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This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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wy Y : , evelopment program of
a fuel alloy for the Pressur zed Water Reactor at Bettls Plant.. ‘Parts I'and II
dealtrw1th the phy51cal propertles,seffect of” fabrlcatlon, and- corros1on'res1st- o
of bare and clad uranlum-base alfoys“.respectlvely..‘Thls report supplements *
s: il-the various factors
1nfluencing the mechanlsm of corr051onvof uranlum-base alloys. Thelfou'th and -

"‘7‘final report ‘of “the ™ serles, “Part IV - Radiation® Stabillty of , Uranium-Base” Alloys,

_concerned with 1rrad1atlon-induced effects‘observed An the most prom1s1ng
=,escr1bed in the'flrstfthree parts of thls series.: :

J : o s

\,»“In addltlon to the above serles of four reports, several- toplcal reports or- ;
2 : sc1entif1-<papers wére. 1ssueﬁ descrlhlng separate phases’of the development work‘
ip,f»f 7.ﬂ performed 'at . Bettls Plant: ..Also, as'lndlcated in'Part it was necessary,” to ' .
' e enllst the. ald of other laboratorles to: expedlte complet|on of: selected phases A
. of the development work.:vThis 'was. done .either through subcontra Ms sponsored by NS
. ﬁ~'BettlS Plant. or through research sponsored dlrectly by the Reactor Development ' L
o and\Englneerlng D1v1s1ons oflthe Atomic ‘Energy Commissioh 'ﬁ,The Work performed’ by
0o separate toplcal and}flnal reports, -referred.to
»;but not dlscussed in. detall in "arts I tnrough‘II'f;.For the sake“of : completeness S
and for easy reference, these reports are llsted as an appe_ idixe: o thls report. .
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. ﬁv- An attempt w1ll be\madejn this report to provide‘some‘insight 1nto -the- corro-_
PO ~'sion" mechanism of ur anium base alloys in- hlgh témperature water--the 1ntent being
;fﬁﬁ'-n};,*-Jto explain the observed corrosion behavior of - Zircaloy-c ad,;uranium alloy fuel~
P T elements,—»For this purpose, however;ﬂ't is necessary to -consider the corrosion?
';"*-of :oth bare andiclad specimens,. .- Thewfirst half‘”f “this. report describes the: ,
- experiments conducted with Jbare samples and is concerned with'the corrosion of il i
uranium alloys ins high temperature watercﬁ ‘The effect of.. cladding ig7thén’ con-*ﬁ‘
" ‘sidered. and, finally, “this: information'is correlated with(the behavior of cladf”

'?“fuel rods.,;;

e During corrosionvof bare;gamma-pha 13 uranium specimens, two dis inct pro;

4cesses .are observed“ In thé- first proceus a smooth oxide scale 1s formed on L

the- metal surface which continuaily flames off during exposure and results in a

uniform weight losg=cf- the specimen. The protective‘OXipe is: present as’a . thin,r

7adherent layer whose thicnness remaing - apprOXimately constant\throughout the :

vTcorrosion test As the metal’oxidizes during corrosionr a nonadherent'layer is
7built up on this film and continually sloughs offy . :

3 c01ncident with the uniform corrosion Ju - mentioned anouher process
-occurs ‘which eventuallyxleads to failure of: “the' metal by cracking and generab
‘disinteg ration.. ‘The. failure‘takes nlace during ; 21y

time compared to the. total exposuree}

N

. failure is in*imauely associated w1tn this precipitated‘plate»like Dhase.\The
: {U-3 8 w/o Si‘alloys consisting wholly of the epsilon phase and thc lOW\alloyﬂ

'It anoearo that, apart fromwits role as ‘a barrier between
fuel’ and water, ziicon 1uin, cladding prov1des an’ adaitional benefit as a conse
. quence: of“the hvdrogenagettering proper 6y, of the irooniumiwnicn inhib{ts
precipitation of the secomd phaseo ~;,ﬂa. s T CoAT .

”T I"he corro ion li@e of the. clad al5oys isialso‘very_senoitive to“the quality :
of the'bond between the: fuel and.- cladaing.‘ Poor quality may ‘be a result of incom-
plete bonding or the formauion,of a corrosion-susceptibl: g

‘cladding to ruptureo-

o

A simllar but more rapid mode of faildre would occurxif a
corr051on-suscept1ble layer were prese' ‘
the Zircalo and the fuel during he”

B -

he casefof

11 ,“‘v

)




J extrusion. Failures of this type have already been discussed in WAPD-127
Section III -of this report assumes ‘a well bonded cladding with no”corrodible

:‘diffusion layer and will_be concerned only with/the discontinuous failure
fuel rods 2




B ™ IR ‘IL mm CORROSION TESTING OF BARE SAMPLES e el
s iy LT S n o, D
As stated previously, the corrosion behavior of bare uranium alloys will be ;
escribed in ‘order. to formulate -2 mechanism ‘that. may be applied to clad? fuelwrods,;ﬁﬂ{
) L Many uraniumsbase alloys were investigated during the course Of . this program, but,;if{
I 'f'-”»_ﬂ-éin view of‘the favorable properties ‘described  in Part{I, mostrof the work has been. ‘.
. j{,~,wg_, concerned with the corrosion of’ gamma-phase uranium al_oys containing molybdenum R
N 3«\ or niebium’ aS\the main alloying constitutent,, The corrosion experiments with these "ﬁ
L alloys are: described in the following sections,4¢ : < o

'lffg‘ﬂ; Phys1cal Changes During Corrosion

R b N P . B Sy . ‘,

" }Tﬁfﬂku;l The corros10n behavior typical of a bare gamma uranium alloy is shown in ?5-_
A Fig. 1. " This speCimen was. ‘a. U-12 w/o “Mo. alloy tésted in- pressurized degassed water'”'
St , ; at 650°F - The: corrosion:rate was practically constantbat 0.28, mg/cmg-hr or T .y
"% "% “increased slightly;until ‘dbout “15. %0 20 "days Of exposure.; At this. point the onset .
SR j'*’of discontinuous failure. occurred in this particular sample, and “the’ Specimen soon
B began,to crack and disintegrate, increaS1ng the exposed surface area which resulted'
xi?';y. ~in an increased rate of: weight loss., ‘The. observed changes in corrOS1on rate may
; '=.'§; be either gradual or sudden,- For the specimen sizes and geometry used in the. "7
\;;{j;‘f» experiments reported in, Part I, about 10% of . the spe01men was: consumed by general
o attack. before discontinuous failure- occurred Macroscopic and microscopic photo- ;
graphs of a U-9 w/o Mo- specimen ‘that- failed by cracking“are shown in: Figs, 2, 3, ST
-and b, In-Fig. ¥ the ‘presence of* &’ plate-like precipitate can. readily be seén:, *Aff
Metallographic examination of corrOS1on specimens reveals that “the onset: of dis- . :
;’J continuous " failure.is always precededuby;the fornmtion of ‘a’ plate-like second S
phase in: the gamma uranium matrix. The microstructure of a corrosion specimen,fj'i’“”ﬂ
removed from test before discontinuous failure is’ illustrated Ain. Fig. -5 and: may
~be’ compared to: 1ts” structure prior to. testing in Fig. O The' microstructures
show the ex1stence of continuous paths of precipitate through the metal‘

4, 5 e IR

Hydrogen analyses of specimens periodically withdrawn from corros1on test -
S reveal that the hydrogen concentra+ion -of 3 the: alloy‘increases with exposureJto
N 37“' the high” temperature water as. shown An Fig. Te. The hydrogen is ‘available. as.-a’
e corrosion product resulting from “the formation of UO bylthe reaction of the 5Qf‘
vt 4f~{* alloyJWith water.. . As will be shown’ later, about: 20% of! ithe hydrogen released"
§é)ffl;\ " by this: reaction is absorbed in:the gammacphase matrixog,Specimens analyzed’
Lo .,.Just prior to discontinuous failure contained as- much as 1200 ppm..of, hydrogen,)‘g,
'—whereas Jthe’ plate-like phase appears to precipitate out at a- hydrogen concen-.'
tration between lO\and 25 -ppm.: The. pfckup of hydrogen is fairly uniform o
‘throughout the speCinen, although after short exposures : enrichment of‘the hy-a-4
dride phase may be observed at the surface. In Figa 7 it canabe seen that the i

‘ test period, 1nd1cating that the absorption of hydrog is not controlled by thef

'b",«solution of*- a ‘'surface- hydride film but, rather that i occurs by direct solution;

A o5 il hydrogen° The observed increase in‘hydrogen content,prior to .and during the

'G‘formation of the plate-like precipitate suggests that . this constituent‘may be

- T hydride of uranium. Additional evidence linking the identity of this

j to ashydride 15 that it ‘can’ be .removed; by vacuum annealing at temperatures of
“500°Cfand above; Decomposition products of the gemma . transformation*would :

G certainly not dissolve at: such temperatures, nor. couid other likely products o
” of corrosion such as oxides be diss1pated at any\of the est temperatureso,luuﬁ




';l aries, Subsequently the plates formﬂat the grain boundary and grow edgewise,
into the grain,- eventually traversing it.u Precipitation within -3 grain occurs
Lt on the {lOO} planes of the gamma uranium matri *The plates may also orlgi-n.
* nate: within a: grain or:on. a; plate already formed,‘ZSuch behavior is’ probably
g function of the concentration and. rate of . diffusion'of hydrogen. In this "k{
:—manner 8, continuous path 01 the hydrogen-rich material is Tormed throughout
g.the metalcp In those cases mhere growth(of the plates has been,inhibited by

, ﬂgonset of discontinuous failureoz A similar increase in life is'

ﬁ observedfwhen the, hydrogenurich phase is: caused £6 pre01pitate, or: combine.
with the alpha phase in a spheromdal form, so that it’does not form a con-z~
tinuouanetwork‘ o ) R SN

: _lar andiintergranularo.“In'addltlon to prov1ding a corrosiOnasusceptlble\path
" through the metal, the growth of. the hydrogen-rlch phase‘accelerates the~corro

Apparently the formation of the hvdrogen—rich phase 1s'not suff101ent 1n itself
“to.cause’ cracking of the; meétal . since cont inuous networks “of -the precipitated
*Jphase have ‘been. observed both in. cathodically hydrided ald corroded specimensg
chat were not crac ed However, oxidation of thevh'drogennrich phase through

__;phases,'iThe struCUure appearing at the leading edges 0 'the cracks in Fig.
x‘may be ev1aence of such’an effect° Stress accelerated decomposition of the

X ‘3 y

"'hashthe appearance of oxide flngers”bgrow ng lnto the'metal along the paths of

B precipitate‘ Microstru tures illustrating th*s phase of the corrosion process
- are. shown 1n F:Lgs° 3 an“-” & ‘ “res ckin

?ulxindicates that these~alloys would have a satisfactorj corrOS1on life for use
. AAn the reactoi were it not ‘for the occurrence ‘of- discontinuous f’ailureo ‘Since
that fai ure 1s of v1tal 51gnif1cance5 ‘this repor+ on the mechanism of corro
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. ¥ N \The obserVed increase in»hydrogen content prior to and during the formation
igg‘“ ‘ f of the plate-like precipitate suggests’that' the precipitate may . be'a hydride of
7;:%;¢ﬁi3' »~uranium and. that it may. be. duplicated outside of the\corrosion process’bykthe
< ' “troduction of hydrogen into uranium metal._ ;pfap,~. - o

B ‘e Thus far 1t has been found that this phase can be produced in gamma-phase ISR P
A alloys in at. least three- différent- way. (l) by’ corrosion testing in. high -

oo ,1emperature pressurized water, (2) by making the specimen the cathode of: ‘an -
felectrolytic cell, and--(3) byt ionic’ bombardment.‘ It 18 equally significant n
U uithatwit cannot be produced: by heating in molecular hydrogen, at least at pres- o
Y e sures up to one atm.osphere° Ag«nﬂ SR ;1f ,; fiv i (

‘HfIn the cathodic hydriding method the alloy was made the cathode in an "
BT electrolytic cell. with ‘an. electrolyte Of-0,1. N phosphate solution of NaQHPOh\
L. .~-»and NaHEPOubuffered to e pH of" 770, Platinum ‘was used as, the. anode ‘and to 3.
L Q'f>':§ make electrical, contact with the alloy° A current density of: 15 ma/cm2 Was.
b : 3»found 1o’ be’ satisfactoryo The depth of hydriding in a“given sample depends

gyon both temperature and t1me.~;-¢ - o . .

ARt

S Hydrogen has also~been introduced into a U-12 w/o Mo alloy by means. of g

glow discharge ‘of" hydrogen.l A sample was. subjected toia hydrogen glow discharge_
;=for l 1/ By at. a ‘current, density of T ma/cm2 anda. potential difference of 2800v.
;rUnder these conditions the precipitated plate-like phas‘ :
: of apprOX1mately O Ol in,“iv §
. ', '}-* -
R In both of these methods of introducing hydrogen the microstructure and -,
: *‘distribution of" the plate~like .phase are, similar- to those produced”during “”'%fc Do
: %,corr051on, and the resulting ‘phase is assumed,to be the ‘samé’ hydrogen-rich phase° AR
. A Aa"iIhe hydrogen required to- form the precipitate in’the; corrosion process is- pr v

Qif'”,i.f’r. Sumably made available by the oxidation of uranium in water accordingfto the
Y following reaction = T»A_ CoL ; , o

- ,»' . 4\.'.' & .o {,w'_,.' ,'l . ; e

" 'é,Note that the hydride phase is: formedfin gamma-phase alloys only under condi-f*
N tions such that atomic or ionized hydrogen is released at the metal surface.
‘ f{ - ‘r“’ . .
e The experimental evidence concerning the nature of‘the precipitated phase_
conflicts in many respects with' the concept that .the - precipitate'is UH 5 the
. : only ‘stable, U-H compound as yet. established 1 There is, however, cons derables
i kj,'fﬁ;‘ evidence for. the presence “of~ UH; in” aicorroded specimen,' To ‘present; g
S gf‘ coherent picture, the material in this section of the report ‘has. been;arr
ST according to whether 4t is; in agreement or: disagreement?w1th the’ concept of 8-
I UH3 preC1pitate,p In additionvtOxpresenting a brief summary ‘of-other “hysical.
properties, the section concludes with an attempted rat%onale of :th
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;“;;5<;3~". Evidence 1n Support of aAUHgs/Precipitate ;1?

