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The corrosion'of gamma-phase a1 s may be *visualized, as 'follows. A s  
, <  

% , / =  . hyd-rogen Ls &eased by I the 'corrosio rOceSS and. dissbl,ves -in the bare metal, I 

concentrations o f  19.7. ppm are b u i l t  . k e n  the hy$$ogen contentsat  the , ~ 

surface exceeds- this..  value, the metastalhe: hydride precipi ta tes ;  diffusion of 
xdrogen' then occurs-betweent thisfhighly stressed', twq-pbase zone and , l e s s  , .  * 

ighly stressed' regions,- precipi ta t ing hydride * i n  such regions when their, cornr 
os i t ion  a l so  excee'ds 19.7 ppm. 

8 . ' '  

.- . f- A s  described previously,- the-hardening and 
1 

1 ,  - 5  - ,accelerated-cqrrosPOn of the hydride phase eventually lead t o  cracking, and 
7 discontinuous. f a i l u r e  Note t h a t  i n  the corrosion of these alloys;-the oxide J 

1 L ' .  -forms d i r ec t ly  on<the metal and not by dation of a hydride:' fi,erefo& t h i s  ~ , . -  
* ,  oxide i s  more, protectiye than t h a t  f o  n alpha ur&i& during water corrosion,. i .  

I ~ and, as may be seen ; in  %$go 20,. the corr,osidn parallels more closely the. a i r  
oxidation behav'ior" of alpha ,uranium ogen corrosion beh,avior. 1 .  - 
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concluded tha t  the metastable U-H system does not ex is t  f o r  alloys of the U p 0  
(epsilon) structure.  

e. Distorted Alpha. - As-quenched U-4 w/o Nb alloys having the dis tor ted 
alpha structure contained a sparse dis t r ibut ion of the p l a t e l e t  phase a f t e r  
cathodic hydriding f o r  3 days a t  100°C. 
specimens previously annealed f o r  1 wk a t  200°, 300°, o r  400°C. 
f i l m  observed on t h i s  material during cathodic hydriding indicates formation of a 
hydrogen-rich layer  a t  the m e t a l  surface similar t o  t ha t  observed i n  the alpha 
phase m a t e r i a .  
sion testing.8 
form the metastable U-H system, 

The plates  were not found i n  hydrided 
A ra ther  heavy 

Similarly t h i s  structure does not absorb hydrogen during corro- 
It i s  concluded, therefore, t ha t  t h i s  structure also does not 

2. Heat Treatment 

The corrosion behavior of the more favorable appearing alloys was studied 
as a function of t h e i r  heat treatment t o  determine the heat treatment t h a t  would 
produce a homogeneous structure of the desired phase t o  render the metal most corro- 
sion res i s tan t .  With t h i s  in mind various low temperature annealing treatments have 
bees performed t o  determine t h e i r  e f fec t  upon corrosion resistance.  
a l so  made t o  determine the optirmun homogenizing treatment for these alloys.  
following sections the resu l t s  of these experiments a re  described along with the 
effects  of grain s i ze  and annealing atmosphere, 

An e f fo r t  was 
In the 

a. Homogenization. - The so l id i f ica t ion  of these alloys i s  not an equi l i -  
brium process and r e su l t s  i n  coring of the cast  structure.  
example of t h i s  type of microsegregation o r  coring i n  an induction melted, c h i l l  
cast  heat of U-12 w/o MO. Subsequent extrusion of the cast  s t ructure  elongates 
the zones of segregation and resu l t s  i n  structures similar t o  tha t  shown i n  Fig., 23b. 
The corrosion resistance of unclad specimens from these extruded alloys i s  adversely 
affected by the presence of t h i s  type of coring. 

Fig, 23a shows an 

A s  seen i n  Fig, 23c, the continuous, longitudinal regions with lowest molybdenum 
content a re  rapidly hydrided during corrosion i n  high temperature water. 
hydrided zones corrode preferent ia l ly  producing uranium oxide fingers which pene- 
t r a t e  i n to  %he sample along the stringers. Fig. 23d shows this preferential form 
of attack. 
the metal, produces high internal  s t resses  i n  the metal which lead to  an ear ly  
cracking f a i l u r e  of a fibrous o r  wood-splintering type,, 

