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I .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASUMMARY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 

Prior to empl 

be well characteri ith respect to 'its behavior in th 

ted to develop in the'repository. This 

obtain a qualitative idea of how spent fue 

water environment that could develop in a tuff repository at a t 

temperatures have cooled 

repository horizon. That nformation would then be used to establish more 
definitive tests on cladding behavior in a tuff repository. 

ent in a nuclear waste reposito 

L I  

-95 'C and hot liquid water has infiltrated the 

For this study-bundles o f  spent fuel cladding held together with a 
' 304 stainless steel (SS) wrap were constructed which simulate the geometries 

and materials associations in a breached 304L SS container. 
to 90 'C tuff-equilibrated Well 3-13 water for periods of 2, 6, and 12 mo.. 

They were exposed 

During the experiments, the water level, temperature, conductivity, and 

pH were monitored on a regular basis. The water was also checked periodically 

for carbon (organic, inorganic; and later in the experiment Carbon-14) and 

zirconium. More extensive water analyses were carried out at the midpoint 

and completion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  the experiments. 

Several lines of specimen evaluation indicated no detectable or very 

limited corrosion had occurred in any of the rod sections. Patterns created 

by black (pretransition) and gray (posttransition) oxide films in transition 

areas showed no change as a result o f  the 6-mo experiment suggesting (0.1 p 
o f  oxidative corrosion per year. Metallography, scanning electron microscopy 

(SEM), scanning transmission electron microscopy (TEM)/SEM evaluation of 

selected specimens gave no indication of active corrosion during the experi- 

ments. The TEM micrographs of ultra-thinned oxide on archive cladding and on 

: 
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cladding from the 12-mo experiment are identical zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, suggesting 
corrosion activity, and again suggesting tO.l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApm of oxidativ 
indication of localized corrosion was noted on either the cladding or the 

stainless steel wrap in areas of contact. The results suggest that the very 

slow oxidative corrosion predicted by extrapolation of higher temperature 

oxidation models to this lower temperature condition may be of the correct 

order of magnitude. 

the long time periods under consideration (i.e., 10,000 yr). 

use of spent fuel cladding speci ns with well-polished areas so that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASEM 
evaluation can be used to identify localized corrosion, and Auger/ion milling 

techniques can be used to quantify the extremely thin oxidative corrosion 

films predicted by the oxidation models. 

indicator of cladding-environment interaction once its distribution in the 

cladding has been accurately described. 

If so, cladding corrosion is negligible (~1%) even for 

tests to actually measure corrosion under these condi tlons should make 

It is concluded 

Carbon-14 may be a very sensitive 

2 
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T 

Spent nuclear fuel is one of the waste forms that i lanned for place- 

engineered barriers in the repository. The integrit 

ort ‘of radi onucl idles away 

y in progress at 

Engineering Development Laboratory zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(HEDL) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. The NNWSI Project is investigating 
the suitability of the Topopah Spring ember of the Paintbrush Tuff at Yucca 

Mountain, Nevada, for potential siting of a high-level nuclear waste 

rep o s i tory . 
An evaluation of the projected history of the tuff repository identified 

two periods during which corrosion of the Zircaloy might occur, and even these 

conditions are so benign that they only rate consideration because of the 

hundreds or thousands of years that they may last. ’ (2) Zircaloy cladding will 

be experimentally tested under the most severe conditions representative of 

these two environments. One experimental series will consist o f  exposing the 
cladding to -120 psi, 170 ‘C water in an autoclave. In the other, Zircaloy 
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cladding will be exposed to 90 'C, tuff-equilibrated groundwater. Both 

electrochemical corrosion and stress corrosion cracking will be investigated 

in those environments. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

To experimentally evaluate arious combin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAons of environments and 
ned. The first two are corrosion mechanisms, six experimental tests are p 

scoping experiments designed to produce initial data and refine the experi- 

mental procedure. These are plete or now in progre 

these scoping experiments ar pected to greatly impr 

effectiveness of the principal experim ts with respect to the amount and 

quality of data obtained. 

The purpose of this rep0 

chemical corrosion scopi ng ex 

behavior of fircaloy spent fuel cladding in hot (90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'C], tuff-equilibrated 

We1 1 J- 13 water. (3)  Well 5-13 water is believed to be a close approximation 

The objective .of this scoping experiment was o expose actual spent fuel 

cladding to a simulated tuff repository environment and to characterize the 

corrosion of the cladding in this environment. These results are compared to 

those summarized by Rothman(l) and the techniques employed in the work are 

evaluated with respect to their. effectiveness in revealing corrosion effects. 

results of the electro- 

hich investigated the corrosion 

to the water that partially saturates the tuffs at the repository horizon. (4) 

4 
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111. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJXPERIM ENT DESIGN AND PROCEDURE 

As has been described el sewhere, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( l )  the postclosure environment of a 
c 

tuff repository will go through a hot period that will last about 1,000 yr 

during which the temperatures will be above the boilingpoint of water zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[ ( - 9 5 3 ' C )  at the cand zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. will continue to slow decrease, a1 1 ng 'groundwater to infiltrate 'the 

repository. If it is assumed that th 

that time, spe 

around 90 'C. 

-. - 
te reposS tory horizon)]. Following that, temperatures 

pent fuel containers have breached by 

to groundwater at 

Under these condi t i ons 

through one or more breaches in the container 

breach at the bottom of the ntainer'that would a1 

drain freely, water will eventually accumulate i 

container so that spent 'fuel rods will 'be 'partially covered 

will also be drawn up along contact areas between rod 

the container wall. Hence there will b 

galvanic corrosion, and concentration-driven corrosion at water-air inter- 

her seep o r  drip into the container 
arring the presence of a 

ny water that entered 

bottom of the 

th water. Water 

nd hetween rods and 

pportunities for crevice corrosion, 

11 as homogeneous cor 

The envi ronment , a1 ong 

'as possible Sn the following way. The breached conta'iner full of consolidated 

d geometries of consol idated 

spent fuel in a container, 

spent fuel was simulated by a small bundle of.spent fuel cladding sections 

held together by a strip of reference repository container material, This 

assembly was maintained at 90 'C and 

equi 1 i brated groundw 
e materials interactio 

odeled for this experiment as realistically 

- w 

5 
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A. 'EOUI PMENT 

The equipment for this experiment consisted of thre 

flared rims, ground flat, to facilitate sealing against Pyrex* plate glass zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' 

lids. The cylindrical jar cavity was 54 mm by 152 mm. The lid had a glass 

handle epoxied at the center. A 16.m diameter port was drilled through the 
lid so that its outer edge coincided with the inside wall of the jar. 

ilica jars with 
L 

. 
% 

stoppers were used to seal these ports. 