L

oo W Uranitm hydride ex1sts in_two allotropic forms . alpha UH5, a recently
‘ j. J” discovered ~1ow “tempe rature’ form2 and beta UH3 1 'Ihe crystal structure ofx o
IR T UBs 18 cubic with a =6, 620 A and . -eight moleculeskper unit cell.’ ‘The »‘;J‘;°
i;"Mﬁflz hydrogen atoms occupy the intersticespbetween the uranium atoms so that each

—JI/




55 metal atom 1S'surrounded by,le hydrogen atoms at a distance of 2 52 A,, The
 Tow temperature form, alpha UHzy has been detected when hydrogen was allowed

ko, react’ slowly with uraiium powderfat temperatures below 25° C,, The crystal tit:;,}j
ST sstructure. of this. form’ of .UHz,- 15 simple éubic ‘with: aw‘; 4,160 A"and two 4;5}7W:yg;Q:;
L ;"‘?f;'i‘molecules per, unit cell. ~The interatomic distances, 12 H‘— 2 52 A, are R L

ST identical with those in beta UH}. : jg u~xr

I Ta ST '~."‘, - B
Co - s .

’ ‘35»,j;" , i . X-ray Diffraction. - Examination of hyd *ded polycrystalline »q{}?*k“
RN £‘f samples of" U-12 w/o Mo by X-ray diffraction methods h&s:

S Vel evidence for.the“presence of eithei alpha or beta UHz: The''best" patterns»;\ff A
ﬁ‘”lf’,' . ‘obtained "show” only four- weak 'and very broad peaksiat theipredicted location ;"*Q o
3 az,-»gif - of vbeta-UHz "in- spite of “the Tact that the,precipitated ‘phase’ constitutes at ‘3‘ .
;51xeg*\f;[ least -20%.5f the ‘bulk- specimen volume, A typical’ pattern is -shown: in. Fig. ll .

A. measurement of the. line breadth .0f the strongest peak gave a particle size-s'pgfgiﬁ}
of 25 to 50 A~for.the diffracting crystallites° Annealing of ‘hydrided samples ;. RS
- for 24 hr- ab 300 C in a’ helium,atmosphere sharpened ‘the: X-ray lines to the )
point\where six or seven peaks were: observed in: the,correct positions for G Ty
. bete UHz. - However, this is. believed to be ) surface effect only, as" discussed ‘
below° “The same results were obtained whether the specimens were hydrided, P
;Q cathodically or: by corrosion testing( a : Pt

; N B ‘,\\; B "“‘ ‘ Jz" .k“" f' X : T,
A '\'*@“ b,f Electron Diffraction. - The electron diffraction technique waS‘f -
also utilized in ‘an attemthto identify the plate-like phase° The~ electron LB
beam was adjusted to.8 diameter of about 1 mil and the sample was’ aligned so ST
that “the platelets were parallel to the Jbeam.. A fresh surface of metal was N
prepared, and- special precautions were taken tb‘preventwsurface oxidation prior J?.~ o
. to. insertion of ‘the’ sample 1nto ‘the - diffraction camera.h -An electron diffraction
e fpattern was- obtained’ showing: ‘the. first lh lines "of, beta UH3. ~The “pattern” ~§$,w
! "“('“ con81sted of sharp, uniformly darkened rings which indicated polycrystalline L
TR ff;‘\material w1th ‘' rapdom orientation and'a. particle size larger “than. lOOO A._»s;i.»
A ;'4 “Several. additional weak” lines were observed ‘that’ would it the. bets, UH3 unit
: cell and would correspond to multiple reflections from’"he strong lines~

v “ ' i :—

fK;-5,J§‘5~" o Magnetic Measurements. ' The magnetic properties of UH were first
) ‘qujnﬁ observed by Rundle, who " reported that “the hydride is- more: strongly paramagnetic j
;'j?:,fﬁ' “ than metallic" uranium.lt Susceptibility measurements at Zow ‘temperature ‘revealed :
. “that the: hydride became ferromagnetic at 8- Curie temperature of about 175°K. -
. ‘This is the First: known case of ferromagnetism in ‘an actinide compound “Above - i
’1T‘§~; the Curie point the hydride 1s paramagnetic.wz;;~pu_s o f‘ P

41

e e e
PR .
-

Gamma-phase U-Mo alloys containing the hydrogenarich plate-like phase are %
also observed to*be ferromagnetic at: low temperatures, regardless of . whether the,? Ty
second phasegis produced by corrosionntesting, cathodic hydriding, e} o hydrogen o

PR glow dischargeol The magnetic properties of- these- alloys as a function of tem-- -

S perature are shown in Fig.: 12, ‘The: Curie temperature of‘the ferromagnetic Ea

A;%,‘ff'pﬁ constituent was’ foundoto rangé from l75 ‘to 155 K. The: variation inCurie |
" K temperature over a: range ofvalues may ‘be: due to the presence of molybdenum

, - alloyed With the hydride.y»-rf;;,: ugn” AR L

;»ga'g]?:~ e ‘;=§*< Thermodynamic Evidence.‘- The use of the U-H phase diagram as” vi
o ‘dence: for 8 UH3 Pprecipitate is‘a negative-~ Form of support -since no-‘other: -”;

3fg;‘ii;}jl hydrogen-uranium compounds  are known.“Furthermore, 1t is unlikely that thex,_,

R presence of. Mo or-Nb: would have mach of an- effect, at least insofar as’ forming

' 'f-~‘l:' an actual Uan-H compound Formation ofisuch a compound«would require diffusion E

s T
R S
1
-~
-




“'of the Mo, ; 't the cathodic: hydriding »tempera-
;,tures \employed, | ‘_ Ly up- to lOO C.. ‘,, The Mo or Nb coul exert its !influence..
s oniof . the ga.mina phase, -

€ quilibrium .diagram 'with' hydrogen “has

gamma ‘ufa.nium-molybden‘um or niobium) alloys with
¥ Forn,the reaction“ . ‘ ‘ 1




: ﬂig* »(a very thin layer,of the sample surface, perhapsaso A at most The depth"of

e L penetration jof-.Cu-K radiation ‘is only;about .l mil: in'U- o,alloys, thus thet
’ L -surface reflection X-ray technique employed also%gives information from only *‘J
‘a’ thin surface laver. _The relative egse of4penetration by neutronS!indicates “*Q.
RS, ]that neutron diffraction would ‘be’ an: idealrmethod ’
Vi'ﬂg *ebout volume effects in uranium alloys -

;,'cally hydrided in’ heavy water to form a deuterium-rich phase. Comparison samples
: awere also prepared'in ordinary Water,’forming theihydrogen-rich phase.; Linear‘ -
; A;@ v/6 of these samples. con= -
h 'neutron diffractometer off

’The resulthobtained upon an untreated sampl .ndicated some preferred
orientation was produced during the cooling of :the i ngot _No extra lines were .
3observed on the hydrided sample.i The’ background;was high, indicating an random
J‘distribution of hydrogen. The deuterided sample showed'aASlight increase’in”
intensity in the - neighborhood of the strongest» Peak The volume oS UD3 =
e ~would: have to be.less, than l% -to givena ‘peak of- tgis intensity. If the particle
‘_size of “the: UD ,Was: 1ess than 50" A,zthe diffraction peak ‘would be very. broad,
-and.. accurate méasurements’ of\intensity would be 1mposs1ble. »Neutron diffraction
ithus gave no clear evidence for the presence of crystalline deuteride and set“an

&

»reflections that could be ascribed either to’UH or phase, other than the gamma
s phase.r In addition, these results 1ndicate tha% the UH phase found by - electron}x

el ;5" ' s by Chemical Analysis and Dénsity. - >experiment was conductedvto
?:'f;f correlate the hydrogen content. ‘ofiia: U:lO w/o Mo alloy with changes in micro—
T structure,(lattice parameter, "and density.‘ ThHe.. results indicate that the
: ff}hvflattﬂce parameter of.the: gamma-phase alloys increases to\a maximum of; approxi-

;”f mately 0. 5% after cathodic hydriding.w;An 1ncrease 1n the lattice parameter

H.gen, as’ shown in Fig.sl5

‘1"‘"

e 'J The denszuy of the gamma-phase material decreases wi h increasing hydrogen;
N content r"‘he densltyvof a;U-10° w/o Mo’specimen hydride ; de '
SN . .»observed to change from l7 25 to 17+ l7 g/cc.;sThe volume@of the hydrogen-rich'
o };'i Tf .phase-was determined by: lineal analysis be-to 2, h%”~chemi al; analys1s gave a
. hvdrogen content of 120 pp lnghekhydrogen contentnof the specimen may then be




where fm and fp,are‘the volume fractlons of the matrlx and plates, respectlvely,
. ‘om :and -°p are their den51t1es;=s corresponds to the solublllty of hydrogen A the .
) @‘matrlx, and- [H]p is- thejhydrogen.concentratlon 1n the platesxln ppm. 1 The” den31ty'
= " ofithe- gamma uraniun matrlx at a- hydrogen concentratlon of 20 ppm was! assumed Pro=
' portlonal to the’ hydrogen ‘concentration and: is: 17.22 g/cm5 ‘The value' of: PD [H]p
: RHIS 10'2 g of; hydrogen. From the. fact»that the den51ty
» L fpp ¥ the dens1ty of ‘the; plates Was determlned to ber
approx1mately 15 g cc nd ‘theif, concentratlon to be 4500 ppm.= Thls~corresponds to
These values are not too accurate because of the 1nab111ty

the spe01men was such as to prov1de'reflect10n from oal ~one graln, 1t was .
pos51ble ito - resolve the (llOL ‘gamma.. diffractlon peak into two: separate ‘onés”. .

icorrespondlng to. gamma structures -of- sllghtly dlfferent lattlce parameters.f;;-

. Use’of the. spec1men 1ntegrator obllterated this- resolutlon.v _After. hydrldlng, -

_*back reflectlon “Laue: patterns from the ‘same. large gralned spe01men 'show . the 5
presence of addltlonal spots sllghtly dlsplaced from those present before
hydrldlng, whlch 1ndlcates 8. ‘second. phase of ‘the - same_s

: 'altered or:Lentatlon° ThlS ev1dence suggestq that the‘hydrogen r1ch phase may
‘ con51st of gamma uranlum w1th an 1ncreased‘cell s1ze due.to dlssolved‘nydrogen

?c1p,tated second phase waupdetermlned 1n order to compare it w1th the phbllsh,

_ values for,UH In. thls experlment U= 12 W/o Mo spec1men was annealed at 900 C
< for 2LL hr, : ang ‘water . ouenched ito retaln the gamma phase,' ;f

. and” exposed~to ‘degassed water at- th c.

©imen was agaln elecpropo;lshed and then sealed 1n a' constant volume system*ln;
{ Whlch the dlssoc”atlon pressure wag determlned as a functlon of temperatu'e.y

Ehydrogen rlch phase are dlfferent fromﬁthose\of UH5 A8
1;alpha uranlum or gamma uranlum ' A




»The heat of dissociation of the hydrogen-rich phase inlgamma uraniumrwas found
toibe 5. 65 kcal/mol He.f‘f By differentiating the ‘values 'of AF/T in Eq- (1) and: (2) .
with respect to temperature, -the - heat of formation of UH “from alpha uranium isi.
found t3."be* 20 S,kcal/mol H and that»for its formation Trom gamma uranium iS'Qpr
23 h kcal/mol H {7 3 o resst ' ples highe

d,of these observations confirm the\belief that thexphase is not UH and that 1t is
vg;a nonequilibriuméphase.: Were this phase some yet unidentified stable hydride of )

f”n~ hydrogen through the specimen.u Inwother words, an external hydrogen—rich layerf
ik should form, and’ no- internal precipitation of & second phase should occurqin a.
ﬁ;s1ngle component matrix other than that which occurs on”c

=fthan at room temperature, consecuently they precipitate during the reaction with
;hydrogen. AThe fornation: of” the. stable UH ‘as an external hydride is observed 4n,
M}the case of cathodic hydriding“or water corrosion of alpha uranium, U3Si, or. alpha_
'prime alloys' none of which exhibit precipitationaof the hydrogen-rich platelets, -

e -'; a,‘ Metallography and Hardness.- A metallographlc study was made of
the‘hydrogen—rich platelets in each of two gamma quenched U-l2 w/o Mo samples,

water for 28 days.- The»platerets 1n both samples were similar in'aApearance3
and ‘as’ shown in’ Fig. lS,,they apparently consist of two parts an: inner, wellx
defined plate, surrounded by an 1rregular gray border. The possibility oft hlS

a;duplex structure. Additional evidence for the duplex structure
the fact that the inner and outer parts of§

X Differences in the platelet components ‘are. revealed by scratch hardness-a

‘-{.shown dn. Fig. 16,7 When a’ Knoop indenter’ under a; constant load is; moved across”‘
a polished sample surface parallel to thé" l72° included angle, the scratch width
‘1s made bv ‘the: 150° ‘dnecluded: angle of ‘the. diamond A series of such scratches

made w1th 8 lO-g load resulted in a: matrix scratch w1dth of . 24 2u, tapering to
A hgof l.Qu in the inner part of the platelet "Theitapering decrease'




nique normally employed, grain boundaries can be revealed only with difficulty
fin gamma quenched;specimens, whereas‘they are evident*after very short etching

e % Y € I : 17, which is & cross-
section of a 12 w/o Mo specimen cathodically hydrided at lOO C for 40 hr.,,Not