The 

The formation of the oxid-e, whose density i s  much lower than tha t  of 

The microsegregation can be eliminated and the  corrosion resistance grea t ly  
improved by high temperature annealing i n  the range of 900" t o  1000°C. 
homogenizfng treatment used for the laboratory preparation of uranium-molybdenum 
a l loy  sanrples consists of annealing f o r  24 hr  a t  900°C i n  a helium-filled Vycor 
bulb, followed by a water quench without breaking the bulb. The data i n  Table I 
show t h a t  t h i s  treatment almost doubled the corrosion l i f e  of unclad samples i n  
the case of eight different  extrusions of U-12 w/o 140 alloys.  The e f fec t  upon 
the r a t e  of corrosion i s  shown i n  Fig,, 24 f o r  various homogenizing treatments. 
Note tha t  the 700°C anneal had l i t t l e  effect , .but  corrosion resistance was 
appreciably improved as the annealing temperature w a s  increased t o  900" and 
la00 "C * 

An 

Because of the increased corrosion resistance result ing from the elimination 
of segregation, a program vas undertaken t o  determine the homogenizing treatment 
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yielding the optimum corrosion resistance. 
heats of uranium-molybdenum were extruded. 
(Extrusion No. 
diam, a reduction of 25 to  1. 
(5959) which was extruded without cladding t o  2 in .  dim, a 4 t o  1 reduction, 
Unclad corrosion specimens from both of the extrusions were annealed i n  helium- 
f i l l e d  Vycor bulbs for various periods of time a t  6000, 700°, 800°, goo", and 
1000°C and quenched t o  re ta in  the gamma structure.  The samples were electro- 
polished and then corrosion tes ted i n  6 5 0 0 ~  degassed water. 
specimens were obtained f o r  each annealed condition. 

For t h i s  purpose two duplex melted 
One was an 11.2 w/o Mo a l loy  

1101-1-13) which was extrusion-clad with Zircaloy-2 t o  0.437 in .  
The other was a 1 2  w/o Mo a l loy  Extrusion No. 

Metallographic 

The corrosion resu l t s  a re  presefited i n  Table 11. Extrusion No.  5959 has 
an as-extruded corrosion l i f e  2 wk longer than the l i f e  f o r  the other extrusion. 
This increased l i f e  i s  t o  be expected since the amount of reduction during the 
extrusion of 5959 was small (4 t o  1) compared t o  the reduction (25 t o  1) of the 
reference f'uel element, 
areas appreciably; thus there were no elongated s t r ingers  of segregated a l loy  
t o  provide an  almost continuous path fo r  corrosion through the specimen. 
Figs,  25 and 27a show the extruded structures of the two alloys. 

The small reduction did not d i s to r t  the segregated 

Annealing a t  6000 and 700°C does not improve the corrosion resistance 
of these materials, and i n  many cases such annealing x t u a l l y  decreases the 
corrosion l i f e ,  The time of annealing has l i t t l e  e f fec t  a t  these temperatures. 
It i s  apparent from the corrosion tes ted sample of Fig. 26 tha t  168 h r  a t  6 0 0 " ~  
i s  not suff ic ient  for homogenization of Extrusion No. 1101-1-13. 
diffusion ra tes  a t  these temperatures were found t o  be too low t o  a t t a i n  
homogeneity within 504 h r  of annealing f o r  e i ther  material. 
i n  corrosion l i f e  occurred when the samples were annealed a t  8 0 0 " ~ .  
there  i s  no de f in i t e  e f fec t  of the time of annealing. 
was cmcluded t h a t  no benefit  resu l t s  from annealing extruded uranium-molybdenum 
alloys a t  temperatures below 800°c, 

Actually the 

Some improvement 
Again 

From these resu l t s  it 

The best resistance to  corrosion was obtained by homogenizing a t  900" and 
1000°C. 
It was found tha t  the shorter annealing times resulted i n  longer corrosion l i ves ,  
The minimum t h e  a t  temperature required f o r  t h i s  e f fec t  i s  unknown since no 
t i m e s  shorter than 30 min were studied, Within the 30-min period it appears 
t ha t  homogenization of the a l loy  w a s  acaieved. The effect  of short  anneding 
times i s  apparently re la ted to  the  nature and dist r ibut ion of impurities i n  
the metal. In. Figs. 27 a, b, c, d the'microstructupes of specimens annealed 
f o r  progressively longer times a t  1000°C are  shown. It i s  apparent t ha t  the 
increased annealing times have resulted i n  the agglomeration of  the residual 
impurities i n  the metal. Possibly some solution of impurities may also have 
occurred. 

