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A VISUAL STUDY OF THE CORROSION OF 
DEFECTED ZIRCALOY-2-CLAD FUEL SPECIMENS BY HOT WATER 

E l m e r F . Stephan^ Paul D. Mi l l e r , and F r e d e r i c k W. Fink 

The failure of defected lircaloy-2-clai uranium and uranium-2 w/o 
zirconium fuel specimens in high-purity high-pressure water at 200 to 345 C 
was observed in a windowed autoclave, rime-lapse color motion pictures were 
taken to provide a record of the progressive chana,es ending in the complete 
disintegration of the core material in the specimens. Continuous measurement 
of the pressure increase caused br accumulation of hydrogen served to monitor 
the progress of the reaction when clouding of the trater by corrosion products 
made visual observation impossible. 

The nature of the attack of all specimens was similar, although the time 
at which different stages occurred varied. Follouine, an induction period, the 
first evidence of attack uas the slow formation of a blister in the cladding area 
surrounding the defect, Fventualh, a copious evolution of hydrogen occurred at 
the base of the swollen area. In general, a crack could be seen in the cladding 
at this stage. Catastrophic failure of the specimen followed swiftly. 

The time required for each phase of the reaction was reduced as the 
temperature was raised. Initial swelling occurred after about 24 min at 345 C 
but only after 8 hr at 200 C, Diffusion-treated uranium-2 w'o zirconium-cored 
specimens were most resiitant to attack. Specimens uitk beta-treated water-
quenched natural-uraniutn cores were least resistant. 

I N T R O D U C T I O N 

All r e a c t o r s i3rovide some method for iiioniLoring the activity of the coolant 
s t r e a m to check for fuel-element fa i lu res . This p rac t i ce is based on the assumpt ion 
that ca tas t rophic failure of an e lement will be he ra lded by enough radioact ivi ty in the 
coolant s t r e a m to be above the th resho ld level of the detect ion ins t rument . Li t t le work 
has been done, however , in cor re la t ing f iss ion-product activity in the coolant s t r e a m 
with the actual p r o g r e s s of co r ros ion . It would be of pa r t i cu la r value to know the 
detai ls of the p r o c e s s e s which could occur if a pinhole should develop in the cladding. 
Fo r example , a knowledge of the speed of the reac t ion and the c h a r a c t e r i s t i c s of the 
failure would be quite useful. 

In previous work at BMI^^' a windowed-autoclave technique was found to be very 
useful for following the p r o g r e s s of c o r r o s i o n m situ. The p rocedure gives a be t t e r 
understanding of the role which cladding defects play in the co r ro s ion p r o c e s s than is 
provided by the per iodic inspect ion and weight-change data of the conventional co r ro s ion 
t e s t . 

The p re sen t r epor t desc r ibes the p r o g r e s s of failure in a ntunber of Z i rca loy-
clad uranium and uraniuna-Z w/o zirconimii fuel spec imens in water of var ious 

(1) References at end. 
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t e m p e r a t u r e s . The s t ep -by - s t ep d is in tegra t ion of the eleixient was observed continu­
ously in a windowed autoclave by a t i m e - l a p s e mot ion-p ic tu re technique. The p r i m a r y 
concern of the study was a be t t e r unders tanding of the c o r r o s i o n p r o c e s s r a the r than a 
quantitative evaluat ion of the effect of e lement geometry and core composi t ion, 
although each of these factors was var ied . 

The p r o g r e s s of the c o r r o s i o n as r eco rded by the mot ion p ic tu res was moni tored 
by s imultaneous m e a s u r e m e n t of the hydrogen p r e s s u r e genera ted by the reac t ion of 
uran ium and wate r . These p r e s s u r e m e a s u r e m e n t s a lso provided information for the 
stage in the exposure where the p r o g r e s s of c o r r o s i o n could no longer be followed 
visually. 

The p re sen t r e p o r t de sc r ibe s ten such c o r r o s i o n e x p e r i m e n t s , grouped according 
to the exposure condit ions. 