1
,,the plate-like prec1pitate v1sible only at’ the very outer surface. ‘If the-fg
' greater penetration of the grain boundary effect is evidence of a faster dif-

hii; ea it '5;With Molecular)Hydrogen.*-'The following experiment'was

performed to-. determinepthe rates:iof reaction of molecular hydrogen w1th uranium

“-in'various crystalline s,ates. Samples of quenched U-9 w/o Mo, U-12 w/o Mo,:'
U-h w/o Nb, rand. epsilonized U-h w/o Si were': placed in’ a’calibrated manometric

This thermal treatment was intended to?promote the‘decomp081tion of the gamma»
,phase and should result in, a transformation product having about: hS% alpha in

“the case of the "9 w/o~ alloy, 25% for,the 12 w/o Mo ~alloy,  and 90%" for the:

h w/o Nb alloy.. ‘The: U3Si,alloy w1ll remain in” the epsilon condition.. At/thisf
temperature, which is ‘wéll. above the decomposition temperatureﬂof UH3, no’ reaction
-of "the". alloys Wlth hydrogen would be’ expected -and .noné. wa: 2rved: tAn addi-
tional gammax: quenched U=12. w/o Mo~ specimen simi‘arly anneale ~inh ' _i

MOO C: showed no/reaction'after 52 days, althoug ;the alpha phase would form UH3,

’ 3:' at such a temperature_inf ntact withll atm of hydrogenk'*

'LFTreaction rate Was observed as shown 1n Fig 18. .At 250>C “the . gamma-quenche,
="U-4 w/o Nb alloy reacte very quickly:at a rate simila to that expected fo"

:’500 C From these exper ments it was concluded thatamolecular hydrogen cannot
- be introduced 1nto a gamma-phase uranium alloy, the eps1lon phase 1n“he,U;Mo




. ;;ﬂsystem, or an epsilonized U-Si alloy, whereastitnwill
Cal alpha oF’ alpha plus epsilon state. *

G Some of the work Just described has recently been‘repeated 5 It was found»
,;that ‘the gamma-phase U-12 w/o Mo, alloys An 1 atm. f.molecular hydrogen w1ll
~ : abserb. hydrogen to" the extent of 12’ ppm at 5&5 C' g :
solubility limit Oof- hydrogen in gamma- uranium at 3&3 Cﬂat l atm external -
hydrogen pressure., The 12 -ppm. observed value coincides’With the value extra-.
polated from the uranium-hydrogen equilibrium diagram

P - '

Lo Behavior oannnealing. p\Once the precipitate has been formed
either by corrosion or-by.cathodic hydriding, it ‘may:, be removed By- vacuum ;,A“
,annealing at temperatures as - 10W as: 100° Cys Subsequeﬁt‘exposure to .a- molecular
hydrogen atmosphere results ‘in. ‘the- formation of the hydrogen-rich phase—as S e
plates of the same size and,in the same locations as’ prior to the vacuum S

annealing.. No growth o“_the—plates was observed no iwere any new plates formed

, has been removed"" This concept is also confirmed by metallographic examination
*Z which, as shown in- Fig 19, reveals the former locatiom ‘of the plates as. ghosts
resulting from an 1ncreased rate of attack during electropolishing.

‘?,d.: Effect of Stress.v- The>presence of the "ghosts” described above
is indicative of ‘a stress effect which is: probably connected with the reduced
T density of the hydrogen-rich phase. The large 1ncrease An volume upon forma- ,--
’jpfﬁ tion of the hydride undoubtedly strains the surrounding matrix and 1s respon51ble

\~‘

: hydrogen..\As will be described later, the application of stress affects the
';lgl 0 distribution .and” orientation -of . the* precipitated plateletsﬁf This too s
”g;_ascribed to the reduced dens1ty of the plates and the concommitant stresses,A;

.st ss. The strains accompanying formation of the plates are also believed Do
to:be responsible for the, hardening observed during hydrogen absorption i_}fi~lﬁ"f~‘~“*
(Fig.\8) It has'also been,foun% that'iranium hydrided under high ‘pressures..

forms a. phase of. den81ty 15 g/cm which spontaneously transforms to UH3 upon
- release of the pressure or. constraint.7 D , : RN

PR Although considerably more ev1dence bearing o

“and: nature of- the. hydrided phase w1llﬁbe presented late it lS cons1dered
pertinent ‘at. this p01nt to rev1ew the data already presanted and to propo
mechanism for the corrosion,reaction that may be useful
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i‘.}‘isﬁ o according 10’ the reaction previously discussed A certain fraction of the :fﬁf,,,i{-fp

-y

o S hydrogen* dissolves in the bare metal As shown in Fig. lh ‘UHy decomposes
C ;’~f” at- & pressure of 88-mm at 6SO°F "By assuming Sievert: s law behavior for. 'the- - -
o solubility of hydrogen in alpha uranium,_and referring to +Fig. 8.1 of‘refer-r'f-f'. R
T ence” (3) it may be calcdulated- that when ‘the" hydrogen content of- the ‘surface, ~, = i .
S o of- the sample reaches '0.3k ppm ‘UH3 will‘form at the. surface. Subsequent }a”x’jtjtil,.

‘ o ' corrosion will: then occur by-oxidation of UH byjthe water, ;further libera-~*' IR

© b

oxide films -formed. indirectly by ox1dation Xol previously formed . films that'“

el they ‘are: not protective,\the rusting ‘of irén in- ‘moist atmOSphere\is an 'f,‘\»
po e J, example of this behavior. Thus -the. corrosion .rate of. alpha uranium would:
N be expected to be quite ‘high. in’water, appreCiably faster than the rate of PR
Ve ox1dation by-airTor oxygen, and-similar to its’ ‘rate of‘attack by hydrogen.ff.t'»”.¢<'
N ',\_‘ .. Reference to Fig: 20 (derived. from, data in Ref. Brand in WAPD-127, ‘Part I), CE Y
. ' ) plot of ' the rate of corrosion as a- function of temperature of alpha e e
Trj ” \},»* »uranium by air, water, and hydrogen and of U Si and gamma U Mo alloys by

¥

f--, St Tof alpha uranium by water is much ‘more rapid than that by air- and similar V}~"~”

. . «

J . . y -0 : . . .

" o . \‘, “a . N i S
. . P .

S C PonSider next the’ corrosion of uranium-base alloys that form no Q:. ”J,rv_f

“ .7 ¢ tion of hydrogen,. formation of additional UH;,\ ete.” It is characteristic of . . . :

water, ‘shows that this _expectation is  indeed”confirmed ‘and that'the attack .- ,Ff~if,l;

to ‘the. rate of attack by hydrogen,\i~";i“‘ RIS mAx:_'giy v ,{j; x‘f_ff‘f;

Ve T hydride, such as: epsilon U5SI. It is. believed that the free energy of L T
Pl NI the reaction N . “"v ST ‘f?ui' e S .\f Lt
7“_ IR S T ~." N A ; .‘ ot ,, ”"" . K S, b ' - E
5 L = "{,‘Av;igigi w.,f’,, Tt 3U + si-a UBSl '1~ LT e £
) o - .M"‘-"‘ b s e } b " "*‘ ' JT ',','“. ‘:.‘. ' f;“ ! ‘ ) N ¢
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is suffiCiently more. negative than that of ,7f{’i-0' f‘gx‘;.“l Sl j‘%gicfft&f e

N 'T',,v . N AR ..,..,, _ ~ * L ST o o f CU
B A e Lt (m . sl) # 5/2 o ”UHB Sk T e
. 80" that, unlike the case of gamma U-Mo previously considered no stable PR S

. s hydride is favored thermodynamically. The corrosion rate in this case would - H”_{}-f,
cet 7*; " e’ ,expected to be’ similar ‘to ;that of alpha uranium in air (modified somewhat Ai‘f';
U by the difference in crystal structure of the bare metal and the _tendency L;-”“ ;-
K . “for this:. reaction to be- controlled by ‘the” internal ox1dationfof uranium and -‘ff- oy
. ) -‘V; the diff‘uSion of -uranium through a’ silicide film“ as’ described in Ref.  9).b S T |
[ - Agdin Fig° 20sconfirms this. expectation. Note that no. hydride formation is BT
é~ sl observed in the water corr051on of UBSi e ,j;/jéj> L ", Sos bl
o ! ' : e . e
- oo S . S ,:;'» ‘. - “

. It is important to recall again that 20 to 25% of the hydrogen liberated in
L the .corrosion reaction .dissolves in gamma-phase alloys.% Almost. the same i L g
e ')" . percentage dissolves in\zirconium in the course of its hot water corrosion. }ﬁm?%iTN_
‘ ’ The. percentage dissolved- ‘must be-.a- function ‘of. the recombination velOCity oft’ o

hydrogen stoms -in the water, rate of solution and solubility in the base- .,‘Aafgn{i:siu

L e metal, etc..' An investigation of such behaVior ig conSidered very important B
e ine the further development of'corrOSion reSistant alloys in general, both f,i,/"*r
Joalo e uranium,,zirconium, and ferrous-base,v ‘As will be ‘showm | later, the: amount of B
e T -hydrogen that .dissolves® in gamma-phase alloys can “be varied by additions to , o R
.r,;iiisfxx the water or to the alloy e ) ERE TR, SN ?3g d;;, :
N DR o e 1 s ,,’t B 'i R e - L - v
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f;i-iiiiiﬁff‘_ﬁ Cons1der brlefly the corros1on of &- gamma-phase U-Mox(or ULNb)'sample e
S .7(‘ Because .of. the hlgher solub111ty=of hydrogen in. the gamma phaseof uranlum than ”¥«;~'

)"D~ﬂ;’"f in the alpha phase, the hydrogen content of gamma -in equlllbrlum with' UH3 should N
5 . be L1 _ppm,  As" corrosion proceeds, a’ surface ‘cOating of UH3, would be. expected e
. af“f o to: form when ‘the hydrogen cohtent of: the surface of the uranium’ reaches this .
B S value . Suppose, however, ‘that. for, some reason UH3vcannot form and the" hydrogenl”‘; o

-content ‘at the surface continues. to ‘build up. ‘beyond its equlllbrlum value of i
%h 1 ppm to,that value representedwby extrapolatlon of the’ dlssoclatlon pressure S
.over hydrlded ‘gamma.‘U-Mo at.650°F in Fig. 1k, naely 2000 mm " From Fig. 8.1 e
i reference (5) thls,would correspond to a. valuewof 19 ;' ppm, of hydrogen in

jvifA:f:f,,g solutlon in the. metal Assume furtherrthat at these hydrogen contents in gamma‘:,’ ;i
SR AR uranium a metastable U-H phase dlagram 1s valld These varlous assumptlons are,f»' L
ffp"“;:;f‘\! analyzed below 55-' : ‘/> §:'Mw~ . L i,:"lt u_g‘;p‘ A p". e

‘,fi'f"jp;»ﬂ Flrst, whe assumptlon of,a metastable U;H phase dlagram should not be
T surprlslng, partlcularly s1nce it i& noted under conditions of. release of" atomlc
T hydrogen Indeed,: the commerclal process of nltrldlngxsteels is based on the )
AT '“; ¢ existende of the: metastable Fe-N ‘phase dlagram, and’ n1tr1d1ng oceurs -in the 'l:,i:‘lif
L T “,:A dlssoc1atlon of NH§ under nonequlllbrlum ‘conditions, .If such. ar metastable e Lol
oo phase dlagram is formed,,note that .considerable 1nformat10n is’ avallable concernlng
I "_ ‘it,: It hag- been ‘estimated “that. at 650 F the llmlt of. solublllty of the’ hydride A
r‘“",‘i_;"l phase in gamma uranlum occurs ‘at: about 20 ppm - The flrst hydrlde “in the meta- »*'Z NN
L i .. . stable system has & “composition UHy o2 (probably UH). The difference in hardness: -
o " across a hydride platelet indicates either that- this: phase has .a considereble - -
F ST ex1stence range ‘and:that its hardness:lncreases markedly with. 1ncrea51ng hydrogen T
o 2s z‘f content or that a stlll hlgher hydrogen content metastable phase ex1sts'“ The PR
j;A%r,r‘,fa. ‘uranium- atoms in this. phase exist.in a body—centered cub1c array,,and ‘the U=H . - »-*;;~;
. . distances are nresumably suff1c1ently,close to. those 1n UH3 that the ferromagnetlc
b behav1or of- this phase is s1mllar to that of UH5 ' Tta: dens1ty 1s about 15 g/cc L
%5;}~3f_,j” as. compared to lO 9 g/cc for ; UH3 o .ﬁ."uﬁi..-. o _ S

-

et .

