, and the HI test series performed at

ORNL. Initial results indicate that whereas fuel liquefaction leads to an

enhanced release of fission products in trace-irradiated fuel, the occur-

rence of fuel liquefaction in high-burnup fuel can degrade fission product

release. In trace-irradiated fuel, because of the low level of intercon-

nected porosity, fuel liquefaction provides the major release paths. In

high-burnup fuel, under fuel liquefaction conditions, the resultant enhanced
growth of fission gas bubbles in the liquefied material reduces grain growth
rates and grain boundary sweeping of intragranular fission products into the
liquefied region. In addition, just subsequent to fuel liquef action in

.

high-burnup fuel, fission product release rates are reduced because of the

decreased mobility of gas bubbles in a viscous medium as compared to vapor
'

transport through interconnected tunnels. FASTGRASS-VFP fission gas release

and grain growth results for ORNL tests HI-3 (minimal liquef action observed,
fuel temperature = 2273 K) and HI-4 (fuel liquefaction observed in the fo rm
of a U-rich melt phase on the grain boundaries, temperature = 2273 K) are in
good agreement with the reported results. Test HI-3 had about 60% fission

gas release, while HI-4 had about 20% release. Grain size in HI-3 increased

by about 50%, while HI-4 had no grain growth within the 15% experimental
uncertainties. The analyses also indicate that gross UO dissolution due to

2
U-Zr eutectic melting leads to enhanced release for both trace-irradiated

and high-burnup fuel.

The results of FASTGRASS-VFP analyses indicate a need for caution

when extrapolating the NUREG-0772 correlations, which are based primarily
upon medium- to high-burnup data, to determine release characteristics for
the trace-irradiated fuel employed in the P3F 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

|

|
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(>1900 K), and destruction of the grain boundary structure by liquefaction .

I

j and/or quench-induced processes, would significant release be expected for
'

these low-burnup conditions.
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II. CLAD PROPERTIES FOR CODE VERIFICATION ,

I

Principal Investigator-
H. M. Chung

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 gap

fuel pellets and the cladding is closed and highly localizedbetween the UO2
stress is believed to be imposed on the cladding during power transients by
differential thermal expansion of the cracked fuel and cladding. In addition

to the localized stress, a high-burnup fuel cladding is also characterized by
high-density radiation-induced defects, mechanical constraints imposed by
pellet-cladding friction, compositional changes (e.g., oxygen and hydrogen

*

uptake associated with in-service corrosion), and geometrical changes due to
creep-down and bowing. It is possible that synergistic effects involving more
than one of the above factors influence the deformation and fracture of the
in-reactor fuel cladding, e.g., strain aging associated with impurity or

alloying elements, irradiatior.- or stress-induced segregation of the elements,
and subsequent formation of nonequilibrium phases. Although mechanisms of
stress corrosion cracking associated with volatile fission products such as
I and liquid metal embrittlement associated with elements 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 a better understanding of the PCI phenomenon, we have
undertaken a mechanistic study of 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 .

cladding are examined by optical microscopy, scanning electron microscopy

.

___ -- - - - -----.
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i

(SEM), transmission 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 incorporated into
,

fuel performance codes, which can be used to evaluate the susceptibility of

extended-burnup fuel elements in commercial reactors to PCI failures during

! power transients in later cycles, and to evaluate cladding performance and
i

! reliability of new fuel-element designs. An optimization of power ramp

procedures to minimize cladding f ailures would result in a significant

! decrease in radiation exposure of plant personnel due to background and
airborne radioactivity as well as an extension of core life in terms of

allowable off-gas radioactivity.

i

A. TEM-HVEM Characterization of Bulk Precipitates of Cubic ZrO7 and
Hydride in Brittle-Failure Zircaloy Tubes

.

I

1. Introduction <

TEM-HVEM analysis of the microstructure of the H. B. Robinson

Zircaloy-4 cladding tube 217A4G, which failed in a brittle manner during the
modified expanding-mandrel test at 325'C, has been reported previously.I Byi

meansof"2fDmicroscopy,"stereopairsofweak-beamdark-fieldimageswere
obtained that show copious bulk precipitates of cubic Zr02 and hydrides in
thin-foil specimens from regions adjacent to the brittle fracture site. The

brittle fracture was associated with chose bulk precipitates. In this

reporting period, similar characteristic microstructures were also observed in
]

Big Rock Point Zircaloy-2 cladding tubes 165AG10 and 165AE4B, which failed in 1

j a brittle manner during internal gas pressurization tests at 325'C.2 7t y,,

further determined that the bulk hydride (35-100 nm in size) was the 6 rather
than the Y hydride of zirconium.

