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OBSERVATIONS OF FUEL-CLADDING CHEMICAL TINTERACTICNS

AS APPLIED TO GCER FUEL RODS
R. B. Fitts E. L. Long, Jr. J. M. Leitnaker

ABSTRACT

Chemical interactions between fuel and cladding may be a major
limitation to oxide-~fueled fast breeder reactors. This limitation
1s especially important for long-term gag-cooled fast breeder reactor
(GCBR) spplications because of a strong economic incentive to operate
at higher cladding temperatures. ORNL irradiation tests of (U,Pu)0,
Tuel pins clad in Hastelloy X and types 304 and 316 stainless steel
show that the Hastelloy X cladding may be sufficiently compatible with
mixed oxide fuels at 50 to 100°C higher. Out-of-reactor oxidation
studies on type 316 stainless steel, conducted at ORNL, along with
published information on oxidation of steels and in-reactor "fuel-

1

cladding compatibility,” are combined with a thermodynamic analysis of
postulated reactions to yield the following conclusion. Most observa-
tions of fuel-cladding chemical iInteraction appear to be the result of
gimple oxidation of the cladding followed in some areas by mechanical or
ligquid-phase transport of the outermost oxide layer onto the fuel, where
it is reduced. This conclusion indicates that, although type 316 stain-
less steel will be satisfactory for early GCBR application, either a

mere detalled understanding of the reaction involved is needed or alloys

that are more oxidation resistant must be proven as cladding materials.
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INTRCDUCTION

Chemical interactions between mixed oxide fuel, fission products,
and cladding materials may be a2 major factor limiting the life of fuel
rods in gas- and liquid-metal-cooled breeder reactors (GCBR and LMFBR).
Fuel rods for early demonstration GCBR are designed! with type 316
stainless steel cladding to operate with a peak cladding hot-spot tem-
perature of 700°C. With this design, the early GCER and IMFBR fuel pins
are very similar. For longer term applications there is an economic
incentive to increase the coolant temperature in the gas-cooled system;?
cladding performance at temperatures above 700°C and probably the per-
formance of materials other than type 316 stainless steel then become
important. We have examined in- and out-of-reactor tests at ORNL and
the available literature for evidence of fuel-cladding chemical inter-
action and oxidation attack on cladding materials. Finally, some pro-
posed mechanisms of cladding attack ars discussed in the light of these

observations and thermodynamic analysis of the postulated reactions.

FUEL~-CLADDING INTERFACE IN FUEL PINS

Morphology of Attack

Chemical interactions between mixed oxide fuel and cladding mate-
rials have been observed at ORNL in a number of fuel pins irradiated as
part of a cooperative ORNI-GGA GCBR fuel development program?JB and as
part of the ORNL Oxide Fuels Development progra,m.4 The fuel pins,
listed in Table I, were clad with Hastelloy X or type 304 or 316 stain-
less steels. The cladding inner surface temperatures ranged from about

600 to 1000°C and the fuel burnups from 4,000 to 60,000 MWd/wetric ton,
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Hastelloy X cladding on (U,Pu)0, fuel at temperatures near 700°C,
the lowest test temperature for this combination, shows a 0.002-in.-
thick uniform reaction layer after relatively high buraup and long test
duration (GAwl8, -19). There was no measurable thinning of the cladding
wall. At 750°C, lower burnup, and shorter bimes (GA-16), intergranular

"eracks' and, deeper

penetration of the cladding was observed as open
in the cladding, grain boundary porosity. At temperatures above 750°C
the extent of reaction increased; more voids were observed deeper in

the cladding, and cladding thioning became measurable. The result of
these reactions is shown in Fig. 1.

Our data from stainless-gteel-clad fuel pins are limited but gener-
ally encouraging. In the single test of this type (GA-17) in which we
saw cladding reaction we operated a pellet fuel to 5% FIMA at a peak
cladding inside temperature of 630°C, and there was no measurable
thinning of the cladding. The remainder of these tests were either
below 600°C or for short times, and no attack was observed. This is
most significant in the case of EBR-II fuel pin S-1-E, which achieved
6% FIMA at 590°C peak cladding inside temperature.