EXPERIMENTAL WORK 

Specimens 

T ime- l apse mot ion p ic tu res in color were taken of the action of hot water on 13 
different spec imens . The spec imens a r e desc r ibed in Table 1. Most contained 
na tura l unalloyed uran ium c o r e s . The spec imens var ied in heat t r e a t m e n t s , cladding 
t h i cknes s , and configuration. One contained a u r a n i u m - 2 w/o z i rconium-a l loy c o r e . 
All were clad with Z i r ca loy -2 , The spec imens were approximate ly 2 in, long. The 
rod spec imens were approximate ly 0. 6 in. in d i a m e t e r , while the two tubular spec i ­
mens were 1. 2 in. in d i ame te r . The defect was a 25 -mi l -d i ame te r hole dr i l led through 
the cladding to the core m a t e r i a l at the side of the spec imen , midway between the end 
p l a t e s . 

Appara tus and P r o c e d u r e 

The autoclave and a s soc ia t ed appara tus used for studying the failure of clad fuel 
spec imens a r e shown in F igure 1. The p r o c e d u r e s used for obtaining the t im e - l apse 
motion p ic tu res were developed previous ly and a r e desc r ibed in detail in BMI-998. 

Essen t i a l l y , the appara tus cons is t s of a windowed-autoclave s y s t e m , shown in 
F igure 2, and an optical sys tem for photographing and viewing the reac t ion as p ic tured 
in F igure 3. A c r o s s - s e c t i o n a l sketch of the windowed autoclave showing the posit ion 
and mounting of the spec imen is p r e sen t ed in F igure 4. I l lumination was furnished by a 
Bunton spotlight equipped with a Genera l E l ec t r i c lOOG 16-1/2/29SC bulb. The t i m e -
lapse m.otion p ic tu res were taken with a l 6 - m m P a i l l a r d Bolex H-16 movie c a m e r a 
having a 63-mm Ektanon Kodak lens and an ex te rna l e l ec t r i c motor with a spring dr ive . 
A Semenco movie con t ro l , Model M C - 5 , was used to actiiate the spotl ight , m o t o r , and 
solenoid t r i p p e r for exposing the p ic ture f rames at the des i r ed in t e rva l s . 
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TABLE 1. DESCRIPTION OF FUEL-ELEMENT SPECIMENS 

Spe c imen De s c r iption 

G - 1 1 , G-12 , G - 1 3 , G-14 , Coextrxided, na tura l u ran ium 0. 6 in. in d iamete r with 
G-15 , and G-22 nominally 30-mi l - th ick Z i r ca loy -2 cladding; beta 

t r e a t e d at 720 to 730 C for 10 min; water quenched to 
590 to 600 C, held for 10 min; a i r cooled 

G - l o Same as above except cladding ixiachined to nominal 
20-mil th ickness 

G-17 Same as above except cladding machined to nominal 
10-mil th ickness 

C-8 and C9 Coextruded, na tu ra l u ran ium 0. 62 in. in d iameter with 
nominally 30-mi l - th ick Z i rca loy-2 cladding; beta 
t r e a t e d at 720 to 730 C for 10 m i n , water quenched 

D-8 Coextruded urani t im-2 w / o z i rconium 0. 9 in. in d iameter 
with nominally 20-mi l - th ick Z i rca loy-2 cladding; 
diffusion t r e a t e d 5-1/2 h r at 860 C, water quenched 

Tubular (two specimens) Coextruded, na tura l uranium 1. 2 in. in d iameter with 
Z i r ca loy -2 cladding; beta t r e a t e d as for G - s e r i e s 
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FIGURE 1. PHOTOGRAPH OF APPARATUS FOR OBSERVING THE CORROSIVE 

ACTION OF HOT WATER ON DEFECTED FUEL ELEMENTS 
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Pressure recorder 

Ruptwre disk - \ Pressure gage 

Electrical leads t® heating 
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< Image leg 
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Coolinq water for legs 

FIGURE Z. WINDOWED-AUTOCLAVE SYSTEM 
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~ ^ CORRODING SPECIMEN 

Lighted timer (readings in elapsed 
tenths o l minotes) recorded on film 
simulfaneousi] 
corroding spec! 

