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8.3. AQUEOUS CORROSION OF U,0,-AL CERMET CORES
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/\BSTRACT

Materials Testing‘ of Reactor

fuel elements containing fuel piates with

U0 -Al cermet cores are being developed.

378

at the Nucledr and Energy Research Insntute,'_

Sao Paulo, Brazil, and apart of the programme

involves the corrosion characterization

of the fuel plate cermet cores. Fuel plate
specimens containing (a) cores with varying
concentrations of natural .UBOS and (b) cores
from compacts with different densities,
were fabricated and their corrosion behaviour
were tested by exposing the cermet core
through an artificial defect inithe cladding

13 |
to deionized water at 30, 50, 70 and 90°C.

The resuits obtained revealed that
corrosion was accompanied by hydrogen
evolution. The total volume of hydrogen

envolved (V) and the time to initiation
of hydrogen evolution (t) have been found
to vary with porosity in the cermet core
and with temperature according to:

V=K, exp (u('.P) -K2.T exp (&P) and

ti:exp (K1+K2.P+K3/T+K4.P/T) where P
is  the v.olugzetric pore fraction
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con-

_‘and ko iy ko kg, kr‘,l(‘il and G are

‘tants. A mechanism to explain the cermet

core corrosion has been proposed and dis

cussed.
INTRODUCTION

Recent emphasis to' reduce the risk of
diversion of highly enrjched-uranipm'(coE;
taininag
ses has curtai]éd its commercialisation,
and has led to an impetus for reducingthe
enrichment level of fueTs for researchand
test reactors to low enrd ched
(~20% U2*5), One of the main
at the Department of Nuclear Méta11ur$y
of the Instituto de Pesquisas Eneraéticas

programies

Research
Sao Paulo, has been the devel

e Nucleares (Eneray and Nuclear
Institute),
enment of fabrication
MoTs R,
~fuel elements containing  Tow

procedures for

type
“enriched

(Materials Testing Reactor)
U,05~A1 cermet cores, for its swimming
pool type research reactor IEA-R1. | Part
study the
U, 0g =AT

of the proaramme was to

| aqueous corrosion behavior of

~93% UZ?S) for non-peaceful purpo

uranium



i e

cermet cores under simulated conditions
of cladding rupture in service.

Literature survey revealed very 1it
tle information about UsQe-Al cermet corro
sion. Stahl [ 1 ] reported that when fuel
plates containing Us0s-Al and UsSi-Al co
res were exposed to boiling demineralized
water, through an artificially created
cladding defect, there was no fuel loss or
fuel plate swelling after 168 hours.
Kucera [ 2 7 also studied the corrosion
of U;3045-AT fuel plqte cores by  exposing
tHem for 25 weeké to high purity water at
90°¢ through an artificially created
cladding defect, and reported that the
core corrosion resistance was satisfacto
ry. However, priliminary  investigations
carried out by the authors, with fuel
plate specimens containing Us0g-Al cermet
cores, revealed that upon exposing the co
re to water, appreciable quantities of
hydrogen was evolved,(up to 2000 mlin 200
minutes at 50°C) [ 373. The evolution of
hydrogen from a fuel element poses another
serious problem: that of reactor safety,
as the hydrogen can act as a possible car
rier for gaseous fission products. Hence,
to throw more Tight on the corrosion be-
havior of exposed U30g-A1 cermet cores ,
the influence of core composition, core
density and water temperature on hydrogen
evolution behavior was investigated and
the results are presented in this paper.

.