For these temperatures the time of annealing i s  an important factor .  

It i s  believed tha t  the agglomeration of the impurities a l t e r s  the d is -  
t r ibu t ion  and.momhology of the  hydrogen-rich precipi ta te .  A f i ne  uniform 
dispersion of impurity par t ic les  would inh ib i t  growth of the plate- l ike 
precipi ta te  and tinus a l t e r  i t s  dis t r ibut ion throughout the gamma matrix. 
This viewpoint i s  supported by the p lo t  of hydrogen concentration versus 
corrosior weight loss  shown i n  Fig. 28. 
a l i n e a r  function cf the weight l o s s  f o r  the f i r s t  1 4  days i n  t e s t  and i s  
independent of the homogenizing treatment. 
absorbed i s  the same, the e f fec t  of the different  homogenizing treatments 

The amount of hydrogen absorbed is 

Since the amount of hydrogen 
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T H E  CORROSION BEHAVIOR OF A TYPICAL U 12% 
GAMMA ALLOY IN 65OOF WATER 
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RATIO OF ORIGINAL WEIGHT 
TO THE ORIGINAL AREA 

TO FAILURE 

I '  SPECIMEN CRACKING VERY 
SEVERELY INTO A LARGE 
NUMBER OF SMALL PIECES 

VERY SEVERE SPALLING 

MORE SEVERE 

5 10 15 20 25 30 35 

T E S T  T I M E  IN DAYS 

Fig. 1. Typical corrosion behavior of a U-12 w/o Mo a l l o y  in 650°F water 
Reg 17$"$.24'* 
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Neg 17420-42 500x 

Fig. 10. A mechanically polished section (unetched) of a 
corrosion tested specimen showing am oxide 
"finger" pentrating in from the surface 

Surface 
supporting 
material 

U-Mo specimen 
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Neg 17420-45 looox 
Fig. 15. Gamma-quenched U-12 w o Mo specimen, corrosion tested 

28 days in 6 5 0 ' ~  wat&r indicating possible two-phase 
structure of plates 

Neg 17420-33 looox 
Fig. 16. Diamond scratch widths indicating relative hardness of 

phases shown in Fig. 15 
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Neg 17420-4 250X 
Fig. 21a. U-9 w/o Mo, gamma-quenched and then annealed 21 days 

at kOO”C, cathodically hydrided 3 days at 100°C 

Fig. 21b. U-10 w/o Mo alloy, gama-quenched and then annealed 21 days 
at 4OO0,C, cathodically,hyd.rided for 3 days at 100°C 
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Neg 17420-3 250x 
Fig. 228, U-12 w/o Mo alloy, gawna-quenched and then annealed 21 days 

a t  40OoC, cathodically hydrided 3 days a t  1 0 0 ° C  

Fig 0 22b. U-7 w/o Ma alloy, gma-quenched and' then annealed 7 days 
at 550°C, cathodically hydrided 3 days at 100°C - 
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Fig. 23 a. Microsegrega-bion i n  an +nduction melt,ed and c h i l l  cast  
' ' heat of U-12 w/o Mo\ L ,  1 "  
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Neg 17420-15 250X 
Corrosion of a segregated extrusion of U-12 w/o Mo. 
Longitudinal section of a sample corrosion tested 
14 days in 650°F water. 

Fig. 23c. 

w e g  17420-50 250x 
Fig. 23d. Preferential corrosive attack along a segregated stringer in the sample shown in 

Fig. 23c 
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Fig. 34a:, knethed 24 hr, 900°C-water quenched- 
- .. ' borrosion _tested 28. days 6 5 0 ' ~  water \ '  r 
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I , ~ 250x Neg 17420-41 --' . I ,  

U-12 w/o alloy, corqs ion  t e s t e d  15 days'in. 650°F water 
pressurized to 3000'psi with argon. , 
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Neg 17420-26 13x 

Fig. 59 e Stressed Zircaloy-clad U-12 w/o Mo specimen, corrosion 
tested with cladding defect under tension 

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

Neg 17420-47 13x 
Fig. 60. Stressed Zircaloy-clad U - 1 2  GT/O Mo specimen, corrosion . 

tested with cladding defect in compression 
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