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CHAPITYR ONE. INTRODUCTIOCN,

The generation of electricity in the United Kingdom

$]
<
O
o]

relies on three wmajor sources of energy; i.e, coal, oil and

nuclear power, Electricity generation from nuclear fuels

5

city produced by

@
¢}
<‘1‘

accounts for over one-tenth of all ele
the Central Klectriciity Ganeratiﬁg Board (C.E.G.E.) in
England and ¥ales and in Scotland the proportion is even
higher (i.e. over cne-fif&h}.

Reactors based on the advanced gas-cooled systen
form the second generation of reactors to be built in the
British nuclear power-programme. Table 1 presents detalls of

the A.G.R. stations in service ag well as those still undsr

construction. They have been developed from the earlier

han the best oil or coal fired

PR

temperature and therebhy the overall efficiency to about 25%.

()

The A.G.R. ig based on a fuel of enriched uraniun
dioxide clad in stainless steel, a carbon dioxide ccolant
and a graphite noderator. Fuel elements are concentrated in
relatively few channels and the increase in rating and pover
density achieved results in higher carbon dioxide gzas outlet

temperatures and a thermal efficiency ofFf

several adventages, Tt ds relatively choup, LU can ne

— -




TABLE 1.

2]
o

C. 8.
¢ sh T, i,

ations in Operation or Under Ccastruction

within. the U.K.

Station ' Output On load
(1)
Dungeness B ' 1200 1977
Hinkley Point E 1250 1976
Hunterston B 1250 1976
Hartlepool . 1250 1979




TARBLE 2.

Generation Costs of C.E.G.B. Power Stations.

Fuel
1972/73 1573/74 1974/75 1975/76
Coal C. 49 0.53 C.74 0.97
0il C.40 0.55 0.88 1.09
Nuclear 0.48 0.52 0. 48 0.67

These values are those for power stations commisgione(

during the last 12 years and therefore exclude older, less

9



favricated easily and it has adeguats strenzgth at high
temperature. However because it has a relatively high neutron

use enriched

absorption cross-section it is neces

fuel,

Uranium dioxide is used as the fuel because of its

$ood corrosion resistance, its dimensional stability against

radiation and its high melting point. It does, however, possess

a lower thermal conductivity than uraniwm metal and is fairly

S
brittle,
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Eh

these properties under.the operating conditions of

and should taerefore have suitable chemical, mechanical -

nucliear @nd physical properties to withstand the operating

temperature, any corrcsive effect of the coolant, the induced
stresses. and the gamma and neoutron rediation of its environment.

Although the strain on the cladding due to a combination of

5] Fal

internal pressure from fission gas release and forces from

fuel swelling may l1imit the lifetime of the fuel element an;

chewlical intzraction between the fuel and the cladding material

mizht accelerate these physical effects and ultimately cause

-

failure of the cladding. 1In such cases this could result in

(@]

5

a release of radicactivity to tne coolant and the possible

~

developuent cof operational and environmental problenms,

The steel chosen for the cladding is a 20%Cr/25%Ni/

niobium stabilised stainless steel; extensive oxidation studie

]
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within the United Kiugcom Atomic Fnergy Authority (U.A.A.E.A.L




the C.E.G.B. and the Con-ortia have established that this
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webster, 1973). Above this temperature
intergranular penetration occurs which is of particular
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2.1L. Introductiocn.

In this section literature relevant to the compatibility

O

)_

[©]
-

of iron and nick based alloys with uranium dioxide and mixed

uranium/plutonium coxide fuels is reviewed to assess the

9]

importance of any reactions cn fuel performance. Data on
unirradiated uranium dioxide is examined as well as the more
complesx irradiated system. The latter contains fission

3 during the irradiation anc the compatibility

Q.

products produ

(@]
[
o

[N

idere

O

6]

n

of these with the allocys is also ¢ .
2.2. Cut-of-pile Uranium Dioxide-Alloy Compatibility. Studies,
The compatibility of unirradiated uranium dicxide
with variocus alloy steeles or nickel tased alloys has been
examined for veriods up to 5000 hours and at temperatures up
, Orv 3 - . Fal . . 1. 2 Y T s —~ 3 fa s LR
16007°C by a number of workers (Cuaningham, Zeaver, Thurber
and Waugh, 1958; Christensen, 1963%; Pritchard, Johnson aud

Leary, 1963%; Lauritzen and Compzrelli, 1967; USAEC Report, 1967;

Lauritzen, 1968; Smith, 1969b; Rosen, Simmons, Aitken, Frost,
Tevebaugh and Sheely, 1971). The general conclusion from

these studies 1s that a reaction vetween the uranium dicxide
and the alloys does not occur. The studies of Gotzmann and
ThlUmmler (1963) showed that stoicheiometric and hypostoicheio-

metric uranium aioxide were bvoth compatible with stee

it



btesed alloys at 600°C. Lauritzen (1%68) and workers at
Zebroski, 1967a, 1967b, 1968)

. . . FAAA . s On s .
also observec reactions after 1000 hours at 760 C between both

*
Incoloy 8C0 and stainless steel (types 30L, 316, 321 and 347)

W

nd hyperstoicheiometric mixed oxide fuel; with type 347

stainless steel a reaction zone of up to 35um was observed.

It was implied from this work that the oxygen content of the

fuel was WMIO”‘“Wt in producing an oxidising environument.
2.%. Post Irradiation Iata.

The earliest data on reactions involving irradiated

o
(6]
o,
o’
&
"
()
&%
l—‘J
=
I}
&

uranium dioxide and stainless steel were reporic
and Wemple (1958). The products formed were attributed to

the presence of silicon in the steel and to the availability

of oxygen which was released following uranium fission.

ystem, Unclassified British data on
the Dounreay fast reactor (D.F.R.) summarised in a pabver by

Batey and Bagley (1974) shows that approximately a third of

fuels although there are also some references to the

performance of nickel-chromium alloys.

thisg thesis i1s given in Appendix 1. -



b) intergranular penetration

end ¢) tue production of subsurface porozity.

amon in steel clad fuels
with the attack sometimes beings enhanced at fuel pellet
interfaces and cracks in the fuel. Tn additi some of the
major elements in the clad have been observes aleong cracks
and as inclusions in thé fuel;

The evidence accunulating suszests that fuel-clad

reactiong could initiate a failure process. Post irradiation

stresses than would normally be ex .ecteﬁ Tanere was a
substantial recduction in ductility in cans suf
this type of attack suggesting the clad would tolerate less

deforumation before failure (

hallenger and Busboom, 1972). Hoechel (1571) has also

()

Ring,
saown that both Incoloy 80C and Inconel 625 clad fuel pins
can’ fail due to a chemical intzraction after burn-ups of
80,000 M¥D/te in a thermal flux irradiation at temperatures
o O~

Just below 700°C

Apalycis of resction layers has revealed the presence
of fission products, fuel, fuel impurities and the major
elemental components of thé clad (USIT  Report, 1%567; Perry
and Craiz, 1969; Andriessen, Hoppe, Tavernier and S enen, 1970;
Simon, Lind
Leitnaxker, 1971; Perry, Melde and Duncan, 1971; Perry, Melde,

oY 17

MéCarthy and Duncan, 1371; Calaiz, Conte,Kcroulas and Le Beuze,



G2 Wi T oen e T oov DAy Vs | ey v : 1Q72
1972; Keroculas, Le Beuze, Calais, Van Craeynest and Conte, 1972).

3

w

However the distribution of the ele

(‘J

rents 1in the products doe

not appear to form a consistent pattern, which suggests that

different mechanisms misht exist depvending on the operating
conditions. There is also idence which indicsates that

grain boundary penetration occurs only after a reaction
product has formed on the surface (Fitts et al., 1971).

In many of tle studies ca 051@m, iodine and tellurium
héve~been the fission products oObservea most freguently Iin
reaction procducts and zones o; intergranuvlar perngitration
(Lauritzen, Novak and Davies, 1966; Adams, 1967; MNeimark,

Brown, Natesh, Petkus and Murphy, L969; Perry and Craig, 1969;

Andriessen et al., 137C; Bailey and Zebr

Bennett, Huil and Perry, 1971; Niemark and Lambert, 1971;

Their roles in the reactions have not been esta

certainty. Some evidence (Rubin and Perry, 1969; laiya, 1971)

indicates that the chromium from the steel could be present

s

in the reaction preoduct as a mived oxide with alkali and

{—!
]
o
o
(4
[¢)
]
@]
o
¢
cs
(4]
n
c
(6]
o

alkaline earth fission products; it has a
that the transfer of iron and nickel into the fuel matrix

. o~

involves the formation and decompositiocn of ferrousz and
nickel iodides (Johnson and Crouthamel,‘l}TO).' Such a
mechanism might account for the "rivers" of iron which hav

been detected along fuel cracks for distances up to I}“OledT

50Cym. (Fitts, Long and Cuneo, 1970; Simon et al., 1370;

FPitts et al., 1971).

1y



Fcactiions

components nas

& (Batey
Tt wa S ot roadur e o
s Was SUf ea the procuction of

i s s
510, which dis

the

the fuel have been obszerved

H e
fuel was not sreater t Tt is believed carbon

steel cladcing This was attribut

rity in the fuel intco the clad

diffusion of the

deqa

surface and reaction with the chromiun constituent.

Perry et al. (1971) have shown a relations

petween clad penetration an¢ temperature and

tetween clad penetration and turn-up has been observed by

Kwast (1971); for fuel pins of similar temperature nistory

an iacreasing attack with idncreasing ourn-up vas ouscrved,
“f RN IO I N . F RSN vel dewy e . i~ N
In aadition fuel density appears to be h low




. ~ 5 4 1900 SRR - T N > - : )
density fuel having & high level of clad attack and vice versa.

dowever many workers now belicecve thal :-he

the fuel pin, which is related to the fuel stolcneiometry, is

- .
the reactions

(Cox, Olsen, Fitts and Long, 1971; Johnson a

ind Crouthamel, 1971a

en, 1971; Coquerelle, Cabolde, Lesser and

initially hypostoicheiometric fuel undersoes less reaction

with the ¢

High burn-up irrediation experi

also confirm that vith an

Trnconal

also been observed (Joanson, Chen and Bleckburn, 1359

Lim anlr s o ey b T e 7y
Marizin, Tetenvaum,

.

(sce section 2.2); it must therefore be concluc

PR catea

this respect it has beson suggeste

»,

and ¥arcon, 1§71; Keroulas et al.,
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reduction of caesium oxide by the stainless stecl to form a
chiromivm oxide {(Gurinsky, 1964).

Indeed recent studies iandicate the important role tha
oxygen apparently plays in reactions involving caesium and
stainless steels (Klueh and Jansen, 1967; Aitken, Evans,
Rosenbaum end Rubin, 1971; Maiya and Busch, 1972; Batey and
Bagley, 1974; Gotzmenn et al,, 1974). ¥No reaction occurs with
oxygen~free caesium -but this element becomes aggressive towards
stainless steels with the addition df appréximately 500ppm
oxygsen, Reactions with oyyffn -containing compounds of caesium
(i.e. Cs,C05; CsOH) also show considerable reaction (Hofmann,
Phummler and Yedemeyer, 1969; Gatzmann et al., 1974).