During the experiment, the vessels were immersed in a hot bath which had 

an approximately 11 in. long by 5 in. wSde by 6 in. deep stainless steel tank. 

The heat sensor was placed inside the tank on the bottom, and a 1/2 in.-high 

stainless steel platform in the tank provided a flat surface upon which to set 

the jars. The tank was filled with enough HTF-loo*** oil-bath oil to come to 

within about 1 in. o f  the top o f  the tank when all of the jars were,in place 

in the tank. Separate Type-K thermocouples were used to measure temperatures 

periodically in the oil bath and in the jar during the experiment. These were 

read out on the same digital thermometer. 

Conductivity of the Well 5-13 water was measured using a Beckman CEL-Kl 

conductivity probe which was inserted through the port in the Pyrex lid. 

This probe was modified by removing the bottom half of the glass enclosure 

around the platinum electrodes to facilitate removal of gas bubbles that tend 

to become trapped around the electrodes. The cell was used in conjunction 

with an Industrial Instruments RC-18 conductivity bridge. 

B. EXPERIMENT MATERIALS AND PREPARATION 

- 
The cladding for these experiments was taken from Turkey Point spent fuel 

assembly B-17 which was discharged from service in 1975. (3) These part i cul ar 

rod sections were defueled and made alpha free by repeated ultrasonic cleaning 

*Pyrex is a trademark of Pittsburgh Corning. 

***HTF-100 is a trademark of Blue M Electric Co. 
**Teflon is a trademark of E. I. duPont de Nemours & Company. 

6 
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and 50% nitric acid washes (Ref. 5, p. 22). Note that zirconium has excellent 

corrosion resistance to nitric acid to concentrations of 90 wt% and tempera- 

tures of 200 'C.(6) The cladding selected for the experiments included 

material from diffe 

films and a corresponding range of hydride inclusions. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(7) By including 

cladding from various levels of the core, the different kinds of "crud" scale 

that develops on cladding should also 

has a wide range of c tallinity and mposition, from amorphous ferric 

oxides to crystal1 ine on, nickel, a chromi um zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' spi ne1 s . (8*9) Also, the 

thick oxide film is porous to a certain degree, adding more crevice-like 

environments in which extremes in solution chemistry may occ . The cladding 

sections (4.5 to 4.75 in. long) were plugged with Zircaloy-4 lugs machined 

from unirradiated rod materia 

Resin 828 epoxy ("2-cured" at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 

levels in the reactor core having thick and thin oxide 

* 

present in the experiment. This crud 

eld in place with EPON* 

e cladding sections were gathered into 

place with a 2 in. by 6.in. bundles of seven (six around 

304L SS strip and 
was positioned so 

experiments. Table 1 specifically indicates the makeup of each bundle. This 

configuration simulates all of the geometries and materials contacts in 

conjunction with exposure to 

01 SS hose clamp (410 SS screw) (see Figure 2). The wrap 

t it would be intersected by the water surface during the 

1 of the air and water combinations expected in 

d around the bundle -1 in. deep came from a 

T - surface outcrop of the Topopah Spring member of the tuff sequence near the 

repository site. The crushe washed in Well 5-13 water at 

c .I -25 'C for about overnight. Washing consisted of 

the well water, agitating, and 

then allowing th 

Following hot water washing, the water-tuff mixture was separated by 

filtering. The wet tuff was then dried in a muffle 

*EPON is a trademark of the Shell Chemical Company. 

ting off the cleared fluid. 

ce overnight 

7 
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, TOPVIEW 

I 

CLADDING SAMPLE 

CLADDING - 
CLADDING CONTACT SILICA 

CONTAINER 

CLADDING - 
CONTAINER CONTACT 

SHEET zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF CONTAINER 
METAL 

SIDE VIEW 

WATER LEVEL 
MAINTENANCE PORT 

ZIRCALOY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAEND PLUGS 

CRUSHED TUFF - 
. .  
, .: < 

CLADDING SAMPLES 

~~ 

SHEET OF CONTAINER 
MATERIAL 

APPROXIMATE WATER 
LEVEL 

-__ - - - /  

ZIRCALOY END PLUGS 

HEOL zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8002 240 4 

FIGURE 1.  Schematic o f  the Silica Jar w i t h  Cladding Bundle, 
Water, and Crushed Tuf f  in Place. 

8 
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TABLE 1 

TURKEY POINT(5) DEFUELED CLADDING SECTIONS 
MAKING UP ELECTROCHEMICAL CORROSION SCOPING EXPERIMENT BUNDLES zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

TP- B17 - ECS - AA TP- B17- ECS- BB TP- B17- ECS-CC 

*A- G9 - 3 H-H6-5 0-G9-9 

B- G9 - 20 I-G7-19 P-H6-3 

C-G9-24 J- 67-24 Q-H6-17 

0-69-37 K-19-27 R-J8-7 

E- 19-7 L-G9-7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS-38- 17 

F- 19-21 M-H6-21 1-58-21 

G- 19-32 N-H6-32 U-58- 32 

s inscr ibed on the Zircaloy-4 plugs i n  each 
d e n t i f i e s  each section i n  the bundle. The r e s t  

o f  the section designation i d e n t i f i e s  the f u e l  rod and the 
p o s i t i o n  i n  the f u e l  rod from which the sect ion was taken, 
as described i n  Reference 5. 

a t  -100 O C .  This procedure assured the removal o f  chlorides, sul fates,  and 

n i t r a t e s  which are deposited by meteoric waters i n  the surface outcrop o f  the 

t u f f .  The t u f f  i s  placed i n  the experiment t o  b u f f e r  the groundwater 

composition as i t  would i n  the reposi tory  under these condit ions. 

