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xidaticn of Urandum Dioxide

by

V. G, Vlasov and A, F.. Bessonov

Uraniun dioxide pleys an important role in the :eclrology of cbtaining wetal-~
lic uranium, and is also us2ed in rele ¢f nuclear fuel E.-37. I2 rcactors it functions
in oxidizipgeredueing conditions, and thet is why the =tudy of the c>idation process
of uraniw: dioxide is of gr.ater practicel irzportence, Un the other Land the reactions
of UOp cridation re;resent exiremely interesting exa.ples for studying the kinetics
end nechanian ¢f ;rocezses in‘solid stute,

The existing viewpcints with resyect to ths zechanism of wranius dioxide oxidation
at a temrerature of .ver B80° and the phate converticns taking place thereat can be
a; proximately divided into four groupss

Rrio and co=workers und a nucber of otier i:ves:igators&-?] assu-e, that in
the irocecs of oxidation ic raridly formed a new shase, throuch which .diffusicn of
motal caticns does teke place, diffucion of cations travelling to the surface, The
phuose conversion scheme assumed by them has the form of U02—-)Uho9\, 0307—~, U308;

sndersca and co{eczkers 8-16} assume the following ccheme of phuse conversions
&UD, ~> A Uoz,,wécoa», U307; Aronson, Roof and Belle{llj evaluat ing tic mechanism
of cioxide oxddation essume the scheme & U0, > q L0 —» 00, —»C503; 3lackbura
and coworkers @.2J assare that during the oxddation of uranium dicxile on the surface

is i.wediately formed a tetragonal phase U30p. The process is l:mited by cnygen
diffusion through that phase, They give the following scheme of phase comversions
q002-4U307--—5U303.

In this way there is Do heruony in the views pertaining to the mechaniam of the



oxidetion of uraaium dioxide and the scheme of phace conversicns, In this connsction
it is necessary to further accumlate erxperimental data, _
It is kmown E3-15] that, as a rule, the addition of olkali metal carbonates acceler-
. raies the processes of reduci.s with hydrogen,carbon monoxide and scl:ld'carbon.
Inforrations on tae effoct of carbonates «nd foreign ocxides on the rate of oxida-
ticn of lower oxide into higher,have not teen discovered in literature. The kmowledye
of the mechanism of e¢ffect of muall edditions is of abaolute ,ractical aud theoret~-
ical importance.

In this report ere piven results of kinetic oxidation of uranium dioxide in various
gaseous media, Sirmltaneously was irvestigated tho offeet of adnixtures of alkali
metal cerbonates and ThOp, Zr0; 22l Ti0, oxides on the kinetic :
characteristics of UO, o:ddation process,

The propertiec of powderous uranium dioxide depend to & large extent upon the
nethods of its cbtainment [_2,16}. In our experiment was irvestigated inactive uranium
dicxide, stable to air at rocm teumperature, It was prenared by reducing uranoso-uranie
oxide with hydrogen (ai a pressure of 800 1m :ig) at 600° for a period of ten hours,
after storing in open air at room temperature the caiposition of the dioxide
vas 002.0h. Accuracy of determining 0:U ratio was 0,0l.

The investigaticn cas made in a high vacuum installation (figel) having an arrange-
ment for cortinuous control of change in weight of the batche The installation ale
lowed to crecate in the reacticn space in any sequence a vacuum,cxidizing and ;educing

nediume

Additions of bicarbonates or oxides of foreign metals in the amount of 6% of
uranjum dioxide weight were pulverized in an agate mortar and thoroughly mixed with
Uoz. The crucible with uraniwn dioxide batch (2% 300 ng, specific surface of powder
2,7 w?/g) or a mixture of same with the addition was placed in the reaction tube and

fram the cgystem was vacated the air at room temperature to 10~4 mn Hge The batch was
then dries at 120° until the change in weight was stopped and a residual pressure
::"'".‘ - ~ N e e 2
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of the order of 10—4 mm was attained,
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After this the oven was taken out from the reaction tube , heated to gv?u terperature
ané again moved into the tube. Temperature wus controlled with zn accuracy of & 29,
when in the reaction space was established a given tempera ure, into the oven was sup.
iri/ed the gas-oxidizer at a certain definite pressure and the reading of weight indica -
tion time began, ressure in the reaction space was keypt constant with an acecuracy

of £ 0,5 mm Hge The actual rate of the process was determined graphically by the tan-
gent of the angle of inclination of the tangent and depondence curve of the degree of
axddation upon time, The apparent energy of activation was calculated by the Arrhenius
equation, X~ray structural analysis cf intermediate and finite products of oxidation
vas mace by the Debye=Sherer method.