EXPERIMENTAL

The Us0s-Al1 cermet compact prepara -
tion procedure is shown schematically in

figure 1. The compacts were subsequently

U304 Al
POWDER POWDER
75wt% 105-T4 Am :
25wt%  74-55Am < 94 Am
Mixed In

V-type blender

Compacted

in
Hydroulic Press
to compacts

3.2 mm high
I5mm diametar

Vacuum
Degassed

FIGURE 1 - U30g-Al cermet compact prepara-

tion procedure.

positioned in A1-1100 frames as shown in
figure 2, welded, hotrolled, tested for
blisters and cold-rolled to obtain plates
1T mm thick [ 4,5 7. The total reduction
in thickness was 89.5%. The plates were
then radiographed to locate the cores and,
the fuel plate specimens cut out. The densi
ty of the core was determined hydrostati-
cally with water as the liquid.

Two sets of fuel plate specimens
were made. In the first, the cermet compo
sition was maintained constant at 58 wth
natural Us0g, 42 wt% Al, and the starting
density of the powder compact varied to




Cladding 5 "ii

I- Bureties
2- Mechanical Stirrers

3- Tempearature Controllar
G- Hoater

5- Holder

6- Tank

i 7- Specimens

FIGURE 3 - Schematic view of experimental il

setup for conducting corrosion

tests.,

P |
evaluated throuach measurements of the vo-

lume  of hydrocen evolved when the cores

were exposed to deionized water. The ex

FiEsiE G~ Bl e mrpangenes oF g perimental set up for the corrosion tests

alng plares; frane and oommet in shown in fiaure 3. The fuel plate spec

i embly. . . o i s
cores prior to assembly imens were drilled under deionized water

be at 75, 80, 85, 90 and 95% of its theo- in a polypropylene tank Tm x 0.4m x 0.25m,
ritical density. In the seco?d set, the to simulate a cladding defect. wéter fi]i
cermet core composition was varied to give ed burettes positioned vertically over and
specimens containing 10, 20, 30, 40, 50, Smm away from the drilled hole enabled col
58, 70, 75, 80, 85 and 90 wt% U0, but lection and direct measurement of the hy
the powder compact density was maintained droaen evelved. The water temperature was.
constant at 85% of its theoritical densi- controlled to an accuracy of 1°C and kept
ty. ; homoceneous with the aid of stainless

 steel stirrers. The tests were carried out
Corrosion tests. . ! at 30, 50, 70 and 9000, to cover the. cem

) plete range of operatina temperatures of
Corrosion of the U0,-Al cores was the IEA-R1 reactor. Three specimens cor-
1579
g ‘ |
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responding to each cermet composition and ; . T

cermet density were tested at each of the o so

& 30 °C
o 70 *C
& B0 °C
-5 (8 R O P U ‘ |

| i | ! 80
temperatures. The specimes were  drilled

(0.8mm @ ), about ten minutes after intro

d&ction into the tank, to allow for tempe

rature equilibration. The volume of hydro L : |
| - j0{ | | ?

- i |

A 4

. gen evolved was periodically read and the
. curves of volume of hydrogen versus time

VOLUME of HYDROGEN (cm3)

 were plotted. The water resistivity varied 2OV f s ‘ ]
. ‘between 0,7 x 106 Q.cm (at the beginning Tan i ' |
of the test) and 0,1 x 10°Q .cm (at the " 300 1000 1500 2000 2500 3000
end of the test), and the pH between 5.8 : ' ' TlME snbnubes]

and 5.2,

| ‘ " FIGURE § - Curves of  H; evolution from
. ‘ . cores with 85 wt% U304 at dif-

RESULTS AND DISCUSSIONS ‘ f

. i ferent temperatures.