The producing horizon f o r  Well 5-13 i s  the Topopah Spring t u f f  i n  a 

l oca t i on  away from the reposi tory  s i te ,  i n  a place where the t u f f  i s  below 

the water table.  Thus, Well 5-13 water i s  already i n  equi l ibr ium w i t h  t u f f  

a t  ambient temperature. The presence o f  t u f f  i n  the experiment allows i t  t o  

re -equ i l i b ra te  w i t h  t u f f  a t  90 'C and remain close t o  equ i l i b r i um i n  s p i t e  o f  

the mineral deposit ion t h a t  occurred dur ing the experiment [i .e., the "white 

ppt" which i s  discussed l a t e r  (see Table 2)] .  The Well 5-13 water came from 

a 55-gal barre l  ("F") supplied by LLNL t o  HEDL i n  1983. An analysis o f  t h i s  

water i s  given i n  Table 2. 

- 

10 
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C. EXPERIMENT PROCEDURE 

The experiments were assembled by first loading 1 to 1 1/4 in. of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
moistened (Well 5-13 water) crushed tuff into the jars, then setting the 

bundles in place into the tuff. The lip around the top of each jar was given 

a very thin coat of high-temperature vacuum grease, a 

put in place a held tightly by clamps. Enough Well 13 water was 

added to bring he-water line about halfway up on the side of each cl 

bundle and a reference mark made so that water level changes could be deter- 

mined. Next the loaded jars were placed into the oil bath, the power turned 

on, and the experiments were allowed to warm up with access ports open. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs 
soon as the water temperatures reached -85 *C, the access ports were plugged 

with Teflon* stoppers. 

then the 1 ids were 

While the experiments were running, the water level temperature, and 

chemistry were monitored. The water level and temperature were monitored to 

make sure that the corrosion environment would remain constant during the 

course of the experiments, while the water chemistry was monitored so that 

any changes that might suggest the pnset of rapid corrosion or other distur- 

bance in the experiment system would be detected c'lose to the time it actually 

occurred. 

The water levels were maintained within 0.0625 in. (i.e., -3 mL) o f  the 
original fill level at least two-thirds of the time for the 2-, 6-, and 12-mo 

experiments (see Table 3). Periods of water loss generally occurred after a 

given experiment had been open to make a temperature determination, etc. 

Apparently the Teflon plug did not seat perfectly each time, resulting in 

periods of water loss. The water levels were more than 1/4 in..low (5% of the 
duration of the experiment and, as discussed below, there was no measured 

effect on the chemistry of any of the experiments due to the variation of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

water 1 eve1 . 

*Teflon is a trademark of E. I. duPont de Nemours & Company. 

12 
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E, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPH, AND SOLUTION CONDUCTIVITY 

fxperiment Maintenanc La) Temperature c DH Conductivi t v  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(61 
Water Level 

2 Mo I 73% 89.9 f 1.1 'C 54.0 f 83.0 

89.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ' 9  'C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- 
724.0 f 106.0 

The target temperature for  each experiment rough i n i t ia l  
benchtop experiments i t  was found that the oi l  bat be mai ntai ned 
a t  100 t o  101 'C t o  keep the water i n  the jar a t  90 fl 'C with'the'oi l  1 i n .  
above the water l ine i n  the jar .  The-temperature control achieved is shown i n  

increase the power setting on the oi l  bath t o  maintain the experiment tempera- 
For the longer experiments, i t  was necessary to  'periodically 

as apparently necessary because of a s l i gh t  breakdown of the o i l  

13 
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because of limited room to insert the probe. 

when the bundle in the 12-mo experiment shifted enough to interfere with the 

insertion of the conductivity probe.) These di 

account for the amount of scatter observed in the data (Table 3) and obscure 

(The measurements were suspended 

ul ties are believed to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 
mall trends that might be present. 

The elemental solute chemistry of the solutions in contact with the 

cladding bundles is shown in Table 2 along with the analysis of the Well 3-13 

water prior to startup and a semiquantitative spectrographic analysis of the 

white precipitate (see Figure 3) that formed on the cladding bundles during 

the experiments. The Well 3-13 water from each experiment was analyzed at the 

termination of each experiment. Intermediate analyses were performed on the 

6- and 12-mo experiments. Any time water was physically removed from the 

experiments it was replaced volume for volume with Well 3-13 water. Losses 

believed to be due to evaporation were replaced with deionized water. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs will 

be discussed later, it appears that the formation of the white precipitate 

explains most of the shifts in the water chemistry that cannot be attributed 

to equilibration (or interaction) with the crushed tuff and/or silica jar. 

- 

The carbon in the Well 5-13 water was determined more frequently and in 

more detail. The results for inorganic, organic, and carbon-14 are reported 

in Table 4. Organic carbon was of primary importance because of its potential 

as a passivating agent and the fact that the epoxy used to seal the end of the 

cladding sections may act as a source of organic carbon, particularly in the 

presence of a radiation field. At the midpoint of the 12-mo experiment, the 

Well 3-13 water was changed out twice to see if that would significantly 

change the observed level of organic carbon. This was done on t 

the 12-mo experiment. At that time the water was withdrawn down to the level 

of the crushed tuff and refilled with fresh Well 3-13 water. 

allowed to stand for -24 h (at 90 'C), and the process was repeated. Subse- 

quent analyses were made as indicated in Table 4. Carbon-14 measurements were 

included late in the experiment after both the 2-mo and 6-mo experiments had 

been terminated, but measurements were made on the Well 3-13 water taken from 

those experiments. These values suggest that carbon-14 is being released from 

P 

It was then 

14 
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GURE 3. Zircaloyl.4 Cladd 
deposit on 304L 
bel ieved t o  cons 
carbonate. TP-B17-ECS-CC the 6-mo experiment zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.) 

