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CREVICE CORROSION OF URANIUM AND URANIUM ALLOYS 

J. W. Frank  and A. H. Roebuck 

ABSTRACT 

In o rde r  to study crevice corrosion of uranium in high 
temperature  (500OF) water,  th ree  types of experiments were  
undertaken. These were  (1) capsule experiments,  ( 2 )  bonded 
plate-pin hole experiments,  and ( 3 )  gaseous hydriding experi- 

These experiments a r e  described in detail. j ments  

The first two types of experiments showed that the 
corrosion of enclosed uranium by water at this temperature  
differed markedlyfrom that of uranium in open contact with 
water ,  a s  had been found to be t rue  a t  lower tempera tures . ( l )  
In order  to verify that the mechanism previously proposed(2) 
held t rue  for  th i s  temperature ,  the third type of experiment 
was undertaken. These experiments weremade  a t  high tem- 
pera tures  and low pressures ,  and showeda definite relation- 
ship between rate of "reaction and (1) temperature ,  (2 )  gas  
pressure ,  and. ( 3 )  alloy reacting. The corrosion resist ing 
alloys apparently r eac t  readily, but r,equire an  induction pe- 
riod.(2) After the induction period, they behave s imilar ly  
to unalloyed uraniuin. 

Capsule Experiments 

In o$der to extend the:wQrk..of . . other i n V e s t i g a % o r ~ ( ~ ; 3 , ~ )  to water a t  
t take place with un- 
i u m  alloys were  m a -  

suleS.# These "capsule" 
il the corrosion proc- 

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

500°F, crevi'ce corro'sion was simuiated, such a s  
bonded fuel ements; Cylinders of! uranium and 

osely into perforated stainless s t e  
e exposed to high .terhpe_rgture wa 

$ 

P 

ess caused swelling 
.- .L -  . . .  -. 

1 -  

not explosive. - 3  
-r ;.s " \  

. . - ..I I Lh-. 

su re  of the corrosion 
products .- 
The position of the pin hole is not a major  factor in determining 
the corrosion raie ,  and the location of ruptur.e is not limited to 
the pin hole a rea .  
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Further .  evidence i s  given for the postulate(2) that the mecha-  
nism of crevice corrosion is a two-step process  involving 
uranium- hydride. 
enclosed in such a way as to t r a p  par t  of the hydrogen evolved, 
Uranium hydride has  been identified as a corrosion product in 
capsule tes t s  containing unalloyed uranium in water a t  500°F, 
as was previously reported a t  lower  temperature^.(^) 

This i s  effective only when the uranium is 

The corrosion resis tance of either uranium - 3% niobium 
alloy o r  uranium -.1-1/2% niobium-,- 5% zirconium alloy 
was superior to that of unalloyed uranium, 

Sample Description 

Each sample’consisted of a cylinder of uranium o r  uranium alloy, 
3/16‘in. diameter by 3/4 in. long, sealed in an AIS1 type- 304 stainless s teel  
capsule, 1/4 in. diameter and 1-5/8 in. long. A 1/32-in. pinhole was drilled 
in the side wall of the capsule; the position of the pinhole relative to the sam- 
ple was varied. When assembled, there  was about 1/8 in. void space above the 
uranium cylinder in the capsule and about 3 mils clearance on the side between 
the uranium and the inside wall of the capsule. 

E qu i pm e nt 

All samples  were  tested in the thermal  syphon leg of a large auto- 
clave. The syphon leg was equipped with a sight glass which permitted visual 
observation and study by time-lapse motion picture techniques. Several  u ra-  
nium alloys which exhibited high corrosion resis tance were remove‘d for  fur ther  
long-time testing in standard small autoclaves. 

Experimental  Conditions 

All t es t s  were 

In the sight glass ,  the.maxi steady-state t perature was 460F. 

t-ral, high purity water.  