J

2. Big Rock Point Reactor Zircaloy-2 Cladding Tubes
!.

The brittle-failure specimens 165AG10 and 165AE4B showed

"pseudocleavage plus-fluting" features on the fracture surface extending up to:-

~95 and ~78% of the wall thickness, respectively.2 Disk specimens 6.3 mm in

1

i

!

,

.- , _ . . _ . . _ _. - - - - . _ . . . _ - . . - - - _ - -



-- __- ._- . _ _ .. . .. _ - . -_ -.

36 o
,

diameter, which contain the pinhole failure site at the center, were ultrason- -

ically cored from the tubes. The disks were split open at room temperature to
reveal the fracture surfaces. TEM specimens (3-mm diam) were obtained from

the split disks after SEM fractographic examination.
:

INEM microstructures obtained from a 3-mm-diam foil specimen of the

165AE4B tube are shown in Fig. 2.1. The indexed selected-area diffraction
(SAD) pattern of Fig. 2.l(B) shows the (123) zone of the cubic Zr02 and the
(111) and (111) reflections of the 6 hydride. The d-spacing of the 6-hydridei

reflections is 0.276 nm. The (111) and (111) reflections of the y hydride

(d-spacing 0.272 nm) are not compatible with the SAD pattern. Stereopairs
of weak-beam dark-field images of the (111) and (111) reflections of the

i cubic Zr0 , 6 hydride, and surface X hydride are shown, respectively, in
2

Figs. 2.l(C) and (D). The bulk nature of the cubic-Zr02 ar.d 6-hydride precip-;

I itates, similar to that reported for the H. B. Robinson Reactor Zircaloy-4 .

j cladding tube 217A4G,I is evident from the figures. Figure 2.l(E) shows a

stereopair of the dark-field images obtained from the double diffraction spots ,

of the (111) reflections of the same three phases as Fig. 2.l(D). The SAD
pattern obtained from another region of the 165AE4B thin-foil specimen and
indexed in Fig. 2.2(B) shows (310) zones of the cubic Zr02 and the 6 hydride.
The d-spacing of the (002) reflections of the 6 hydride, i.e., 0.239 nm, is

;

compatible with the pattern, but the 0.247-nm d-spacing of the (002) reflec-'

tions of the y hydride is not. A stereopair of the (002) reflections of the

; cubic-Zr02 and 6-hydride precipitates is shown in Fig. 2.2(C). The integrated
"

intensities of the precipitate reflections in the SAD patterns of Figs. 2.1(B)
is at leastand 2.2(B) indicate that the volume fraction of the cubic Zr02

several times larger than that of the 6 hydride. This is consistent with the
dark-field images shown in the figures. The sharpness of the 6-hydride

!

is also consistentreflections compared to the diffuse spots of the cubic Zr02'

with the size and morphologies of the precipitates.1

,

Similar microstructures containing copious precipitates of the bulk ,

i cubic Zr03 and 6 hydride were observed in the 165AC10 tube. Some typical

f examples are shown in Figs. 2.3 and 2.4. In contrast to the observations .

,

for the 165AE4B tube, the volume fraction of the 6 hydride t'n Figs. 2.3 andi

I 2.4 appears to be similar to that of the cubic Zr0 . The SAD pattern of2

I
|

___ __ ._. _ _ __ __ _ . . _ __ _ _ - _ - _ - . . . ,,_ -
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1

| Fig. 2.3(B) indicates two different zones of the 6-hydride and three zones of
+-

; 2 Precipitates. As pointed out previously,I the 6 hydrides shownthe cubic-Zr0

! in Figs. 2.1-2.4 are too small to be observed by SEM or optical microscopy.

i,

j B. Radiation-induced Precipitation of Cubic ZrO9 and Zrq0 Particles b,v_
; Electron Irradiation in the HVEM
1

1. Introduction

2The Zr30 and cubic-Zr0 Precipitates,I 2-6 and 5-10 nm in size,2
i respectively (e.g., Figs. 2.1 and 2.2), in the irradiated cladding form via

radiation-induced segregation and precipitation. The phenomenon of radiation-

| induced precipitation has been reported extensively for other alloy systems
.

| (e.g., see Ref. 3). Although the potential significance has not been
<

recognized, circumstantial evidence reported in the literature suggests that

!- the interaction between irradiation-induced defects and nonmetallic elements
I

{ plays an important role in the deformation behavior of Zr-base alloys.4-7
8

{. More recently, Loomis and Zaluzec observed Ti (0 -x x) precipitates onN3 1
,

j dislocation substructures in a V-15Cr-STi alloy containing nonmetallic impuri-
ties after irradiation by 4-MeV Ni ions. To demonstrate precipitation of the