In addition, caesium-enhanced oxidation of austenitic

AL

stainless steels (316, 216L and

oy

bl

as been observed by Antill, Peakall and Smart (1975). The

oo I i . - Fon s em e 2t e = oy Sy e
effect did not reguire the formation of appreciable amounts of
mirxed compourds having cassium as & major co tuent. Instead

small amounts of caesium were taken up by the normal oxide
Thus oxyzen appears to be important in reactions
involving caesiur and stainless steel cladding and in this

respect the studies of Aitken et al., (1971) using caesium

N

oxide, type 31
oxygen/metal ratioc are significant (Table 3). With fuels
having an oxyszen/metal ratio=z22.00 intergranular attack was
) fony O 4 ﬁr\o ¥ o} . LI Py
observed after 100 hours at 750  to 800 C whereas with fuel
of oxygen/metal ratio< 1.97 the attack was transgranular in
form; this latter type which occurred after 10C aours at

- D ' , . - . -
507 o 7H60C7C has not been obsarved in irradiated fuels of

.\?‘.

stainless steel and mixed oxide fuel of varying



~

Steel‘

TABL

(Ait)

srygen/tetal Ratio on Caesium

len

wide (C5?0)~

et al., 1971).

Cxyizen-metal Type of
ratio attack
2 2.00 Intergranular
5 ; e im0 50
< 1.9 Transgranclar 5507700
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liquid caesium. Thus the low temperature studies (30°C) of

Levinson (1964) suggested that exposure of stainless steel

either to liquid or vapour cassium could lead to a reduction
in ductility and yield stress.
2.2, Tellurium.,
Tellurium is capable of causing chromium depletion of
PR e oo ‘ - A0 .
steinless steel (Calais et al., 1972). At 700 a preferential

N

chromium depietion of the steel occurs along the grain bouandaries

while at 800°

!_J.

it observed on each side of the grain

(@]

&ma

boundaries. Both these temperatures showed the appearance of

o e , Lo ~A0 c i
a ferritic zone. At higher temperatures (9307 - 10007C) tine
steel remained austenitic since the chromiuws depletion process

>hrowium within the

Gotzmann and Hofmann (1972) report attack by telluriuam
which is not dependent on the oxygen potential but is a
function of the steel type. Liquid tellurium penetrates type

316 stainless steel to approximately 15CHm depth after L0OCO hours
2 PE J

o] X . - N _ BTN
at 650°C provided there is an excess of tellurium (Lawson, 1963).
In such conditions ti L formed > 1oz elluride feTe
0.9)
and the treated
small strzin.
In a comprehensive study of fission prcduct attack of
four stainless steels (Gotzmenn et al., 1974) it is observed
Y~ 201 D e e Yo gy S - . PP e b . ~ : R q,‘o‘t
that the first caemical reacticon with tellurium is at 40O C,
However 1t was observed that in the prezence of hyrterstoicheio-




e layer

material which

was a function of temperal

+) - - =
LACrnoa

amic stability of the respective tellurides was

variation. I'nus if cacsium oxide (Cs.C) is more stable than

- A R B
Lurice tner

a liguid phase is observed at apnpproximat

zley, 1974). 1Indeed reaction
. On . .

exists at temperatures as low as LOO C irrespective of the

oxygen/metal ratio of

it increases with increesing oxygen potential,

The effect of iodine is nullified when it is combined

7). el ey e
lb‘ Fids Lnalciib,

In the presence

contaminated cassium.

Iy

oss
255

lTodine-and of stainl




uniaxial creep te

leduced that iodine vapour embrittl

chemical attack of the grain
and the reduction of specimen

nucleation of numerous surface

M

removed fro:

This is il.
metallographic examination showed further corrosive attack

and loss of cohesion between the grains after a storage period

of three months (Neimark and Bro
‘pretation of resul

which can masik

wvhen reactions occur at the ianner suriace of

in the
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and ¢) irracdiation and temnverature conditions can be
important.
There is little direct evidence to show that filssion

products are involved in fuel-clad reactions in A.G.R. fuel.

More positive evidence concerning this type of reaction at

( R
O
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the clad inner surface coumes from fast rea
where caesium, iodine and tellurium have been detected and

1

wnere relocation of the cladding elements has been observed.
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Of the fuel prowver

relatively less important. Thus in out of pile

ficslon product reactions, caesium and cacsium iodide react

to those observed on irradiated fast reactor cladding.

The variation of oxygen poteatial in the fuel depends
on the fissile nuclides present since due to differences in

. !
the fission yield curves of uranium-235 and plutonium-23%

]_.l

(Figure 2) a relatively higher oxygen potential will result

from the plutonium bearing fuels. Rand and MHarkin (1967)

have proposed that a constant COa/CO ratio will determine the
oxygen potential &t aﬁy time across a fuel pin assuning &
1ven overall composition; the effect of bufn~up on the
oxygen/metal ratio nas also been calculated by Adamson and

3

Rand (1969). In these 1atber studies the possibility that the

cladding would act as an oxygen sink was considered but it

was concluded that with the formation of a thin protective

]

[
Pt

oxide on the clad inner surface and the removal of exce
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Ooxygen from the outer reyions of the fuel with redistribution
in the temperature gradient, there would not be a compativility
problem, Neverthelese, the important aspect of this work,

from the fuel-clad Compatibility viewpoint, was that austenitic
steels should be oxidised at temper atures up to 1500°K and with

a COE/CO ratio > 10 7, relating to an overall oxygsen/metal

+
(

Keroulas et al. (1972) and Calais et al. (1972) state
that several sequential conditions ﬁust océur to achieve a
fuel-steel reaction:-

a) the stoicheiometry of the fuel at the outer adge
must deviate sufficiently to enable it, from a thermodynamic
viewpoint, to react with the steel,

b) the mixed oxide [(EwCr)2 .1 formed prevents further

oxidation of the steel,

and ¢) due to thermal transients the (Felr)
crack thus enabling volatile fission products to react with
the underliying chromium cdepleted layer. GHowever after the
initial stages of oxidation when a thermal transient nmay

damage the Cr207 film the incorporation of iron oxides into
2

’D

the growing scale improves the oxide scale achesion and thermal

sheck resis

O)

tance (Francis, Curtis and Hilton, 1971).

m is also difcussed by Chse and

O
oy
o
o8]
[..J
0

The above nme
Schlechter (1972). They conclude that caesium oxide (Cs.0)
is stable in contact with mixed oxice fuel at 600°C when the
oOxygen/metal ratio of the fuel exceeds avproximately 2.0C05.
Again, es above, general corrosion occurs by formation of

-

mixed steel oxides which may subseguently crack or even become




the corrosion.

Thus the data suggest that the availability of oxygen

@]
L}

at the fuel-clad interface, probably with the production
- <3 A - - L Y . R Lo ,‘ . 0

an oxide film, is the initiating factor in any reaction. The
suhsequent role of fission proau"*b in the continvation of

the reaction is now considered,

As hzs been previously mentioned, the principal fission

‘heen obue“ved in association with fuel-clad

0
<
<D

products which

caesiunm, iodine

i
m

reaction products are the volatile elemen
and tellurium. They are.iransported down tnc temperature
gracdient in the vapour phase via interconnected porosity and
cracks in the fuel (Gober and Schumacher, 1973). In an
veluation of their effects on the steel it is necessary to
consider the precise chemical form in ﬁhich the elenments
éY 3T within the fusl enviroconnment.
Figure 3 shows the free energy data for the icdides

2esium and the major austenitic steel constitusnts

0
o
iy
[@]
)
C

h

and oxide

(Glassner, 1965; Allen, 1973). In an @&iﬁiﬁi@g environment

o

caesium iodide will be formed in preference to the iodides
of the steel constituents, with chromous iodide being the
next most stable lodide. However, in the presence of an
oxidising environment chromous iodide will be the least
stable of the steel iodides and would be expected to readily
form chromium oxide. Although iodine may remain in an
elemental state for some period after its formation in
fission (Reed and Ramsdale, 1971; Johnson and Crouthamel, 1970)

3y

and out of pile studies show that & reaction between iodine

and austenitic steels can occur (nobins, 1972; ¥hitlcow and

Hilton, 1972), the gross form cf the attack is dissinilar
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Figure 3, Free energy data for the iodicdes and oxides
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A vy 3 Lo~y s .,
Apart from the reactions occurring at
. .
F EIRey o 3oty Ty s
interface, 1ron and nickel particles have bee

This involves the reactiocorn of iodine witn the
followed Dby vapourisation end transvortation
iodides to the higner
where they decomnose,.

chservation that the caesium-137/caesium-13L4

cagsium-137) at the outer edge may be because

lived iodine-133% (t, = 21 hours) travels furth
2

outer edge than iodine-137 (t, = 24 seconds).

1
2
iodine-1%7 are the precursers of caesium-134

respectively (Figure 4). The importance of t

could again de

a conditions the ferrous ilcdide

=

d under some
before iron transport can occur.

The validity of the Van-Arkel-De-Boer

that postulated above can be criticised when the thermcdynamics.
of caesium iodide are considered. Examination of Figure 3
shows that caesium iodide is highly stable relative to the

steel iodides and as the amount of caesium 11

pend on the oxygen potential wit

might

nis mechanism

N

mechanism and

berated during




ToE R G 27 LT o2
L55; — 155 —— L00me oy LD
(21 hours) (5.27 days)

i(i.l years)

o]
\
~J
=t
v
s
Wi
N
bt
L
\J
)—4

1 2.6 min)

Figure &, Decay chains for iodine-133 and iodine-137.




it must be expected that iodine wi
as cagsium iodide, Also any icdine liberated during the
reaction between chromium'oxide and caesium oxide should be
guickly "gettered" by the excess caesium, Hence iodine may
only be effective in any corrosion mecnanism with the stainless
steel clac if the caesium can be removes by reaction with
either fuel or fission product where the resultant progdguct is
nore stable then caesium iodide.

There is very little information on the role of

ot

SRV

o
@
{9

telluriuvm in fuel-clad reactions. From out of pile
tellurium can have a delefarious effect cn steels and 1t can
cause the introduction of a ferriti é zone similar to thoce
observed in some fast reaclor studies. It is also unnecessary

te invoke the reguirement of an oxide film or a sufficient

products (Cs, I and Te) can all be present in the fucl-clad
reigion of dirradiated fuel pins. JTndeed this would be expectecd
purcly from temperature gradient and volatility considerations

and hence their presence is in no way indicative of any

reaction involvement. rom fast reactor cata the observed

- + PRt ot n
For thermal irradiation however, the amount of available data

. .. y sals 1 r otencial
is very limited but because of the lower oxygen potencl

resulting from the uranium-235 fission (compared to

. . i . Sy - 1m00ﬂ*ant
plutonium-2339) the caesium reaction may not be 80 v

'in general terms, to be

ars

The extent of ttaCK appears,

4 4
~ U N - ro i 0 o
on of the oxygeon/metal ratlo, U




fission preocductis and possibly impurities in the tuel The
vranium (and indeed the plutonium in mixed oxide fuels) which

is shown as beilnyg compatible with stainless steel in out of

pile studies (see section 2.2) is 5till compatible under

To 1imit the sffect that any fuel~clad reaction might

N

have on clad endurance it is clear that future studies should

concentrate on establishing the relative importance of these

g
&Y
ﬂ
o
T
@©
=
0

Because of the limited amount of literature regarding

the irradiated fuel-clad comeatibility in the L£.G.R. the
initial experimental study descri in this thesis has
concentrated on an examination of the reaction procducts

formed at fuel-clad interfaces on A.C.R, fuel. Subsegusnt

er [0}
this pcst irradiation exemination a more detalled specific
stucdy of the effect of one fission product, tellurium, on
bl i/niobium stabilised stainless steesl was then

undertaken. These are described in the following chapters.