The  flow rate past the sample was estimated to be about -10 fps.  Analyses 
showed that the water contained-from 4-6 ml di’ssol xygen per liter a t  
ST P. 

r -  * 

Tes t s  in the standard small autoclaves were  run in 500F water con- 
taining about ’1 ml dissolved oxygen 

Experiments Performed 

A number of experiments were performed using-the “capsule” type 
sample described above. 
below: 

Several  of the m o r e  interesting a r e  discussed 

” 
I 
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Conditions 
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Expe r iment 
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1. Normal  uranium, alpha annealed. Hole near top of sample. 

2. Normal  uranium, alpha annealed. ,Hole near  bottom of sample.  

3.  Uranium-3 % niobium, quenched f rom 1470F. Hole near  center 
of sample.  

4. Uranium-3 % niobium, as-rolled. Hole near  center of sample.  

5. Uranium 1-1/2% niobium - 5 %  zirconium, quenched f rom 
1470F. Hole near  center of sample.  

i Discussion 

Experiments 1 and 2 

The first two experiments were  run on normal  uranium in order  to 
obtain reference data fo r  comparison with alloyed specimens,  
of the hole was var ied in .order  to determine whether it was a factor in deter-  
mining corrosion rates. 

The position 

The t e s t  resu l t s  a r e  shown below: 

Elapsed Experiment 1 (Hole near  Top) Experiment 2 (Hole near  Bottom) 
'I Temp., Time,  Temp., 
E 

min. F Comments F Comments 

0 ' 70 70 

15 100 

25 

45 

50 

75 

85 

90 

115 

145 

Bubbles evolving f rom 
pinhole slowly. 

2 0 0  

300 

- 170 ,. Bubble rate increasing. 

280 Rapid bubbling. 

320 Bubbling stopped. 
r .  

'350 

360 Bubbling stoppeg. , 400 

" Rapid bubbling. 

-Rapid bubbling. 
.> 
d 
T3 Bubbling stopped. 

160 425 Sample s ta r ted  to  swell  
above hole.  

165 400 450 

. .  . . 1  _ .  ...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
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Elapsed Experiment 1 (Hole neai Top) 
Time,  Temp., 
min. F Comments 

180 420 Sample s tar ted to 
swell below hole. 

6 

Experiment 2 (Hole near  Bottom) 
Temp., 

F Comments 

185 450 Sample split above hole; 
rapid evolution of gas 
bubbles. 

190 440 

195 450 Sample spli t  below, 
hole; rapid evolution 
of gas  bubbles. 

205 450 Split approx. 1/2 in. long 
and 1/8 in. wide. 

215 450 Split approx. 1/2 in. 
long and 1/8 in. wide. 

Both samples  split af ter  approximately the same  exposure t imes  
(taking into consideration the r a t e s  of heating, etc.). 
cluded that the position of the hole was not a major  factor in determing the 
cor ros ion  rate .  

Therefore ,  it was con- 

In the experiments with normal  uranium, there  were  th ree  fair ly  dis- 
tinct phases  of gas evolution f r o m  the capsule. 
were  evolved rapidly f rom the pinhole: 

During the first phase, bubbles 

u 4- 2 & 0  j U 0 z  4- 4Hz (1) 
- 

During the- second phase,  the owed down o r  ceased,  This  
phase of the experimen 
a rapid swelling and ruptu 
following the rupture,  

d was followed by 
The third phase, immediately 

The co r ros ion  of- i s  t e s t  apparently 
of the uranium 

the reaction shown 
involves m o r e  than a si 
corroded is f i rs t -conve 
in Equation (1) into th  

(2) 

I 

Uranium hyd has  been identified as a corrosion product in corroded 
capsules which conta - n o r m a l  uranium. The hydride r e a c t s  readily with 
water by Equation ( 3 )  to  formrUOz and l iberate  hydrogen: 

. .  
. . .  . .  