. oL ! e Cons1der next the reasons why the UH3 equlllbrlum phase does not- form 1n” P
VR Qf contactxw1th gamma U-Mo but -does w1th alpha uraniumi: . It .is suggested that in >
ce C‘j., : the ‘casé. of alpha uranlum ,the - dlfferences in crystal structure and- den51ty~ f,f;nw‘*
[ ,333;9‘ ‘between the metal and: hydrlde phase are ‘such’ that the - latter forms . with'no: = °
| v “‘cohetrency W:Lth the matrix, The * extremely fine crystalllte size of the hydride )
P ‘and the: lack ‘of- adherence bétween external ‘hydride and metal durlng the reactlon‘_'ﬁﬁh"
L-’r}?;f’»{- of ‘alpha uranlum and.’ hydrogen attest to this Yack of coherency 4 However, din ol ?\
L “the case of gamma Granitum sufficient similitude of .crystal. structure ex1sts to,'rjﬁ;'
b 7;;7;*ﬁ cause the formatlon of a hydrlde orlented coherently w1th the matrlx *, Becausel~' I
ICTOTEN S of the large lattice stralns,lnvolved in matchlng a. phase of den31ty\lo 9 g/c R
7 v with’one-of density 17 'g/cc, further. transformatlon of - UH3 is prohibited. Thlsf”fy G
) argument 1s, of course, - hlghly Speculatlve but does p01nt up the- effect of T
- lattice straln dlscussed below, - i - o el L e o

W . ,d.( - PR - L
¢ N A . S B - .. LR - o ey {

. ' One feature of the formatlon of‘hydrlde durlng the corros1on of gamma" o
L A»~\phase alloys remalns unaccounted for by -the’ precedlng explanatlon, -nemely its ..
_ - formation as -a two- phase structure uniformly through the tbody of -the: spec1men.,i~f -
ER " Normally:in' the d1ffus1on of hydrogenllnto a S1ngle phase matrlx, a surface Jrf‘iA Tl
' * coating of: the hydrlde (stable ‘or metastable) would: be expected to. form at. the . faf -
: .‘- surface, and this phase layer would grow into-the. matrlx If & two-phase metal- R ¢
y q‘ii g;; plus- hydrlde structure\should‘form at the surface, it should not\progress 1nto ’ =
;':;;-»;, the metals, 51nce from the; phase rule 1n a. two component condensed system the %-xT N
o . compos1tlonsfof the; phases in a. two phase zone cannot change,at constant ’
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S and, 'as may: be seen ‘in Flg, 20, the corrosion parallels more closely the’ air »
o ox1datlon behav1or of alpha uranlum than it does 1ts hydrogen corros1on behav1or. v‘-j-‘

%

- Some. ev1dence of such, effects’ was in fact observed however the experimental

,‘\“"‘;" i ‘,4;\'.."

temperature. It rs suggested that, thermodynamlcally, the metastabler H R
system does not behave . like a noimal- condensed system; but that in- addltlon to -
~'the- usual: degrees ‘of: freedomJOf compos1t10n and temperature another degree of iy
freedom, ‘namely stress, is" actlve. \Thus an act1v1ty gradlent and hence diffus1on, '7
can occur between two-phase reglons of dlfferent gross compos1tion. ‘y;,;~'>’ e 17,’,

c ! The effect of stress and the ev1dence for a stressed condltlon accompanylng .
-'the formation of hydrlde have already {been. dlscussed further experlmental evi~. N

'”'*dence w1ll follows ’The marked. hardenlng durlng corros1on testlng dis sufflclent

' ev1dence for ‘the presence' of such stress. - The appearance of UH3 at- the free: sur-"‘
face of hydrlded samples where lattice strain’ cannot operate to maintain the . ,“'"
metastable hydrlde further vouches for the. importance of lattlce ‘strain. - Fig. 19
show1ng‘"ghosts" of* the’ orlginal platelets after‘removal of hydrogen-at : low: v -j, ,
temperatures ‘mey be lnterpreted as ev1dence of the ex1stence/of such stralns.’ f,f PR
‘It-is s1gn1f1cant that samples heated long,enough to .remove all metallographic el

~,ev1dence of “the platelets can.not absorb hydrogen.. It would bew expected that,;
1f the hydrogen - act1v1ty changed with stress and -with the amount of the hydrlde
phase, different’ decomp081tlon pressures (dependlng upon,the\comp051tion of the :
sample within the two—phase reglon) would exist and a. s1ngle decompos1tlon “v_~-~f,5;“

. pressure (as.shown in Fig:-14) would not apply over the entlre two-phase reglon.;

data are as‘yet too fragmentary;to permlt any conclus1ons.
) The corr051on of gamma-phase alloys may be v1suallzed as follows., As e N
hydrogen is. released by the corros1on’process and- dlssolves in: the bare: metal oL
~ concentrations of 19.7 ppm are built up. When thé hydrogen content at the .. -~ .,
-surface ‘exceeds’ this. value, - the metastable hydride preclpltates, dlffus1on of " R
hydrogen: théen occurs between'thls’hlghly stressed two—phase zohe ‘and 1éss:. e D
B hlghly stressed reglons, pre01p1tating hydride - 1n such. reglons when thelr com-x;‘j-;
pos1tlon also exceeds 19,7 ppm.. As descrlbed prev1ously, the' hardenlng and f"“gi S
' accelerated‘corros1on of" the hydrlde phase eventually: lead to cracking, and - SN
f dlscontlnuous fallurea Note ‘that in the:corrosion of: these alloys, -the- ox1de'w’fi,"f”y

a

- "y “forms dlrectly on_the metal and not by -oxidation of a’ hydrlde. Therefore thls;' ',f HE

- .oxide 1s ‘more - protectlve than that found on alpha uranlum during water corr031on,

. -of the hydrlde.' ‘Examples of ‘each:of" these effects w1ll be c1ted - This althoughbifigV
h markedly deterlorate. o
. béen. presented in WAPD-127, Parts I -and II; deallng w1th the corrosion resmstanceffj“b

" of unclad and clad alloys, respectlvely.. However: they were. reported in terms . . ;
- "of- the-corrosion llfe of - the': speclmen ‘rather than' -as an 1nterpretat10n of” the ’>vi}‘9ﬂj.

- A uranium allcy of . maximun hot water corros1on resistance must not. react w1th 1
. hydrogen. To prevent dlscontlnuous fallure, absorptlon*bf hydrogen’ may “be- ST
fcontrolled by contact - with hydrogen-gettering agents,,bm sultably hydrogen "s\f'fi.* e

. C. Fuel Llfe 1n Terms of Factors Affectlng Corros1on-Induced Prec1thatlon

-‘V\ - »
,’ n FIR S ey

The c¢orrosion behavior of uranlum alloys may be generallzed as. follows.

depolarlzers, or by heat- treatment to- render more’ 1nnocuous the precip1tat10n~

~the. discontlnuous failure of, gamma-phase alloys 'is a harmful corros1on effect,- S
it is. evident that- wvthout such an effect the corros1on res1stance would -
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Many of the Iactors affectvng the‘rate and mode of corr051on have already : %
1

corrOS1on mechanlsm, These factors w1llﬂbe reconS1dered¢1n the follow1ng P
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._and corrosion medium will. be described Ain-terms of their effect upon ‘the ‘forma-
'tion and growth of the, hydrogen-rich preCipitate»which determines discontinuous

R failure. U . F P v . i =
- - . Vs :.A.,g, L . R '-;.,t‘ K . g
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RN Thermodynamic Phase of the Alloy , "lg;";,T-i-rf_f;‘ﬂ
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B L The rate and mode of corrosion failure of the‘U-Mo alloys have been

; determined as a: function of the’ thermodynamic phase in- contact with® the: corrosion

f\,~wtalso been examined and is described in,the following,'-;;

I i (. L N * \«,, w1
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??1§iiii o section, and the effects of such variables as heat’treatment, alloy composition, e

S S ‘;. a.‘ Alpna.~- The alpha phase corrodes extremely fast in- comparison to -
Gocitto-- - they gamma phase IF . 20): and. at 'such a rate that: it could ‘not be’ considered as ‘e
Pl " a._core; material This phase fails by & uniform’ corrosive attack wherein the” O

Q:g .. medium, Furthermore, the. behavior of these phases: during cathodic hydriding hasv}*"‘

§97 ?,-A o resultant oxide material is® continually ‘sloughed off the surface until the, entirerlf~

metal is consumed The alpha phase readily’absorbs molecular hydrogen as shown

gfdb:-ﬂtf;, in Fig.' 1k During eathodic hydriding a’ sludge forms in?the hydriding solution {’;“g o

‘\‘indicating that hydride forms - continuously on the surface and is removed or.

plate-like, hydrogenarich phase\present -in the’ alpha phase,#»V’ S : ;}(- <

. .' ;‘

P f;?‘ o fto fail through the. corrosion of the alpha phase,-\During cathodic hydriding the.
v L alpha lamellaerare hydrided in’ place leaving the” epsilon‘unaltered "The interface
S showing “the extent of hydrogen penetration into.- the pearlitic structure is shown
“in Fig° 5o “for 8 U~7 w/o Mo- alloy annealed T days at 550 C.: When: this adherent

)
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g

; at the . corners of -the' samples :and - in: the case-of" rectangular specimens :results in
S S - Maltese‘cross appearance’ Similar o that observed upon;ox1dation of .such metals

as tungsten, which'Torms a nonprotective oxide whose speCific volume is much less

\'?ﬁ_t then that-of the metal. - The* appearance of cathodically hydrided specimens of
N 9, lO, and 12 w/o Mo. after 21 days annealing at Loo° ge isishown in Figs. 21a and b,
e ;A'»ﬂA andi22a, respectively.‘ Note again the- tendency for hydriding to occur in the f T
; transformed regionsoy ._'_ e . o p«, [EEARE SO RO ‘
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S  Gammé, - The gamma phase alloys, as; has already‘been stated,have
i a. relatively low rate. of. uniform . ‘corrosive attack .and fail by sudden cracking i
e and disintegration 1long before the. general attack attainsany proportion of -
£ .:-55'. consequence, tne so-called discontinuouS-type of” failure.; This type of failure .
= ~is always preceded by, the formation of ! a dense network of:d hydrogen-rich sécond -
phase as -shown in- Fig. It is the corrOSion “behavior of{ the- gamma-phase “ﬂf@
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LT been well’ established . In all epsilon’ ‘alloys- tested smahl amounts of: the alpha'
;,u:'., phase have been found., In some cases. the alpha was present before corrosion ;
fooo testing, and‘in ‘others~it’ appears 6, have precipitated during corrosion at the o
} : .f";‘ 5&3 C test temperature.i The data’ indicate that the epsilon phase has ai corro-
% -, sion, life at least as long as:that of the gamma phase, although it i8s not known’ Rt

Lt whether discontinuous ‘failure will oceur. . A sample -of’.: lS;w/o U was- ‘annealed at’

’l;;jiii 1500°C for .3 wk' 60 produce the epsilon structure and, then cathodically hydrided ~ fff

. “_'Q. " The . resulting microstructure showed no precipitation of the hydrogen-rich plates
Qf”w€,: e found in- gamma alloys and was, nonmagnetic at liquid nitrogen temperatures,‘ It is
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‘bessew . ..

" reacts ‘with water to ‘form oxidés which: slough avdy. . There 1is noe: evidence of - ‘},/“

- c *ﬂ 'b Alpha Plus Epsilon. - The alpha-epsilon.pearlitic mixture appears w

layer reaches a certain~thickness, expansive, forces cause cracking\of the layer ;"

:Vi”tfid. Epsi1on,-— The mode of corros10n in the epéilon phase has not e f

flfj:. alloys as a whole With whicn this report is- primarily concerned ;,;{_3~- _ "”.yi
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concluded that the metastable U-H system does not exist for alloys of the UnMo
(epsilon) structure.

e, Distorted Alpha. - As-quenched U-kL w/o Nb alloys having the distorted
alpha structure contained a sparse distribution of the platelet phase after
cathodic hydriding for 5 days at 100°C. The plates were not found in hydrided
specimens previously annealed for 1 wk at 200°, 300°, or 400°C. A rather heavy
film observed on this material during cathodic hydriding indicates formation of a
hydrogen-rich layer at the metal surface similar to that observed in the alpha
phase material. Similarly this structure does not absorb hydrogen during corro-
sion testing°8 It is concluded, therefore, that this structure also does not
form the metastable U-H system.

2. Heat Treatment

The corrosion behavior of the more favorable appearing alloys was studied
as a function of their heat treatment to determine the heat treatment that would
produce a homogeneous structure of the desired phase to render the metal most corro-
sion resistant. With this in mind various low temperature annealing treatments have
been performed to determine their effect upon corrosion resistance. An effort was
also made to determine the optimum homogenizing treatment for these alloys. In the
following sections the results of these experiments are described along with the
effects of grain size and annealing atmosphere,

a. Homogenization. - The solidification of these alloys is not an equili-
brium process and results in-coring of the cast structure. Fig. 23%a shows an
example of this type of microsegregation or coring in an induction melted, chill
cast heat of U-12 w/o Mo. Subsequent extrusion of the cast structure elongates
the zones of segregation and results in structures similar to that shown in Fig. 23b.
The corrosion resistance of unclad specimens from these extruded alloys is adversely
affected by the presence of this type of coring.

As seen in Fig. 23c, the continuous, longitudinal regions with lowest molybdenum
content are rapidly hydrided during corrosion in high temperature water. The
hydrided zones corrode preferentially producing uranium oxide fingers which pene-
trate into the sample along the stringers. Fig. 23d shows this preferential form
of attack. The formation of the oxide, whose density is much lower than that of
the metal, produces high internal stresses in the metal which lead to an early
cracking failure of a fibrous or wood-splintering type. '

The microsegregation ‘can be eliminated and the corrosion resistance greatly
improved by high tempersture annealing in the range of 900° to 1000°C. An
homogenizing treatment used for the laboratory preparation of uranium-molybdenum
alloy samples consists of annealing for 24 hr at 900°C in a helium~filled Vycor
bulb, followed by a water quench without breaking the buld., The data in Table I
show that this treatment almost doubled the corrosion life of unclad samples in
the case of eight different extrusions of U-12 w/o Mo alloys. The effect upon
the rate of corrosion is shown in Fig. 24 for various homogenizing treatments.
Note that the 700°C anneal had little effect,.but corrosion resistance was
appreciably improved as the annealing temperature was increased to 900° and
1000°c,

Because of the increased corrosion resistance resulting from the elimination
of segregation, a program was undertaken to determine the homogenizing treatment
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yielding the optimum corrosion resistance. For this purpose two duplex melted
heats of uranium-molybdenum were extruded. One was an 11.2 w/o Mo alloy
(Extrusion No. 1101-1-13) which was extrusion-clad with Zircaloy-2 to 0.437 in,
diam, a reduction of 25 to 1. The other was a 12 w/o Mo alloy Extrusion No.
(J959) which was extruded without cladding to 2 in. diam, a 4 to 1 reduction.
Unclad corrosion specimens from both of the extrusions were annealed in helium-
filled Vycor bulbs for various periods of time at 600°, 700°, 800°, 900°, and
1000°C and gquenched to retain the gamma structure, The sample$ were electro-
polished and then corrosion tested in 650°F degassed water. Metallographic
specimens were obtained for each annealed condition.