Other investigators have made numerous observations of attack at
the inner surface of the cladding on mixed oxide fuel pins.5~7 A defi-
nite effect of cladding inside temperature on the depth of cladding
attack and probably a discernible effect of burnup (or irradiation time)
have been reported.’?” An equation developed by Biancheria and coworkers®
describing the available data on cladding penetration (At, mils) in
terms of cladding surface temperature (T, °F) and fuel burnup (BU,

MWd/metric ton is
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TEMP, °C 700 750 8i0 850

B.U. Mwd/ T 60,000 16,000 5,000 5,000

Fig. 1. Chemical Interaction Between Hastelloy X Cladding and (U,Pu)Og

in GCBR Fuel Pins. (a) 700°C, 60,000 MWd/metric ton, (b) 750°C,
16,000 MWd /metric ton, (c) 810°C, 5,000 MWA/metric ton, (d) 850°C

s

5,000 MWd /metric ton.
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Unfortunately, the observations cannot be correlated well enough with
any of the fuel rod fabrication or operating conditions to clearly
define either the operative mechanisms or the kinetics of the reactions.
Such a result is not surprising, in view of the very complicated nature
of these tests and thelr ansalysis.

The overall appearance of the reaction zone is the same for both
stainless steels and Hastelloy X. Three general forms of chemical reac-
tion are observed. They are: (1) a layer of reaction product on the
cladding inside surface (see Fig. 1); (2) grain boundary attack in the
cladding (see Fig. 1); and (3) "rivers" of metallic material along
cracks in the fuel (see Fig. 2). The relationship between these three
forms of attack is not clear. However, the reaction layer located at
the cladding surface is sometimes observed alone, whereas the penetra-
tion of grain boundaries in the cladding seems to occur only in combi-

nation with a layer of reaction product on the surface.

Microprobe Analysis of Reaction Zones

Information being collected at several sites with electron micro-
probe analyzers appears to be of most direct use in the analysis and
understanding of the chemical reactions at the fuel-cladding interface.
Some of the data of this type are summarized in Table II. As yet, the
only distinet pattern apparent in these data is that oxides of the major
constituents of the cladding are layered on its inner surface. The con-
ditions under which intergranular penetration and "rivers" of metal in

the fuel appear are not well defined. Temperatures above 600 to &50°C
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Table IT. Selected Data from Electron Microprobe Analysis of Cladding Attack
Tuel Density (4 of Theoretical) C}&dqing Total Constituents by Microprobe Analysis®
Experiment Cladéing N PO Inside Penetration in Grain in heaction in Rivers Ref.
Form Pu 0 Fuel Smear Tampera- (in.) A .
T+Tu Tita tire . Bourdarles Layer
SOV-6 304 SET Vi-Pac 0.20 ~ 2.00 83 83 650 0. 003 Fe and Cr Cr+* Cs b 9
depletion, Ni
enhancenent, Cs
BW-4 =41 304 SS8T Pellet 0.25 1,9 93 87.5 665 o No attack (Mn * Cr)/Fe/Cr Fe; Mi, Cr, Mn 7
EOV-6 304 S8T Vi-Pac 0.20 ~ 2.00 83 83 550 b 51, Cs b L 10
F-2-H 316 86T Peilet 0.20 1.98 97. 25 540~580 b No attack Wi/Pe b 11
F-12-C 316 SST Pellet 0.25 1.97 87. 83 705 0. 004 Void Cr/Ni/Fe/Cr b 12
(¥i/¥Fe Cr
fio, Cs, 9
F-12-D 316 38T Vi-Pac 0.25 1.97 82. 82 705 0.002 Si+ Cs (Fe + MiY/cr b 12
F-2-C Incoloy-800 0.20 2.00 95. 93 NR 0. 0005 No attack Fe, Cr, Wi, b 13
Mn, Mo
GA-18 Hastelloy-X  Pelliet 0.12 2.00 90 85 710 0.002 No attack Cr/Ni/Te Fe, trace Wi _

Cr/iNi+ Fe )

/

and Cr

a
If the components are separated by a

ONot reported,

[ L N
Major constituent.