Figures 4 and 5 show the influence of
U30s concentration in the fuel plate core,

and the influence of water temperature, re at an increasing rate, and after having
spectively, on hydrogen evolution as a reached a maximun ,reduce"s to a very low ,
function of time. The hydrogen evolution rate or ceases. The sigmoidal foruw of thq |
curves are characterized by an initial in curves, es.peciaﬁy‘ at low temner.atures'
’ cubation period during which no hydrogen‘ ~(30°C) indicates that the reaction between
evolution takes place,a second period dur  the Us0g-A1 core and water is possibly
. ing which hydrogen evolution takes place autocatalytic. The total volume of hydro-
§ " S—— | 1 gen evolved (V) (hydrogen evolved in 3000
-:BO‘ é"?’é’; o minutes and corresponding to the plateau
i Bl e é%; of the curve), as well as the incubation
gso- € 0L time (ti)’ considered to be the time be- :
- i fore the first hydrogen bubble wa:  ob- 5
| 340‘ served, are the two main and relevant pa i
= rameters in terms of the core corrosion { f il g
| "ézo* i 0 o [:JY'OCESS. It can be seen from figures 4and
| | < ,SJ”—C‘C2ﬁ _4‘7_“&,?:‘2 ‘E:_éti‘z:_gh i 8 thatl V depends on the concentration of ;
: o | omeer Sk m‘gz_ooo —:;m"uo i UsDy in the ‘core‘ and the water tempen‘atu-‘
TIME (minutes) re. An increase in the concentration | of

o SR U0 or @ decrease in-temperature, in
N n

= - Cuyrves of o s
FIGURE & = & ) creases V. Hydrogen evolution was not ob
£ ' i . cores with varying concentra , | : ) _ b
s ‘ | _ served from specimens with Tow Uy04 « cOn-

' tion of Usls. , i . i
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 FIGURE 6

centrations (up to 20 wt% at 30°C, up to
40 wt% at 50°C and up to 50 wt% Us0, at
70°C). The incubation time t. on theother
hand is more sensitive tg changes in tem-
perature than to changes in U303 concen -

tration.

ROLLED CORE POROSITY(vol'f-J
5 & 3
|
I

(53
T
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INITIAL COMPACT PORO&TY(VO!%J

Effect of

porosity on final rolled core

porosity. ! f -
r1gure 6 shows the effect ot poros1-
ty in the initial cermet compact on the
flnaI rolled core poros1ty. It can be
seen that changes in porosity in the cep-
met compact for a specific Us0, concentra
tion do not influence the porosity in the
rolled core; and the latter  attains an
equilibrium value. The shift from equ1T1b
rium porosity in the case of cores with
high 1n1t3aT compact poros1ty can be at-
tr1buted te the introduction of irregula-
rities in the core, ~during the first few
passes in the rolling mill,
On the other hand, an ihcrease in
porosity in
as shown in figure 7. At
Us04 concentrations between 70 and 80 wt%

U304 concentration increases
the rolled core,

COMISSAQ NACION/ L E

initial cermet compact
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of the rolled core,
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FIGURE 7 - Effect of U30g concentration on
Porosity in rolled core.
the porosity in the rolled core increases

markedly, The effect of Us0es concentration
on the tota] volume of hydrogen evolved v
at various temperatures is 'shown in :
ure 8, Once again, a marked increase in v
from specimens with 70-80 wt% Uy9e can be

observed. This indicates that V is prima-

fig-

¢ 30 *C |4
4 50 *¢C 14
Q70 s¢ ! | |
© 90 *¢ !
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FIGURE 8 - Effect of Uj30s concentration on

total volume of hydrogen evolved.

|
Crily dependent on the equilibrium poros1ty

which in turn depends
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. on the Ug0g concentration, its resistance core permit easy 1ngress*a£ water- - into

¢

‘to fragmentation as well as the rolling © the interior of the core, away from the
conditions, Furthermore,fit can be seen drilled hole, affecting thus the total
from hicrographs shown in figure 8  that volume of hydrogen evolved. ' f

the‘nature of the pores present in the s L !

‘ | ) |
FIGURE 9 - Micrographs of longitudinal sections of U30s-Al cermet cores con

' ing concentrations of U30g. No etchant was used and equilibrium porosity Yalg

_es are shown. Magnification=-80 X. (g ]

- 80 wt% Ua0g=-19.56 vol% pbres'

taining vary-=

A - 90 wt% Us0s-25.44 vol% pores B 2 ¢
| C - 75 wt% Us0g-15.81 vol% pores D - 70 wt?% U30g-12.37 vol% pores
©E - 50 wt¥ UsOs- 8.14 vol% pores F - 30 wt% UgOs~ 5.833 vol% pores
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?stants.