15 
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ABLE 4 

CARBON SPECIES OBSERVED IN SOLUTION 

Days from 
Start of Inorganic Organ i c Carbon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 14 

-I Run zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA I ? ! ! L ( D o m )  ld/mL-min) 

P-B17-ECS-AA 16 28.6 
(12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMo) 38 22.9 
361 D 73 39.0 

136 10.6 32.2 
191 25.3* 
199 12.0 
220 20.8 
262 6.9 24.4 
288 165 
291 5.7 24.1 
360 6.9 24.8 
361 180 

TP-B17- ECS-CC 
(6 Mol 
190 D 

16 
38 
73 
136 
191 
295 
361 

38.0 

9.0 47.7 
49.0 

3,O 37.4 
124 
110 

28.8 
26.0 

5.6 

20 
42 
77 

TP- B17 - ECS - BB 
(2 Mol 
70 D 

306 52 
365 13 ( b, 

(a)J-13 completely exchanges for fresh 3-13 at this time. 
(b)Inaccurate because of small amount of liquid available. . 

the cladding surface. The decreasing values in the 2- and 6-mo experiment 

solutions indicate loss of carbon-14 to the environment (i .e., container 

surfaces, atmosphere, etc.). Carbon44 is discussed in more detail at the end 

of this report. 

16 
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IV. POSTEXPERIMENT EVALUATION OF THE SPENT FUEL CLADDING 

After e periment was termin ted, the bundle of spent fuel cladding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.D 

sections was l’ifted out o f  the silica ar and visually inspected. After it 

had been allowed to dry it 

and then disassembled. Pr to disassembly, several small fiducial marks 

spatial relationships after the bundle had been taken apart. 

assembly, eac art was photographed separately. Based on a 

tion, two cladding tions (one with a thick oxide film and one with a thin 

oxide film) were chosen for detailed examination via metallography, SEM and, 
in a few cases, scannin nd electron diffraction 

higher magni f i cations. 

s documented photographically from several angles 

both on the end caps and on the cladding to maintain knowledge of 

ither the Zircaloy 

e 6-mo experiment 

typical of the 2-, 

ndle from the 6-mo experiment is 

cladding or the 304L S 
shown in Figure 4. just 

her experiments. 

it was easily 

ermined, the white 

nterface and does 

nce o f  the cladding 

water level in the 

not contain any 

and the Zircal 
. 

ater line is the same (see 

12-1110 experiments. The 
* 

plugs is excess epoxy which has been 

ows how the cladding bundle 

r. I In Figure 6 there 

out 1 in. from the 

the crushed tuff. The cladding 

itself appears exactly the same above and below this line. This line looks 
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aaoai40.3 

FIGURE 4. Six-Month Experiment Just Removed from the Hot Oil 
Bath. 
because of a deposit from the oil on its surface. 
Water line just visible -1 in. below top of darkened 
region. TP-B17-ECS-CC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- the 6-mo experiment .) 

(Jar appears dark where it contacted the oil 

18 
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38800140.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ure 1). (Cladding zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

hole i n  the t u f f ; -  This i s  f rom the 6-mo 
experiment .) 

19 
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(b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
38808 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA140.5 

FIGURE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6. Cladding Bundle from 6-Month Experiment (Figures 4 and 5)  
before (a )  and after (b) Removal of the 304L SS Wrap. 
Small cuts on cladding i n  (b) are fiducial marks. Arrows 
mark the location of the "wavy line" produced at the water- 
tuff interface. 

20 
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erface and is probably 

nalyzed in more-detail 

nd the results are di in Section IV of this 

emoved, as shown in Figure 66, the white deposits 

terface against the cladding show that capi 11 ary 

ter inside the wrap. water was drawn to the 

the cladding sections. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. 

of the wrap and to an undetermined h 

Again, little, if any, effect could be observed other than what appeared to be 

rence fringes (black lines) in some areas where the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA304L SS and 
Zircaloy cladding were in-close proximity (see Figure 6b, the area inside the 

white deposit line near the top of where the rap was located). 

Another indication that very 1 ittle oxidative corrosion has occurred was 

observed in regions where the oxide was transforming from the thinner 

pretransition oxide film to the gray posttransition oxide film. 

areas the gray oxide forms patches that coalesce eventually but at an inter- 

mediate stage the patches are separated by thin 1 ines and triangular patches 

of black pretransition oxide. 

In these 

In the 6-mo experiment, one section of spent 

t perceptibly change 

es from a minimum 

ver a distance zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  
o posttransition 

ess change. Since 

d, change in 

b 

L. SS wrap. These are from 

periment appeared to 

uggesting any 

the line of contact 

not appear to -change 

sult of abrasion of 

rred during the 

I 

he bund1 e “of cl adding sections . 
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38808140.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 7. Ins ide Surface o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA304L SS Wrap (2 in. high) fr 

the 2-mo (b) Experiments (6410 looks the same) 
l i n e s  i n  (a) and (b) coincide w i th  t h e - l i n e s  o 
cladding sections. White deposit dicates the water l i n e  dur ing 
the experiment. Under magnif icat ion the dark area i n  (a) (rec- 
tangle) i s  shown t o  be a smoothed area, (c) and (d). Unabraded 
surfaces appear completely unaffected by the experiment, compare 
(e) w i t h  (f) an archive specimen. 
same scale.] 

the 12-mo (a) and 
[The dark v e r t i c a l  
ontact w i t h  the 

Note (d), (e), and (f) have the 
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In conclusion, there is no visible macroscopic evidence that the Zircaloy 

spent fuel cladding has reacted in any measurable way with the environment 

produced by tuff equi 1 i brat -13 water an L ss. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