“slash," then they are listed in the order which they were observed, starting with the one nearest tue cladding
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in the stainless steels and 700 to 750°C in Hastelloy X seem to be
required to produce intergranular penetration of the cladding.

We have examined by electron microprobe analysis at ORNL the
"uniform"” reaction layer on the Hastelloy-X-clad rod (GA-18), which
operated at 710°C to 60,000 MWd/metric ton burnup. We found that the distribu-
tion of iron, nickel, and chromium through the reaction zone, as shown
in Fig. 3, 1s gquite similar to that observed in the surface layer on
oxidized stainless steel (discussed below). The low point on each curve
represents background level (there is no plutonium in the cladding).
Microprobe analysis shows that the "rivers" in pins clad with either
the Hastelloy X or stainless steel are predominantly iron with a trace

of nickel and chromium sometimes present.

OUT-OF-REACTCOR STUDIES

Cladding Compatibility with Fuel and Fission Products

Our-of-reactor studies of the compatibility of (U,Pu)0, fuel with
cladding materials have shown®®s1” little or no fuel-cladding inter-
action except when the fuel was hyperstoichiometric. More recently,
stainless steel cladding has been heated in the presence of fission
product compounds,?®>1¢ (U,Pu)0, along with such compounds,'?® and U0,
with such compounds.l” In these experiments the effects of Cs, I, Sr,
Ce, Te, and other fission products in hydroxide, oxide, chloride, and
carbonate forms were studied. The only fission product found to
seriously affect the stainless steel was cesium. Tt promotes inter-
granular attack,but this effect was strong only in the presence of

oxXygen.
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Cladding Compatibility with Oxidizing Atmospheres

Other relevant studies ovef the last decade relate to the oxida-
tion of candidate cladding materials. Several studies of the oxidation
of stainless steels and nickel-base alloys in various overpressures of
C0217729 and €O, + C0?1s22 have shown oxidation phenomena very similar
to the reaction layers and grain boundary attack observed in irradiated
fuel pins.

In light of the above oxidation studies and the great similarity

3 we carried

between this form of attack and the in-reactor problem,?
out an experimentalyoxidation heat treatment on a type 316 stainless
steel tube. The inner and outer surfaces of the tube were exposed to
flowing Ar—4% H, containing a controlled amount of moisture (~ 4000 ppm)
to simulate the oxidizing conditions to which the inside of such tubing
is exposed when used for cladding on mixed oxide LMFBR—type fuel pins.
A temperature gradient was imposed along the tubing during the heat
treatment to provide, by appropriate selection of samples, metallographic
observation of the oxidation layer developed at various temperatures.
The heat treatment was held to 500 hr. A sample was also taken from a
piece of similar tubing that had been held at 925°C for 500 hr with the
outer surface exposed to air and the inner surface only to the con-
trolled low-oxygen atmosphere.

The comparative results of the metallographic examination are
shown in Figs. 4 and 5 and Table IIT. As can be seen in Fig. 4, there
was no measurable attack in the low-oxygen atmosphere wntil about &75°C
was reached. The attack was in the form of intergranular penetration

of the cladding beneath an adherent oxide film. In fact, the appearance
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(@)
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(d) )
Fig. 4. Appearance of Sections Along a Type 316 Stainless Steel
Tube Oxidized in a Controlled Atmosphere for 500 hr. (a) 460°C,

(b) 550°C, (ec) 675°C, (d) 775°C, and (e) 900°C. As polished. 750x.