Automatic timer 

Solenoid tripper for exposing ^^ 
frames at eli«seii intervals 

Electric motor 

FIGURE 3. PHOTOGRAPIIirMG AND OBSERVATION SYSIEM 
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F I G U R E 4. CROSS S E C T I O N O F WINDOWED A U T O C L A V E 
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The spec imen to be photographed was mounted against a gold plate which prevented 
ref lect ions from the wa te r -vapo r interface^ The c a m e r a was focused on the defect. 
This p rocedure allowed a 1-in.- d i amete r a r e a surrounding the defect to be viewed. 
About 100 m l of cold water was admit ted to the windowed leg sect ions of the autoclave^ 
and the sys t em was evacuated to degas the wa te r . All water used in the t e s t s was 
dis t i l led and deminera l i zed by Amber l i t e MB-Z mixed-bed ion-exchange r e s in . The 
re s i s t iv i ty was g r e a t e r than 1 x 10" ohms . The autoclave sect ion containing the spec i ­
m e n was heated to t e s t t e m p e r a t u r e after which sufficient hot water was admit ted to 
completely cover the spec imen. The c a m e r a and running- t ime m e t e r were s t a r t ed as 
the p rehea ted water was int roduced. 

Exper imen t s 1 and 2 were made with Kodachrome-A film. This was replaced by 
a much fas ter film^ Super-Anscochronae Tungsten K 3200^ for the r ema inde r of the 
expe r imen t s . The fas te r film gave g r e a t e r definition and extended the viewing t ime . 

The frame speed and lens opening were var ied according to the action as observed 
through the visual m i r r o r . General ly^ 1 f rame p e r 10 sec was exposed until the swel l ­
ing began^ and then 1 frame pe r 4 sec was exposed during the swelling. Following the 
rupture of the c ladding, exposure was again at the ra te of 1 frame pe r 10 sec . 

The changes in p r e s s u r e in the autoclave were r eco rded continuously throughout 
each exper iment . Since the p r e s s u r e changes were caused p r i m a r i l y by the hydrogen 
evolved as a co r ro s ion product^ the t i m e - p r e s s u r e lag provided a m e a s u r e of the speed 
and durat ion of co r ro s ion . 

Resul t s 

Photographic Study 

The photographic r e c o r d and the visual observat ion of the nature of the at tack of 
the hot water at the defect showed that the co r ro s ive act ion was s imi l a r for al l the 
spec imens examined. Wide var ia t ions were noted^ however , in the t imes at which the 
var ious s tages of failure occu r r ed . The f irst evidence of at tack was a slight dimpling 
of the cladding around the ho le . As the act ion continued, th i s swelling expanded until 
a well-defined b l i s t e r could be seen. The t imes at which the f irs t detectable swelling 
could be seen with the var ious spec imens a r e p r e sen t ed in Table 2 , and a r e shown 
graphical ly in F igure 5. 

The f irst evidence of a b reak in the cladding was the evolution of fine bubbles of 
hydrogen. The t i ines for this occur rence a lso a r e r eco rded in Table 2. 

C racks could be seen a lmos t s imul taneously with the gas bubbles . It s e ems logical 
to assmine that c r acks in the cladding would p recede the appearance of hydrogen bubbles . 
This siiggests that c r a c k s too smal l to be observed were p r e sen t in the cladding where 
the re appeared to be a delay between evolution of hydrogen and the f irs t visible cracking. 
On the other hand^ it should be noted that the cladding on Specimen D-8 ruptured 7 hr 
before gas evolution was observed . It is bel ieved that the c o r r o s i o n - r e s i s t a n t diffusion 
l aye r was pa r t i a l ly respons ib le for the apparent slow appearance of hydrogen in this case 



TABLE 2. SUKIMARY OF EXPERIKIEÎ TAL DATA FOR THE CORROSION OF DEFECTED 

COEXTRUDED ZIRCALOY-2-CLAD FUEL ELEMENTS BY HOT WATER 

Experiment 

1 

2 

4 

SA^b) 

3B 

6 

7 

8(b) 

bB 

9(c) 

9B 

5 

10 

Specimen^'*) 