57 .
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3.1, Introduction,.

The samples tnat‘are to be examined in the post
irradiation study oI the interior surface of resctor tuel
elements (Chagter 4) are extremely radicactive and therefore
tine techniques chosen must not be affected by the emitted
radiation The selection of technigues to be used must als
takxe 1nto account the limits on the smounts of ionising
to which personnel ¢an be exposed‘st ipulated by the Internation
Commnission on Raciological Protection (Table L), A classified
worker, i.,e., & person wiho 1s registered to work with donising
radiations, i1s limited -to a maximqm whole bouy raciation
dose of D rems per year. The rem is a unit which refers to

the avsorbed radiation dose Ifrom any form of lonising

racialion and is a procuct of the ene

relative . bioliogical effectiver .
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where 1 rad is equivalent to 1C0 ergs of absorbed energy per

gramme of tissue and the relative biological sffectiveness

is a function of the linear energy transfer, i.e.

transfe@ed to the tissue per unit length.

T = experimental study'of clad inner suriaces both

in Uth
beta and gamma activities will be encountered. Exposure to
these radiations can be limited by:-

a) maintaining as large & dista

\ 3
the 1cc¢1en and the operator (e.g. by tne

etc.).. Ihe raciation level




TARLE 4,
Maximum Permissible Radiztion Doses.,

Exposed vart of Classified Individual member

body worker of the public
whole boay, blood
Srems/year
O.5rems/year
3rems/l3weeks

3rems/year

forming organs,
3C0rems/year
15 rems/} weeks

onads.

W

15renms/year

b .
gingle organs
i
Srems/13weeks

Otaer
(including lens o
75rems/year

LOrems/l%weeks

eye).
Hands, forearms,

feet and ankles.




with dncreasing distance and th
» S & Lstance and this can provide g © foam by g
=L odln BLISCLAVEe wWay
P reducing the ; ~
01 reducCing tTne raciati on dose rate oynoore Tl o - .
sev eaposure,  The dose rates

for pamma euwltiers (1mMeV) - ari 41
LA rs (1MeV) at various distances and size of source
are snown in Fi ure 5,
b) the introducti iy o :
) the introduction of shielding ( e.x. lead wall
remote contirolled faciii et he penetrati 114
o £ acliity etc.). DIhe fenetration ability of
beta and gamme radiastions are shown in F
materials emitting beta radiation a pecrspex screen or wlove

box may be sufficient but for highly radicactive

> 8 N T matoerial & p A 3 - 1 4 T + :
a denser material (e.z. lead) wmay be required. This could

" . ) I omyorram Y X - - R
slow the operaticn down and if a remote controllicd

c) reoucing the operation time to a minimuam. Ths

and d) reducing the size of the specimen, This roduc

total radioactivity of the system aud thereiore if it is

feasible provides the best solution.
A combination of the above coeonsiderations was usea

in the post irradiatioa stucdy. Initially the fuel pins vere

received and sectioned in remote controlled shizlde

the removal of ithe uranium dioxide fuel the clad

Subsequeént to

cectioned until the activity was sufficientliy

was further

3
n
o5
[©)
o
o,
-
O
a
]
]
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reduced to enable hanaling with 10" force

shielding.

in this thesis does not involve the use of radioactive waterials

ahove do not appely.

and therefore the con
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nowever, in gernsral, the

involved 30 - e e e st e e e ERIN Lo
involved 1,0, the Characterisation OI reactlon or oducts on

-

g N oy Y e e N 3
surlaces, snc s0 long ws the chogen btechnigues are not

AP T o e ey ) Nr . e - . . N . -
affected by radiation they can be utilised in both parts of

Y

this study.

oW eXperience obteinced Jdurdins similar studies

involviig oxidisad stainless steels the main consicors tion in

ot

the evaluation of analytical techniques to be uscd in this

study isg that they

material,

§

1 =10 e acvusnt ~ N Fae R P R ;
would also be acvantageous., In fact the sensitivity andg

because of the consicderable variations in composition

multi-component

[
[¢
=
(¢
O
o
o]
o
D
jo
o
=]

that are likely to be

system. In this case it is from a mechanistic
viewroint, to estaviish those areas where enhancer or

- useful to check the possibility of any cowmpound forwation,

L.l.

In addition the possibility of re-exawmination or study
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by a further technique mey be desirable and ther

o

11 N

ablility to analyse non-destructively would be an a

3.2. Preparative and Optical Procedures.

3,2.1. Hicromanipulative and Optical Studies.
exaudnation of reaction procucts on the
er clad surfaces certain exauples were isolated for
sval of these nrocucts and their
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accurate mounting and posilioning
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achndeve Ty PRI, - TS n o e o . . - A
achieved by using a Research Instruments PVC 500 double probe

mlcromanipulator.,

WA e fea e ] -
which features only one

control for all thi

accuracy of C.25um, was used with either 2 or Spm tipped

tungsten probes or with a palr of DeFonerune remote controlled
pneumaiic forceps {(manufactured by Beaudoulin).
Viewlng was accomplished through an Olyupus Zoom

binocular microscope witha

iification range of x20 - x130.
ihe distance hetween the specimen and the microscoﬁe eyepilece
vas approwimately 300mm thus considerably reducing
level to the eyes by approximately a factor of one nundred.
A 50mm lead shield was placed between the operating area 'and
the operator and the whole instrument enclosed in a 12mm perspex
box. This latter feature acted as a dust cover; in this way
foreign material was not éonluScd wita the sample.

Samplesz of deposit were removed from the iuner surface -
of the A.CG.R. can Secticns by thre above technigue and
examined microscopically after they had been mounted on copper

SR electron microscope grids (149um) with polybutene.

: vtent and type of attack on preparcd sauples was
The ez 1t ¥p j¢
determined by a metallograpaic study. The specimens were

mounted in eitnher ciear or copper filled mounting plastic and

volished to C¢.25um finish with diamond polishing compound.

[©]

The polishing of the irradiate d specimens was undertaxen

mecnanically and non-agueous solvents used taroughout to avoid

removal of soluble species from the reaction area (e.g. caesiunm




5.2.3. Ltching. '
in an attempt to show areas of varying composition or
SETUCLUTG 1 fna e o . , .o s
structure iu tne region of any reaction, selected specimens
were electrolytically etched in 10% oxalic acid solution
maintained at 60°C T etcha 25 he ned t
nec oL L. This etchant has been developed to

reveal grain boundary structure (Brown and Healey, 1969)

A developmenl of this procedures was

colour ctching the stainless steel specimens in a metabisulphite-
hydrochloric acid solution (Beraha, 1968). The etchant stock
solution consisted of approximately 5% hydrochloric acid
containing 2% ammonium bifluoride. Immediately before use

600m;z of rotassium metabisulphite (X,$.0.) per 100ml of stock

- Sy e - TS ~ oA M o
solution was added. he

The metabisulpnite decomposes in acid nedia whilst

etallic area (Zphrain, 1949) to hydrogen
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ct
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e
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in
sulphide, sulphur dioxide and sulphur. The colour obtained
is due to the vrecipitation of & thin sulphide {ilm (mostly
nickel sulphide). This will precipitate on ferritic,
marstenitic and austenitic matrices only. The variation

of colours is caused by the difference of the thickness of the
sulpnide filwm which depends on the surface energy ol the

4.

intersected crystallographic planes., Becaucce the steel under
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S.2 4. Scanning Flectron Hicroscopy.

Within recent years the scanning electron mlcroscope
(S.E.M.) has become increasingly used as a tool in a broad
variety of scientific and technical fields. ‘The reason for
this increase in popularity is that it enables the user to
observe the surface of specimens at higher magnifications
(x10,000). fThus it has advantages compared with both the

conventienal Jignt microscope, which has a very limited depth

with "clectron optics'" but cannot work directly with solid
samples,

'he S.E.M, uses a scannring focussed beam to strike the

cathode ray tube. This effect can also be obftained in electron

probe microanalysis but is not so effective due mainly to

th . higher beam intensities used to generate adequate X-ray
cou rates.

The 1n‘+ﬂument used for this study was a Cambridge

Stereoscan. Specimen surfaces were examined and, in addition,

subsurface effects in
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3.% Analytical Techniques.

3.3,1. Congiderations.

al technigues is shown in Table 5,

Y

A summary of analytic

Of the non-destructive technigues the electron probe wmicro-

T

27
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analyser has the advantage that it can analyse several elements

S Tane o I N P e e~ - R .
ULmulL@ﬂvOuul¥ and 1v can alsce analyseé very small areas (approx-

~

1 mAa ko I3 on .
imately lpm diemete feature of electron probe

r3
p
=
.
o
-
o
ot
®

microanalysis is superior to Z-ray fluorescence which usually
A e e e - 2 . .
requires a sample area oi at least lcm  and a saumpling depth

of approximately 100mm depending on the energy distribution

sample., Microfocus X-ray tubes have been employed (long an
Cosslet, 1957; %eitz and Baez, 1957) to reduce the diameter
only at the expense of large losses in X-ray intensity and
detection sensitivity.
An additional technique that provides similar information
to the clectron probe nicroanalys er is energy aispersive fL-ray
anﬂl"“‘s coupled to a scaﬁning electron microscope. This
technique has also been employed in this study and has the
advantage that it provides the excellent electron "optics!

of the scanning electron microscope; however it does not have

H
.

such a good resclution as thne electron probe mnicroanalyse
RBoth electron probe microanalysis and energy dispersive
X-ray analysis can be considered to be surface analysis

their depth of penetration is of tne order

]

techniques sinc
of 1ma, However in instances where a thinner reaction layer

1

or deposit has been procduced a further technique has to be

(]
-

considered, Auger spectroscopy is a true suriace technique

that examines only the outer L - 4 atomic layers of the

<t

)

naterial and this has proved successiul in analysing

=

products deposited during the compatibility.studies with

telluriun.




The main disadvantage of electron probe micro alysis
ancd energy dispersive Xéray analysis isAtneir inability to
give an indication oi the chemical combination of the elements
deLecﬁeu, although by guantitative analysis certain possible
formations can be discussed. To confirm some of these findings
X-ray diffraction has also been used. Although suffering from
a lower limit of detection of approximately 5% the crystal
structure of the material under inv can ke
determined.

Additional dnformation can alsc be supplied by
utilising the radloéct vity of the irradiated specimens,
Samples from the post irradiation study were therefore
countec by Y-ray spectrometry.