R-54894

CONTROLLED ATMOSPHERE IN AIR

Pig. 5. Appearance of Oxide Scale and Intergranular Attack on

Type 31% Stainless Steel Oxidized at 925°C for 500 hr.
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Data from 500 hr Oxidation of Type 316 Stainless Steel

Temperature

Reaction Depth-Max (um)

e Inter lax

( °C) Atmospher Oxide Film 1ntu1%rang ar
Penetration
460 Low Oga 0 0]
a

550 Low O 0 0
~ a r
675 Tow O3 1.7 1.7
775 Tow 05 3.4 8.5
200 Low 0, 3.4 19
925 Tow 0,7 bt 20
925 Adir 75 25

a’Ar~4% H, containing ~4000 ppm H,0.



of the attack at the higher temperatures bears a strong resemblance
to attack at fuel-cladding interfaces.

The section from the tubing that was exposed to air is shown in
Fig. 5(a); this section clearly demonstrates the fact that intergranular
attack progresses ahead of the oxide. Note that, as shown in Table IIT,
Tor the 900 to 925°C range the depth of intergranular attack apparently
does not depend on either the oxygen potential in the atmosphere or the
thickness of oxide scale formed.

Some of the results from elechron microprobe analyses of the oxide
scale and adjacent base metal are shown in Figs. 6, 7, and 8. Inspec-
tion of the chromium, nickel, aﬁd iron x-ray displays shows an enhance-
ment of chromium in the thin oxide scale formed In the controlled
atmosphere at 925°C. Two different types of oxide scale were found on
the heavily oxidized sample that was at the same temperature but in air.
As can be seen in Figs. ¢ and 7, a zone adjacent to the base metal was
rich in chromium, followed by a: layer containing all three mebals, and
ccecasionally the second oxide léyer was followed by a third layer that
was rich in iron (Fig. &). The relative iron, chromium, and nickel

contents of two oxide scales are given in Table TV.

MECHANISMS OF CLADDING ATTACK AND MATERTAL TRANSPORT

Oxide Layers

The sequence of component distribution in the oxide layers on
attacked cladding is not constant. Electron microprobe examination of
the cladding reveals in some samples (see Fig. 3) a chromium-rich oxide

adjacent to the cladding, with a nickel-rich oxide nearest the fuel and
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PHOTOMICROGRAPH BACK SCATTERED ELECTRON IMAGE

Cr K©o¢ X-RAY DISPLAY Ni KOt X-RAY DISPLAY Fo KO¢ X-RAY DISPLAY

Fig. 6. Distribution of Chromium, Nickel, and Iron in an Oxide
Layer Formed on 316 Stainless Steel in a Controlled Atmosphere at 925°C

for 500 nr.
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Cr KO< X-RAY DISPLAY ) Ni Ko< X-RAY DISPLAY

Fig. 7. Distribution of Chromium, Nickel, and Tron in Oxide lLayers

Formed on 316 Stainless Steel in Alr at 925°C for 500 hr.
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€r KO¢ X-RAY DiSPLAY ' Ni Kot X-RAY DISPLAY Fa KO« X-RAY DISPLAY
Fig. 8. Distribution of Chromium, Nickel, and Iron in Oxide ILayers
Formed on 316 Stainless Steel in air at 925°C for 500 hr., Region showing

three distinet oxide layers.
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Table IV. Electron Microprobe Analysis of Oxide Scales
Formed on Typs 316 Stainless Steel During Oxidation

ot o
Region Analyzed Content, wt b

Te Cr Ni
Thin scale® 10.5 87.2 2.3
Thin layer adjacent

to cladding® 7.3 79,4 13.3
Middle oxide layer” 39.3 42,2 8.5
Qutermost oxide

layer? 69.7 30.1 0.3

a ‘ P e
Thin oxide scale formed in low oxidizing atmosphere at
about 925°C for 500 hr.

blayered oxide scale formed in air at about 925°C for
500 hr.
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an iron-rich phase between the two. In this case, the material behaves
as if an oxygen lattice served as a chromatographic column with the least
stable oxide moving the farthest and the most stable oxide moving the
least. In other samples (see Table 1) one finds exactly the reverse
situation; chromium is more concentrated near the fuel while nickel is
richest near the base metal. 1In still other samples the chromium is
nearest the cladding but the iron has moved to a position nearest the
fuel, with nickel in an intermediate position. Clearly, these differ-
ences in behavior indicabe variations in the local enviromment in the
experiment.