G - l l 

G-i-2 

G-13 

G-14 

G-22 

G-16 

G-17 

C-8 

C-J 

Tubular 

Tubular 

G-15 

D-8 

Temper ­

ature, C 

200 

225 

250 

300 

300 

300 

300 

300 

300 

300 

300 

345 

300 

T ime Interval 

Swelling 

8 

6 

1.7 

1.0 

0.7 

0 .75 

0 .75 

0 .3 

0 .3 

0 .5 

0 .3 

0 .4 

24 

to First Evidence 

of Actions hr 
Gas 

Evolution 

14.7 

7 .5 

2 .5 

1.5 

1.3 

1.25 

1.1 

0 .75 

0.70 

0.9 

0 .55 

0 .8 

48 

Cladding Complete 
Rupture 

15 .2 

7.75 

2 .75 

1.5 

1.3 

1.25 

J . l 

0 .75 

0.70 

O.'J 

0 .55 

0 .8 

41 

Reaction 

24 

13 

10 

4 . 7 5 

6.6 

6 .25 

6 . 1 

2 .5 

3 .5 

5 .5 

4 . 0 

3 . 2 

54 

Total Pressure at 

Room Tempera­

ture After Com­
plete Reaction, 

psi 

1300 

G50 

300 

260 

325 

325 

H2 Leak 

350 

350 

600 

H2 Leak 

250 

450 

Head 
Space, 

ml 

265 

500 

1100 

1100 

1140 

1100 

„-

1140 

1100 

1200 

— 

1200 

1200 

Calculated 

Hydrogen 

Volume, 

S T P . m l 

21,470 

20,250 

20.568 

17.826 

23,072 

22.750 

— 

24,865 

23,'J68 

22,60o(^) 

44,500 

1-SS« 

18,608 

24,864^^) 

33,667 

Calculated 

Uranium 
From Hydrogen 

Evolved, g 

114.2 

107.7 

109.4 

94 .8 

122.7 

119.1 

— 

132.3 

126.9 

358.0 

»„ 

iOO.O 

311 

Original Weight 
of Specimen, 

g 
151.5670 

151.3530 

J 50.6603 

151.8375 

151.6992 

149.0380 

147.1103 

174.5286 

174.8296 

397.655 

336.550 

151.1303 

362.682 

Final Weight 
of Specimen, 

g 

14.6190 

10.14C2 

18.3832 

32.2105 

15.0711 

14. 58.«5 

11.2018 

17.7234 

18.9044 

31.630 

21.237 

16.5844 

27.378 

Weight Loss 
(Gore Material) 
by Difference s 

g 

136. •i480 

135.2068 

132.2771 

119.6270 

136.6281 

134.4485 

135.9085 

156.8052 

155.9252 

366.025 

312.213 

134. 5459 

335.304 

(a) See Table 1 for description of specmiens. 
(b) Films for these two specimens were found to be underexposed. Repeat runs, Expenmentb 3B and 8B, were tlien oiade. 

(c) Malfunction of tile running-time meter occwred m Experiment 9, and a crack unexpectedly developed 10 die Zircaloy cladding. A repeat run, Experiment 9B was 

tlien made. 
(d) Hydrogen bled off during tlie reaction. 

sO 
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FIGURE 5. SUMMARY OF OBSERVED ACTION VERSUS TIME FOR THE VARIOUS SPECIMENS 
AND EXPERIMENTAL CONDITIONS 
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As the at tack progressed , , the c r a c k s widened and the en t i re swollen a r e a was 
lifted until a l a rge a r e a of the core was exposed. Usual ly , the c r a c k s developed about 
1/8 to 1/4 in. from the defect. Only the th in-wal led specimens^ G-17 and D-8, c racked 
through the hole . With the poss ib le exception of Expe r imen t 1 at ZOO C^ at no t ime p r i o r 
to the development of the c r a c k s in the cladding was any c o r r o s i o n product or gassing 
detected coming from the defect hole . As soon as the cladding cracked and the gas 
bubbles appeared^ the black c o r r o s i o n products from the core nnaterial began to s t r e a m 
out into the wa te r . The act ion at f irst was s low, but the ra te i nc reased rapidly as the 
a r e a of the cladding surrounding the defect was lifted. Within a shor t t ime after rupture , 
the pa r t i c l e s of co r ro s ion product covered the windows and in te r fe red with the obse r ­
vation of the e lement to its complete des t ruc t ion . 

The complet ion of the reac t ion was taken to be the t ime at which no i nc rea se in 
p r e s s u r e in the autoclave could be detected. II can be seen in F igure 5 that the reac t ion 
continued for fairly long t imes after c racking had occu r r ed . 

Typical examples of the act ion at var ious s tages a r e shown in F igure 6. These 
photographs were reproduced from the film of Expei-iment 9B. 

The appearance of the cladding shel ls remaining after the complet ion of the 
exper imen t s is shown in F igure 7. It can be seen that the Z i rca loy-2 cladding suffered 
extensive t ea r ing and dis tor t ion . The expansion trom the uran ium oxide formed from 
c o r r o s i o n probably provided the force to d i s to r t the cladding. 