B. POSTEXPERIMENT CLADDING SAMPLE SELECTION AND PREPARATION 
i 

These electrochemical corrosion experiments were set up to explore the 

potential corrosion condition 

tions after about 

to simulate consolidated spent fuel rods in a 304L SS container exposed to 

i nf i 1 trat i ng ground water. Corrosion environments generated i ncl uded ai r/ 

water interfaces, crevices, dissimilar metal contacts, thick water films, 

etc. Available evidence, e.g., Rothman(l), indicated that little, if any, 

easily discernible corrosion was likely to occur. Therefore, since it is not 

possible to characterize a specimen microscopically prior to the experiment, 

it was necessary to choose samples on whic areas of locali 

possibly be d by comparing them t adjacent areas t had been less 

affected by in the experimental environment. Hence, samples were 

taken so that they extended ‘across ireas where localized corrosion might have 

might occur under tuff repository condi- 

h, the experiment bundles were constructed 

corros i on coul d 

eta1 contacts, areas where crevices would be 

scheme illustrated in Figure 8 and they include material exposed to all of 

those environments. 

r interfaces, etc. ‘The samples were taken according to the 

i 

ng the experiment, water is drawn 

action (see Figure 7). 

ter interfaces (if the 

static water level fell below the sampling level) and the lines of contact 
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* 

* zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
TOP OF 304L SS WRAP 

SECTION 
D ESl GN AT1 ON 

/8 in.+TAKE-OUT 1/84 
RING SPECIMEN 

UPPER CU 

WATER LINE 

MIDDLE CUTS TAKE OUT 1/8-in. LONG 
RING SPECIMEN 

BOTTOM OF 304L SS WRAP 

LOWER CUTS TAKE OUT 1/8-in. LONG 
RING SPECIMEN zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c 

T 

FIGURE 8. Sectioning Diagram for Cladding Section. (Eac 
ring section samples all micro-environments present at 
the particular level. The three levels include: 
water interfaces, cl adding/cl adding and cladding/wrap 
contact lines, and the proximity of crushed tuff.) 
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between the cladding sections and the line of contact 

of which were effectively under water. The lower 

which it was exposed directly to the water just ab 

sample is representative of material expo 

contrast to the middle and upper specimen 

were present. The rest of the spent fuel rod section was st ed for future 

work if the evidence warranted more extensive sample evaluation. Areas in 

contact with the tuff were not included because th 

exactly the same as higher areas whic 

The thin dark line observed on some spent fuel section 

appeared to be the same but less intense as markings associated with crevice 

areas beneath the wrap. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ Hence, the upper and middle specimen 

this kind of phenomenon. hese three samples should display t 

corrosion at some position if detectable corrosion occu 

experiment. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4~ wrap, all 
at a level at 

the crushed' tuff. This 
4. 

to bulk water conditions in 

materi a1 s contacts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
i 

d during this zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. I  

The sampling pattern applied to material from the 2-mo" experiment 

differed from that hown in Figu 8 in that it did not include material from 

the area near the bottom of the wrap. Also, the polished metallographic 

specimens used for both optical and scanning electron microscope evaluation 

were cut at a low angle to the oxide surface to exaggerat he thickness of 

the oxide film and the features of the oxide-metal interface. However, these 

pol i shed sections were ifficult to prepare and did not result in significant 

nal information 

to- the oxide surface 

i 

r TEM/SEM evaluation were tak jacent to the 

ion milled; 

duced. The dis- 

e cladding surface 

nd expensive 

riment in wh zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 

set came from beneath the 

er from above the wrap out of the Well 3-13 wate 
_ .  
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Two cladding segments from each of the 2-mo, 6-mo, and 12-1110 experiments 

were chosen for sampling. One had the characteristic gray appearance of a 

"posttransition" oxide film and the other was black, characteristic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f  a 

pretransition oxide film. The difference between these films is their thick- 

ness and internal exture. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA' They are representative of the two types of films 

found on PWR spent fuel rods. These two types of oxide film are shown in 

Figure 9. 

C . POSTEXPERIMENT CLADDING METALLOGRAPHY zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s 

. 

All of the polished sections were viewed on a Bausch and Lomb reflected 

light microscope remotized for use in a hot cell. It gave a good flat image 

at 750X. Hence, this magnification was used for surveying each polished 

section visually.. Photograph micros were made of selected areas at 75X or 
lOOX and 750X. 

In general, all of the observations can be summarized by the photographs 

shown in Figure 9. After evaluating sets of polished sections from the 2-mo, 

640, and 12-1110 tests, no effect of the experiment could be identified in the 

polished sections at a magnification of 750X. The sections shown in Figure 9 

while taken from the upper area could be from any area in the experimental 

environment: metal/metal contacts, at the -air/water contact, in air, sub- 

merged in Well J-13 water, near the tuff, etc., More pertinent, there was no 

corrosion evident at this scale with either general category oxide film. 

Thick or thin, they both appear to be inert to the repository environment 

simulated in this experiment. 

Figures 10 and 11 show a more extensive set of cladding specimens from 

the 6-mo experiment. An archive specimen mounted with each experiment speci - 
men allows the artifacts of polishing to be taken into account when evaluating 

them. Overall the oxtde films from the experimental specimens are identical 

in appearance to those on cladding that was never exposed to the experiment 

environment .. The rough (scall oped) appearance that increases in amp1 i tude 

with increasing oxide thickness was observed in all sections of both Turkey 

Point and H, 6, Robinson cladding material that the author was able 

t 



75x 

750X 

38808140.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 9. Representative Metallographic Sections from the 2-mo Experiment (a) 61 ack 

thin pretransition oxide without porosity, (b) Gray" thick posttransition 
oxide with porosity. No difference was observed between contact (cladding- 
cladding or cladding-SS wrap) and noncontact areas. (This  was true above 
and below the water line as well as at the water line.) 

E: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

m zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 
0 
or 
ul 

I 
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Archive 

75x 

s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
* 

750X 

t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL . * .  75x 

750X 

Lower 

38808140.8 

FIGURE 10. Micrographs of Polished Specimens of Section "On (Table 1) Taken 
from Localities Indicated in Figure 8. (The area photographed 
coincides with the line of contact with the stainless steel wrap. 
The middle section contacted the wrap. Archive specimens from 
the same cladding section were included with each polished 
specimen for purposes of comparison (640 experiment). White 
bars on upper left micrographs equal 100 and 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApin, respectively.) 
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Section zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.. "T" Archive 

75x 

750X 

388081 40.9 
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to evaluate microscopically. his was also true of the porosity of the 

film, which appear as partings that run parallel to the metal-oxide interface 

between layers in the thicker oxide films. Any differences between specimens 

exposed to the simulated tuff repository conditions and thos 

below the ving power of the microscope (Le., on the or 

tenths of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApm for localized corrosion). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.. 