The various technigues used in this study are now
considered in detail.

%3.%.2. Blectron Probe Microanalysis.

"The electron probe microanalyser has made a greav
impact in the study of materials. Despite its high initial

os% and the high degree of operational competence reguirec,
its ability to analyse chemically extremely cemall quantities

f material has g eatly influenced its choice as one of the
analytical tools in this study.

The principle of electron probe microanalysis (BE.P.IH.AL)
was revived by Castaing (1951) although the possible
significance of the technique had been predicted earliier by
Moseley (1913, 1914). 1t involves bombarding the specimen
with electrons and analysing the en JtLed X-rays in a crystal
s;eccruueter using &a
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ine electron beam can be focussed on o a very small area of
FPR) I N o oy e -

tne sample (aygrox1mato]y lpwm diameter

Qualitative analysis is achieved by rotating the

crystal and scanning the detector to monitor the X-ray output.

=

hi

3]

1s recorded as a function of Brag: zagle (ny = 2d.sind)

(se2e section 3.5.5.) and the characteristic wavelenzths
icentifled by reference lo standard tables. In adaition the

and monitoring the selected

s

Once the qualitative composition of the sample has
been ascertained a qguantitative analysis may be obtained by

easuring accurately the X-ray intensities for each element

together with those of pure element standards*, In principle,

of the measured intencsity of element A in the sampie (I ) to
that measured under identical conditions from the pure
element (IS). Corrections have to he mace for background
radiation and dead~time of the counters.

I

a

l.€. [ = ——ten

a I

"

In practice, however, the calculated concentration

~

varies from the true amount due to several effects for wnicn

*Footnote:

In cases where it is unsuitable to use tae pure elemsant

the standard (either due to chemical instability or where

m

a

element is gaseous or liquid at room temperature) a compound

containing &a

the




allowances have to be made. Excent in cases where the

~

speclmen consists of two elements of adjacent atomic number
these effecis can lead to significant errors (sometimes > 10%).
Because the X-rays are generated below the surface they

have to travel through the specimen before emerging and

hence their intensity is reduc

D

d by absorption. There is
also the possibility that the absorption of X-rays will vary
between samples and standards.

The observed X-ray intensity can be enhanced due to
fluorescence, This is achieved when the radiation of an
associated element is of sufficient energy to excite the
characteristic radiation of the element under study.

When elements of widely differing atomic number are

present the intensity of the characteristic X-radiation is not

proportional to the concentration dues to retardation and
backscatter., Retardation occurs because the energy of the

electrons decreases &5 they travel into the specimen., They will
only produce X-radiation whilst their energy exceeds a cri
excitation potential. The distance travelled before this

occurs varies according to the atomic number. Effects due to
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backscatter occur when electrons interac
by elastic scattering are redirected such that they escape
from the specimen with an energy greater than the critical

excitation potential, Therefore any further X-radiation

production is lost. The combination of retardation ana

backscatter are often termed as the "atomic number effect',
A diagramatic rebreoeﬂtgtlon of these featurces is shown in
Pigure 9.

The corrections needed to allow for these depariuress
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the ideal situation are complicated and have been the
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=
o

subject of several reviews (e.g. Martin.and Poole, 1971).

For analysing systens containing three of more constituents
calculation by computer becomes attractive. Several programs
have been presented and in this study that reported by

Duncuib and Jones (1959) has been used. This program has been

designed to reduce the required de

convenient for the clectron probe

the majority of the necessary information is stored

o
©
[@]
Y
0
o

in the computer.

The present study utilised a Cambridge Instrument
Company Microscan 5. A schematic diagrem is shown in F3
This dvstrument is equipped withAtwo linear spectromecters

y 3 htd o hl—o
having an X-ray take-off angle of 757,
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deposited on mica.
The instrument has been nmocdified to enable the
examination of radiocactive specimens (Sparry and Pearce, 1972).

ol

The modification consists of L4em thick tungsten-~-nickel-iron
alloy (Heavy Alloy; density 18g cmmB) shielding attached to
the specimen chamber, thus reducing considerably the radiation

level to tae operator. Direct shielding of the counters is

specimen movement gear-box has reduced the background level

to one of the spectrometers,

3.3.3. Energy Dispersive X-ray Analysis.

(&)
. ] , - ; - v eloct
As stated in section H.2.4. tiae scanning siectrosn
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microscope provides superior Toptics™ to the electron probe
icroanalyser. Indeed with some specime in this study

N P T . . e sl - N S - < et
difficulty was experienced in locat ting a particular region

of interest on the microanalyser even though the general area

was marked by hardness indentation equivment. This was overcome

by using an energy dispersive spectrometer attached to the

S.p.i.; in this way the advantages of E.P.M.A. were coupled
with the benefit of the excellent "optics" of the S.LE.iH.

eney sj B
S the poorer apescizl resolution compared

-

Its main liwmitation
with the normal wavelength spectrometer used in B.P.M.A.
A particularly relevant example of this limitation is evident

in the study of stainless steel where the main manganese (Xo)

analysis (b D.X.) is simple in appesrance because only the
Ka, KB, La, LB, Ly and M lines are present (Figure 11),
This is a considerable reduction on the number of peaks
observed by the wavelength spectrometer of E.P.¥.A. where

diffraction at any angle can occur for which the Bragg

equation (nx = 2d.sing) is satisfied and since "n'' can have

4

any integer value many "orders'" of diffracted lines are poszible,

oI monolayer -depths on the surface of specimens. This method

o

of electron ejection was first discovered by Auger (1925a and
and although Lander (195%) recognised the potential of the

technigue 1t was not until the work of Weber and Peria (1957)

and !larris (1968a and b) tiat this mechanism becane usesd more
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widely.

The Au process occurs when the atom is excited by
an incident primary beam of electrons thus removing a tigh
bound core electron., Althouzh the primary electron beam will
penet rate several atomlc layers into the specimen, the Auger
electrons have very much lower ensrgies and as such only those
generated very near the surface of the specimen can escape.
The Auvger electrons produced further inte the specimen are
lost due to inelastic scattering DJfOCﬁ tuey can escape from

the surface. It is generally accepted that they will only

escape from a maximum depth of four atonic layers, depending

6]

on thelr energy, and therefore the techn;qve genuinely »nrovides

Fes
(

an analysiz of the surface.

instrument used in this study was a cylindrical
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irror analyser manufactured by Vacuum Generators Ltd.

3.3.5. Powder X-ray Diffraction,

This method of X-ray diffraction was developed
independently Ey Debye and Scherrer (1916, 1917) and Hull (1317a
and b). it involves the diffraction of monochromatic X-radiation
by a specimen. The.specimen "reflects" the incident X-rays
off all its crystal planes and when their wavelengths are in
phase théy reinforce each other to form a diffracted beam.

A simple method for the evaluation of this observation

was developed by Bragg (1912).

L]

X-rays being reflected at an angle § from successive crystal.

C\

planes of spacing "d". The incident X-rays are in phase along

the wave front AX. Now if AD is perpendicular to the crystal

led by the bottom

planes then the extra patia
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Figure 12. Evaluation of Bragzs Angle,
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2D+ DY = 2d.sin®

-

~

For reinforcement to occur this must equal tne integral

multiple of the X-ray wavelength (A) and hence:-

The use of the technique in this study was limitecd to
the study of the reaction products by the powder method

i.e. the material to be examined is reduced to a powder thus

s

4

vresenting many esmall crystals orientated at random in the

primary X-ray beam, Therefore, by the law of averages

X-rays will be diffracted off all possible crystal planes.

is emitted as a cone and by placing a strip of photographic
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film around
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thence by reference to standard tebles the specimen is

<t

i fied. The main advantage of this tecchnique is that i

e

ident

identifies the solid phase rather than providing an elemental

composition,.

This technique utilises the Y-activity of a speclimen,

Y-rays are emitted with discrete characteristic energies which

: N oma transferred to that medium,
when passing through matter are transie d to

can enabvle the

n

Detection and measurcment of tnese energie

) ) . . . v e > vaddionruclides
non-destructive determination of a number ol raaionuclides by




an irradiated sample,
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The present study used a high resolution Canberra
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detectcrs lies in the improved energy resolution
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scintillaticn detectors. The resolution of the system u
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this gtudy enabled the determinations to be undertaken without

stem was that the efficiency was much lower than the

larger semi-conductors the efficiencies are now comparable.




CHAPIER FOUR., POST IRRADIATICN EXAMT NATION OF A.G.R.

CLAD INNER SURFACES.

4.1, Introduction.

Irradiated fuel-clad chemical interactions have been
observed on numerous occasions (see Chapter 2) but the majority
of data relate to the fast breeder reactor system., However the
environment existing in the fuel-clad region of an A.CG.R. fuel

3

element differs from the fast breeder reactor situation and so
the importance of a species in relation to incompatibility
way vary.

This chapter decribes a uoét irradiation examination

rois s T P e F - LAY e
of tize inner clad surfeces of A.G.R. fuel pins of differing

irradistion and thermal histories.

Lh.2, Ezxperimentel.

Samples of 205 Cr/25%8i/niobiun stabilised stainless
steel clad removed from A.G.R. fuel pins which hacd attained
a range of irradiation and thermal conditions were examined,

)

Failures had occurred in two of the pins from which the

. - JE N K BRI
samples had been taken. Details are given in Table o.
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Lfter initial examination by optical =micr
: iy vroduct on inner surface oI
samples of reaction product on the inner surla 0
s s 3 . +ad e R
were removed by micromanipulation and countea by Yy-I'ay
The samples of clad were then mounted edgewise

spectrometry.

filled mounting plastic and examined by optical

in copper
1 ™ - AN . £
microscopy (2x2C0Q) for evidence of attack, [eatures of

4.th @ diamond microhardness
specific interest were marked with & diamond microhardn

I
“-) I/«—.
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indentation tool so that they could be identified quickly for

The sauples of reaction broduct were vacuum coated

I
0]

with an aluminium conducting layer‘(O.E - 0.5nm). A1l samples
were examined by elebtron probe microanalysis. Constituent

elements were identified by scanning the X-ray emission us sing
the mica, lithium fluoride, quartz and rubidium acid phthalate

crystals whilst their distribution
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image technique. In addition line scans for the individual

constituent LLem“nus were monitored across the reaction zones.

Seuwl~quantitative point analyses were undertaken; where marked

segregation occurred point analyses were carried out in éach

m
®

re

In an attempt to nighlight areas of varying structure

a

in regions of attack, selected clad specimens were colour

etched,

L.,3, Results.

4.3.1. General Observations.

.

The inner surface of the unfailed specimens haad

5

4 . . - . o ) + pRYd
remained either shiny in appearance oOr possessed a matt grey

. . 1 < . . . 7 £ 3 - 5 7@ W o
finish, The shiny areas, however, were covered in a yellow

brown deposit (Figure 13). Within these areas brown translucent

T - o R
spherical nodules were observed (Figure 14), the largest being

approximately 25um in dizmeter. Only one failed pin (7270

for surface observation. This was

(6]

U%D.te~l) was available

black in colour and very heavily scaled; one brown nodule

o

was note
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4.%.2. Examination of Reacticn Procducts removed from
the Ianer Surface of Ir 1d1a ed 205%Cr/25%Ni/Nb-
Stainless Steel Fuel Cladding.

m). . 03 N - ) > o - o 2 . 1 QY
he microscopic examination showed that the nodules had

a very smooth glassy appearance (Figure 14), whilst scanning
electron microscopy studies of a fractured sarple indicated

an outer crust of approximately 2.5um in thickness.