Tae effect of temperature on the kinetics of uranjun dioxide oxidatiom with air

{p=20C mm Hg) with axidizeregas circulation in the reaction space, was investigated
in the range of from 165 to 800° it 165-260° uraniuz diaxide axidized into U0 360,056
and at 270-800° into 05 67 (0308). Temperatures of 260 and 80_0° are characteristic

by the fact that after the attainment of indicated degrees of wddation further oxida-
tion has not taken place, in spite of the fact that the exporiment ccntimed farknother
10 hras, The results of invastigations are shown in fige2, In the range of from 165

to 200° the injtial period of axidation is quite well described by equation

| Ag = kv, I ..
wiere Ag - gain in weight of batch; 4= time from beginning of experimmt; ky-constant,
Starting with a certain moment of time Y, the Irocess is subjected to parabolic

time law - ﬂ_
; Ag = Ag,+ Rk Ve,

where Agy = gain in velght of batch to the moment of timeryos kp-constante

At 270=390° on the curves in the coordina:be.s the degree of oxidation-time
exist harizcntal sections at 03U = 2,36 £ 0,05, On the ;-ate/degree of oddation depen.
dence curves are observed several minirumss the first ocne at 50%, second ~958%; third

- 97% Finally, approximately at 37% of oxidation the curves hawe weaX ly Iromcunosd

FIDeTT-£2-102/1%2 4




inflec tions,

The deperdence of the rats of the rocess upon air pressure was invostigated at
340° (fige3)s In the interval of surmary compositions of solid rhases 002.01‘-002 .362 0,05
at an air pressure of 2,5-100 mm Hg, is valid equation .
cvmep o3 -
In this zone of s.lid phase compositions s At Irecsures of 100=600 mm iig the rate
of oxidation v = az‘v—x?.
At a more camplate oxidation the rate/pressure dcpendence is observed only at

values of the lattexiof lecs than 30 - Hge

See Attach paze 5a for Figure 2

Fig.2e0xidation isotherms of uraniwn dioxide with oxygen(atmospheric)
At constant air pressure of 200 mm Hg)e

me values of a;parent energy of activation st various dogrees of oxidation weres

Decrea of Oxidation,% 28 37 52 S 74 88 90
Activation energy 3ly6 27,8 13,8 2748 3Ue6  U5,6 394
keal/mol » .

The experimentally found ureniun dioxide density was found to.be equal to
10,8 g/cud, and of the lower and higher oxides, obtained as result of oxidatiom =

8,37 g/cma. The volume of lower and higher oxide in the c:ucible was 1,3 times great.

FTD=TTe67-100/142 . 5
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er than the volume of the initid dioxide,
The kinetics of U0, oxidatica with oxy-

gen vas invesfigated at a rangs of frem -

s
J

125 to 330° at py,=100 rm Hg,Results are ° s\ :
2 AN H

D ' =

given in fig.le at 125-145° oxidation goes nf
o ..

into UOpyye where x¢_ 0e25¢ In the range 5 S

from 1507to 200° is observed a sudden oxi~ '

dation into U°2.60 oxride after vhich the

reaciion is actically offe At 200-260°
Fir.3eDependence of rate of oxdidation of
here is also a sulden occurrence of the yYraniwm dioxide ujon thz ccncentration of
atmospheric oxyren at 340°, lumbers on cur-
Jrocess with the formation of toz.’a) fur- ves desipnate perccnitage of oxidation,

ther addation takes place at vory low rate « In tie range from 260-300° the oxida-
tion into U02.67 is rapid (at 3009 i% is off within one minute), Cxidation of uranfum
dioxide, preoxidized by 15=19%, is alsc sudden,but the value of the jurp is somawhat

lwer.