D. POSTEXPERIMENT SEM AND SEM/TEM CL ADDING EVALUATION 

The SEM evaluation of the oxide and oxide/metal interface was initially 

carried out on polished metallography specimens from the 2-mo experiment. 

The SEM did5 give a higher magnification but, due to specimen radioactivity, 

the amount of additional useful magnification was only about a factor of three 

(Le., to 20OOX). Figure 12 shows some of the typical SEM 

obtained. Again in this case, no differences were detecta 

the areas in the 2-mo material. The higher magnification 

detail of the scalloped profile of the oxide/metal interface. The oxide 

appears to embay the metal with peninsulas of metal protruding into the oxide, 

but this finer detail did not suggest any additional localized corrosion areas 

or indicate a general thickening due to homogeneous corrosion. 

Because no corrosion was identified at the resolution obtained using the 

SEM on standard polished metallography sections, ion milled ultra-thin 

sections were prepared from sib1 ing archive material (19-27 Turkey Point) and 

from material from the 12-1110 experiment. In addition to evaluation at 

good SEM resolution, these samples were further thinned via ion millin 
viewed in the TEM mode, which revealed the crystal texture 

This archive material is shown in Figure 13. The SEM micrograph of the 

metal/oxide boundary area at 15OOOX clearly shows the scalloped profile of 

the metal/oxide interface. In this particular section a band of metal milled 

differently than the bulk of the metal and might represent an oxygen-saturated 

layer of metal. .Even at this higher magnification the metalioxide boundary 

shows no tendency to part. Several examples of TEM micrographs, some with 

associated electron diffraction patterns, are also shown in Figure 13. The 

the oxide film. 
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Metal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

. . . . . . . -. -. . . . . . . . -. . . . . . -. . . . . . . . . 

SEM TEM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 Thinned Oxide at OxidelMetal Interface 
h) 

(EDP) Uectron Diff raction'Pacern 

of Film Thinned Oxide Near Outside Su 

(E on Diffraction Pattern zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc) 

'p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
m 

0 
0 

38808140.11 

cn 
Ln FIGURE 13. Scanning Electron Microscopy and Transmission Electron Microscopy Micrographs o f  a 

Transverse Section of the  Oxide F i l m  on Turkey Point Spent Fuel Cladding Archive Specimen 
w i th  Associated Electron D i f f r a c t i o n  Patterns ( l i g h t  c i r c l e  on TEM image indicates area 
t h a t  generated the d i f f r a c t i o n  pattern. EDP suggests a f iner-grained oxide next t o  
ox ide/mta l  in te r face  and t h a t  monoclinic z i rconia i s  the main phase a t  both levels.)  
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film is made up of distinct 

The porosity zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(50KX TEM, lef 

nonporous boundary of grain 

crystal structure was monoclinic rirc stallite size 

increased with distance from the inte 

n the order of -400 A in diameter. 

electron diffqaction patterns indicate the 

e 13) appears to be bounded by a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
c 

Based on the succes 

the same techniques on s 

materi a1 from this experiment should 

are going to be found. Two specimens from Section E and two specimens from 
n D were taken from the area along the line of contact with the stain- 
tee1 wrap just beneath the water line and from near the top 

cladding sections. However, only the specimen from Section E bel 
line ion milled well enough t ompared with the archive material. 

Some typical SEM microgr in Figure 14. There were dif- 

ferences in the way this spec as compared to the archive specimen, 

such as the obvious cracking. he reason for this behavior is believed to be 

a function of the "art" of pro * .  cing these sections and not to some basic 

difference in the specime cimens showed the same scalloped 

oxide/metal interface obs archive specimen (Figure 9). There was 

no apparent difference th est oxidative corro occurred during 

the experiment. Any corr curred was either t a1 1 or .proceeded 

ike the in-reactor oxid 

onal thinning of the sp 

t ab1 y - t h i nned oxide 

uced the original oxide film. 

illing produced some small areas 

EM and electron diffraction evaluation 
he electron diffraction patterns 

how a texture at is indis- 

shable from that obser archive specimen. Th conclusion is 

ny change that has been too small to detect or is no 

different than the oxidative cor n that occurs in reactors. 



- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX500 

-. '.: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 
f 

38808140.12 x2000 x 1 0000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIGURE 14. Appearance o f  Samples from Section E from the 12-Month Experiment A f t e r  the F i r s t  Cycle 

o f  M i l l i n g .  
archive; however, i t  i s  bel ieved t o  be a m i l l i n g  problem and not due t o  a change i n  the 
mater ia l .  
of one res ts  against the I.D. o f  the other.) 

( M i l l i n g  i s  causing the material t o  crack. This as not observed w i th  the 

Note t h a t  the mount includes two pieces o f  cladding placed so t ha t  the O.D. 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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f 

20KX 

38808140.13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
14 
n Oxide for TEM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Evaluation. (Much o f  the oxide has been milled zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo f f ,  leaving 
patches o f  thinned oxide attached to the metal substrate.) 
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(a) Area Around and lncludin (b) Area 1 in (a) with EDP Superimposed 

in Figure 15(b), 5000X (SEMI. on Picture, 50KX (TEM). 

(c) Area 2 in (a), 50KX (TEM). (d) Area 3 in (a), Lighter Circle 
Indicates Area Irradiated by 
Electron Beam to Produce EDP (TEM). 

(e) EDP at Area 2. (fl EDP at Area 3. 
38808140.14 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 

FIGURE 16. TEM and EDP Evaluation o f  Suitably Thinned ZrO from Section E from 
the 12-Month Experiment. 
the SEM and the TEM micrographs. 
be due .to columnar structure of the Zr02 or t o  electron transmission 
through t h i n  metal .) 