The results of the e

ectron probe microanalytical

exarnination of the spherical products removed from both failed

-
:

and unfailed 7270 ¥M¥D,te oins are shown in Table 7. They were
composed mainly of ircn, chromium and nicke

of manganese and oxygen were also cbserved. The chromium

@

constituent was eitner similar or slightly depleted compared
with the basic 20%Cr/25%Ki/niobium- stabilised stainless s
but nickel was enhanced in most cases. There was no evidence

of segregation over the area of the particles althoush from
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point analy
outer surface of the spheres,

The general product that had been removed from tne

unfailed clad specimens also showed the same constituents as

the spherical product. However, in this casc gross segrezation
of the constituents was observed, (for an example see Figure 15).

The iron:nickel ratio varied from 1:0.1 to 1:1.5 while the
iron:chromium ratio varied between 1:0.2
Uranium and oXygen

scale removed from the failed pin

regions of the steel constituents.

of the scale showed a uranium dioxide pattern that was identical
' with a sample of the original fuel. Oas contal




Electron Probe

TABLE 7.

of Spherical Produ

~i

v Ve

Microanalytical Point

Fe ¢+ Cr : Hi = = Remarks
20/25/50 steel 1 : 0.37 @ C.46 @ 0.012; Calculated
1. 1 : 0.27  1.22 ¢ C.O
1. ] : CL.E7 ¢ 0.7y o trace
1 ¢ 0.26 @ 0.60 ¢ trace
2. 1 : 0.37 ¢ 0.92 ¢ trace
1 : C.%2 @ O.41 trace
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silicon segregated from the other constituents (Figure 16).
Bach of the samples from both the failed and unfailed

pins contained caesium-134 and caesium-13%7. Cerium-144 and

N

rutheniuvm~106 were also present in material removed from the

failed pin.

L,%.3%3, Cross Sectional Examination of Clad Samples.

When the specimens were examined in cross section two
types of surface condition were noted. With the first type

(Figure 17) the re&ction zone nad a maximum depth of E/UM
(Table 6) and appeared as a roughening of the clad surface.
In the second type (Fl ure 1§) two regions were evident in
the surface layer; the outer region being separated from the

4

steel matrix by a dark phase Colour etching of this 'double-

I_I

ayer'" showed that both the outer.layer and the clad behavsd

manner, suggesting that both regions had a

similar composition; the technigue could not however provide

I

any detail in grain structure.within the dark phase.
The "double-layer" effect was observed in only one instance;

this was with an unfailed specimen. The maximum distance

ura
¥

between the outer strip and the parent matrix was apr

50um. The extent of the double~1ayer was also very limited
because on further metallographic polishing it disappeared.
The reaction layer of the first type contained iron,

chromium, nickel, silicon, caesium, uranium and oxygen (Figure

It was not of uniform thickness and the silicon, ca esium and

uranium were segregated from the iron, chromium and nicizel.

The oxygen appeared to be distributed throughout the reaction
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o]
~
O
o
o
o
e
ot
.
=3
—
o
(T

ke
O

0
i
ot
[

»]

,_(

Q

[N

(@]

o

o
o
e
o
;
I‘"
Lo

19).
















clad constltucnts is shown more clearly by an electron probe
microanalytical line scan (Figure 20). Caesium was enhanced
in the fuel-clad region. .

This type of attack did not appear to show an
enhancement with increassing burn-up; there was, howvever,
some evidence of a temperature dependence, For exanmple,

o~

attack of 7um was observed on a svecimen from an unfailed

pin having attained approximately 21,900 MﬁD.te“l but with a
clad temperature of only 59500 while approximately iﬂum deep
reaction was apparent on a similar specimen which had attained
65500 and a bhurn-up of about 7,270 MWD.te ~.
The second type of reaction procuct a
iron, chromium and nickel distributed throughout the reaction
layer and up to

significant differences between the relative amounts of each
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of these élﬁments in the outer layer, the
arent matrix. Bearing in mind the limitea extent to which
this feature was obgerved it is possible that the electiron
beam may have been penctrating through the idouble-layer"
and analysing steel underneath. The electron penetration is
calculated to be arpro cimately 1l.2um for the voltage used
(Castaing, 1960) w1ich is consistant with th view.

Oxygen, caesium and uranium were not detected in the
dark phase but silicon and tellurium were present.

it

"

Although the silicon was distributed as segregated area
was not associated with carbon; these regions were therefore
not silicon carbide particles which might have contaminated

lographic preparation. None of the

L_J

the surface during met

other component elements appeared to be enhanced with the
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Figure 20, EPikA elemental 1linc showing rosition of caesiws,




silicon and in fact the electron probe microanalytical data
showed that the iron, chromium and nicxel contents decreased
in the silicon rich areas.

Tyemination of the failed pin specimen revealed
thicker reaction layers (up to 70ﬁm) than those obhgerved on
the unfailed pins (Figure 21). Iron, chromium, nickel,
manganese, caesium and Oxyzen were present in these layers
and the dismibutions of the elements are shown 1n Figure 22.

The product next to the metal surfa

o
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®
)
™

chromium rich, the
intermediate layer was eunriched with iron and nickel but

éd in

¢4}

depleted in chromiun whilst the outer layer was enrich

)
0]

chromium and iron but depleted in nickel. Oxygen

action vroduct but

@

v
+

distributed fairly evenly throughout the r

3 esregate¢ areas in the outer region oniy.

caesium appeared as se

Q.

mat

'_J.

Figure 22 includes a gch c

D

iagram showing these relative
distributions, whilst Figure 23 is an elemental line scan

thiough an area where casgsium was located in the outer

chromium rich region.

The observed attack on the inner surface of the

cladding material can be accounted for in several ways:-

a) the interaction nay have occurred beifore irracdiation
i.e. it would have occurred Without being subjected to
irradiation,

b) the cladding material may have been contaminated

N

and the observed features developed during sub equent
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b2
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and ¢) the interaction way i

*ve occurred in the reactor

s a conseguence of the fuel pin env

&
U

Whe siderins (s FRN N, N .
When considering (&) and (b) above it must be noted
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eractions before irradiation occur nrincipally due

TO

compatibility of uraniuw dioxide and stainless steel indicate

or

8
9

occurred as a result of the fuel piun environment durin

irradiation.
L.L.2, Reactionsg on Unfailed Clad Inner Surifaces.
From the data expressad in Chapter 2 it was evident

RIS

the attack of the clad inner surface. The only fizsion product
observed in the general areas of attack was caesium put it had

not penetrated into the grain poundaries., This is at variance

with the majority of the available fast reactor data that heas

P o N E 1y The mecnanis
shown caesium in -areas of intergranular attack. [IhC mecoanss

invoked rely on an oxygen potential and this differs between

. A1+ ol ti cgium that was
fast and thaermal fuels However, although the cassiuil chat was

. ~ocated from the steed
observed in the reaction layer was S¢€ gregated from the steel

: ; n the inne urface
constituents the presence of this element at the inner surface

. A . . .. I s to a fuej_...
of the clad may still indicate that it contributes 0 &

clad reaction.

the specimens

Todine was not observed on any of the sI

_ ] ) N cemrd sin. since the iodides of
examined but this is not to0 surprising sil
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iron, chromium and nickel are oxidised fairly rapidly in an

}.J'

air environment (Ramsdale and Hilton, 1972). The specimens

in this study were examined approximately 3% years after the

initial cutting procedure.

—
o]
s
o]

the observation of oxygen during the present
eglectron probe microanalytical studies nmust be interpreted

because it
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presence may result from either the

primary reaction with the clad constituents or a seconcary

effect; i.e. oxygen have reacted with the steel clad
during irradiation (in addition to oxygen made available

during the fission process oxygen may &élso come from non-

sx.cess oxysen or by stoicheio-
J

0
cr
o
[
o
=
@
I_J
2
( ﬂ
ct

S
o
(@]
5
=
@
l_J
«Q
o
=
ot
s
)_)
=
=
=

. . . . Ry A‘. PR ~ PR . e on
metric uraniunm dioxide fuel with a high centre temperaiure
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lecading to the formation ©

dioxide), or oxygen may have

on subsequent exposure to a carbon dioxide or an air
during exanination.

The reaction product on tiae curface did not resemble

the type of product usually observed on an oxidised stainless

te straightforward oxidation of the
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clad inner surface is improbable. The involvement of oxygen,

therefore, may be a secondary effect as mentioned above.
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Silicon was obse
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from the steel components and associated with tne caesium and
bl steel Mmpon

uranium. No general depletion of the silicon COn:
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] n bser and the silicon
steel towards the inner surface Was observea s 0

Y " The formation
was also segregated from the steel constituents. The formation

of silicates or silicides produced sithe
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steel and silicon impurity in the fucl scems unlikely
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The waximum reaction degth observed for ti
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attack was approximately 22um. Howvever on the 21,000 MiD.te
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explained by the threshold temperature dependence suggested
LT ~ 4 oy T 37 cesle, g ey v - o 3

Fitts et al., (1971) who have shown in fast reactor studies

that a temperature of approximately 6007C may have to be

The main feature of the brown spherical necdules was

that there was no sesregation over their area and as such th

microsnalytical examination did show th
more nickel in the outer crust of the spheres than in their

core, whereas the Sron:chromiuvm ratio remained

the particles. The appearance of the nodules suggested that

o
o))
i
P

they may have been molten. Now in general the iodid

s . - A0~ "
low meltiny points (e.gz. Fel, atv5507C (Allen, 1S

thus possible that this agrees with the postulated secondary

e

involvement of oxygen mentioned earl
of attack. However it has been showh in Chapter 2 that any
iodine liberated during fission would be exvected, from

thermodynamic considerations, to be present a@s cassium iodid
Therefore if these nodules Were the
ment then reaction of the clad with ca

had to ogccur followed by tne subse

Compatibility studies of the cassiwg i

stainless steel system show reaction only in the
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oxygen (Chapter 2) and that the results are similar t¢

caesigm~oxygen~stainless steel studies. Therefore preferential

reaction of the caesium to form a product that is more stable

jon

than caesium iodide would be necessary.
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wever the internal chemistry o
very complicated and it may be that elemental iodine can exist
under certain conditions or that because of the large excess
of steel constituents, compared to both caesium and i5dine,

steel iodides could ve formed. In this case the involvenment

of idodine would account for the obhservation .of both the

[@

nodular and gen ral attack.