The cladding-Cr-Fe-Ni-fuel and cladding-Cr-Ni-Fe~fuel sequences
are not uncharacteristic of oxidation in a high-oxygen environment. In
the laboratory tests described above in which type 316 stainless steel
was heated at 925°C for 500 hr in air, the same two sequences were seen
(see Fig. 8 and Table IV). The reason for the difference is not known.

The sequence in irradiated fuel pins in which the chromium is near
the fuel is more difficult to explain. A different mechanism of oxida-
tlon from that at high oxygen pressure seems indicated. Such a mechanism
might involve fission products, such as cesium in some form. An alter-
nate explanation could involve the fact that the chromium-rich layer
formed at low oxygen potentials is not stable and can move by vaporiza-

tion after long times at high temperature.l”s2?

This mechanism, or
mechanical spalling of the chromium-rich layer, would lead to oxidation
of the newly exposed surface of the cladding. This surface has been

depleted in chromium, and the formation of an iron-nickel oxide next to

the cladding would result.
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Grain Boundary Attack and In-Fuel Rivers

The depth of uniform and grain boundary attack observed in our out-
of-reactor oxidation studies is generally consistent with that predicted
for in-reactor fuel pins.”>® The 500-hr test duration is roughly equiv-
alent to 5000 MWd/metric ton burnup in a GCBR or IMFER fuel pin.

Two main factors have led to postulation of fission products as the
primary culprits in fuel-cladding chemical interactions. One is the
observation of fission products in the reaction layers and in the
attacked grain boundaries of the cladding. Since those filssion products
so located normally move toward the cladding whether there is attack or
not, theilr presence in the reaction zone is not proof that they are the
attacking agent. The second factor taken to indicate fission product
attack is the presence and composition of the metallic "rivers" in the
fuel near the surface.

Speculation that the cladding is transported by an iodine mechanism
similar to the Van Arkel—de Boer?* process has resulted®s?7 from evi-
dence such as that described above. Calculations from available thermo-
dynamic data plus reasonable estimates show that such transport is
impossible unless the participation of a stable cesium uranate isg postu-
lated. Moreover, even with this postunlated mechanism, transport can
only occur at relatively high oxygen potentials. More likely mechanisms
are oxide transport through a liquid phase or mechanical transport.

Calculations to demonstrate the above statements have been made as

follows.



Todine Transport Mechanisms

The ratio of cesium formed to iodine formed in two years in a typi-

cal fast reactor is approximately six. 26

Thus, the iodine would tend
to be tied up by the cesium as CsI as rapidly as the iodine i1s formed,
so it would not be available in significant guantitles to participate
in transport of cladding components.

As a demonstration of the nonavailability of lodine, consider the

reaction:
20sI(s) + Fe(s) = Felo(g) + 2cs(s) . (1)

From data in Kubaschwski, Evans, and Alcock?” plus an estimate of

30.0 e.u. for the entropy of vaporization of Felz, one calculates the

AH;gS of Reaction (1) as +167.7 kcal/mole and ACP between 298°K and

the temperature of interest, can be taken as zero for the purposes of

this calculation. Thus AG°/T is +146.5 cal mole™? (°C)~% at 900°K, and

the pressure of Fely; at eguilibrium would be about 10732 atm. Any

significant transport of iron under these conditions is inconceivable.
However, other things are occurring in an oxide fuel pin. Specif-

ically, the oxygen potential is changing. One might assume that the

oxygen would tie up the cesium after a period of time, and then the

pressure of iodine would begin to rise.