F i l m s were obtained for ten fuel -e lement specinaens. Although the films for 
Expe r imen t s 1 and 2 were underexposed , they showed some of the act ion. For the 
remaining eight films the photography was cons iderably improved. Various s tages of 
the failure could be observed in detai l . 

An analys is of the da ta , shown by the f i lms , by F igure 7, and by Table Z, indicates 
that s eve ra l factors a r e of g rea t impor tance in the failure of fuel e l e m e n t s . These can 
be s u m m a r i z e d as follows: 

(1) An inc rea se in t e m p e r a t u r e from 200 to 345 C 
speeded decidedly the reac t ion of the rod e lements 
containing na tura l u ran ium. For example , swel l ­
ing occu r r ed after 8 h r at 200 C and after 24 min 
at 345 C. The e l emen t s exposed at in te rmedia te 
t enapera tures responded in a propor t ionate m a n n e r . 
S imi l a r ly , 24 hr was r equ i r ed for complet ion of the 
reac t ion at 200 C and only slightly m o r e than 3 h r 
was r equ i r ed at 345 C. 

(2) Cladding th ickness had very l i t t le effect at any 
stage during the d is in tegra t ion of Specimens 
G-22 , G-16 , and G-17. 

(3) Tubidar e l ements were somewhat l ess durable 
than rod e lements of the same core m a t e r i a l 
and cladding. 
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k 
N61608 N61609 N61610 

a. Atwr 1.4 Min b. After 28. 3 Min c. After 36.6 Min 

to 
N61611 

d. After 56. 0 Mm 

Defect is encircled. Swelling of the cladding surrounding the 
defect may be seen. 

The cladding has ruptured at the b ^ e of 
the swelling. Hydrogen bubbles can be 
seen escaping from the rupture. 

The cladding surrounding the defect has 
been lifted back, exposing the core. 
Secondary swelling areas are occurring 
around the initial ruptured area. At this 
point the water is very dark due to 
suspended corrosion product. The ex­
posure time was lengthened in order to 
view the specimen, which overexposed 
the running-time meter. 

FIGURE 6. PROGRESS OF CORROSION IN A ZIRCALOY-2-CLAD ELEMENT EXPOSED TO 300 F WATER 
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FIGURE 7. DEFECTED ZIRCALOY-2-CLAD FUEL SPECIMENS 

AFTER EXPOSURE IN HOT WATER 
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(4) Specimens C-8 and C-9, which were beta 
t r e a t e d and water quenched^ were a t tacked m o r e 
rapidly than those cooled at a lower r a t e , 

(5) The mos t r e s i s t an t - type e lement was the diffusion-
t r e a t e d u r a n i u m - 2 w / o z i r con ium-co re specimen. 
The induction per iod was 24 h r before swelling of 
the cladding occurred^ and it was 41 h r before the 
cladding rup tured . 

Reaction-Tinae Data 

The oxidation of the uraniixm core by the hot water causes hydrogen evolution 
which i n c r e a s e s the p r e s s u r e of the sys t em. The reac t ion can be exp re s sed by the 
equation: 

U + 2H20 — UO2 + 2H2. (1) 

P r e s s u r e - t i m e r e c o r d s of the sys t ems were obtained to provide a m o r e complete 
understanding of the act ion of the hot water on defected e l emen t s . The r eco rds were 
of value in determining the finish of the reac t ions and for approximating reac t ion r a t e s 
at var ious t imes throughoixt the exper iment . 

Although the equipment was designed for a max imum p r e s s u r e of 3000 p s i , it was 
n e c e s s a r y in some exper iments to bleed off some of the evolved hydrogen because 
excess ive p r e s s u r e s were reached . In this c a s e , the p r e h e a t e r (Figure 2) was used as 
additional head space for confining the hydrogen. No p r e s s u r e - t i m e data were obtained 
for Exper imen t s 7 and 9B because of a h igh - t empe ra tu r e leak which allowed some 
hydrogen to e scape . In Exper imen t 2, a slight leak in a valve allowed some of the water 
from the reac t ion ves se l to leak into the p r e h e a t e r , c rea t ing a var iable head space . 
However , sufficient water r emained in the reac t ion vesse l to cover the spec imens at all 
t i m e s . 