. . .  ...... , . . . . . .  
e - .  , . . ... * * *  
0 0  0 0 0  D 0 0 3  
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The extent of the conversion shown in Equation (2 )  and the role  of 
UH3 in uranium corrosion is apparently a function of the access  of water to 
the uranium. When uranium i s  enclosed so  that water has  only limited access ,  
and evolved hydrogen may be trapped and exert  an  appreciable par t ia l  p re s su re  
on the uncorroded metal ,  hydride formation is postulated@ ) to be a n  important 
factor in the corrosion rate .  In open contact with high tempera ture  water ,  the 
corrosion of uranium is  apparently much l e s s  complicated by hydride formation. 
It is to be noted that with a loose f i t ,  such as in these experiments,  hydride 
swelling did not appear below the boiling point, 
unclad uranium in s team a t  18OoC, m o r e  hydride was found than when u r a n i m  
was corroded in liquid water at the same  temperature .  
that, to f o r m  hydride, m o r e  isolation f r o m  the water is required the lower the 
temperature .  

Fur ther ,  in the cor ros ion  of 

Therefore  it appears  

Experiments  3 ,  4, and 5 

Experiments 3,  4, and 5 were conducted,to determine the effect of 
alloy addition and heat t reatment  on the corrosion of uranium. 

A uranium alloy containing 3 %  niobium was tes ted in the quenched con- 
The alloy dition (Experiment 3 )  and in the as-rol led condition (Experiment 4).  

was quenched f r o m  1700OF; rolling was done at 1550OF. 
near the center  of both samples.  

The pin holes were  

L 

, Tes t  resu l t s  for  the quenched alloy a r e  shown below: 

Time of Temp., 
Test ,  h r .  OF Comments 

56 460 Tested in sight glass.  No apparent corrosion.  

97 500 Tested in clave. No apparent 

500 No apparent corrosion. 
. .  

137 

88 500 Slight swelling a 

66 s 500 Jagged split thr  bout 1/4 in. upward 
Approxi- and 1/4 in. downward with a slight spirall ing,  

mate  width of spiit: 1/8 in. 

444 Total  

The as-rol led sample ruptured in about 5 hr .  a t  460F. Swelling was 
noticeable about 20 minutes before the rupture  occurred.  Thus,  it is seen 
that proper heat t reatment  is an important factor  in achieving maximum 
corrosion res i s tance  for  the uranium-3% niobium alloy. 

. .  
0 .  0 0 .  . 0 . 0 .  .. ... ... .. 
0 . .  * . i  ... .. .. * .  
* . e .  e 0 .. . . e .  ..* .. 
0 . .  0 0 *. .e 0 e . .  .. * .  
0 0 s  0 . 0  P O  0 0 . .  0 .  .. 
0 0  0 0 0  D oao o a n o  0 0  o o o o o o  D O  
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In Experiment 5 ,  a uranium alloy containing 1-1/2% niobium and 5% 
zirconium was tested af ter  quenching f rom 1470F. 

The resu l t s  of the tes t s  were as follows: 

Time of Temp. ,  
Test ,  h r .  "F Comments 

28 460 No apparent corrosion.  

163 500 Sample split. 

This alloy exhibited corrosion res i s tance  superior  to normal  uranium, 
but inferior to quenched uranium-3 % niobium alloy. 

Other experiments showed that capsuled samples  of the non-heat 
t rea ted  uranium 1-1/2% niobium - 5% zirconium failed in l e s s  than 7 hours .  

BONDED PLATE: PIN-HOLE EXPERIMENTS 

Sample Description 

Several  sma l l  ro l l  bonded plates which were  welded on the s ides  
were  cor ros ion  tes ted after the protective clad had been pierced to produce 
a known defect. The results-of these tes t s  a r e  discussed below. 

Equipment 

High p res su re  autoclaves were  used for these tes ts .  

Discussion, and Experimental  

Some of the long-time water cor ros ion  tes t s  of 
alloys clad in zirconium o r  Zircaloy'have 
where a hole approximately 1/3 
clad protective layer ,  thereby ex o the action of water a t  

along a n  edge; By the use  of th 
the presence of passages-? in $he 
confirmed. 

L 

Figures  1 and 2 show one such specimen with the cladding completely 
machined f rom one face. 
2 x 1/2 x 1/8 in. 

The dimensions of th-is specimen a r e  about 
It i s  to be noted that the hole was t greatly enlarged by 

, 
.. ...................... . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
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Figure 1. 3% W U  Alloy, Zirconium-Clad With 
Small Hole i n  Cladding, Corroded i n  
Water, With Top Cladding Removed. 