Ratio 0U- 1 Solil,;g?tl The effect of alkali metal carbonate ad-
Omsovence QU B rle;2od Qase
U S & 3 mixtures on the kinetle charactcristics
menend ovuCLEnUR (a), %

N Y R E EREBRS TN
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of uranium dicxide oxidation by air was

4

investigated at 155-3320° The air pressure in

- all experiments was 400 mm g, Results are

L4

L4

.:é' :'.9 Pge of

oxddation given in f;g.s. At 185° the addition of

o

o
A7

K2003 reduces screwhat the rate of the pro-

E . . A cess, the nature of the kinetic curve re -

Picl.Dependerce Of the degree of ura- mains unchanged, just as without the addidien.

nium dioxide oxidation upon tke duraetion
of the experinent at various tenperatures

(0xygea pressure 100 rm Hg)e siderably 2ccelerate oxidation after attaining

At 330° zdditions of carbonatea com -

in solid phases a ratio of 03U = 2,35 2 0,05, Similtaneously there is-a change 4n the

nature of degree of oxidatien/time dependence: the horizontal seeticn disappears,

TOLTT Fra02/1e2 6



the soction which occurs during oxidatior without addition, ':'.*m accelerating effect
of carbonate additions rise in the series chca, tiazC03, 142003.

In eddition tie following exjerinents were made, fure uranfiun dioxide and dicxide
with an admixture of potassiun carbonate was first annealed in vacuo (10"' b o 35) at 900°
for a period of two hours, Oxidation foliowed at 330° In this case introduction of
potassiun carbonate slows down the processe

Investipated was also oxidation of uranium dioxide in precehce of titanjum,zir-
conium and thorium dioxide admixtures,

At first urarium dioride with and without aduaixtures cxidized at 330° (fige6)e
The rate of the -voeess in _resence of adnixiture rises considerably fram the noment
when further omidation of the U0z -+ 9,05 Phese begins; the ncceleratiag effect rises

in ths following secjuences ThOp, ZrOp, Ti0pe In the lresence of ThOp, Ir0O2 additions
there is a sharp reduction in horizontal cection of the desrce ¢f oxidation curve, When
T40, is added this scction disappears corpletoly,ond oxidation is somowhat accelerae

tod even at 01U ratiou ir solid phases of less than 2,36 X 0,005,

W, - .
o &
W
2 imx”' 3-3
A < b 3
S [n3
c § §“-\
] 32‘0“""‘)
E S b
3, 3 .§.“-
° zwg i
E pl
g2 .} s
S 234
'5. -‘fz %
0.
l PR VIS N T N U S AU S T e

SRR e S R N R
Fige5elsotherms of uranium dioxide oxidation with atmospnerie
oxygen at 185° (1 and 2) and at 330° (3-6) without additions (2 & 3) with

additionss KoCCg (1 & 4); layCOy (5); 1i5C03(6).ee
In scbseque. t experiments with uranium dicoxide with and without admixtures the

sarple vas first calcined (annealed) in vacuo (1074 im Hz) at 900° for a period of

two hours, Oxidetica was also carried cut at 330% In this case the addition of ThO

FTimTal 21024392 7




slows down the process of U0y oridution into U°2.3620.05 and accelcrates further oxi-

dation, sddition of TiO, reduces scmowhat thc rate of the pweess during transforms-

tions from UOZ.B&O.OS to U°2.67o

. o

‘ [} B—
T =
< 25 ze-
™ S o
- S '8'54
A S E
& i .
L & g : ,
N N € X
LY o *
N < ) -m *
: % B 74 + =
Q P E » -
I A ’o
o I §3
-3 S ¥Y mo -
+* .
o]
e
1 i L] 1 1 1 L

L]

. R B B EE R TR 1o
FifebeIzotherms ol uranium dioxide oxidation.with ammospaerie oxygen
at temperature of 330° without admixture (1), with adzdxtures: ThOp (2);
2r0x(3); T80x(L).
Data of kinetic investigations,supplomented with results of xeray structural ana-
lysis, allow to sugzest the following scheme of phase conversions for the range of

260390, .

U0z o.Oh — 002+ 0y 002 25— U02,3620,05 ™ U02,6uapy,—* 002,67

which is found to be in perfect agreement with the sequency principle of chemical
conversions as stated by A.A.Baykov[}_?].