The p r e s s u r e - t i m e r e c o r d s for the different exper iments a r e plotted in F igures 8 
through 17. Table 2 s u m m a r i z e s the data for each exper iment . The curves show the 
total p r e s s u r e of the sys tem during the run and the p r e s s u r e due to evolved hydrogen. 
The hydrogen p r e s s u r e is the difference between the total p r e s s u r e and the vapor p r e s ­
sure of the water for that pa r t i cu l a r experiments The res idua l p r e s s u r e s a lso a re 
given for the sys t ems after the reac t ions were completed and the ve s se l had cooled to 
room t e m p e r a t u r e . The volume of the head space is shown so that reac t ion r a t e s can be 
calculated. The in te rva ls at which hydrogen was bled from the reac t ion vesse l a re indi­
cated by the dotted l ines in the c u r v e s . 

The data in F i g u r e s 8 through 17 show that the reac t ion of the core m a t e r i a l with 
the water a c c e l e r a t e s rapidly following rupture of the cladding. Although co r ros ive 
action is taking place from the t ime the water covers the spec imen , this is not evidenced 
by gas evolution. It is only after the cladding has ruptured and a considerable a r e a of 
the core is exposed that the p r e s s u r e begins to r i s e . A d i rec t compar i son of the differ­
ent cu rves should not be made because of var ia t ions in head space , hydrogen solubil i ty, 
t e m p e r a t u r e , and mode of c racking . 
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TABLE 3. CALCULATED REACTION RATES BASED ON HYDROGEN EVOLUTION 
DETERMINED FROM PRESSURE-TIME DATA 

Time In terval j 
h r 

Core 

Exper iment 

15-17 
16-18 
17-19 
18-20 
19-21 
20-22 
21-23 
2Z-24 
23-24 

1. 

Exper iment 4 , 

4 - 5 
5 -6 
6-7 
7-8 
8 -9 
9-10 

Exper ime 

2 - 2 . 5 
2 . 5 - 3 . 0 
3 . 0 - 3 . 5 
3 . 5 - 4 . 0 
4, 0-4._5 
4 . 5 - 5 . 0 
5 . 0 - 5 . 5 
5 . 5 - 6 , 0 
6. 0-6. 5 
6 . 5 - 7 . 0 

nt 3B 

React ion R a t e , 
g pe r h r 

200 C 

1.52 
2. 63 
4. 61 
8. 96 

16. 98 
22. 99 
23.54 
15.84 

9.44 

250 C 

3.23 
6. 63 

16.78 
29.43 
40 .35 
34. 79 

, 300 C 

10. 04 
20, 30 
21.80 
22.86 
44. 64 
55.82 
57. 14 
38.54 
29. 24 
19.65 

Time In te rva l , C 
h r 

Exper iment 6^ 

2 - 3 
3-4 
4 - 5 
5-5 .15 

5. 15-6 .0 
6 . - 6 . 5 

Exper iment 5^ 

0 . 5 - 1 . 0 
1 .0 -1 .5 
1 .5-2 .0 
2 . 0 - 2 . 5 
2 . 5 - 3 . 0 
3 . 0 - 3 . 5 

Experimient 8 , 

50-60 min 
60-70 min 
70-80 min 
80-87 min 
90-100 min 

101-110 min 
HO-120 min 
120-130 m i n 
130-140 min 
140-150 min 
150-160 min 

o r e React ion Ra te , 
g pe r hr 

300 C 

345 

3.53 
8. 60 

28. 71 
36 .5 

117. 9 
109.3 

C 

8.82 
25.04 
49 .0 
92 .2 

122.5 
65. 2 

300 C 

23.88 
36. 24 
50.0 

125. 6 
222.8 
176.34 
165.48 
155.34 
144.30 
74. 28 
60. 78 
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Genera l ly , after the cladding rup tu red , some unreac ted core m a t e r i a l fell 
from the specinaen into the cold water in the window legs of the reac t ion vesse l . 
I r r e g u l a r jagged pa r t i c l e s of unreac ted core m a t e r i a l were often found in the legs when 
the vesse l was opened. T h e r e f o r e , calculat ions of c o r e - m a t e r i a l balance based on 
hydrogen evolution (Table 2) show that l e s s reac t ion occu r r ed than the weight - loss data 
would indicate . 