, The corrosion results are preseited in Table II. Extrusion No. J959 has
an as-extruded corrosion life 2 wk longer than the life for the other extrusion.
This increased life is to be expected since the amount of reduction during the
extrusion of J959 was small (4 to 1) compared to the reduction (25 to 1) of the
reference fuel element. The small reduction did not distort the segregated
areas appreciably; thus there were no elongated stringers of segregated alloy
to provide an almost continuous path for corrosion through the specimen.

Figs. 25 and 27a show the extruded structures of the two alloys. '

Annealing at 600° and 700°C does not improve the corrosion resistance
of these materials, and in many cases such annealing actually decreases the
corrosion life. 'The time of annealing has little effect at these temperatures.
It is apparent from the corrosion tested sample of Fig. 26 that 168 hr at 600°C
is not sufficient for homogenization of Extrusion No. 1101-1-13, Actually the
diffusion rates at these temperatures were found to be too low to attain
homogeneity within 504 hr of annealing for either material. Some improvement
in corrosion life occurred when the samples were annealed at 800°C. Again
there is no definite effect of the time of annealing. From these results it
was concluded that no benefit results from annealing extruded uranium-molybdenum
alloys at temperatures below 800°C.

The best resistance to corrosion was obtained by homogenizing at 900° and
1000°C. For these temperatures the time of annealing is an important factor.
It was found that the shorter annealing times resulted in longer corrosion lives,
The minimum time at temperature required for this effect is unknown since no
times shorter than 30 min were studied. Within the 30-min period it appears
that homogenization of the alloy was acaieved. The effect of short annealing
times is apparently related to the nature and distribution of impurities in
the metal. In Figs. 27 a, b, ¢, d the microstructures of specimens annealed
for progressively longer times at 1000°C are shown. It is apparent that the
increased annealing times have resulted in the agglomeration of the residual
impurities in the metal. Possibly some solution of impurities may also have
occurred.

It is believed that the agglomeration of the impurities alters the dis-
tribution and-morphology of the hydrogen-rich precipitate. A fine uniform
dispersion of impurity particles would ‘inhibit growth of the plate-like
precipitate and thus alter its distribution throughout the gamma matrix.
This viewpoint is supported by the plot of hydrogen concentration versus ,
corrosior weight loss shown in Fig. 28. The amount of hydrogen absorbed is-
a linear function cf the weight loss for the first 14 days in test and is
independent of the homogenizing treatment. Since the amount of hydrogen
absorbed is the same, the effect of the different homogenizing treatments
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4.«“A;From the results plottedgin Fig,42h-it appears that the corr031on rate ef the N
metal is affected by ‘the! rate . of cooling from the homogeniz1ng temperature, although‘ 2
the life to discontinuous failure is: unaffected In an, experiment to determine the R
effect of cooling rate, o identical U-12 w/o’ Mo rods wére-annéaled for: 2l hr in “Ygﬁ~'
vacuum at 900°C +Oné” sample was allowed to ¢ool by radiation, ‘and - the other was:.
quenched w1th a: helium blast,” The results are shown in Table" FIT,. The. corr051on fé
. rate 6f. thé slow cooled; sample\is higher than that of the quenchedlsample, although
" their! liveSJare unaffected ‘This- behavior is- agai ‘attributed £o.the: nature and
dlstribution of precipitated 1mpurities which alte the ‘_orrosion,hehavior of theﬁ o
metal, The effect of coolingvrate, however, is minor compared wrth those of tem-“"
perature and'time of annealing.‘; woE 2 : S N

. Y

- ~’§b"*Low Temperature Annealing of Uranium-Molybdenum Alloys.t- It has;"
A -been reported in Part I.that. the annealing of: gamma. ; uraniumrmolybdenum alloys L
lat dows temperatures in the range .of: 300° to SOO°C resultsfin a: marked 1mprovement~»‘
-in the corros1on resistance° - ’

corrosion resistance for induction melted and” Chlll castaalloys was obtained by ‘ff;35”
annealing 2 U-ll 5 w/o ‘Mo alloy for 55 days at hOO Cor Ihis treatment 1ncreased R

the” mechanism of this annealing effect and whether duplex
alloys;behaved like the 1nduct10n-melted alloys. ¥

R : ..f hinary uranium alloys'w1th comp081tions,of 7, 9, lO 5, ll 3,
‘f;}~ and 12 w/o)Wofwere prepared by .the ' duplex-melting process and extruded w1thout
- eladd] hg‘to 0.5.. in,’.didam rods. Specimens For: metallographic examination -and’
_corrOSion testing were machined fn:m\these rods and annealed inﬁhelium-filled

- . Hardness measurements were mad .on -
eg'ﬁ~treatment The hardness *of.the’ various alloys is plotted as: a function~of
~'“annealing tlme 1n Figs° 29,\30 and Bl, As. expected" thetgamma quenched hard

i lffe‘were obtained ¥ annealing U-12- w/o-Mo for
’1l_anomalous behayior of~the*lO 5 w/o '




l gw/o Mo rodawere annealed at
650°F degassed water. Perlod-

bl

: ; 51 .
S as- extruded condltion was o"y sllghtly segregated, and,consequently the as-;
’jextruded corrosion, llfe 5i'dsgood. as that after homoge”lzatlon;L In’ agreemen‘
.w1th Fig. 52 the 3h3 C anneal has ha ‘llttle effect upon the corrosion charac

L CrY _ a7 re]
the dlstrlbution of_the hydrogen-rlch”phase 1s m‘rkedly altered 1n the samples-
annealed at 400 C subsequent to the gamma-quenchlng treatmentol The 'lates are

e fThese effec s'may be correlatedf : o
phase alloys alreadyr proposed " The' ag ng ,:‘.treatments ‘appl -ed to the 12 W/ o Mo -
‘alloys are belleve(:prlmar ly to cause\prec1p1tat‘

S ndlcate tha “some transformatlon may occur°9 In any'
»case, as shown 1n Fig. 31, conS1derable hardenlng occu s

3 as- quenched alloys

"n the aged sample écause of the hlgher hardness of mat 1x and the consequent
ttainment of " a.saturation: stress at a smaller platelet“

“quenched alloys,f‘The decrease in the numben of,platelet WW1th 1ncreased aging

’=time “is attrlbuted;to agglomeratlon of. the precipitated 1mpurit1es and, hence,a
decreased number of' % PRI : '




such as would occur

U;plastlc deformation at the ends rather than by spllttlng, i
In additlon ‘the flne dlspers1on of short thln

when 8- much larger plate ox1dizes.

- el Grain -
: fect upon “the corroslon of these alloys. g .
“gamma—quenched U-12 w/o Mo alloy corresion - tested for lh,days in 650 F water.

; : ‘ThlS
‘jfsamplehasa.duplex graln structure, and the amount ot thb_hydrogen-rlch phase '>?§_~g;?;»

more,readlly than through the bulk gamma volume.tlThlsJ
31gn1f1cance,

,~ may e - ass001ated with: gaseous 1mpur1t1es Therefore‘the effect}of anneallng
atmosphere Wwas" determlned by using U-12° w/o Mo Speclmen lannealed 2k hr &t 900° C‘
'f@};iwin vacuum, hellum, oxygen, tank hydrogen,:and hydroven from the decomposition of
L "In the case: of the oxygen’ atmosphere the»specimens were annealed 1n~oxygen
ungll a- heavy scale formed (approximately l/2 hr) and then annealed forx. the’
remalnder of". the 2& hr in vactuum.. The results of these treatments are - summarlzed
n: Table V.. There 1s some; 1ndicatlon that the corr051on rate may e- 1mproved in
famples annealed in hellum or tank hydrogen. Both;of these gases contalned some
oxygen and Water vapor s1nce no effec lwas made to dry the gases._ Thef”amples,
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‘ .In general,\the corros1on rate and(corr031on llfe of as-extruded U—Nb alloys are“

1mproved ‘with 1ncreas1ng amounts of Nb or by addlng Pt ,RThe extruded plus gamma-
quenched U-Nb alloys derlved ‘o partlcular beneflt*from the addltlon of/Pt. R
Increasing the  Nb content ‘of U;Nb blnarles in ‘the range 8 to, 12 w/o Nb‘lmproved

Jcorr051on re51stance to 3&5 C water andglmproved the stablllty of~the gamma phase
at hOO C
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, . ;\W~ and Zr ‘--Durlng the o
\;homogenlzatlon experlments mentloned 1n section II. 2414t was - Blscovered that/an VU
:extruded rodl(No 1101~ 1= 15) of U-ll 2 w/o Mo had exceptlonally good corros1on
res1stance in 650°F wate ﬁUnclad spec1mens annealed for 30 min. gt 900°C: had
“eorrosion’ llfe ‘of 105 ‘to 9-days. Theualloy was; analyzed and found to. contaln 3”
from 0.01 to'1. 0O w/o each of COpper, tungsten, and ziréonium, One or more of
'; these 1mpur1ty elements is believed. to be’ the source of" thellmproved corros1on o
res1stance since; the only dlfference ‘between-this" ‘alloy and other" alloys ‘~1a’""
e 51m11arly tested is theé presence of these addltlonal elements., The carbon content
R . was. found to e O Oh2%.ip: E O . =

Speclmens from thlS‘ rusion Were annealedpfor 24 hr at 9OO C, quenched to’
L retaln the ‘gamnia structure,“and then ‘corrosion tested 1n 650°F™ water., The‘- ke
- . “corrosiohn results are shown-in Flg. 37~along Wlth.the corros1on curves ‘for. a l,” Y
AN typlcal y-1i.3 W/O'MO ‘Blloy, 8" U:12 W/O Mo alloy-in the. gamma-quenched condltlonh ¥
- ang thelsame Y-12 wio Mo’ alloy after g’ 3 wk dnneal at- 400°C, “ The ‘effect. of~the .
1mpur1ty elements may-be Seen, by comparlng “the - Upll 2 w/o Mo ‘specimen: rith the 1’
SU-11L3 w/o'Mo spec1mens. ,The corrosion behavior: of- the. ‘specimén. contalnlng ‘the" L
1mpur1t1es approached that of ‘the aged U-leﬁ:Moalloy The mlcrostructure of 7
‘thls sPec1men after 28 days,'n;650 F, water 1is shown 1n F1g 58 The effect of

-

_ and to have resulted 1n a much larger number of plates than found in alloys
W1thout the' 1mpurit1es No mlcrographs were taken of: the structure durlng thef. i
corrosion process of. thls ‘same’ alloy annealed 30-min ati 9OO C; Cbuts it is- presumed o

that g% flner 1mpurity dlstrlbutlon was presentﬂand that 1ts mlcrostructure‘would u,L'
approach more closely those of Flgs 3h a,~ ,1 3
"N SR . R ) ; SO L ,
Other ev1dence for the effect of 1mpur1t1es upon corros1on res1stance may b
found in the corr051on characterlstlcs “of- hlgh purlty Uia2. W/o Mo., The hlgh
‘ purlty alloy was prepared by remeltlng & duplex—melted alloy in @ uranla cruclble
¢ . under . vacuum.: * The materlal was- held at 1300 ¢ for: 8- hrtunder a vacuum of lO' mm;
fiaof mercury, annealed 2& hr at” 900° " 1n vacuum, water quenched then corr081on ~‘_
tested An: 650 F water It was found” ‘to have an extremely short corr051on Lifes . ;,
. all Spe01mens tested dlslntegrated w1th1n 21" days; ~ Thus, reduC1ng the- res1dual L
‘ 3~* 1mpur1t1es ‘of the alloy decreases corr051on llfe' "he_observed corros1on rates A
are presented 1n Table‘VI ,u:j S LopmnE ' - : ‘ : o

AN

VIRAER: -

'*:5 S f;lb Influence of Small Addltlons of Cr and Tl on the Corr051on

e L Propertles of U=Mo Binary:Alloys. j--It was] reported in Part.I’;t;“-fjﬁ- ;[
' “that. small addltlons of Cr and Ti 51gn1f1cantly extend the corros1on Iife of- 16w "“‘:;:

1molybdenumw(7 t0' 9 w/o): U-MO alloys in the; gamma condltion Subsequent corr051on
oY testlng ‘has verlfled that~the corr051on prOpertles of alloys with these addltlons !
are. 1mproved by . several orders of magnltude over those. ‘of the blnary alloys L
= J;Bpec1mens contalnlng Cr and T addltlons prepare' 1n1the form of arc-melted buttons

by the Armour Research Foundation were.corros1on=tested 650 p water.” The - corr031on
rates—at varlous stages durlng the test and the failure tlmes ofithe ternary x~-; LR
speclmens are; summarlzed dn. Table VII.% Mso. included are: ‘the corre8pond1ng data L:Qi w7

- for U~7 and U 9 W/O Mb blnary speclmensrfabrlcated~and tested at the same t1m

It ig apparent that w1thout exceptlon the ternary alloys are as good as’ or 3
3 better than the equlvalent blnary alloyS'v 3k 74l‘ ;1nstances the ternary alloyS“~W




‘phenomenally superlor to- the blnarles No correlatlon exists bctween\the
i corr031on behav1or and the amount “or type of ternaryyaddltion, the alloy levev
1.or, for that matter, between:supposedly dupllcate sPecimens

‘"ﬁ ndlcated in Table'VII ds dlscon
and hydrogen contentn’ The

by spec : The welght losses arefsmall for Spec1mens tested thls length
“of tlme, varylng “from- 150 £6" 500 mg/c ‘ éThe hydrogen concentratlon roughly

corresponds to the welght loss, varylngvfrom 100:to 200'; sppmy i I mhe reactlon o
U +A2{H20-4 Uog + hH 1s assumed =1t 1s poss1ble to’calculate from the welght _j“

Tl Tae

i s T From” TablerVIII 1t-may<be concluded that the ternary addltlons-s erve to "ﬁﬁp‘ o
- reduce the” rate “of. corr051on by motre: than a- factor of"two.and to- 1nh1b1t hydrogen
> pleup by a:factor of two: Metallographlc examlnatlon reveared that the ternary\

_,‘sPe01mens contalned practlcally pelol hydrogen rlch plates . Slmllar blnary alloys

contalnlng 200 ppmof' ydrogen Wwould ‘showia dense pre01p1tat10n of “the’ plate-llke
f,phase.; The. mlcrostructure con51sted prlmarlly of 1slands of 8- second phase 1n d~'
“the: gamma matrlx, Flgs.459 o hl deplct the appearance of g representatlve K 7;
gspeclmen both before and -after” corr031on testlng : Flg h2 is-a hlghvmagnlflcatlon

f:”mlcrograph of the post test' 1crostructure From Flgs* hO to hl it s’ seen that

 was 1solated from the bulk18pec1men and subgected to X-
‘~d1ffract10n pattern revealed the presence’of a- partlall
prec1p1tate in a gamma matrlx. \No ura 1um hydrlde was
‘fractlon, tatd

It_lS belleved that ‘the; chromlum and tltanlum -additi ions’ have produced the j
very 1mnortant‘effecte’f alterlng the* mode of decompos1t{‘f'of ‘the. gamma phase N
Instead’ of “the - lamellar\alpha-plus-ep51lon structure, ‘the rec1p1tated alpha -~ ..