...................... . . . . . . . . . . . . . . . .  
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Figure 2, 3% Nb-U Alloy, Zirconium-Clad With Small 
Hole i n  Cladding, Corroded i n  Water, With 
Top Cladding Removed. (Note that Core is 
Cmletely Unbonded) 

...................... . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  
0 0  0 0 0  0 a 0 0  0 0 00  0 0  0 . 0 0 0  0 0  
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corrosion a n t  that there  was no bond between the clad and base me ta l  at tqe 
time of machining. The co re  alloy of the plate was completely covered by a 
loose oxide coating. 
118 x 1-3/4 x 7 in.)-that had an  initial closure defect. After subsequent 
corrosion tes t ,  many b l i s te rs  and breaks occurred,  one of which may be 
seen near  the center of the upper edge. Again all the defects had common 
communicating passages in the plate. Cladding was removed f rom one face 
in two steps,  As with the smaller plate, the ent i re  c o r e  surface was covered 
by a powdery oxide and adherence was limited to a few widely scat tered points. 

Figure 3 shows a large size plate (approximately 

This behavior loselyparal le ls  that observed by 0 t h e r s ( ~ , 5 , 6 , 7 ~ 8 )  in the 
corrosion of aluminum-clad uranium specimens. 

Ar t  if ic ia l  Crevice Spe.oimen, Sleeve- Cap: 

Water a t  26OoC, the temperature  of 
of dissolving relatively large amounts of h 
The following experiment was. designed to differentiate between the effects of 
gaseous hydrogen -and hydrogen in solution on the water corrosion of uranium. 
Essentially this is-a high temperature  extension of the work of Hoxeng and 
Rebol.(3) A s t rong  cap of zirconium was fitted closely over a uranium cylinder 
so  as to leave about half of the uranium exposed to the water. The cap  was de- 
signed to be strong so that the expanding corrosion products would be com- 
pressed tightly. Sin 
formation,( l )  a hydr 
s u r e  of about 600 ps 
neighborhood would contain 200 cc of hydrogen per kg. At this tempera ture  

cur ren t  interest ,  is capable 
en under moderate  pressures . (9)  

the presence of water is incompatible with hydride 
en reaction would imply that it was under a total  p res -  
It would fur ther  imply that the water in the immediate 

the equilibrium p res su re  of hydrogen over UH, is approximately 0.15 psi. (10) 

Uranium specimens and zirconium caps were  made according to Fig- 
In test, the zirconium cap was placed over the longer end of the ura- ure  4. 

nium specimen, and the-assemb 
with the capped end up. Abput 1 of distilled w .was added on the 
assumption that '  100 ml would r 
cases  other 'mater ia ls  .were add 
made with a 1/4 in. s teel  tube municated with a 
3000 psi  gauge. Both gauge a distilled water pr ior  to 
assembly, to  prevent istillation 0: li lave during test. The 
autoclave was put int a hea te r  and-h C. This required 
slightly less than an  hour,  on the 
a predetermined- perio 
taken out of.the heater and coole 
peratur,e. Temper-atur-es and p r e  
well a s  the final p re s su re  after c 
be exerted by uncombined hydrogen. 

ced into an3aut ave of 320 ml capacity, 

In some after corrosiod was complete. 
ial autoclave cover was 

was maintained for  

, 
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Figure 3. Corroded Fuel Plate, With Top Cladding 
Removed in Two Steps. (Note Bond Failure) 
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Figures  5 to 9 show time pressure  curves  for two 1/2-hour periods,/ 
a 1-hour period, a 2-hour and a 3-1/2-hour period a t  temperature .  It is to 
be noted that p re s su res  a r e  about those to be expected with water a t  260"C, 
until about 1 -1/2 hours a t  temperature  have elapsed, when the p re s su re  r i s e s  
sharply. In the long t ime tes t  the pressure  oscillated a t  a higher level, due to 
water temperature  changes, after the sharp r i s e  a t  1-1/2 hours. It i s  a lso to 
be noted that final p ressures  were approximately 50 psi  for experiments that 
did not show the sudden pressure  increase and grea te r  than 250 psi after such 
r i s e  occurred. 