It should be ment ioned that the unreac ted m e t a l core pai-ticles and the uranium 
oxide co r ro s ion product could be completely removed from the legs of the autoclave 
only by dissolut ion in n i t r i c acid. 

According to Equation (1) the hydrogen p r e s s u r e s can be used to es t ima te the 
u ran ium-wa te r reac t ion r a t e s for the fuel e lements under study. The calculat ions of 
hydrogen volumes were based on the following assumpt ions : 

(1) The head - space t e m p e r a t u r e was e s t ima ted to be 
slightly above the r eac t ion -wa te r t e m p e r a t u r e 
since some heating was provided in the vapor a r e a . 

(2) Hydrogen solubil i t ies in the water were based on 
t e m p e r a t u r e s in te rmedia te between the cold- leg 
t e m p e r a t u r e s and re ac t ion-water t e m p e r a t u r e s . 
Exist ing solubili ty data^^' were ext rapola ted to 
provide the points needed since actual data a r e 
not avai lable . 

Calculat ions were made of reac t ion r a t e s e x p r e s s e d as granas of uranium per 
unit of t ime for some of the expe r imen t s . These da ta , p r e sen ted in Table 3 , show that 
the ra te was g rea t e s t for Exper iment 8 in which b e t a - t r e a t e d water -quenched C-type 
na tura l -uran i t im specimens were used. Note that the t ime is exp re s sed in minutes for 
Exper iment 8, These r e su l t s confirm those shown by the photographic s tudies . 

As would be expected, the reac t ion r a t e s for the sam.e type of e lement i nc rease with 
increas ing wate r t e m p e r a t u r e . It is e s t ima ted that the max imum ra tes obtained in 
Exper iment 8 a r e s imi l a r to what might be p red ic ted for unclad iiraniixm of the same 
configuration and surface a r e a . 

Metal lographic Studies 

At the completion of Exper iment 3 , meta l lographic sect ions were p r e p a r e d from 
the shell of Specimen G-14. One of the sect ions had a la rge piece of unreac ted core 
a t tached to the Z i rca loy-2 cladding. Photomicrographs of r ep resen ta t ive sect ions of tlie 
cladding a r e p re sen ted in F igures 18 and 19. 

Of pa r t i cu la r i n t e re s t is the l ayer formed on the surface of the Zi rca loy in 
contact with the c o r e . It can be seen from Figure 18 that this layer is p r e sen t only in 
the a r e a s where the core has completely reac ted . Stain-etching techniques indicate 
that the layer is z i rconium hydr ide . Other than this l a y e r , only sca t t e red hydride 
needles a re visible in the Z i r ca loy -2 . 
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TABLE 3. CALCULATED REACTION RATES BASED ON HYDROGEN EVOLUTION 
DETERMINED FROM PRESSURE-TIME DATA 

Time Interval3 
h r 

Core 

Exper iment 1, 

15-17 
16-18 
17-19 
18-20 
19-21 
20-22 
21-23 
22-24 
23-24 

Exper iment 4 , 

4 - 5 
5 -6 
6-7 
7-8 
8 -9 
9-10 

Exper 

2 - 2 . 5 
2 . 5 - 3 . 0 
3 . 0 - 3 . 5 
3 . 5 - 4 . 0 
4 . 0 - 4 . 5 
4 . 5 - 5 . 0 
5 . 0 - 5 . 5 
5 . 5 - 6 . 0 
6 .0 -6 . 5 
6 . 5 - 7 . 0 