Zr30 and cubic-Zr02 P ases during in-situ irradiation at the test temperature,h

| several TEM thin-foil specimens from tubes that exhibited brittle-fracture

behavior were irradiated by 1-MeV electrons in the HVEM at 325*C in a vacuum
j of ~1.3 x 10-0 Pa.
!
$

| 2. Results,

i

| A thin-foil specimen obtained from a Zircaloy-4 cladding tube from
i

1, the H. B. Robinson reactor was irradiated in the HVEM at 325'C. After irradi-
" ation by 1-MeV electrons for ~30 min, changes were observed in the bright-

field image, as shown in Fig. 2.5(A). The changes are due to some kind of ;

precipitation. Examination of the SAD pattern [ Fig. 2.5(B)] showed reflec-
4

). tions of cubic Zr02 as well as the superlattice reflections of the Zr30
; phase. An SAD pattern taken from the same region at room temperature prior to

J

), thp heating did not show reflections of either phase. Figure 2.5(C) shows the
dark-field image obtained from the reflection containing the (0002) of the

a-Zr matrix and Zr30 and the (002) of the cubic Zr0 . Figure 2.5(D) shows the2
I

!

1
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dark-fieldimageofthe(515)ofcubicZr0. Both figures show very fine2

particles of cubic Zr02 (10 nm in size. Bright- and dark-field images and an

indexed SAD pattern similar to those of Fig. 2.5 are also shown in Fig. 2.6.
In the SAD pattern of Fig. 2.6(B), superlattice reflections of the Zr30 are
not visible.

The in-situ electron irradiation experiment demonstrates ,

irradiation-induced precipitation of the cubic Zr02 and Zr30 in the H. B.
Robinson Zircaloy-4 cladding material at 325'C. In contrast, neither precipi-

tation nor dissolution of the 6 hydride was observed during the HVEM irradia-
tion at this temperature; thus, the 6-hydride phase was probably not formed by
an irradiation-induced precipitation process.

C. Procurement of Fuel Rods with In-Reactor PCI Defects

.

In this reporting period, several defueled Zircaloy-2 cladding sections
were obtained which contain PCI or PCI-related defects that originated during
actual reactor operation. The axial positions of the PCI defects in each
cladding section were obtained from encircling-coil eddy current scans. Each
fuel rod that showed a distinct peak in the eddy current scan was sectioned

with an abrasive cut-off wheel such that the defect was located in the middle
of the ~200-mm-long segment. The fuel was then removed from the tube by
mechanical vibration and pressing.

In addition to the PCI-defected cladding sections, two metallographic

specimens with PCI defects were obtained from the same source. The specimens
were polished and etched to reveal the brittle cracks and hydride stringers.

A few Zircaloy-4 guide tube sections (~180 mm long) were also obtained.
The guide tubes, which had not been exposed to fission product species, were
discharged from an operating commercial power reactor af ter ~5 years of
service. The annealed and recrystallized material was irradiated to an

21 -2 (E > 1 MeV). Information on theestimated fluence of -6 x 10 n+cm

materials is listed in Table 2.1. The specimens will be analyzed by SEM and
.

r w
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Table 2.1. Summary of Cladding Sections with PCl Defects and Irradiated'

Guide Tube Specimens for Microstructural Characterization

Specimen Fuel Rod /Assemblar Axial
aIdentification Number Number Location Fuel

Defueled Cladding Sections

SFIA Rod SF1-00352 107.5-115.5 UO -Gd 0 f"el2 23
BE4A Rod BE4-3544 122-130 UO f"*1

2

BE4 B Rod BE4-3544 130-138 UO f"*12

GElA Rod gel-00123 46-54 UO -Gd 0 fuel2 23
GElB Rod gel-00123 136-144 UO -Gd 0 f"*12 23

Metallographic Sections

MM-992 Rod gel-00123 58.75-59.25 UO -Gd 0 fuel2 23,

MM-99 Rod gel-00123 62.75-63.25 UO -Ud 0 fuel2 23

,

Guide Tube Sections

GT-3D Assembly BT03 Tube No. 3, --

bSpan 2-3

GT-ID Assembly BT03 Tube No. 1, --

Span 5-6

aInches from bottom of the rod.
bFuel assembly grid span.

TEM-HVEM techniques to establish whether they have microstructural charac-

teristics similar to those reported for cladding from the internal gas-

pressurization and expanding-mandrel tests at 325'C. The structure property

relationships of the PCI-defected cladding and simulation-test specimens will
1

be compared. |

0

.
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