To examine this possibility, consider the reaction
2Csi(s) + Fe(s) + 1/2 02(g) = FeIln(g) + Cs,0(s). (2)

In this case AHjqy for the reaction is +91.6 kcal/mole and AS; 4, 1is

4 e.u. At 900°K AG°/T is 97.8 and log K is -21.37. Since for
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1
1
Reaction (2) K = P /P02’ one must know the pressure of oxygen to

Fel,
estimate the Fel, pressures.

To find the influence of oxygen in Reaction (2), take the case of
900°K and an oxygen pressure of 4 X 1077 atm. If oxygen at this tem-
perature and pressure were in equilibrium with fuel, the oxygen-to~
metal ratio would be 2.002 for a 20% Pu fuel.?® Under these conditions,
the pressure of Fel, can be computed to be about 3 X 107°% atm. It
secems extremely unlikely that this mechanism could provide a significant
transport, even allowing for any reasonable error in our basic
asswuptions.

Since the iron and sometimes other elements in the cladding are
transported into the fuel and are observed as "rivers," some mechanism
must be operable. Transport across the gap bebtween the cladding scale
and the fuel might occur either as a cyclical process or as & one-time
transport. One must recognize that iron occurs almost pure (in some
cases) and randomly located in the fuel pin, apparently as a "river"
into the fuel from the fuel-cladding gap region. An acceptable overall
mechanism must: (1) be thermodynamically possible, (2) explain why the
iron occurs at only a few places, and (3) explain why the iron is
separated from the other elements of the cladding.

If gas transport is possible within a fuel element then the partic-
ipation of a cesium uranate might permit iron transport. Several cesium
uranates are known. The compound CspUU0; has a reported29 heat of forma-
tion, AHj g4, of —478 keal/mole, and we estimate an entropy, 8549 OF

+51 e.u. The appropriate reaction is then

20sI(s) + Fe(s) + UOy(s) + O2(g) = Cs,U04(s) + Felo(g) . (3)
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For Reaction (3) AHJ,, is —51.5 keal. At 900°K, AG°/T is —40.23 and
log K is +8.791.

To see the effect of oxygen potential on Reaction (3), we chose
the example used above (4 X 10™1° atm 0, at 900°K). Tn this case the
pressure of Fels would be about 3 X 107¢ atm, clearly enough to provide
a transport mechanism. On the other hand, at an oxygen-to-metal ratio
of 2.00 the oxygen pressure is reduced so greatly that a Fel, pressure

of about 1071'® atm is calculated.

Ligquid Phase Transport

Another possibility ilnvolving a cyclical process is formation and
transport of a cesium ferrate across a liquid phase (such as cesium or
Cs,0) between fuel and cladding. If one assumes that iron in the iron-

rich phase near the fuel is in the +3 oxidation state, one can write,

[Fe203]a < l(s) + 2Cs(ﬂ) + %Og(g) = 20sFe0, (solution) . (4)
For CsFe0yp, AH® is estimated to be —137.8 keal/mole and §° is
fr298 298

estimated at 30.0 e.u. Data for Fep03; and cesium are taken from

Kubaschwski, Evans, and Alcock.?” The most favorable case is when
2 2

aF6203 -

To examine this case a range of activities across a temperature
gradient should be examined. Table V shows the computed raunge of
activities of CsFe0p, from 1000 to 1500°K. To make the calculation for

three of the cases, we assumed that P was fixed by a C0,~CO mole

Oz

ratio of 10; for the fourth case the P. was assumed that in equilibrium

Oz

over Fe-FeO. The activities are such that transport is conceivable by

this mechanism. One must assume that the activities are linearly
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related to the concentration and, thus, that the activity at the high-
temperature end regquires precipitation of the CsFeO, from the super-
saturated solution in cesium. In the first examples of Table V, the
P02 is above the Fe-FeO equilibrium and FeO would be transported. In
the last case the Fe~Fe(Q equilibrium oxygen pressure 1s used. Fnough
activity is etill present at 1500°K to justify the general argument.