Of the types of attack noted on the unfailed claad
specimens examined the "double-layer' effect was noted on
only one occasion., However, studies at the United Kingdom
Atomic Energy Authority (U.K.A.E.A.) by Skinner and Newbigging
(1973%) nsve shown that this type of effect 1is apparent on |
epproximately 4C% of specimens examined. The observation in
the present study occurred on an unfailed clad specimen having
atteined a burn-up of approximately 4,400 Mib.te “1 anda a clac
temperature of approximately 7500C. The specimen ﬁad achieved
the lowest burn-up of those examined and although the clad
temperature was in excess of 70000 it was not the maximun of
the range exawmined. It would therefore appear unlikely that
this tywpe of effect is an extension of the more general attack
The studies of Skinnef and Newbigging (1973) show that
the typical derth of attack of the ”double—l&yer”-reaction

zone is lOum compared to a maximun of ‘50um re eported earlier

1 studlies

D

. W 3 vmansalvtic
o . . . T oae ~~obe microanalytl
in this chapter. Thelr electron prooc :

L6



showed the presence of both caesium and tellw

T t i ! ’ ¢ ™ o~ o ar 4= - . RY . .
of this double layer together with wanganesec and sil:
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Mhey sugeested that the latter two elements

LLuve

present as rmansanese silicate, However, although silicon was

observed in the dark phase of the double layer in the present

I o S A L s A - - ~ SN S o .
study it would not appear Lo be present as a silicate since
Iy I 4 N N
not detected and where silicon wac the
reaction layer there was a oroportional depletion of tihe stecl

with the observations of Ssinner
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requirement

nowever

did not snow this fleature.

D ey o ~F . \ . .
Because of the non-progressive naturc

the

observed dependence on the

, Skinner and

I e B a7 11 0n LA F a4 .
Newbigoing (1973) susgested that the minor cons

becauss of tnc

study 1t would

the reaction lay
reaction between the silicon impurity in the fuel and a clad

constituent.

evidence from the present study to show that the exten

reaction was detrimental to the 1life of an A.
although it must be realised that this study was limited tO

a small number of specimens, A more comn mprehensive post

nts would

»
H
O

irradiation study undertalen on C.A.G.R., Tuel

: , . s s o ] R R e ARSI
provide a better Statls“{,lcal ax _LJrOciC."l uncer realistic operaitling

conditions. However, the pcssible snvolvement of fission

products requires further investig dtlor particularly since

f the C.A.G.R. fuel elements will Dbe

A 8-




failed pin showed an
b men el ) it i .
elemental distridbution somewhat similar to those obtazined whe

20%Cr /2591 /niobivn~stabilised stainless steel is oxidised

}.J .

O')
o

carbon dioxwicde at 90000 for several thousand hours. However,
since the fuel was discharged from the reactor only 5 days
after clad perforation (Jones, 1972), the extent of attack at
the inner surface of the clad is much greater than would be
anticivpated from a reaction involving carbon dicxide alone
Z

(possibly >10”7 times). It is believed that the oxidation

ed by fission products and the preseance of
cacsium associated with the chroamium-iron outer layer may bhe

significant. The observations presented by Skinnsr and

Newbigzying (127%) on tue examination of failed fuel

and the studies of Antill et al.,. (1975) (see sectlon 2.6.1.)

confirm a Tissiom product enhancement OF

. P - e o} wec thai
but point analyses taken in the caesium ricn areas showed that
there was a sufficient quantity of this element present to

3 2 ep—- - ), ) - - A'A»"'-C j_ !‘_‘ .
ation tc occur with the chromlC OX1QE to

.‘ - . k -~ DN -~ \7‘_‘~ P N e L + 3y e I’&tio
Additionally Y -ray spectrometry has SI0WD that th

of cae _Jum“lzq to caesium~-137 activities was considerably

greater in the t‘o“thL ﬁro"uvu Ehan in

i 34 } £ the reaction between
have been involved in the acceleration OI acti

3 s nr ~a N ST el
the stainless steel and carbop dioxide by foruming steel

icdides asz dntermed
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L.5 Summary.

Two types of reactiocn product have been observed on
the inner surfaces of specimsns rémoved from uniziled A.G.R.
fuel pins. First, a yellow-brown general product and second,
a brown fraleuceLt svherical product which occurred in small
clusters. The conotltuent elements in both these types of
product were iron,-chro idum and nickel together with small
smounts of manganese and oxygen. It is not known vhether the
oxygen 1is present from a primary or secondary reaction.
Gross segreéation»was evident in the generel type of product
whereas no segregation was observed in the spherical nocules.
The brovn spherical aresas apprear £o have been molten and gross
attack of the steel may have occurred. Tne presence of an
enhanced cae sium-1354 co”*rlbutlon on the reactlon ‘proguctis nmay
indicate.that iodine hes reached the fuel-clad interface.

Cross sectional examination showed two types of attack
of the inner surfacé of unfaileé A.G.R. clad specinmens. The
first was a general-attack to a maxz imum depth of approximately
22un. Thé attack did not appear to be dgirectly related to
burn-up but the clad temperature méy be significant. The
second type of attack was charaéterised by a ﬂdouble~layer"
effect. The.outer region of this feature was separated from
the parent matrix by & gark phase (maximun thickness was
approximately Oul) but app eared to be physi ically and
chemically similar to the clad.

Silicon was the only eleient common to both types of
atfack in the unfailed X ;amples, other than the main stainless

steel constituents. Tellurium was the only fission product

observed below the surface of any reaction on the unfailed

-50-



clad surfaces and due to its corrosive nature requires further
investigation, There is circumstantial evidence that iodine

may also have been involved in the reaction.

the inner surface of unfailed A.G.R. cladﬁingbwas detrimental
to the life of a fuel pin, However, this was a study limited
to relatively few specimens and depth of attack measurements
would need to be undertaken on a routine basis to provide
more statistical information.

An accelérated oxidation rate has been observed on the
inner surface of a feiled clad svecimen and it is believed that

this could be induced by the presence of fission products.




CHAPTER FIVE. COMPATIBILILY OF TELLURIUM WITH

darda 3

ABILISED SIAINLESS STEEL.
5.1. Introcucticn.
Tellurium is volatile under the operating conditions

of the £.G.R. and therefore will concentrate in the cooler

outer regions of the fuel pins together with the other volatil

®

—

fission products, caesium and 1lodin In the post irradiation

+

study of A.G.R. fuel clad inner surfaces (Chapter 4) tellurium
was the only fission procduct that was observed in the reaction
layer on unfailed clad specimens and not just on the surface of
the steel. |

Little date are availavle on the role of tellurium in

tions in either thermal or fast reactor
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fuel-st

ems but out of pile studies have shown that it can have
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a deleterious effect on steels which is not dependent on tae
oxygen potential but is a2 function of the steel type
(Gotzmann and Hofmann, 1972).

To study the effect of tellurium on 2050 /25504 /N -

ctabilised stazinless steel at C.A.G.R. opera sting temperatur

imans of both the as received and pre-oxidised steel were

O

examined by metallograpny, enersy dispersive X-ray analysis

_ectron probe microanalysis after thelr exposure to &

o
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=
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B s
telluriwnm environment for varylng perlous.

5.2, Toxicology of Tellurium.

Tellurium is reported as being less toxic than seleniun

(Coover, 1971) with elemental telluriwa being the least toxic




form. Tellurium way be absorbed into the body orally, by

inhalation and by &abgorption through the skin To date no
serious indusctriel hazard has been reported. It is however

more potent than selenium at jeneratin, the characteristic
obrnoxious breath (Stone arnd Carbon, 1961) which is also
documented as ‘“"tine garlic odour"™. This sym»tom is a good

indication of zbsorption of tellurium into the system but t

e
=
[¢]

incilde cannot bevquantitatively related to the level of
tellurium intoxication due Uo the varyin
individuals (Cooper, 19710. This unnieasant odour is due to
the excretion of organo-tellurium compounds (Bagnell, 1966)
and can vanish in a'few days (Elxins, 1950). However zarlic
cdours of the breath lasting up to£257 days have been repo?ted

by Cooper (1971). In addition to excretion through the lungs

~spirction, urine and faeces.
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Table 9 taken from Bagnell (1yo ) compares the maXlmum

rermissible concentrations of tellurius with otasr toxlc

1 : Tt 3 i . v oW + at =t hl e cancenitre ¥ ~T
substances although tie maxinhum permissible concentration ol

tellurium in air at which no garlic breath is aprarent is
-3 s oOr
reported to be 0.0l - 0.02 mg. o 2 of air (Cooper, 1971).

Besides garlic odour of the breath the following

(‘ L)

. 1 neadachse i nce
symptoms have also been noted:- transient headaches, somnole s

. e ; out f appeti and
metallic taste and dryneses of the mouth, loss of appetite a

- Y H ] 4
nausea. A more comprehensive list of the likely symptoms O

nts

Y]

occur following acute exposure has been derived from experin

3 3 ludes:- restlessness
on animals (¥ead and Gies, 1900); these includ restl ;

— i . somnolen
tremor, diminished reflexes, ralysis, convulsions, sS0mnoleice,

unconsciousness, disintegration of the mucous menbranes oOf

. . R, .
the stomach, cessation of respiration and finally qeath.
he stom , 5 i
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Pable (Z=52; A.W.=127.0); it welts at 450°C and boils at 13¢

+ S oY U
PR wh 5 value w me 0000 ) .
although a value as low as 9907°C has also been quoted (Brooxes,
1952). Tts properties lie between those of the non-metals

wygen and sulphur, and metallic polonium and it 1is insoluble

-

in all solvents tihat do not react wikh it.

Tt burns in air (or oxyzen) forming the dioxid 183
unattacxed by hydrochloric acid bul is oxidised by nitric acld

]_l

to form tellurcus acid (H,le0,). It also dissoives in hot
alkali solution forming either the telluride or tellurite.

Tellurium forms halicdes and conbines witn most metals at high

tenperatures to form teliurides. Its compounds are nearly
XL Ed

alwavys colourless excaD

(o

5.4. Internal Fnvironment of a C.A.G.R. Fuel Fin.
5.4.1. Amount of Tellurium available In the Fuel Pin.

The total amount of tellurium produced

is approximately 5.7s (Appencix 2).

. 3 3 {fac A,\,r
this element that reaches the fuel-clad interiace will depend

not only on the burn-up of the fuel but &lso on factors arifecting

N . : 2] H + 1 1 1}

the retention of tais fission product 11 tn
5 14t 01 £ the fue

i.e. temperature gradient, physical condition O ©he fuel

Tn addition the concentration

of tellurium at the clad curface will depenc O4 any

tne fuel pin from a higher to & lowver

of this clement along
temperature region.