In the first stage of oxidation the enrichment of sclid phase with cxygen takes
place without phese conversions, tke process develops in the presence of one conden;—,/
sed phase, the camposition of which changes contimuously frac Uoz.gj to U0, *X ey
(value Xy depcnds upon temperature), Further reaction with oxygen leads to arigi-
nation of new phase 002.25 and the conversion is realized in the Iresence of two com~-
densed constant composition rhazes, Fram the view point of structural crmge; oz thecse

stages takes place the introduction of oxygen into the cubdeal lattice of wremivm

FTD-TT-63-102/1+2 S -
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dioxide (orderlecs in first stage and crdered in second) [{8-2(3. The third stage of
oxidation is connected with the conversion of U°2,25 oxide into U°2.36-"-0.005’

It is evident from the atove mentionod kinetic curves (ses figze2,5,6),that ‘there
is a whole series c? telragonal rth.ses (UOy 32, U0z, 37. UO2,41) wkich is in eonfor-
rdty with data of other investigutors[S. 11, 12, 21 and 22]. The slight bent at a
degree of axidation =2 371 is explained, apparently, by the fact, that the tetrasonal
rhase originates by adding oxygen atams into the UC2,25 structure (Uh°9) with consi-
derable crystallosiructurel changes,

The direct prc;orticmality of the rate of the process to pressure (Falp) at
I = 2,5 = 100 'm Hg points toward the fnudsen mecchanisn of oxypen trarsfer in chan -
nels of vsry smell cross section, The appearances zt pressuvres of over 100 mmm Hg of a
dejendence v = azjrp_. a, parently can be explained by the fact, that the cygzen uiole-
cule during conversion into condenged phase dissociates into atomsE?B.Zla.

The chysical picture of the following stapes of oxidation can be given within
franes of new phase nuclei formation jrocesses and in processes of their further growth,
Horizontal section un curves fige2, 5 and 6 correspord tc the induction period, the

drop, . .
duration of which rises with /"’J in temperature and pressure, The U0y giyx phase for
ning in the process of m:idafion has lower density, that is why its volume in compa-
rison with the volume of tke initial dioxide increases and it has greater porosity
and better gas permeability which facilitates th%ieliwry of oxypen to the place of
reaction,

In the range of from 165 tc 260° the mocess of axidation corresponds to three
first stages of the above described schems , whereby the phase ratios are here less
clearly cxpressed, ibcve 400° tetragonal rhases become dispropemtioned into U02.25
and 002.6,,“:[18,25'] and cosequently the process of uranium dioride axidation in
the zons of fram /,00-800° can be represented by the following scheme

U020l Y2vxax — V02,25~ V02 bexngy ~y U02,67 °
X-ray structural amlysis dah[%‘l o zroducts of various oxidation stages

b S SRS L P TS Loy 9



are in conforuity with the Iroposed phase conversions schemes,

It wgs zentioned above that oxidation of UG, in an oxygen atmosphere in the runge
of from 130-200° transforms :nto U0 géy. The thermel effect of the reacticn U0+ O
= U303 equals 8} keal/ncl 02[27]. Por the purpose of camparison it can be shown that
/the thormal cffect of reaction of carbon mmbustion into COp equals 94 keal/mol Oy,
Because of the liberation of a considersble cnount of heat. during the oxidation of
ursniumn dioxide into 0303 there are local overheatings in sclid phaces, which causes
a2 sharp rise ia the rate of tl» process in these points, Thenkssto this ;everal 8i-
rmultanecus jhzrse conversions are ossible, Yhen in the ceater of the particle develops
only the first stage of cxddationtotal o:ddation may be coneluded on the surfaé&%‘;:l
account of *the heat, liverating thereat, the first shase coaversion ete is accelerated,
This explains th: cuiden development of the process in thc above mentioned ranpge of
temperatures, sreliminary low temperature oxidation of urenium dioxide into 002.10 -
U02.13 rcéuces the value of the jump, since the thermnl effect of transitiom Uoz.lo -
2_13...,U°2,6lx is lower than the thermal effect of conversion of U°2.0h°—’U°2.61‘x0

“he irhibiting effect of a K>COy addition on the process of U0, oxidation at
185°, apparcntly, can be explained by the following. At such a low temperaiure is
highly improbable thc ndgration of potassiwr ions from the Crystalline lattice of car=
bonate into the uraniua oxide laitice, At the same time the addition, being in close
contact with uraniwa dioxide, shields a part of its surface anrd at the same time re-
duces the area for oxygea =dsorpiion from tie pasecus phase thus leading Yo a reduction
in the cwmary rate of the oxidation processe
At 330° the cccelerating effect of aluixtures of alkali metal carbonates arpears

in tkese stages, whare considerable readjustwent of erystalline latfice takes places