F igure  10 shows the appearance of two zirconium cups af ter  p re s su re  
re lease  (right and left) and a dissembled uranium specimen and cap pr ior  to 
t e s t  (center). Figure 11 shows an assembled specimen before testing, and 
three specimens where the testing w a s  interrupted pr ior  to p r e s s u r e  release.  
The bulging of the cap can be seen in all tested specimens.  At the right of 
Figure 10, a bulge can be seen on the bottom of a cap. 

Figure 12 shows the uranium specimens af ter  the postulated hydrogen 
release.  I t  i s  to be noted that the enclosed end is  much m o r e  severely corroded 
than the end directly exposed to water.  All pictures show a s e r i e s  of cavities 
ra ther  deeply etched into the exposed end, character is t ic  of the corrosion of 
rolled uranium. 

! 

A mechanism of corrosion can be written: 

4 Ht + U - 4 - U 4 +  t 4 H 

However, in the ab,sence of a strong acid the oxide UO, would be formed a s  
soon a s  the solubility product was exceeded. 
corrosion might be sensit ive to changes in pH a t  the high end of the range 
and might be de te r red  by high alkalinity. At 260"C, the ionic dissociation 
constant of water  i s  about 2 x 10'" a s  compared to at room temper-  
a t u r e . ( l l )  

. 

This would imply that uranium 

Changes in pH with temperatures  are shown in Figure 13, a s  de- 
rived f rom Dorseys '  data. \ 

- Under these con derations, a sample was  tes ted in N/100 LiOH which 
had a pH of 11.8 at room temperature.  
The specimen was held at 260°C, 
As shown in Figure 14, p re s su re  
utes ,  and the p r e s s u r e  was  

This should become pH 9.1 at 260°C. 
hin appara~tus limitations, for 140 minutes. 

suddenly- re leased a f te r  about 100 min-  

a = t k Z % n = i & y .  
3 g r a m s  of LIOH added solid to the usual 105 ml of water used in an  
experiment.  Per iods  o s w e r e  1/2 hour, 1 and 2 hours  a t  temperature.  
Bulging of the can was l e s s  than usual in the two shor te r  periods,  and the 
uranium suffered less than usual amount of attack during the two-hour 

' 
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Figure 10. Zirconium Caps Distorted by Uranium Corrosion 
(Outside) Uranium Corrosion Specimen and 
Zirconium Cap before Testing.(Center) 
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Figure 11. Three Zirconium Caps Distorted by Uranium Corrosion 
Interrupted Prior to Pressure Release and One Assembled 
Specimen Pr ior  to Test. (Left) 
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corrosion test. 
Pressure- tempera tures  curves  a r e  shown in F igures  15, 16, and 17. Refer- 
ence to  the r eco rd  of the two-hour t e s t  shows a relatively low p res su re ,  which 
should accompany less corrosion. 

This is the specimen shown at the right of Figure 11. 

A final experiment of this  s e r i e s  was made  with a s ta inless  s tee l  cup 
containing 0.65 gm of lithium meta l  suspended in the vapor phase, and the 
air imperfectly purged with welding grade argon to  determine whether o r  
not hydrogen dissolved in the water would acce lera te  uranium corros ion  at 
this temperature .  
s u r e  was less than calculated,  ra ther  than higher as expected. However, a 
very  small kerne l  of unreacted lithium was found inside of the dense oxide 
formed,  so exact calculations cannot be made. 