_ occurS‘as 1solated sPheres -in the; gamma matrlx The ep on decomp051tlon TS

'«.> product Ads: not detected “but: may appear ‘et a later stage Consequently the- gamma
-fmatrik?i'icontlnuous, andi he 1solated dlspersion of ea31ly hydrlded, corrodlbles

'ralpha prev1des no: connected path for corros1on Furthermore, the' gamma matrlx,qu

has undoubtedly been enri'hed;ln Mo as o result of alpha ec1p1tat10n and 1ts

T ;the observed hydrogen concentratlon of 200 ppm and the lly 1t of solublllty of .
a;fhydrogen 1n the gamma phase 1n equlllbrlum with UH3 has been shown to be %b~”KQ
it must be assuned: that the” hydrogen is. concentrated in the alph‘“phase‘ heé
partlcles must then act asw s1nks for- the hydrogen,,otherw1se the;prec1p1tate
hydrogen'rlch plates would‘b present 1n the matrlx ¥ Those few plates present

T e e e e e,
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tlon along the gralr boundaries -:Alt
addltlons results in: a spheroidal Ol ¥
hydrogen, the orlgln of this effectils not known Examlnation of the U-Cr and’
T U=Tis phase dlagrams may give some clue to thls effect _?In the U-Tl system the F
jalpha phase 1s ar perltectoid decomp031tlon product “ -Thus 1n thenU-Mb,Tlrsystem
the‘1n1t1al gamma decompos1tlon product may be perltecto .
' -;llkely prec1p1tate in atspher01dal form

ep51lon decomposltlon product would form

AN
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e, Influence of" Platlnum Addltlons tocUrMo'Alloys - In the 1n1t1al
stages "of .the alloy development. program:it was.: bellevedﬁthat dlscontlnuous s
fallure durlng corrOS1on resulted from the decomp051tlon‘of ‘tHe gamma phase P
", and Mo,w1th uranlum

order mentloned The contractlon was greatest 1n the U Lo‘alloy and 1s belleved
to resﬂi;from an 1ncrease 1n the electron -atom ratlo as thé” valence of.the

=i

alloylng element 1ncreases. From thls observatlon and ther 1nformation on the"
crystal structures and 1onlc radll it was postulated th taplatlnum would be

soluble 1n gamma,uranlum and‘should reduce*the electron-atom ratlo,,thereby

the Pt addltlons 1ncreased the*thermal'stablllty of the gamma phase, 1ts effect
uponithe edrrosion . rate of these- alloys was;of far greater consequence.}aThef-
- _effect of ‘the: platlnum addltlon nay be; 8, 1
o the corr051on data of. ternary Spec1mens’made from-arc-melted buttons prepared
by the Armour Research Foundatlon Itfls apparent ‘that the addltlon of” platlnum
decreases ‘the ‘corrosion. rate and extends the corros1on llfe of U-Mo alloys 1n
practlcally all condltlons SRR o i N

3 "
befbre nallure reveal thatk ydrogen absorptlon 1n the U;Mo-Pt alloys 1s much
less 1n ‘8 glven perlod of exposure than - for “the* U=Mo =b1nar1es The U-Mo "‘ -
alloys absorb about - 20% of the* hydrogenr;f 'f_"’during@the ox1datlon of
uranlum, whereas the U< 12 w/o Mo ternarles contaln ng'platlnum absorb less 1
" than- 1% Thus a. U-12 w/o Mo-0'.6° w/o Pt alloy: showed no precipltatlon of the VIS
hydrogen rich- plates after lBh ‘days’ 1n”650 F wate : Platlnum addltlves to»the :
U—9 w/o Mo alloys were. somewhat less effective, these Spec1mens absorbed S

2 to. Sp of: the hydrogen released and showed extens1ve pre01p1tatlon of"

. the spec1men surface and improve 1ts effectlveness;as A barrler to the dlfqu1on
\\ of hydrogen, or: it. could become incor*orated in the ox1de as 1nert partlcles
- whlch act a8, nucle1 for‘the recomb1nat1 n'of’hydrogen atoms




"‘:,ox1dation process 1s one of cation difquion or anion 1 Ny the hydrogen ;
'must diffuse through the. ox1de 0 be absorbed by~ the’ sample The‘second poss1b111ty Ef
‘is more: likely because™ platlnum is! known 'to ‘be & hydrogen depolarizer, that is,- "}( e
_iit acts as a- catalyst inethe format10n~of molecular hydrogen from atomic hydrogen v
fguThis p0551bility would have an - important effect upon the corrOS1on life of the
'mualloys in: light*of the findings‘that the uranium: gamma phase ‘does - not absorb more
-~ than .12, ppm‘of molecular hydrogen at l atm" In other words, ‘the’ hydrogen-rich _fi.
__ﬂnreCﬂpitate is. not found in gamma’ uranium spe01mens exposed to .an. atmosphere of
”?molecular hydrogen Presumably the platinum bearlng\alloys owe ‘their. increased S
. ,corrosioh lives ‘to -the formation of molecular hydrogen- at the specimen surface xf*~";
»y,which reduces the amount of nascent hydrogen avallablerto the metal o

'A low temperature annealingrtreatment of 7 days at MOO C was found to 1ncrease

both the corros1on res1stance and corr051on life of the platinum ternary alloys., ' .Jf
- THe" corrosion: rate of 0.003" mg/cme-hr obtained in the” annealed U=9 w/o Mo=1,2 %/fo o [ n
TPt alloy is* the lowest observed for any. uran:um alloy and on’ the ba51s of the " N
hmmber of atoms consumed, is a»rate of the same order © 'magnitude as, that of

Ca ..Annealing for longerwtimes or at’higher temperatures reduced the corros1on ;f
- llewOf the. ternary alloys - The . effect ofthe T~ day- gnneal ‘at - MOO C.is- believed
to be 1milar to that observed 1n the U-Mo binary alloyskwhereln the size’ and

1mpur1ty partlcles or poss1bly by an 1ntermed1ate transformation product 1n the \‘?“
decompos1tion of the gamma(phase ‘ The effect of precipitated 1mpur1t1es upon the:

growth of the: hydrogen-rich plates has already been discussed ‘The. ability of G
‘the: platinum to stahilize the: gamma phase may- be: seen 1 che microstructures of T
T the U-9 w/o Mo: alloys after annealing for" 35 days ‘at’ hOOaC -shown in Flgs hB,\hh
45 -and. M6 ¢-In addition to the gamma decomp051tlon products at the grain

studied using gamma quenched U- 12 w/o Mo sPe01mens.r Thef as additions to the :
test water were’ made by pass1ng the: gas under préssure directly to: the autoclave“
L “ﬂf after: 1t~had been’ degassed‘by venting to the atmosphere ;The ‘amount of- gas’ E
R ; added corresponded to,an equilibrium concentratlon of - lO cc gas/g H20 % Past ,
: experience ‘has - 1ndicated however, that tests .of this type seldom attain’ greater
"than 50% of" the equillbrium concentratlon.; Thus the gasfconcentrationd as ' :
probably about 5-ce. gas/g HQO - No. gas- analyses of the: water were made :
. .‘_series of tests was conducted u51ng argon as a blank- ST :

O

T

'ff“jﬂ',':‘The weight losses durlng corros1on in the different;media are shown ln-«
Qﬁ 2. W7, "and ‘the . hydrogen concentration of the corroded spec1mens ‘is. plotted
i Fig.xh8 A

R .3\ ’s1on, tnough the hydrogen plckup by samples,exposed to’ oxygenated water 1s-:,

;},A ;:-reduced ThlS reduced hydrogen plckup‘ls also reflected‘dn an 1ncrease in- ' -

b ?*corros1on lives Figs h9 to 53 1llustrate the mlcrostruc ures of the spe01mens‘




From the 1nvest1—
'and from the¢knowledge

17 g. . The corr051on

@al~‘lat{num was’ dentlcaL

g, e

T Fe Ty

; .~These experlmenté‘were repeated w1th anothent
tested 1n water contalnlng i

‘or 1n waterh onta1 1ng 001101dal platlnum varled romfaa 1n1t1al valﬁe if 45%
to an flnal value of 25% dur1ng=the later.




e T

"sphase is less than that of the gemma uranlum as experlmental results-have,
e already 1nd1cated Because of its decreased dens1ty, the formatlon of- the ST

b . L . I Ia

S e . L I R 2L
AT P e e R S U . . NANRRS

v From.these*results 1t‘1s concluded that the N1 and’?t act as: hydrogen depo-i“ .
’ larlzers The mechanlsm is ‘probably. ‘Bne Where, the' Ni and Pt are‘plated out.on .~

the speclmen as fine. partlcler which act as’ centers of hydrogen molecule forma-:‘

el
-

b.f ,tlon effectlvely reduc1ng the amount of hydrogen absorbed by the spe01men ,-s5»>«

~
“ ‘ N - . - PR AN ’

'5: Effect of Temperature E ;%_Tsf,_5

for every 50°F 1ncrease\1n test water temperature in the . ranges 600° to 750° F.

" The effect of temperature in the cathodlc hydrldlng process is shown 1n the’~-“}ulf3,
_:follow1ng table which presents the: depth of penetratlon of, the hydrogen-rlch '
iplates as a. functlon of the temperature of the electrolyte T

’
. ~ <y [ .. ‘P
’ e - . L RO . . v

‘lil Temperature, °C f3;\ S 201;‘ C lOOtli' “h2OO

a4 g . T . . R

depth ot L .“*oﬂooBf o ous o 050 RS AT

[ . : Foma :;,4. S e

h DS .’\-

Thls 1ncrease in penetratlon 1s presumably due.to the'lncrease in dlffu51on

\

L

) .“ ¥ e : e o T ', ) Lo -

1: The corros1on of the gamma-phase alloys 1s markedly affected by the

‘.state of stress to, which. the specimens’ are’ subjected The' role of:stress in
‘corrosion appears to'be determined’ by its! ‘effect” upon the formatlon of. ‘the ™ Tedon

hydrogen- ‘ich- plates Cathodlc hydrldlng experlments Were condicted on

..+, gamma~quenched U-10. w/o Mo’ strlps—held in ‘& constaht. moment bendlng Jig. ”Thel o

s';‘mlcrostructure of specimens cathodlcally hydrided under‘stress are’ shown in Wi

", Figs. 57 and. 58 It is evident that the plates first. form in the. reglon under

*Atens1on and - allgn themselves perpendlcular to the dlrectlon of the- ‘tensile force”t

~ After® ‘longer hydrldlng tlmes the plates appear on the . compres51on gide and ‘are -
»,parallel to .the, compress1on dlrectlon., Thus the formatlon of the hydrogen-f'm

“rich plates appears to be accelerated by tens1le stresses and inhlblted‘by

compre551ve stress } : S . ? . . BN y
. T : ‘ B \
\ Y N

b
"’The effect of stress is understandable 1f the dens1ty of the hydrogen-rlch

ER

. hydrogen-rlch plates would relieve the appller tensile stress or;- in other xords,.
S the energykof formatlon of this phase would be decreased ThlS would be espe- 7
.>~c1ally true when ‘the plates are allgned perpendlcular torthe dlrectlon of ‘the’’
... tensile, stress whereby maximum. growth occurs. parallel tofthe applled tenS1le

‘direction, In order to form the new phase 1n a region under compress1on, ‘work:
C must be done’ agalnst ‘the compressive. forces res1st1ng expan51on in regions, of
' the. newly formed lower' density- phase xThlS worklwould be at & migimum- perpen-
_dlcular to the dlrectlon of compress1on by a factor prOportlonal to ‘the- P01sson .
ratlo.r ‘Thus. the formatlon ‘of the new phase would ‘be: 1rhib1ted in reglonSxof )

compress1on, and the plates would form: parallel to the dlrectlon of compress1on

-+ because the maximim. growth or- w1den1ng,of the ‘plates occurs in fhe. perpendlcular '
‘z‘d;rectvon The. stress .relief nrovwded‘by the preferentlal mode of growth was '
iobserved to produce a permanent set i

he Speclmen

e e S

ST toWAPDA12T T

< R The'effect of water temperature upon corrosion rate’ and corros1on llfe";;
S is shown in Flgs 28 and 29 1n WAPD-127 Part .1, Gamma-quenched U-9 to 12\w/o Mo . ,
.alloys approx1mately double thelr corrosion rate ahd halve their corrosion life ’

i ;rate of the hydrogen w1th increasing: temperature -The decrease in corros1on Aife’ .. o
.. d%s: probably due. to~the increased rate of’ox1dat10n with temperature and- p0351bly
;to the 1ncreased rate of hydrogen d1ffus1on D T PR -




_at ac
of the metal by the;hlgh tempereture wateruc Of theee p ase
and pos51bly' 'strained alpha"lare it !
res1stance i a nressurlzed water reactorf'fg

e e P+

ey

lthrougﬁ the:materlal
tlnuous fallure

The pre01p1tated phase 1s ferromagnetlc w1th a., \:“
Approx1mate

‘KUHl 02 Wwith & den51ty o¢'i ; §
,outa1n~the form of pletes on the {lOQ} planes of the gamma phase_when a hydrogen\

,”,.,._,\.‘ .‘\

T T T T

A

AT e

g *absorptlon of atqgic hydrogen, proba%ly by means of 1ts catalyt ’
promote the formatlon of molecular hydrogen Small addltlons o

- dlffuses.
S 1nnocuous




')'ﬁv r?f _ at-1000°C ‘were also found o 1nhibit growth because of” the resultlng fine dlsper— :

;’.”,{fgf'add1tlon of oxygen appears to retard plckup of hydrogen

r oL [ - ! ' . - [ B . h
. < . BT

TN

L ’,_, N [ .'