0.12mg.mm ¢ te

reducing this

Tf wmovement ol

conc

up to approximns

tnus incr

fuel-clad inte
the oxygen pot
nuclides prese

place in urani

being made
hyperstoicheiome
fuel due to hi

efifects of fis

the avullable tellurium is dispersed evenly
innher suriface tpen a concentration of approximately
1lurium would be poseible. However it is
at < 10% will be released from the fuel hence
tellurium concentration to <0.0L mg_nmfa.
the tellurium occurs along the fuel pin then
entration of the tellurium may be caused in Lhe
ions of the pin. In addition irradiation levels
ately 25,000 1w, te L are expected for C.A.G.RE.
¢« the anticipated amount of tellurium,
in part of the following investigation was
n: a tellurium concentration of O,lmg.mm — 'of
This concentrat 1onlwas chosen to obtain &
ct of reasonable thickness for examinaiion anc
ism evaluation. Subsequent to this (i.e. ssction 5.7)
rarying the tellurium concentration has been
Surface éonditiqn.
the lifetime of a C.A.G.R. fuel pin it is
oxidising environment will be instigated at the
rface., It has been discussed in sectlon 2.5, that
ential inside a fuel pin gdepends on the fissile
at. In the A.G.R. the majority of fission tases
w235 wﬂlch'requltb in relatively little oxyg
ilable; however oxysen may also come from
tric fuel or tnhe formation of hfnocL01cnelo“‘czic
gh centre temperatures. Therefore the corrosive
sion procduct tellurius on oxidised 20,50 /25%581 /1o




stabliliced stainless steel hawe also been examined.
5.5, Experimental. -
The chemical composition of the 28;:Lr/25ii/Hb-

stabilised stainless steel used in these experiments is shown

(u

in Table 10. Specimens having a known surface area (v 200mm )

were cut from 0.3&mm thick sheet containing approximately 50/%

O~

/

(v

i

cold work and heat treated in static vacuum for 1 hour at 93

O

©

followed by eir cooling. The specimens were welg vhed, resealed

in silica ampoules with approximately O.10mg.nnm of spectro-

"7,.

graphically stancardised tellurium after evacuating to better

v
f

-
than O0.0ipbar (10 7 torr) pressure. The sealed ampoules were

. s . a0 o ~Om
then annezled for varlous pPerilocs initially at 750 and 207G,

controlled to *2°C, to represent tne range of inner clad ===
temperatures of C.A.G.R. fuel. Supplementary anneals at
3507, 4507, 5500 and 65OOC were performed to obtain additional
data on the mechanism of the reaction.

After exposure to tellurium vapour, the specimens were

removed from the ampoules, rewelg hed and mounted edgewlse 1in

copper fillec mounting plastic. Fach specimen was examined

(9

i : frer iching
by optical electron microscopy after polishing
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to lun diamond finish; in some cases specimens were gilven

oxalic acid.

IS5

snort electrolytic etch in 10%

-~ ~0 2en90 <y aclmens
ccts at 750 and 350 G exposed speclmens
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For sone
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. s 4 - s witnout furt:
were resealed in evacuated silica a&POUlGS vitnout

1 ed same temperature
addition of tellurium and re-annealed at the same temperature

v r S hour A "'0'-'\9‘(‘ vbure
for a further period of cither 70 or 115 hours. A te

b s saueted where the reheating
gradient experl iment was also conductec
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at the other end of the tube.
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Polished sections were examined by electron probe

RN ~- N v o .
Microscan 9 analyser,.
J

microanalysis using the Cawbrid

Constituent elements in the surface corrosion product were
sdentified and tneir distributions within the br . .
identlfled anc tuae Ilstriputions within the product were

estaclished by the X-ray

The

composition of the steel bencath the corrosicn product was

determined by line scans for the individual elementis across

]l

PR I, . e - 235N ~ ‘ P [P
snis region. Thess studies were

Lemented by energy

-

disnersive X-ray analysis of tiae reaction product surface and
N AT

of polished sections through the product.

examrined

[N

ollowing sectilions. e first two ss¢C

the reaction kinetics and cdepth Of

) ) S e 3 raati
later sections report on the chemical invest:

steel surface. The resu.its are

. . . 7 fog
summarised in section 5.0.0.

5.6.1. Weight Gain Meagurements

After exposure to tellurium vapour &

S b

2 ~ 2 ¥ -‘
. . s maRATARCE & at 750 and 850 °C nad
a dull matt grey/ovlack appearance and 7

o wad i of telluriunm
e . e e Eh oy hAaunt as the weight or veilurld
gained in weight by the same amount & ©

s o uven anplied for the very short
added to the ampoule. This even appll

b
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heat treatments in which the anpoule nhad
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a total exposure time to tellurium vapour of <160 scc
The only exception to this (at 750° and 8500“) was
by the specimen annealed for 1014 hours at ““OO“,
weight gain was approwimately 75% of the total amount of

tellurium added. AU the lower exposure temperatures of 5500

and 6507C, the short term annea Ls of <150 seconds also produced

(=R

a welgnt gain less than the total weight of tellurium added.
Brown fumes were visible in thece ampoules upon withdrawel

the condensation of a thin layer of
tellurium in small patches on the wall of the ampoule on
coolins was taken as evidence of incoruplete reaction with the
stainless steel. incoﬁplete reaction was also evident in the
350% and 450°C series of experiments. The results listed in
Tables 14 and 15 show that complete r”action occurred only
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after avorovimately 1.25 hours exposure at 450°C and approximet ely
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Specimens annealed for 10 minutes and 1 .hour 1n
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' ’ v 95 we d in vacuuzn.
tellurium vapour at 7507 and 850°C were reheated din vacuu
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ight mz) was ¢ t n each sa
Cnly a slight weight loss (<0.1lmg) was cdetected on ea

In contrast, the specimen in the

after this treatment.
L owed o loss Ahm
temperature gradient expe eriment showed a weight 10ss of Shmy
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during the cubsequent heat treatmeat at 7507C for L

of the ampoule in a temperature range

narrow brown/purple band,
3 v 5

temperature of approximately 520

o snectroscORy

Lese and  tellurium by Auger spectroscoz

shown to contain mangadl

(Wild, 19
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D.60.2. heasurement of Reaction Procuct Thicuness
and Incergranular Penetration.
Optical and scanning electron microsc copy showed a

continuvous recaction product on the surfacc

o1 all

rn

scimens

slter exgosure to tellurium vapour. Avart from the tests at

YQO and tne snort term exposures at L50, 5500 and 65000,

where some telluriwm remained unreacted, the thickness of
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et was belween 17 - 25um 2nd varied within this

range acccerding to slizht differences in the amcunt of tellurium

use
Scanning electron microscopy chowed that tne reaction
rrocduct concistsd of two distinct layers (after polishing and

lightly etching) for enneals <50 hours at 720°C and <7 aours

a) shows an example of this dunlex
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Pigure 25(b)). Short term anseals (<150 soconds) i 05,070
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rmorevholosy of the product at 3507, 450 and 35507C diiferec to

| o Femwmaratires the dupley
for longsr expogures at these lower temperatures tic dupl

e 1 il AT 17 1 o
layer bocawme progresgively more evident until a procuctl siml.ic

when specimens exhibiting a double layer procduct were
- A_J_L —hii N a &

1 i ST s bamraroaburg
re-hoated in vacuws at thsir previous exposure Lemperature

ale
) .. 1indoan oF E uriuvm, a single layer product
wvithout further additica of telluriuvnm, ingl J =
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of similar thicknegss regurtdd
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Slncreasing exposure time to a maximunm of approximnately Ly,
i ] oyt n . o L 5 ; ~ . . Ly
4 logarithmic piot of tne depth of altack versus time (Figure 26)
Y 3 b S e =y . . - >
produced a straight line relationship of slepe 0.% -~ C.4 for

- -+ !;",O oo O,-\ . . N 3
the results at 7507 and 850°C until the maximum deptn is

acnileved. The depths of attack were wewsured from tie final
metal-product interface. Attempts tc obtain true deptin of

attacik measurcments using gold and platinunm films as markers

were unsuccescsful vecause these metals also

cted witn the
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tellurium vapour,

hnl

Figur J)
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Subsurfsce intergranular voids (see e 25(

¢ !)

werce fTound in spvc1me‘ after >50 aours at ?“COV and beitweaen
C. Specimens which had nct cdeve owe

subsurface vcids durin, direct exposure to tellurium vapour

formed them during the subsequent reheating in vacuunm vncdertakon

The dqplex vroduct consisted of = nowmogenedus iron-
nickel- tellurium rich ocuter layer and a chromiunm~teliurium
rich inner layer (see ¢.g. Figure 27). [races of iron and
nickel were also det° ted in the chromium ricia laycr arlter
short exposure periods. Although Crle (pu—bqaéﬁe) was didentiiied
the duvplex layer could not be cha acterised fully vy X-ray

diffraction due to the precence of soue additional unidentified

lines and the apoarent amorphous nature of part of the product,.
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As the tellurium exposure psri iods were increased U

5

outer layer became discontlauous and islancés of iron-nickel

t

o

tellurium rich product at th outer edge were forued (Figure 23).

xtender @Y pOSUrcs (=50 nours at YHO o & s at 3507
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‘produced a single reaction layer containing wainly chromium and
tellurium (Figure 29); any iroan or nickel tuat was observed was
confined to the extreme outer edge of the product. A4 small

amount of mangsness wag also found distributed throughout this
chromiur: rich procduct together with traces of silicon and
niobium, X-ray diffracition studies confirmed that this »roduct
was CrTe (50-&5@2)Te); it was also shown to be magnetic.

Upon subseguent re—neatlrb (at /5 and 85@00) of
specimens exhibiting a duplex product, without furisher additicn
of tellurium, the producf"again contained only chromnium and
tellurium present azs Crile. IHowever, in the temperature gradient
experiment, tellurium was lost from the iron-nickel rich regions
of the product and this resulted iﬁ a reduction of reaction

roduct tniczness. The product remainin: was chromium tellurids
iy ()

with poc.ets of iron sand nickel din the outer regions of the
scele.,

At ;SOO'and SVOOC the short ter: aealt treatmenis also
produced & single layer product, but This ves rich in iron,

nickcl and tellurium and contained only traces of carouium

towards the product-metal interface. However, in short exposures
- z O ~ [ O oy ~ -~ - 1. S . o d 1 -‘—]
at 350" and 450 C segregation between tThe 1ron ana nic«e-

constituents of the product became apparent, This is illustrated

istribution of
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in Figure 30, which
chrowium, nickel and telluriuan through the product after an

exposure of 10 minutes at 450 °c. Tae tellurium peak on the

surface ghows very little penetration into the matrix of tae
stainless steel and nickel is the only eleient assoclated

with it in the product. After & 70 minutes exposure an iron-
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an enhanceizent o nickel towards the out

The initial stage in the formation of a duplex scale is also

apparent, due to the appearance of a thin chromivi peak in
the product adjaceat to the product-metal interface.
Surface studies of the reaction procducts showed the
presence of iron-nickel-tellurium rich facets following
short exposure periods (Figure 32). The facels became less
pronounced as the exposure times were extend and the
chromium Kd peals became evident especially in the non-facet
areas (¥isure 3%). Eventually the facels disagpeared
completely and the general spectra of an area of the surfac
M chromium and tellurium peaks and only small iro

and nickel contributions (Figure 3L)., The presence of iron

¥

and nicikzel wes associated with small nocdules that were

(’)

distributed over the surface (Figure 34). The chromiun

. . . : . TN e NS ) RN =
contribution which is aprnarent in the EDI spscira for these

i t +the v f s avog
nodulcs is wmost probably due To hig fbavvrmulon of the area

- . . : 3o ~ e FVR .y TR e NV wmey e - A
by the incident electron beam Thus GxCluli_ Y-rayjs Irom tuae

substrate material., (The eleciron ez penetration at 2CHv

cteel at all temrer: tures

by chromium
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and was always ausQl

subsurface voids mentioned
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ter cdgze (Figure 31).
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tellurium and iron were the main constituents aithough traces
of chromium and nickel were still evident. The response of
this region upon etching was different to that of the remainder
of the metal and a distinct layer was seen when viewed in the
scanning electron microscope (see Figure 25(a)); the
thickness of this layer remained constant at approximately
Bﬂm. Electron probe microanalysis showed that further
tellurium penetration.of the steel occurred with the depth
of penetraﬁion increasing with ex osure time to & maximum
of approximately'45ﬂm after 1000 hours. The rate of
penetration depended upon the annealing temperature but the
maximum depth was independent of this temperature.