Figure 18 shows the results.of a 1/2-hour test. The p res -  

The sudden r e l ease  of p re s su re  can be interpreted a s  water gaining 
access  to  the UH, previously formed, as postulated by earlier  experimenter^.(^) 
Dissolved hydrogen a s  such plays a l e s s e r  role  than gaseous hydrogen, Alka- 
linity seems to de te r  uranium corrosion,  but only in la rge  amounts is the eifect 
noteworthy. 

j Gaseous Hydriding Experiments 

P r imar i ly ,  these experiments were  made  to  compare the rates of 
reaction with hydrogen of the niobium-zirconium-uranium alloys of cur ren t  in- 
t e r e s t  with that of unalloyeduranium which has  been studied earlier.(2912-17) Fur-  
ther ,  with c rev ice  cor ros ion  of uranium o r  its alloys in high tempera ture  water 
it s eems  likely that hydrogen at very  high p res su re  can  come in contact with 
the meta l ,  so  the effect of p r e s s u r e  on the reaction rate was the subject of one 
set of experiments.  

Specimens were  made according to Fi They were  suspended 
ine by an  i ron-  near  the bottom of a 'quar tz  tube a 

thermocouple I inser ted 
outside of -the quartz  t tempera ture  

at a vacuum 

orage  bulb was 

was r a i sed  and-held at 2600, 316 
of 5 x o r  better. In the m e a  
with hydrogen purified by-diffusi 
of about 1000 ml capacity, and opened into 
to a manometer .  In these experiments,  manif old sys  - 
tem were  filled to a p re s su re  of 
was pumped to a+good 
contained in the s tora  was r e l ease  the specimen, P r e s s u r e  and 
tempera ture  were  rea-d periodically. 
tem open to  the hydrogen was about 45 cm. 

A-fter the system 

he en t i re  sys-  
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Results of experiments  on unalloyed uraniuin a t  the three tempera-  
It i s  to be noted that ra tes  of reaction tu re s  a r e  summarized in 'Figure 20. 

a r e  slowest a t  371OC and mos t  rapid a t  260OC. This i s  in agreement  with the 
work of Burke and Srnith.(lZ) 

-Figure 21 shows the influence of pressure:  In this s e t  one of the ex- 
per iments  was made a t  a p re s su re  very nearly half of 'the usual 45-cm pres-  
sure .  In this graph, tlie ordinate i s  the rat io  of, p re s su re  to original pressure .  
The curve indicatesthat doubling the pressure  almost  doubles the r a t e  of r e -  
action. 
Newton. ( 6, I 

This i s  somewhat a t  variance with the relation obtained by Johnson and 

for  the init ial  r a t e  of the reaction of powdered uranium a t  357OC. 
equation p o  i s  the decomposition p res su re  of UH, at the temperature  of the 
experiment.  In the present s e r i e s  ,of experiments  po would be l e s s  than 1 cm.  
Certainly conditions a r e  markedly different ih the amount of surface exposed 
to the hydrogen in the two cases .#  

In this' 

The induction periods in the reaction,of hydrogen with the niobium- 
zirconium-uranium alloys were  s imi la r  to those found with niobium - uranium 
specimens.(2) Figure 22 shows the resul ts  with a 4 %  zirconium, 2 %  niobium 
alloy, water  quenched f rom 800%. 
period of about 80 minutes,  the reaction-rates were  very s imi la r  to those of 
unalloyed uranium. Figure 2.3 i s  a curve of the reaction with 5% z'irconium 
1-1/2% niobium - uranium alloy, not heat treated.  Here the induction period 
was about 225 minutes and the shape of the curve-differed somewhat f r o m  

quenched from 800oC on the scale 03 the other experiments,  and Figure 25 with 
a changed t ime scale  so a s+ to  include the induction period. 
period i s  very  longand thehydriding r a t e  ha 

It is to be noted that after an induction 

' that of unalloyed uranium. Figure 24 shows the resul ts  with the s a m e  alloy 

Here the induction 
een slowed down. 

d reac t  with hydrogen a t  

I 1  

hat both compositions t 
26OoC, quenched o r  unquenched. Figure 26 shows the gene 
the resultant hydrides.' Unalloyed uraniuni 
quenched 4 %  zirconium-2% n iob iud  - urani 
f lake graphite; the non-heat t r e a  
was the case  wit 6 5% z i r c o i  niobium alloy 

appearance of 
lack powder; 
appearance of 

regular sca les ,  a s  
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Figure 26. Appearance of Uranium Hydride Made From Uranium 
And Some Alloys as Shown. 
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