Using non-1inear_mu1tfp1e regression
results  were
V and t.
respect1veiy, as functions of the Vo]ume~

analyﬁ%s the experiménta]
fitted to equations 1 and 2 for

trie’ porp fraction P and the water temper
ature T (K): ! ‘

Vb Kl.exp(ul.P) Kz-T-EXD(dz-P) (1)

t.= exp(K1 + Ks P + Ka/T + K. P/T) (2)

were Kl, Kg, Ka, Ky, cyand oy are | con-
From equation 1 it can Be seen
that at constant temperature, V varies as
a functicn of porosity and can be expres-
sed as two exponentials. Similarly with
poros1Ly maintained constant, V varies 11
nearly with temperature.
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FIGURE 10 = Regression surface reprege“té'
tive of equafionlk.‘ é
| Figure 10 shows the regression surfa
ce: obtained upon fitting the experimental
results to equation 1. The values for K.

¥
i
i
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| | !
amazaswﬂ1astm corre-

Kz » (L)
lation coefficient are given in Table i

i

side the core,

Constants | ivalues | 1
Ky ‘ -1 213801
Ky _ 'l gaaer
0 b1 16.8054
A - - 16.2263
Correlation Coefficient ¥‘5,0.9834
|
TARLE | - Values of constants Fﬁr futtnng

cxperlmental values to equatton 1.

Fquation 2 shows that at cdhstant por
osity, t; varies exponent1a11y w1th the in
verse of absolute temperatur9 and at c0ﬂs
tant temperature, t aga1n varies exponen-
tially with poros1ty Figure 11 shows the
regression surface obtained upon fitting
the experimental resu]ts to equatﬁon AR
and Table II 1ists the values for constants
K;» Kys Kgand K, and the correiation coef-

ficient.

Mechanism
SR

The nature of hydroqen evolution cur-
ves suggests that when the ‘cladding 1s rup
tured and the U,0,-A1 core is exposed, wat
er enters rapidly through the channels
(elongated gaps along the rollina direction

-vide figure 9) present in'the core and

reacts with the aluminium in the core| ' |. |

These channels formed &uring the'r011ina:
operation are free of any gas or vapour é d
facilitate easy ingress for water. Once in
the water rapidly reacts 5
with the f11m free aluminium surfaces an&
forms a protect1ve surface f11m of a]umin1

1.




FIGURE 11 - Rég}ession surface representa-

tive of ecuation 2.

(112 A1+13/2 105 + HDI==2 MO(OH), | (5)]

il '
! ] Constants values
K, -27.3825
K, -21.8726
Ky ! 9907.7355
K. 6060,0316

Correlation Coefficient = 0.9918

| TABLE i1 - Values of constants for fitting

experimental values to equation 2.

um oxide,:possibly‘amorphous alumina and/or
boehmite; oxides typically formed during

%he initial stages of corrosion of alumini
un at Tow temperatures [6-8]. After the in
itial rapid reaction, the oxide layer pfog

ably grows logarithmicklly-with time [8,9]

£i171 all the dissolved oxygen available in

the interior of the!cermet core is consumed

in the cathodic oxygen reduction reaction

(typical cathodic reaction in neutral oxXy- '
, ge? containing solution) accorqing'to: |

| 3/202 4 3H0 + 66 == 6 OH Ii (3)

2 A1 == 2 A1*T46 07 (4)

W |
| ERGR b SRR
A1.03.H20 '
(Boehmite)

Soon after, with no more dissolved 6xygen
available inside the core, the oxygen re- |
duction reaction shifts to the cladding !
surface outside the core crevice, ~ where
dissolved oxygen continues to be available
and the anodic reaction show 1in equations