iment 3B 

React ion R a t e , 
g pe r h r 

200 C 

1.52 
2. 63 
4 .61 
8.96 

16.98 
22.99 
23.54 
15.84 

9.44 

250 C 

3.23 
6.63 

16. 78 
29.43 
40 .35 
34. 79 

, 300 C 

10. 04 
20,30 
21.80 
22.86 
44. 64 
55.82 
57. 14 
38.54 
29.24 
19.65 

Time In te rva l , C 
h r 

Exper iment 6, 

2 - 3 
3 - 4 
4 - 5 
5-5 . 15 

5. 15-6 .0 
6 . - 6 . 5 

Exper iment 5 , 

0 . 5 - 1 . 0 
1 .0-1 .5 
1 .5-2 .0 
2 . 0 - 2 . 5 
2 . 5 - 3 . 0 
3 . 0 - 3 . 5 

Exper iment 8 , 

50-60 m i n 
60-70 min 
70-80 min 
80-87 min 
90-100 min 

101-110 min 
110-120 min 
120-130 m i n 
130-140 min 
140-150 min 
150-160 m i n 

o r e Reaction Ra te , 
g pe r hr 

300 C 

345 

300 

3,53 
8. 60 

28.71 
36 .5 

117.9 
109.3 

C 

8.82 
25. 04 
49 .0 
92 .2 

122.5 
65. 2 

C 

23.88 
36.24 
50.0 

125.6 
222.8 
176.34 
165.48 
155.34 
144.30 
74, 28 
60. 78 



27 

. #• 

Oxidation product 
penetrating the core 

Hydride layer 

Ziicaloy-2 cladding 

250X Unetched C664 

FIGURE 18. PHOTOMICROGRAPH OF SECTION THROUGH THE UNREACTED URANIUM 
CORE ADHERING TO THE ZIRCALOY-2 CLADDING 
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FIGURE 19. PHOTOMICROGRAPH OF CROSS SECTION THROUGH THE FUEL-ELEMENT 
END PLATE SHOWING THE HYDRIDE LAYER 
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Based on previous work , one would not expect to find a hydride layer of this type 
on Z i r ca loy -2 . Normal ly the re is an i n c r e a s e of hydride needles in the Z i rca loy-2 
m a t r i x without the formation of a dis t inct l aye r . 

In the case of the defect ive-fuel -e lement s tud ie s , it would appear that a la rge 
concentra t ion of nacent hydrogen from the reac t ion of water and uranitxm was in 
contact with the Z i r ca loy -2 . The reac t ion was rapid and t ime was not sufficient to 
allow significant diffusion of the hydrogen into the m a t r i x of the Zi rca loy cladding. 

DISCUSSION 

The p r e s e n t s tudies have shown that the fai lure of defected fuel e lements takes 
place by a s e r i e s of fair ly d i s c r e t e s t eps . F r o m a p rac t i ca l standpoint it has been 
l ea rned that complete failure i s not instantaneous after exposure of a defected e lement 
to h igh - t empera tu re wa te r . R a t h e r , an induction per iod varying from a fraction of an 
hour to many hours can be ant icipated p r i o r to rup ture of the cladding, r e l ea se of 
hydrogen and g r o s s contaminat ion of the water with radioact ive m a t e r i a l . Since the 
t ime at which each s tep occurs is dependent on t e m p e r a t u r e , alloy composi t ion, heat 
t r e a t m e n t , and configuration, it is not poss ib le to specify definite l imitat ions for a 
given condition. 

At this point , it appea r s that the init ial and final s tages of e lement failure should 
be studied in g r e a t e r detai l . The p r e s e n t work indicated what might be cons idered to 
be clogging of the pinholes in the init ial s t ages . This der ives from the fact tha t , with 
the possible exception of the exper iment at 200 C, nei ther the p ic tu res nor visual 
observat ions revea led any noticeable c o r r o s i o n products coming from the dr i l led hole 
p r i o r to rup tu re . The significance of this is not c l ea r but may indicate that the de tec­
t ion of cladding failure in a r e a c t o r is contingent on rup ture of the e lement and subse ­
quent g ros s contaminat ion of the wa te r . Thus the warning t ime would be very shor t . 
Additional s tudies with radioact ive m a t e r i a l would verify the visual observat ion that 
t he re is no escape of c o r r o s i o n product through the pinholes . 

It may be that cons idera t ion should a lso be given to the design of a mechanica l 
device which would r epo r t the slow formation of the b l i s t e r in the cladding and thus 
provide warning in sufficient t ime to shut down the r eac to r p r i o r to complete rupture 
of the e lement . 

As was ment ioned e a r l i e r , the observat ions of the final s tages of failure were 
obscured by the copious evolution of uran ium oxide powder . A dynamic loop sys tem 
incorporat ing a porous fi l ter would probably p e r m i t continuous observat ions of the 
severe t ea r ing and d is tor t ion of the cladding as i l lus t ra ted in the final s tages in 
F igure 7. Such a sys tem would a l so p e r m i t moni tor ing of the r e l e a s e of radioact ive 
m a t e r i a l during the c o r r o s i o n p r o c e s s . 
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