S f)i’ o the prev1ous sectlon on. the corros1on testlng of bare spec1mens varlous
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! ii;f{""~ CoPper, tungsten, and z1rcon1um as 1mpur1ties werexfound to 1nhib1t growth ]
;0 of“the hydrogen-rich phase when combined with: the prOper heat treatment Thig™ ;&

‘.effect is believed to result from the\precipltatlon of the 1mpur1t1es as 1nter-:v“'.,“
metalllcs which obstruct growth ©of the, plates : Very . short homogenlzlng treatments - -fﬁ

51on of prec1p1tated 1mpur1ties . R ,n"h, BT o JQ-_« n

AR ,
A & R

R - ‘'The " addltlon of nlckel fons to ‘thes.corrosion” medlum reduced the~absorptlon N

Lo of atomlc hydrogen by the gamma, phase, probahly be“ause of the low hydrogen ' h"f_’fg*[
T overvoltage ‘of nlckel promotlng formatlon ‘of moleculdr hydrogen Hydrogen end. - v
o “argon’ addltlons to.the weter had no- effect on dlscontlnuous fallure, whereas the.-'”
o - ) B S ‘ e e
Lo Compress1ve stress in the alloy 1nh1b1ted prec1p1tat10n of the hydrogen— o
o r1ch phase, as a consequence of the - 1ncrease in free energy for the formatlon Sl A
of th1s lower dens1ty phase - T, , ; : 5-_ _ -,:A 1 R “-5“ﬁri<;

- : 3 - ' K . B Y
' . . [ : Y e s
i B <

: All of the factors affectlng the corros1on llfe of the uranlum base alloys e
=L cons1dered may bé described- 1n tterms’ of “their: effect upon the formatioh of -the -
hydrogen—rlch plates or upon phase transformatlons in. the alloy. -The factors --'
retardlng prec1p1tat10n or growth of the plate 1ike phase are, also founhd to N
' increase corrosion l:fe o1 8imilarly those factors. that 1nh1b1t\transformatlon ﬁ:,;;f -
1n'the alloy or render the transformatlon products irnécuous are compatible BN
",f, w1th long corrosion test llves However the* controlllng effects upon corr031on ,ﬁi';j&
: ‘Tife prior to dlscontlnuous fallure -are the prec1pitat10n and growth of the . '

':uf(" hydrogen-rlch phase T AN A AT
C ( S L Tl T e ST
A e e These experlmental results were reconc1led on ‘the - bas1s of -8, corro51on

: mechanism 1nvolv1ng prec1p1tat10n of & metastable uranlum hydrlde and its:
prOpagatlon through the test samples under the actlon of stress SRR

e - 4 - B i .- o
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ERUCIE TN CORROSION TESTING OF ZIRCALOY-CIAD SPECIMENS"‘— U

‘‘‘‘‘‘

~\i'g, experlments ‘were descrlbed in. térms - of ‘their, effect uponsthe corrosion life: of
gamma uranium- alloys in hlgh temperature water - It.was:® concluded from this -
Cwork that the- corros1on life of a fuel element is, llmlted to the time’ for the
onset of dlscontlnuous'fallure .The effect of a claddlng;should therefore be

kS L ;: : cons1dered from the standp01nt of dlscontlnuouS\fallure utlt ‘has” already ‘been .:fqus/i

establlshed ‘that the cause: of dlscontlnuous failiire is the prec1p1tat10n of ST
- a network of a: hydrogen-rlch phase The effectlveness of a claddlng in .o
extendlng .corrosion 1lifé can then be measured in terms of 1ts ablllty to prevent

~the prec1p1tat10n of- the hydrogen rich phase ' The corros1on data’ for clad spe(1-

‘“:l‘j N mens “Have® already beenrpresented in WAPD 127, Part II "The Corros1on Testlng '4}¢V'1

Ao s exposed to- the corrodent If defects do ex1st,,the alloy is. EApOSEd to the

"

of Z1rcaloy Clad Fuel Elements R NS . v.rl., Ca »x.;u‘-tw;~',~vﬂf
».”l A poss1ble method of protectlon 1s for the ercaloy claddlng to serve as -
‘a noncorrodlble*barrler between the water and’ the fuel Obviously this: would
prevent\absorptlon of hydrogen,by the spec1men when no- claddlng defects exist. S
f However, it was assumed’ throughout th1s develOpment that claddlng defects ex1st / _“:

-and that fuel elements must, exhibit full ,corrosion. llfe even though. - “the fuel ‘ ;a'u’

'”water and subJect to- dlscontlnuous fallure resultlng from&preclpltatlon of the

« . e

ot
B




'gamma uranlum;
"From these

The data 1nd1cate that large pressurés of the order of“; f
= 200 OOO p51 are requlredeto prevent hydrlde formatid“” '

hydrlde and.uranlum
favo red

@y

re01p1tate,-along
0 ?,From these

claddlng as* shown 1n Flgsﬂ ; qmlcrostructu,e of a/= 
U lO w/o Mo platefclad with ercaloy and electrolytlcally'hydrlded so’“that: the;




w"j‘ to take place Th<

- sufficient to rupture the claddlng

'effects of dlfferent varlables upon- hydrogen

"another experlmental avenue for extendlng th<

,’;u'-

jﬂ‘ defined as the exposure time until- the!holub

Flgs
respectively.

pre01p1tate, an

Y -

barrler, 1s to ‘getter. the hydrogen d1ffus1ng

Yol . f-‘:" - N "‘-

;-T ..

.8k rupture of: the c¢ladding which; exposes more’
“to. rapid: d1s1ntegratlon of the alloy

‘uv.~— % \ :«‘.\.

claddlng and the uranlum allcy both had equal access tO“the avallable*hydrogen.
62‘and 63 are micrographs of the exposed face and L& cross—rectional viewy:
; Although there is no- exten51ve plckup of hydrogen, “the! reglon
L adJacent to;the»cladding shows less of ‘the prec1p1tated phase
:i ment i the. claddlng can’ exert no; mechanlcal constralnt upon theﬂformatlon of the
‘ﬂts effect 1s limlted to the getterlng of hydrogen j R &‘,Qg.

>1 It 1s concluded that the functlon of the claddlng,ﬁapart from 1ts role as E!

precipltatlon of- the'hydrogen rich phase w1th1n the fuel
the claddlng w1ll become saturated w1th hydrogen, -and” prec1p1tat10n w1ll be free
element 1s then subgect«to fallure 1 o

From the observat10ns4reported 1n Part II of WAPD l 7, fallure occurs by

' The most llkely cause of the claddlng
rupture appears 1o be the volume expans1on in' the fuel, element resultlng from f"*
ox1datlon ofi the hydrogen rlch prec1p1tate to the lower den51ty U02 e
-che process is abetted Dy hydrogen embrlttlementsof.the claddlng has: not been;}iw"
established; “but the ox1datlon and poss1ble spllttlng of . 'the- fuel element are '
The mechanlsm of" fallure whlch has been R
proposed recelved additional. Support from the results of a' calculatlonzof the,,:;
;L’M‘theoretlcal fuel*llfe descrlbed in the follow1ng sectlon *ﬁ,g

,IV CALCULATED LIFE OF;A ZIRCALOY CnAD URANIUM ALLOY FUEL ELEMENT

In this experl-.!T

,4“1

1nto ‘the’ uranlum thereby preventlng
»Eventually, oF. course, N

£ any tlme

.of : the\fuel to the water and leads

Whether ]

¥
- -~ X . e 4
4 n wr

‘)", - - -

of corros1on It then seems reasonable that

8 reactor erl should - also be con51dered from-the v1ewp01nt of. hydrogen solubll oy
and hydrogen dlffu51v1ty rather than Just from the corros1on behavior’ of Jbare,- T
" In other words»«S1nce dlscontlnuous fallure
results from the presence of hydrogen, 1ts behav1or in’ the metaI ‘i worthy of
With this in mind, aniattempt has been made to calculate the";

metal- in ‘high temperature water

con51deratlon.t
theoretlcal llfe of . 2 fuel: element only as aj
‘'at the: fuel-water 1nterface‘, The results of

ThlS 1nformat10n can then be utlllzed in the

5 e

For the purpose of calculatlon the theOJ

. surface’ “of i the" ‘urdnium alloy, that is;- ‘the t3
of the hydrogen rlch phase “The. fuel elemen1
’dlmen51ona analog frbm whlch the hydrogen a1
could be; determlned along w1th the amount of
metal to the claddlng ;,‘, R

- B o, _*-",

uranlum.alloys to,be cons1dered fo

n

functlon Of; the hydrogen generatedi~h
“thelse- calculatlons illustrate the .~ .
in 't e‘metal and thelr magnltude o
des1gn ‘of: & (fuel element andias -
> lif"of the fuel ;"%‘-_”w . R

> 1, S N

'etic“al '_ l~ife of fa ‘fuelielement. is'
llty of. hydrogen is reached at the ;
l.m‘e-~~f'oAIt,-'.the.‘s;‘t'ar*t:”of;_.»p;r‘e"c:‘L‘pii_:'at'i,ojri''““
> .Was S1mulated by means. of -a two-:
strlbutlon within- the element‘

hydrogen d1ffus1ng through the

3, -
ted of

‘as l cm w1th the defect ex endlng allf he way across 1t

. P \'“, ) e T A v . H o
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hydrogen is+ assumed to be 1n accord w1th Flck's flrst law SO that the current‘ o
-fflow1ng through the network is pr0port10nal'to the amount of hydrogen- dlffu51ng, P
S “the potentlal differencé is. proportlonal tothe’ concentratlon dlfference, and: -

.the;dlffu51on coeff1c1ent of?the hydrogen 1s prOportlonal to the reclprocal of the?

7‘

{ to a hydrogenacontent of ZEro™ at the fuel clad - 1nterface Saturatlon of sectlons v
,:of the’claddlng could then be 31mulated by breaklng the ground connectlon at thet
;‘surface A voltage was _app. 1ed to the. defect correspondlng to the solublllty of
hydrogen in- uranlum The measured current enterlng the defect then corresponds
to the max1mum flow of hydrogen -that’] the fuel element can handle by d1ffus1on ;

M,

current flow1ng 1s equlvale yto the amount of hydrogen<generated at‘the defect
‘.~by ‘corrosion, Thls w1ll yleld the .concentration’ ;of hydrogen throughout ‘the” fuel
and “the: amount belng absorbed by thescladdlng for any corrosion: rate, The rate
of hydrogen getterlng,l 'obtalned by measurlng the flow ofycurrent from the :

apprcx1mately bre= half of the hydrogen enterlng
laddlng within-a’ d1stance~from the-defect édgé
“equal to half ‘of" the defect w1dth From the work.: of Gulbranson and.- Andrews9
f“lt was determlned that the gettering rate of “the - claddlng i§: greater than the
: P rate of” hydrogen leav1ng the spec1men by dlffu51on Therefore, the. hydrogen
Sie ‘Q;. concentratlon at the; fuel - clad interface is zero.&s: assumed 1n”the analog.

g o From.the analog 1t was found that approx1mately 190 days are requlred to .

| rate of o 2 mg/ch hr :,;
[ [ ‘\ = B B C PR . o
broe 524 ‘f As corros1on proceeds, the area of attack 1ncreases;correspond1ng to the ﬂ
‘ ‘«4' chosen corr031on rate;*and the’ ‘rate. ofkhydrogen generatlon JAncredses. correspond-m.“
1ngly ' “ventually a . time, w1ll be reached when. the rate of hydrogen generatlon
exceeds that whlch the~ fuel hE-E capable of handllng by dlffu31on to the claddlng
AL th1s p01nt fallure of “the element is assumed to occurﬁf That. 1s, prec1p1tatlon;(,,
_~of\‘«the hydrogen r1ch phase takes place ‘I‘he COI‘I‘OSlOn l' ves, dlscussed below ;

A

f & fuel element as-'*~?”<w“"
‘ cme/sec ‘#nd &t Tl
: hydrogen solublllty of 15 ppm F1g 66 1llustrates asi 1lar calculatlon fo}‘“‘V
g :: ,‘*ﬁ‘ a dlffu51v1ty of. '10-6 cm./sec ST should be - noted ‘that! the Corrosion llVGS‘
LTy ;relatlvely 1nsen31t1ve*to defect s1ze for ‘both’ cases Such 1nsens1t1v1ty has..
. 7. beer noted in WAPD- 127, Part FI, Redu01ng the dlffus:w1 y by*a factor: of_ten' .
: 5.“-gg‘greduces the lifé by.-a factor, slightly greater than- ten Tn Flg 67 the . .
RS ‘~~d1ffu51v1ty»has,been further reduced by.a. factor of , ten to 107 cm2/sec 5
! 5 ﬂlt can be seen‘that the. llfe for a small defect s1ze has been further reduced .

e ichange 1n d1ffus1v1ty. Furuhermore, the llfe 1s now entremely;sens1t1ve to
" defect. size -and corros1on\raterr Tor, dlffu51v1t1es of 2075~ and: 10=6 cmE/sec

fﬁ,the'corros1on lives: were approx1mately pr0port10nal fo the rec1procal of" the