The second interesting fact is th:t in the presence of earvonates Cicappears the
infuction period during tte realization of ths phase conversicn U°2.3620.05—,U°2.6-xmx'
It is knownf&é] that 4 in tae old and new phases tiere axe 20 convergent areas sud

FIi-0T-(,=102/1%2 10




the difference in parzzecters 4s great, the new phace cryctullizes indejendeatly 8ad
does not reproduce the lattice of the initid substancee The post Cifficult sment
in this case is the furmation of new phase nuclsi, Zretly such a jicture hase deen
obuerved in the :entioned phave conve;-sion. The catalytic effect of carborates is
brought down tc tho point, thrt their particles ap.ear-io be crystallization cer:tera
of new phase, eliminating the induction periode

iossible is also another causze of ile catalytic effect of carlcnates, At 330°
at points of close cuntact of reagents is not excluded the possidility of partial
idgration of sovel icns frous the carbonate lettice iato the odde lattice, esrecially
cincs in the process of o:idation is created & wmetal Jsficieney in the oide phaseE’.]J.
The ,roesence of foreisn ion in thc' lattice of thh oxide cauces its delurwmation,
appearance of these or other types of distortions, The readjusiment of such distarted
ctections intc 2 ncew phase i renlized easier and fastery,than the sections with normal
lattice,

Tac inhiviting effect of potasgium cartinate after prelicinary znnealing at §00°

is exrlained, apuarently, by th: fact, that at this temrerature jotassiun carbonate
_ decowposes with forrationm of K0 with which the phase U°2.€-xnax rhase nuclel origi-
nating in the process of odidatdcn enter intc reaction lerwdng sotassium diuranatéEﬂ.
The fcrmation of potazscium diuranate ic indicated by thke rresence of dark-crange grauins
in the finzl sreen=black reaction producte

When evaluatiig the results of the cffect ol zdditions of small amounta of foreipgn
o:ides or the kinetics of uranium dioxide oxidation it is neccecsary first of all %o
tako into ccnsideration, that binary systems,includines uranium oxide, are character-

zed by wide zones of solid sclutions , just as %the ureniumeo:ygen 2ysten in itself."”ml

P9 . U0, anl M0, aiides iave a face centered cubical lattice (sirueture of fluaride |
compounds) and as shown in reportECB they can form with eaca other 2 contimuous series

of sclid scluticns o UG, and Zr0p, as established in this rejort, below 15009, at a

FTD- e ~102/142 11



zirconiun dioxide content of less than 52% (molar) form s.11d = lutions, T$tanium die
oxide does not form with uranium oxides any solid solutions nor cheaical compounds,

The cetalytic effect of ThOy, Zr0; ond TS0, oxides is particularly noticeable during
the ! final stages of o:idation (see fige6),bsginning with phese conversion U°2.3610.05
~— Uoz.g,_xmz. 1.0 when there is a sﬁbstantial read justuent of crystalline lattice,
E‘videat]q.‘additions of ma: tioned oxides fecilitate the formtion of phase Uoz.e_xm
nuclei, acsuming tue rcle of active centers., It is also known, that oxides, capable
of dissolvin: ayzen, caialyze the reaction of oxldatio:x[’jl] o Solutility of oxyszen
in oxides rises in the ThOp, Zr0;, Ti0; series, This, most likely, explains the estab-
lished by us specific effect of additions of given cxides, The inhibiting effect of
thoriun dicxide c¢uring the first siages of oxidation after rreliminary annealing at 900°
is due to ;:he fact that at the time of annealing UO2 and ThCp forn a solid so.lution.
Addition of titanium di xide slows dosm in these conditions the procezs, hecause it
prazotes /s'g:'g?_iﬁr uranfuz aioxide [32] .

Conclusions

le The cxidation kinetics of uraniur dioxide with atmosrpheric omgygen in the
range of from 165-800° and air pressures of 2,5 = 600 tm Hg, has been investigateds
The values of apparenf activation erergy of the process was calculated at various sta-
ges of oxidatiom,

2, Investigated were the kinetic characteristics of U0, oxidation with purec oxygen

at a range of from 125 to 330° and Po,™ 100 zm Hge

3¢ Fhase conversion schemes have been introlducod during the oxidation of uranium
dicxide at various temperaturs ranges,

4o The effect of edditions of alkall metal carbonates and oxides of ThO2,2r02,T10,
on the kinetic characteristics of UO, oxidation process with air has been investigated.
An explanation of thier effects is given, | A
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