(Note there is an im&e reversal between 
Barred pattern on (e) may either zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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What are the expected changes in the oxide film as the result of the 

experiment if they are the same as those occurring in the reactor? Using the 

posttransition formula for the thickening of an 

given by Rothman zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 
film on a fircaloy 

% (1). 

AW(T,t) = AWt t 1.12 X lo8 EXP[-12,529/T]*(t - tt) 

where: 

AW = Change in weight (mg/100 cm2) 
Wt = Change in weight (mg/100 cm2 at the transition point) 

T = Temperature ( O K )  

t = Exposure time (days) 

tt = Time to transition (days). 

one can calculate the expected thickening of a posttransition oxide film 

1 yr, i.e., 

(AW(T = 363K, t t 365 d) - AWt) - (N(T 363K,t) - AWt) . 
= 1.12 x lo8 EXP[-12529/363] x 365 

= 1.12 x lo8 x 1.024 x x 365 
= 4.18 x lom5 mg/100 cm2 

n 

Since the formation of 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcpn (10,000 A) of Zr02 results in a weight change of 

22 mg/100 cm2, a weight change o f  4.18 x 
formation o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAonly 0.019 A o f  oxfde. 

mg/100 cm2 is equivalent to the 
i 

Obviously, this experiment was not set up as an attempt to detect homo- 

geneous corrosion if it was expected to be as small as the above calculation 

suggests. It was set up to look for anomalous corrosion behavior not sug- 

gested by work already performed at higher temperatures but would occur as a 

result of environmental conditions characteristic of geometrics and materials 

associations found in a tuff repository. The corrosion behavior might include 

anything from more rapid homogeneous corrosion to various kinds of localized 

corrosion due to contact points, cladding defects, etc. The results of these 

experiments did not indicate greater than expected homogeneous corrosion or 

* 

the occurrence o f  1 oca1 i zed corrosion . 
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- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV, DISCUSSION AND CONCLUSIONS , 1 

A. LIMITS ON THE. RATES OF GENERALIZED CORROSION 

The objectives of this scoping experiment were to look for the effects of 

Ir 

. electrochemical corrosion when Zircaloy-4 spent fuel cladding was- exposed to 

tuff-equilibrated Well zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3-13 water under potential tuff. repository conditions 
and to explore/evaluate the techniques for .observing/identi fying/measuring 

the effects of corrosion on spent fuel cladding. 

In most studies of corrosion of a material, coupons of the material are 

prepared and we1 1 character 

be readily identified and c 

In this experiment, this kind of precharacteriration was not possible because 

it would have denatured the specimen so that it would not have been charac- 

teristfc of spent fuel cladding. To identify corrosion in this experiment was 
difficult because water environment corrosion had already been active for 

several years on the material (Le., in reactor) so that the problem was one 

o f  identifying~a small amount of additional corrosion on top of that which had 
already occurred. However, it was thought that since the repository environ- 

ment was at a rer temperature and had a different water chemistry any 

corrosion that d occur might have a different texture and might be localized 
s in the oxide film already present. In addition, 

eriment so that changes can 

ht changes and microscopy. 

ed as an indicator o f  corrosion because with 

m present, weight gains or losses could be due 

or on the surface of the oxide, or to 

e, the postexperiment sample evaluation was 

nation of the cladding specimens, to metal- 

of polished sections of cladding specimens and, 

- 

of several cladding specimens as ul tra-thin 

tron di f f ract i on. 

As shown from the results, these methods could not identify a single 
feature on any of the cladding specimens that suggested that measurable 

corrosion had taken place during any of the experiments. However, these 

38/39 
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r e s u l t s  do al low an estimate o f  the maximum amount o f  corrosion t o  be made 

based on each observation as summarized i n  Table 5. Based on ox idat ion ra tes  

extrapolated t o  the temperature o f  the experiment (90 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA'C),(') i t  was calcu- 

l a t e d  t h a t  s i g n i f i c a n t l y  less  than an atom thickness o f  corrosion would have 

occurred i n  the already oxidized cladding, consistent w i t h  the f a c t  t h a t  none 

was iden t i f i ed .  The TEM and e lect ron d i f f r a c t i o n  studies o f  the oxide f i l m  
a1 so suggested no e f f e c t  from the exposure t o  the simulated reposi tory  

environment i n  t h a t  no changes were detected i n  the c r y s t a l  structure,  g ra in  

size, o r  phases present. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 

TABLE 5 

SUMMARY OF MAXIMUM CORROSION RATES 
ESTIMATED FROM POSTEXPERIMENT OBSERVATIONS 

Observation ( m  Der vrl 

No change i n  d i s t r i b u t i o n  o f  
prep and pos t t rans i t i on  . place w i t h  a thickness change 
oxide f i l m  

(0.1 Compl e t e  t rans i ti on takes 

o f  about 0.4 pm, but not iceable 
changes i n  the r e l a t i v e  d i s -  - 
tri but ion take place w i th  much 
less  imp1 i e d  thickness change. 

i den t i f i ed ,  i f  the oxide f i l m  
formed dur ing the  experiment 
appeared the  same as t h a t  
a1 ready present, changes 
smaller than a micron could not 
be i d e n t i f i e d  because o f  p r i o r  
var ia t ions  i n  oxide thickness, 
etc. 

TEM/EDP ?o. 1 Would expect g ra in  s ize  a t  
i n te r face  o f  ox ida t ive  corro- 
s ion product t o  be considerably 
smaller than t h a t  produced 
under reac tor  condit ions. No 
very f i ne-grai  ned 1 ayer 
observed. 