”‘iAcorrosion rate .squared: That 1s, redu01ng the: corr051on ‘rate: by one-hal%

B 1ncreased the llfe four fold The effect,at D lO 7 cm%/Sec is ek greater~




PRI | |
‘:s_more readlly seen 1n

_of: 3 ppm 1n the fuel alloy,fthe calculated it fe for a hO-mll defected clad rod

uis about” b yr it i corrosion rate of 0,2 mg/cm2~hr., This. caloulation’ 1S*based :

upon a hydrogen dlfqu»Vlty of .3, 3 X lO-é‘ch/sec,,a valuefvhlch has. Just: recently. A

been determlned‘and not yet verlfled 5‘ The observed corr051on llfe,for ercaloy-, o
f(clad U-Mo rods 1s 1n excess of l yr w1th the rods stlll 1n test.r'It 1S'be11eved,'

: Although 1o tests were'performed~w1th claddlngs other than ercaloy, the
relatlve‘effectlveness can be compared on the‘bes1s offthe analytlcal results

-A_Zthe tran31ent nature of the problem_ ,For the S
welement whose claddlng does not -getter hydrogen;-the caﬂculated 1ife was 260 days
for E &O-mll defecﬂ and a hydrogen d1ffus1v1ty of" 3. 3% 10'6 cm2/sec ‘Thls gy
be compared ﬁ"fthe h—yr llfe‘for a‘similar element ¢lad in ‘Zircdloy.® Note_ _that’

: ;clad sPe01men llfehls almost 1ndependent of "

g In addltlon to 1lluvtrat ng the effects of dlfferent variables upon corro-.'“
51on llfe, the calculatlons Just descr1bed could be extremely useful in determlnlng
lement The cyllndrlcal‘
A far‘better i

B e handle more hydrogen by d1fqu1on }ForQa éluen cojr051on’rate;1t should be:r«
pos31ble to calculate the requlred fuel and claddlng thlcknesses uch that hydro:

1s thelr transformatlon durlng corr051on test w1th a consequent‘lncrease An
corros1on rate Such changes 1n corr051onurate are generally not observed -




'ercaloyéclad samples noteﬂ hst reéctor radlatl'n,
't IV, 1nh1b1ts transformatlon,

~-samples, however,
corr051on rate ‘or,

‘5suc> aslalumlnum.,gOf course,'

‘ alloy, w1llte increased £0. .1 s _

?.samples beyond the ‘caleulated:- time: atywhlch hydrogen saturatlon of the fue“ occurs
Measures such as addltlon of hydrogen depolarlzers to fuel or water should also '

op;glgpinum,;o“ he=wﬁ£er of to the metal

hydﬁogen?mgy;be edliced by 1ntroduc1ng§s1nks that,preferentlally absorb ydrogen
. Both.alpha’ uranlum and 21rcon1um ‘were-shown to: De% :

hydrlde hardens angd. embrlttles ‘the - matrlx and by

eventually leads to dlscontlnuous fallure.

3

;fhardenlhg 1mpur1t1es Tne.mode of the{prec1pltaulon 1s~
o to stress, n fact the assumptlon-oﬂ_elastlc syress as




: In order to apply a gamma-phase fuel alloy as a fuel element materlal, 1t
1s necessary prlmarlly “toreduce the amount of—hydrogen,absorbed bygthe’fuel
uThlS cah be done by claddlng the fueliw1th a z1rcon1um-base alloy Under” such
condltlons it has been shown that fuel element llves 1n excess>of- 4 years should
be obtalnable w1th prOperly fabricated fuel elements before‘they are subject to

e (X decreas1ng;the general corr051on rate,;a
SE(2) . increasing - ‘the hydrogen’ solublllty, ..1;/3
s x(3) ‘increasing: the” hydrogen diffusion rate A
h) maintalnlng a: prOper clad fuel bond;

2

. \

For uranlum—base alloys such as U3Sl'that do not form a hydrlde durlng hot

gt

} water corr081on, use of 'a ercaloy clad’ ig unnecessary., Therefore, the develop-
ment ‘of alternate claddlng materlals such as’ alumlnum for corros1on re31stant

1,,L' o fuel»elements ds predlcated upon the develOpment of uranlum:base alloys that - do

L‘%i’*;;-' - hot! corrode by a: hydrlde mechanlsm CIn addltlon"to U551 both 21rcon1um-uran1um

- ﬁvf \alloys ‘and ' the . stralned alpha uranlum-base alloys do not appear to.corrode by a

k hydrldexmechanlsm..rﬂ' . R : . :
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THE CORROSION BEHAVIOR OF A TYPICAL U I12%
GAMMA ALLOY IN 650°F WATER
___________________ .
RATIO OF ORIGINAL WEIGHT
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i |
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THE SPALLING HAS BECOME
MORE SEVERE
' SOME EDGE AND CORNER
SPALLING IS OBSERVED
< 4 \
CORROSION RATE-0.28 Mg/Cm2/HR,
| ] | | . | |

5 10 15 20 25 30 35

TEST TIME IN DAYS
Fig. 1. Typical corrosion behavior of a U-12 w/o Mo alloy in 650°F water
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Fig. 10. A mechanically polished section (unetched) of a
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Fig. 15.

Gamma-quenched U-12 w o Mo specimen, corrosion tested
28 days in 650°F watér indicating possible two-phase
structure of plates
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Fig. 16.

Diamond seratch widths indicating relative hardness of
phases shown in Fig. 15

cesons
cesees
.
ceeses
coee

°
°
r

WAPD-127

1.2 p

T1




o~

Neg 17420 16 S
‘iFig. 17

~ T
M S R . N
o K e
[N o

N .

U-12 w/o Mo, vacull,xm annealed at 900°C or 21+ hr

cathodlcally hydr‘

5 then




s
N
?
L
o
> R

PRESSURE MM Hg -+ . = =

H

<100

v

v"\

L/

P

7 T . ‘
“ ~ ’, . i H «
» s 2 ‘ L5
i . L . 7 “
. . . LA P
H . . 3 N )
¢ 5 . -

T

" 2004

H

Q.
o
[

¢

0% Nb-U QUENGHED FROM.” 900°C THEN - '; SRR

' HEATED: AT 500°C FOR:

= i2% Mo-U. SAME AS 9% Mo ALLOY X \
A" 4% Si-U ANNEALED.800°C/ 7 DAYS IN. 7 :

“a e .
# § R - .
¢ ~ :
‘¢ - .
. S r Y
s . .
i - f ‘l "
- Y { “ - ' ~
T, B ) I
< A . X
No) ' - .
o <t 3 . L , R <y .
R ! o ’ T T et e
o, . . CE R e . . ST AP
/o Nb U . B : . e RPN e T . .
ol S . - ¢ ’ Lt T .- .
- PPN s e .. LT . - .

.HYDROGENATED IN" APPARATUS AT 250°C

~* 9%.Mo= U OUENCHED FROM'.900°C * THE |
16 DAYS IN HYDROGENl
IN APPARATUS NO REACTION -.. - .

“VACUUM. THEN..500°C FOR

16 DAYS IN
HYDROGEN IN APPARATUS S

- ‘__,\. » / ¢ { — O 20
- z ')‘,
N : N

v,

300°C TO 250°C

.
ot

N .//Zo/c ' MO -’U

;o

°/o S|

U GAMMA OUENCHED U I2 W/O Mo

55— plng

L

"A'l

.:f
v

! I

L

4o -

v

100

Lo

I25

~ .

I50~ -

A

. ANNEALING &TIME HOURS

)

l75

[T
5 .
Few

O
B

Nt

200

* 225

R

'I'he reaction~ of u\zranlum a.lloys with molecular hydrogen

=] e [

. '’
i .
3 Ofn 1
O S .
N .
& f,
Ty

'JNeg 17&21 12

o~

.. 250

. 1
,

'TEMP CHANGED, FROM_ S dois T




a

-

" Neg 172023

19.7 "U-12 w/o, Mo alloy, exposed 1k days to
" annealed in Vacuum f

[
il
i

er-1 day at ho6°C.

d - : : Cln T
B, : L
Pl B ' - ) HE

P Sy . o oL

R, S L .

.7 ‘ Cow N T
£ ss i T WAPD=12T.
v CeLw s ST

/

650°F water and*then’ . .-
& - R V




- . Yy P - - T e Dty -— - - —— —e e N
’ s : ’ -’ ) ! - - O . ~ .
Tt - o : § ’ T . 4 - ‘ R 4 N S
- . . ) N 4
; . 5 W ~ L ” - , + .
R RN \ 1 L . R . ) ' ~ - ) ;
: - w c . - ! o . . o, )
P . , ' ) y
L ’ . . T < ! - o t N - iog t .
. - .. -, . oy } , . )
. .. - ; . .. - .o . B . S .
> ot L - . . : 4 V - - B ! .
c ! ! ’ v - ’ . ~ o ‘ o R R L
: - . . k) N N _ . . »f
N i o . - ’ N : » . - . «
B ) i 7 . ; - R ‘ - . “ P N R ~
N . N B
. T . : : AR . . ' N <o :
S [ ' L el - . . . . :
PR s . X . N . ; ) 5 ~ X B
- MNP o ’ ~ .7 h , > -
’ ) - - h - o \ e [ - o
~ \ - - N . - - . . .
' N . A | 1 . - - . -
. . . | - ot - N .
- N N . ) o , . §
; o . X . L7 NN ; : N - R
' oL A . . Lo
) - A o - / Cax
’ - : - . 3 . T -ty = Ias - ; “ .-
4 - v - . M I3 N " ‘ - . N
- N
) i v ! N ~ . ! - 5 ~ N -
- . o - ~ R "o L - — - &
) - . “ N . - .
N - . - Lo~ R - RS . S N C = - o ]
. - ) [ : . . X \
R 3 . L PR - ¢ ~ s \ R
e ; L - : .~ 4 h ~
L e~ . ~ -0 N N \ R
: 8 ' P . N -
! - - o el ~ . '
e > N . B - - : - - :
v . T . 7 . ) - ) -

.

»
el
g

¢
i
1

v
W
D
n
X
é
{
.
,

. ) ~ - ‘. R Lot 7’1 N
R R g e . - . :
. B N = Ul s ¢ .
- PR

BRIN
Re X

" ATTACK OF _ATTACK OF- 'ALPHA URANIUM o _‘ L R
CALPHA-URANIUM S BY WATER . - L 0 00 0
BY STEAM® "> R N R R I

REACTED Mg /Cm
{

Yoo

Y URANIUM

AL ) o
o 0
= L
~ ; AR . P
R [ o ’ ’
X o »
S B YN
i . ;
N - P
= ’ T ,
B l 3, o B
' ) ‘ ]
L R
1
i P T
,‘: ‘) "= ' . - .
’ i
- “ -
: - Ve s
B )

N . PR . . WL . o R S . ' ) ¢ - \... -
<L s M o e, - . o , L IE )
ey T, L .- Figld 20, The,ra¢e,0£ attack on uranium alloys of various corrosive media ‘ ooy
4 ,,"- R R SRR - - [ Neg 17)4.21 29 \ - T e Ce T P '.”,,“4‘7' -
%_ M v Y : ~‘.' "(', s EE = \_" RS ) . Lo . e e e ey S i”‘ \‘ R I R
- ' LN T e . S ST ) N S .
i - N T . - 7 N b . . ; : Jie e
' r - * . . B ~ . - - ! < s T Lo
L T ; v ! N pte s L - . - VS T N S




i

T s g

Neg 17420k - | | ST 250X

Fig. 2la. U;9 w/o Mo, gamma-quenched and then annealed 21 days
at 400°C, cathodically hydrided 3 days at 100°C

Neg 17420-6 i 250K

Fig. 21b. U-10 w/o Mo alloy, gamma-quenched and then annealed 21 -days
at 400°C, éathogica%ly,hydrided for 3 days at 100°C
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Neg 17420-3 = 250X

Fig. 22a. U-12 w/o Mo alloy, gamma-quenched and then annealed 21 days
at 400°C, cathodically hydrided 3 days at 100°C
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Fig. 22b. U-T w/o Mo alloy, gamma-quenched and then annealed T days
at 550°C, cathodically hydrided 3 days.at 100°C




- e m i g e - e e e e e e e
= > - < B3 | [ PR E -
- f L} b - . @ P -
A I - g . . - R, . Lo o . [ -
: CEe e Yool e e L B A v o - v i P
. [ . ’ L . . K e . ; L ~. 0
- i N .
g, .
B - N L .
. s s
- N A PR
- . ’ ' 1 4 }..w y
e
N . N T e
- £ 8 3 g 2
¢ . N o E
L ) .
. 0
v - M
i 7 . | i .
® )
- *
_’— 1o
: A
< ' S
. S
o
’ v N - N
'
- %)
B . L
.
' N
- : -
N : 'J
N N
Lo
N Vs
7 N
: PR
’ . N )
4 - .
- , ,
' PN I
N 1 e ‘
" [ v
Y !

Neg»l7420 51 B R ifa-. Sy 250x e e
Flg 23 a. Mlcrosegregablon in ‘an inductlon melted and chlll cast o "-f_ o
heat of. U 12 w/o Mo~ o R ol : !

- Neg 17420 37 P . Cote T : LA

s R Flg 25 b Mlcrosegregatlon 1n éﬁ'exﬁruded;detafﬁgupléxImeiﬁéd'"‘sd -“_ j o
e .\ . U-12 w/o Mo A R T RS

2 ~ 5w ‘ o ' >_ ) ‘_n' “ > o a : : - .';\(“ ‘” ‘{:




.

- Neg 17420-15 ‘ 250X

Fig. 23c. Corrosion of a segregated extrusion of U-12 w/o Mo.
Longitudinal section of a sample corrosion tested
14 days in 650°F water.
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250X

Fig. 23d. Preferential corrosive attack along a segregated stringer in the sample shown in

Fig. 23c .
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The effect of hydrogen solublllty upon the theorétical corrosion
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