6 and 7 continue to take place inside thé

core, | PRt : |

; 2 M =21 46! i(8)
12 B137 4 4 HaD === AT404,Ho0!+ 6 W (7)
This causes a localized lowering of
pH in the core and gives rise to two ef
fects: (a) The hydrogen evolution reaction
taking place inside the <ore according to:

6 HY 4 Bel === 3 M2 i (a)y

(characteristic cathodic reaction in Tow
pH solutions in the absence of dissolved
oxygen) and (b) Dissolution of the oxide
layer present on the alum{nium §urfaces iﬂ
side the core [10], followed by an increase

1584 : L %
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CDecrease oL

in a1um1n1um corrosion rate and a conseque |
nt increase in the rate of hydrOQen evolu~
tion. The increase in a]um1n1um corrosion
rate w1th1n the core 1eads to an increase
1n:H Loncentratwon, 1ower1ng of pH even
more, a consequent increase in rate of oxi
de dissolution and a further increase in
the rate of aluminium corrosion and hydro-
gen evolution, characterizing an autocata-
lytic process, The rate of hydrogen evolu-
tion thus ittains a maximum value. After a
certain time, the aluminium ion concentra-
tion in the solution within the core incre
ases to levels when further disso1ution.is
inhibted [11-13] and accordingly the rates
of both aluminium dissolution and hydrogen
evolution.

An increase in porosity within the co
re implies an increase in the total area
of aluminium within the core, which upon
exposure to water results in an increase

in the total volume of hydrogen evolved .

Also, in specimens with high core porosity,
the presence of longer and interlinked chan

nels facilitates penetration of the water

to greater distances, away from the artifi
‘cially created cladding defect and results

in the liberation of a greater volume of
hydrogen. Decrease in V w1fh increasing wa
ter LempordLurv may be aLLr1hutvd to forma

tion of more stable boehmite at h1gheritegl

pevatures [6,147 which inhibits aluminium
rnffnsion. The exponential decrease in L1
w1th 1nLrOd§tﬂq temperature may be attri-

hnls;(l to the |nunnnm11n!nw|!h which e

|
Al wlagues ol Fope smnn-\lmi Fala plaee

;Wi ceriiel gianos 1y 15 dug

| to the evnlution of large quantities of hy

droqen which increase gas pressure within

[  COMISSAC NAGION: i Lt ENERGIA NUCLEAR/SP, - IPEN

the core crevices and bring forward the
appearance of the first hydrogen bubble.

CONCLUSIONS

1, In the case of c?adding‘féifuﬁéﬁof
fuel plates containing = Us0s-Al
the corrosion of the core is accom

cermet
cores,
panied by hydrogen eve,ution. Theghydrogen
evoiution process is characferized{ by an‘
incubation period followed by a peﬁibd
when the hydrogen evolution rate 1ncreases
and reaches a maximum, and a perlod when
it decreases till hydrogep evolution
ceases, § P :
2. The two main parameters re1évant.to
the Us0s-Al cermet core corrosion process
are the total volume of hydrogen evolved V
and the incubation period ti' :
|

18 The volume of hydroaen evo1Ved is
independent of the c‘rarhnq compact pornﬁw
ty and depends on the porosity of the p1atv
core P and water temperature T (K) accord-
ing to: : | : |
Kz-exp(ﬁz--)

|

Ka/T+ Ky P/T)
\

V = K 1.exp(o¢1.P}

ty= exp(K i+ KyoPe

- | | |
jwere Ko, K,y Ky,

.4. Data about tLhe LOLd1 vo lume of hydro

den evolved from rnrro 1nn of lgOn~A1 cores

aned e e ntind Inh frect dostla cdin ] | r.unun[;smunl
FU B by al |un, it x|l |

us tnag H.I&H.

anleb s el ek

ing pool Lype recntnrn Lype

plate fuels. : i

150

Ky,, and «,are constants.
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