Metal 1 ography/SEM zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtl .o Though no changes could be 
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As already mentioned, the model for oxidative corrosion.at 90 'C predicts 

unmeasurable corrosion will occur in areas of cladding with already intact 

oxide films. However, the same model predicts that a film on the order of 

150 A would form on a bare metal surface at 90 'C in 1 yr and about 1000 A 
would form at 170 'C+(also in 1 yr) whereas an already established film would 

grow at about 10 A per yr at 170 'C, a thickness change that is still undetec- 

table. It is concluded from these observations that future experiments should 

include areas of polished me 1 on each cladding specimen and thishas been 

incorporated into subsequent xperiment plans. (11,12) These will provide 

areas. that will undergo oxidative corrosion at a rate that should be measur-' 

able via Auger/ion mill chemical profiling. Polished areas are legitimate 

modifications to the material because they simulate abraded areas that might 

be produced on rods during consol idation and transport zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Comparison between 
measured and calculated rates will indicate the applicability of the model to 

the repository environments. Unless a much greater oxidative corrosion rate 

than predicted by the model is observed, it is useless to look for corroslon 
effects via some microscopic method. If the mode3 predicts the actual 

corrosion rate within a factor of 500, the cladding will not fail within the 

first 10,000 yr in a tuff repository by homogeneous cladding corrosion, i.e., 

the cladding is -6 x lo6 A thick and at (90 'C it corrodes via oxidation (1 A 
per yr according 'to the model 

.c zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e' 

8. CARBON-I4 RELEASE FROM ZIRCALOY CLADDING 

The only observed reaction of the cladding with e tuff-equil i brated 

% Well 3-13 water was its release of carbon-14 into the ater. These measure- 

ments, begun late in the experiments, indicated measurable carbon44 release 

to the water of -180 dpm/mL (disintegrations per minute er milliliter of 

solution) (see Table 4). 

-180 dpm/mL was close to a steady-state concentration which built up in the 

progressively 10s 1 adding bund1 es, 

apparently by exchange with the atmosphere. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e 

It appears that a carbon-14 concentration giving 

tions from the experiments 
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If it was known how carbon44 was distributed in the cladding and what 

form it is in, it could be used as an indicator of the interaction of the 

cladding environment with the cladding. 

inventory of carbon-14 in the cladding is at or near the surface, based on 

several etching experiments (i.e., a piece o f  cladding for which 10% of the 
weight was etched away from the interior and exterior surfaces lost 90% of its 

carbon-14 activity). Other specimens 1 ightly etched only on the outside 

surfaces lost up to three-fourths of their original activity. Without 

detailed information with respect to the distribution and state of the 

It is believed that much of the 

carbon44 in the cladding, it is impossible to accurately interpret its 

release into the Well 5-13 water used in these scoping experiments. Experi- 

ments to characterize the inventory and distribution of carbon-14 are planned 

and initial scoping tests are already in progress. 

One possible interpretation o f  the carbon-14 values observed in these 
experiments is as follows. It is assumed that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-80% of the cladding carbon-14 

inventory is entrained in the oxide film on the outside surface of the clad- 

ding, that the carbon-14 is being released at some approximately constant rate 

to the Well J-13 water, and that the carbon-14 is being lost (Le., by 

exchanging with carbon42 from the atmosphere in the form of COP) at some rate 

proportional to the concentration of carbon-14 in the Well 3-13 water. The 

following equation can be used to describe the time variation of carbon-14 in 

the Well 3-13 water: 

dC/dt zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= A - BC 

> 

where: 

C = Concentration 

t = Time 

A = Constant release rate from the cladding 

B = Constant relating release rate from the solution to the 
atmosphere as a function of concentration. 
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?- 

e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe steady-state concentration. 

that equatio 

' 165 dPm/ d 
12 2.22 x 10 dpm/Ci 

.: 

2.22 x zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo1* 

gives: 
I 

C = 8.25 x loo5 pCi/mL(l - e -0 . 0238t) 

238 x 361) = 8.6 invent 

-in'the Well 5-13 water (- 

expected to be found in the oxide film contacted by Well 5-13 water according 

to the assumption of 80% of the cladding inventory located in the oxide film 

is -27 pCi. This suggests that about 0.1% of the total oxide film inventory 
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has been "leached" from the oxide in 1 yr. 

the inventory in the top -100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA of the oxide film. This result suggests 

again that there has been very little interaction between the spent fuel 

If the carbon-14 is uniformly dis- 

rough the oxide film depth (-10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAjm), this wou'ld be equivalent to 

g and the simulated tuff repository environment. 
a 

It is clear that the final interpretation of the carbon-14 release data 

is highly dependent on our understanding of its distribution and chemical 

state in the cladding, It is also clear, because of its detectability, that 

it has considerable potential as an indicator of the interaction of the 

environment with spent fuel cladding. Its real value and the best way to 

exploit it will only be known after its distribution and chemical state in the 

cladding have been determined. Note that these features are also critical 

in the proper management of carbon-14 as one of the radionuclides that must 

have its release rate controlled according to the limits set i n  NRC rule 

10 CFR 60.113. 

C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. CONCLUSIONS 

1. Metallography and standard SEM techniques did not identify any kind of 

corrosion (homogeneous or 1 oca1 i zed) on Zi rcal oy-4 spent fuel cl addi ng i n 

contact with tuff-equilibrated Well 3-13 water at -90 'C for up to 1 yr. 

Prepolishing part of the cladding surface would greatly enhance the 

probability of identifying local ired corrosion by microscopic methods 

after a test. 

2. If the model for aqueous oxidative corrosion of zirconium and its alloys 

summarized by Rothman(') can be extrapolated to 90' and 170 'C, then 

metallographic techniques and SEM are not sensitive enough to observe 

homogeneous corrosion on spent fuel cladding. However, Auger/ion milling 

techniques should be able to measure oxidative corrosion films that would 

develop on pol i shed surfaces. 

- 
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4.  
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The TEM, SEN, and electron diffraction were used to characterize ultra- 

thin sections of cladding from the 1 2 4 0  experiment and archived cladding 

material from the same fuel rod, but were unable to detect any differ- 

ences between them believed to 

however, that these techniques be applied to material from the 170 'C 

autoclave tests when they become avail able. 

Carbon-14 is expected to be a valuable indicator of cladding interaction 

with the environment once its distribution and state in the cladding is 

ue to corrosion. It is recommended, 

we1 1 understood and described. 

E 
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