Additional alkali metal-iron-oxygen compounds are known, such as
Na,FeOs, in which the iron valence is +2. Such varlations in compound
type or valence should not change these conclusions. It is quite
likely that iron exists not in the +3 state but in some lower valence.
Conceptually, this situation can be visualized as having Fep03 at a
lower activity. The activities of the cesium ferrate would then be
reduced by just the amount of the reduction of the iron oxide's activity.
The mechanism depends only on having an activity at the hot side appre-
ciably less than that at the cold side.

There are enough uncertainties in the estimates that transport by
this mechanism represents a possibility. Separation of iron from
nickel and chromium indicates a partitioning. One must postulate
preférential attack of the cladding, an activity at the hot szide greater
than at the cold side, or dissolution of the nickel and chromium into
the fuel.

If such a transport is assumed, one must further assume a mechanism
to concentrate the iron into rivers. Surface diffusion is a possibility
for such a mechanism. Further, iron is sometimes seen deposited on the

surface of the fuel, as is chromium, and not agglomerated into rivers.
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Table V, Calculated Activities of CsFeO, at Various Oxygen Pressures
and Temperatures®

b
T log P
° 1
( °K) w Oz ©8, 5 osFens
1000 ~18 .4 -1.16
1200 ~13,5 -1.58
1500 - 8.7 ~1.94
1500 =11, 54 ~2.,65

®Reaction considered is Fe,03(s) + 2Cs(1) + 1/2 01(g)
= CsFe0p( solution).

bThe first three examples correspond to pressures of oxygen
fixed by a C0,~CO mole ratio of 10,
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Mechanical Transport

A final possibility is the mechanical transport of iron oxide
across the gap by abrasion during shutdown and startup, for example.
Since iron occurs in conjunction with the fuel, the conclusion follows
that the oxygen potential is below that in the Fe-Fe(O equilibrium
region. Buch a simple mechanical transport of oxide followed by reduc-

tion seems as probable as the other mechanisms.

CONCLUSTONS

1. Three general forms of reaction are manifested in the cladding
of (U,Pu)0, fuels: (1) surface oxide layer, (2) intergranular penetra-
tion of the cladding, and (3) "rivers" of cladding components in the
fuel.

2. The location, frequency, and characterization of these reac-
tions must be better described by investigators in this field for their
results to be relevant to the early understanding and control of these
phenomena..

3. The equation developed by Biancheria and coworkers to describe
cladding attack appears to provide a reasonable fit to the widely
scattered available data for stoichiometric and hypostoichiometric fuel.

4. The limited available in-reactor data are in agreement with
out-of~reactor studies in indicating that Hastelloy X can operate 50 to
100°C higher than can types 304 and 316 stainlegs steel, without exces-
sive fuel~cladding chemical interaction.

5. A Van Arkel—de Boer type mechanism for iodine transport of
cladding components toward the fuel in operating fuel pins is thermo-

dynamically very unlikely.
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6. Although fission product compounds, particularly those of
cesium, can attack cladding materials under the conditions prevailing
in an operating (U,Pu)Og fast reactor fuel pin, the major form of
cladding attack is probably oxidation. We have observed essentially
the same morphology of cladding reaction in both out-of-reactor oxida-
tion and in-reactor fuel pin tests.

7. It appears that the most likely sequence of events in cladding
attack is (l) movement of cladding constituents into surface oxide
phases by normal oxidation with the concurrent formation of grain bound-
ary voids at the higher temperatures, (2) movement of the outer oxide
layers to fuel surfaces or cracks by either mechanical or liguid-phase
transport, and (3) subsequent reduction of the transported material to
the metallic state at the fuel.

8. Type 316 stainless steel appears adequate for early GCBR appli-
cation. However, for the higher temperatures and higher burnups required
for the commercial GCBR, either better understanding and resultant con-
trol of cladding attack or alloys more resistant to attack will De

required.
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