ILine scans across the'regign of the metal beneath
the corrosion layer showed significant chromium depletion
to a depth of approximately lOOﬂm_after 100C hours at 85000
(see Table 11). Re-heating in vacuun witﬁout further addition

of tellurium also increased the extent of'chromiuz depletioun.

5,6.5., Summary of Results. ;

.Rapic¢ attack of the 20%Cr/25%Ni/niobiun stabilised
stainless steel‘by the tellurium vapour waé found at all
temperaﬁures studied and only in the short term exposures
at the lower temperatures k<65OOC) was an incomplete reaction
observed. At 5500 - 6500C the initial reaction product
consisted of a.single.layer rich in iron, nickel and
tellurium. Only at the lower temperatures (545006) was it
possible to distingzuish that the reaction with nicxel.occurred
more rapidly than with iron. On further exposure this

-

product hecame duplex due to the formation cof.an inaer




.chromium-tcllurium layer at the metal-procduct interface.

Foamre s 2=A0 - .
At temperatures >650°C the reaction rate was such that even

short exposure resulted in thg formation of this duplex
product. As the exposure times.were increased the duplex
layer transfqrmed to a_single chromium~-tellurium layer
(CrTe: 50~5$ZP9). The order of reaction between the main
steel constituents anc the tellurium:was therefore nickel >
iron > chromiun, |

.The reaction between the stéinless'steel and the

telluriuvm occurred very répidly (<160 secs at 75000) and the

extent of the reaction was limited only by the supply of
tellurium. BRearing this in mind the reaction product
thickness ranged between 17 = 25ﬁm‘after complete reaction
had occurred and was independent Of the reaction temperature.

The maximum depth of intergranular attack was limitec

to approximately LD from the metal-product interface.

Compositional and microstructural changes were however
observed in the subsurface of the metal in the form of voids
(at the higher temperatures) and chromium depletion.

For example, chromium depletion to a depth of approximately

100un was achieved aiter approximately 1CC0 hours at

R

750° - 850°C.

SRS -

5.7. Variation of Tellurium Concentration.

The exveriments conducted above used an amount of

tellurium based on the overall concantration derived 1in

Appendix 2. In adcition it provided & reaction procuct of

suitable dimension for mechanistic evaluation. Based on tne

e

the studies have peen extended O

D

7

data in section 5.6.
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observe the effects of both lower and higher telluriunm
concentrations.

The lower concentratign studies were undertaken at
85000 with ah initial tgllurium concentration of aprroximately
O.Olmg.mm"2 of stainless steel. The experimental conditions
were as described in section 5.5. with exposure times of
8, 200, 860, 1125, 1992 and 5000 hours.

In the 8 hour.anneals complete reaction occurred with
the weight gain of the specimens corresponding to the amount
of tellurium added to the ampoulepv A single layer reaction
product approzimately 2um thick was observed on the surface
of the steel with which both chromium and tellurium were
associated (Figure 35). There wastlittle evidence of iron
and nickel in the product. Chromiur depletion was evident
at the metal-procuct interface.

Cnromium depletion extending up to approximately 5Cu:m

2lso observsd in some- but not 211

jV)
[62]

into the metal matri

[
el
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exposures 2200 aours. However in all instances & reacltion
product was not observed and a varying weight 1058 was
apparent subsequent to the anneal. This weight loss
corresponded to integral multiples (x1, 2 or 3) of the
StOiCheiometric quantity of steel constituent required for
the formation of a metal télluridé (¥eTe: where Me is iron,
chromium or nickel): "No tellurium was evident on the surface
of any of thesé spepiﬁens although in isolated instances.
small tellurium-rich pockets were observed in the steel
natrix usually associated with manganese. In some ingtances
where weight loss had occurred it was possible to identify

a-iron at the cnd of tue anmpoule by Y-ray cdiffraction.







The higher concentration studies were also undertaken
at 85OOC with an initial tellurium concentration of approximately
_‘ng;.mm"2 of steel. The experimental conditions were as above
with exposure times of 1, & and 190 hours.

The specimens for all three exposure times had gaihed
in weight by the same amount as the tellurium initially
added. Reaction products ranging from 185 - 250um were
obsefved. Specimens heated for 1 hour formed & double layered
produbt consisting of a ghromium—tellurium inner zone and an
outer iron-nickel-tellurium region (Figure 36). Swmall
chromium-telluriumn areas were also observed in the outer
reéion.

After & hours exposure theAproduct still consisted
of the same components but the outer iron-nickel-telluriuvn
layer had.become discontinuous and the inner chromiuin-
tellurium zone had increased in thickness. The products
formed after the 190 hours anneal were consistent with

those discussed above but in addition segregated iron rich

areas were becoming evident in the outer regions (#igure 37).
Tn the metal adjacent to the metal-product interface
a region similar to that discussed in section 5.6.4. was

observed (Figure-37). In this case it was approximately 35um

thick and the elemental distributions were similar to the

duplex product. However, the outer portion of this layer

was rich in iron and nicsel only,whilst chromium and tellurium

were observed together in the inner 2z0ne. Intergranular

attack was observed to an additional depth of approximately

50um after 190 hours.

’
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5.8. Effect of Surface Oxidation.

In addition to the above experiments using virgin
steinless stcel surfaces the effect of surface oxidation was
then considered. Stainlessbsteel coupons (as in section 5.5)
were oxidised in carbon dioxide at 85000 for either 8 or |
100 hours. These were considered appropriate to possible
inner claé conditions. The studies used an initial tellurium
concentration of O».lmg.mrrf'2 and the experiments were
underfaken at 75000.

Complete reaction was observed for each oxidation
treatment and exposure period. In contrast to the studies
with virgin steel surfaces a discontinuous product vas
observed on the specinen surface (éee e.g. Figure 583).

The reaction product thicxzness was approximately 3Dun in each
case,

In regions wnere the éroduct gave greater cover the
elemental distributions were as found earlier with the
development of a duplex layer (see section 5.6.3.).

There was no evidence of the original oxide layer in these
areas.

However in other areas where mcro isolated regions
of telluride product occurred the chromium oxide layer was
still evident. Réaction with~the tellurium had occurred
ure 38a) and the

only in cracks in the oxide layer (Fig

product had Wmushroomed” through this outer skin. Confirmation

of the chromium oxide layer was evident from the X-ray

i i “ hrormi ! enhanced
scanning images shown 111 Figure 39. Chromium was

on the surface of the steel while tellurium was only present

ir - . oinity of the brealk in the
in the reaction product 1n the vicinicy
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oxide layer. Iron, chromium and nickel were again associated
with the tellurium., The iron-nickel-telluriui region was
positioned outside the initial chromiﬁm oxide layer wnilst
the chromium-tellurium product grew beneath the original

metal surface.

5.9. Thermodynamic Stability of Tellurides.

The results of the temperature gradient experiment
(see section 5.6.3.) indicated that chromium telluride
remained stable at 75000. In contrast the iron and nickel
tellurides dissociated allowing tellurium to condense on the
Cooler parts of the system; iron and nickel remained in the
product. .

To substantiate this result and to helDd explain the
transition via a duplex reactibn product to & chromium tellurice
layer the relative stabilities of iron, chromium and nickel
tellurides were studied at 85006. Stoicheiometric amounts cf
chromium metal foil and iron telluride, chromium metal anc
nickel telluride, and nickel metal and iron telluride were

annealed separately in evacuated ampoules for veriods up to

20 hours. The resultant products were weighed, tested for

-magnetic properties and studied by ¥X-ray diffraction.

4-

Observations of the chromium + iron telluride mixture

- o s o =S ~aet S
during the heating period showed evidence of a surface reaction

- ™ S e )
on the chromium after about 2 hours. The specimens were

removed after 20 hours and the weight changes of the cemponents

indicated complete reaction. The procducts were magnetic and
were identified &s chromiunm telluride and a-iron by X-ray

di.ffraction.

63~




Similar results werc obtained with the chromium +
nickel telluride mixture but the products were nickel and
chromium telluride. |

After 20 hours the nickel + iron telluride mixture did
not show complete reaction although weight gain measurements
indicated an increase in weight of the nickel and a corresponding
decrease in weight of the iron telluride. Some simall magnetic
particles were found but X-ray diffraction patterns did not
agree with any available data for iron tellurides, nickel
tellurideé, iron or nickel.

The tellurides of the three main components of the
steel were therefore placecd in the order of their thermodynamic
stabilities:- Crfe > NiTe » FeTe. |

Tn addition the stability of the chromium telluride-
chromium oxide system was exemined at 85OOC. Chromium tellurice
reaction product remcved from a tellurium exposed specimen vas

characterised initially by X-ray diffraction and then heated in

r

flowing carbon dioxide on a thermobalance. The weight loss was

monitored with time and the products exanined by X-ray diffraction.
A weight loss of 26% was observed after 9 hours. X-ray

diffraction of tnhe resultant procuct indicated a mixture of

chromium oxide, iron oxides (mainly a-Fe,0 ) and some nickel oxice.

N

Tellurium compounds of chromiun, nickel or iron were not detected,
It was apparent therefore that in an oxidising

environment chromiun oxide 1is more stable than the telluride.

5,10, Discussion.
It has been suggested (Batey and Bagley, 1974) that

significant aticack of austenitic stainless stoel (Iypes MHLO




and FV 548) occurs only when tellurium is in the liguid phase
(i.e. above 452°C). However, the present work shows the strong
affinity of tellurium vapour for 2050 /2541 /niobium stabilised
stainless steel at temperatures of 35000 and above, At the
higher temperatures examined (7500» and 85000) complete reaction
of the available tellurium and the steel was almost instantaneous
(<<160sec.) and it is not until the tempefature is £650°C that
incomplete reaction occurs over short periods.

An estimate of the reaction rate could be determined
from weight gain measurements but the speed of the reaction
allowed sufficient measurements to be made only at the lower
temperatures examined, The data (from Tables.linlj), plotted
in Figure 40, show that the w eignt per unit area (x) of

tolliurium used in the re ction is aprrozimately linear with

I._I‘

time (t), i.e. % = x(T)t. The rate constants (k) at 5500,

4500 and 65000 are determined as 5.5 X 10° 7 2.5 x lO~> and

-2 -1 )
5.9 x x 10~ mb m “sec — respectively.

o}
=)

The corrosion gproduct thickness after the reaction

ct
Vet
oy
m

tellurium vapour with the stainless steel was depcudent on
quentity of tellurium consumed but was independeut'of the

temperature (see Figure 41)., The temperature did, however,
influence the rate at which the ultimate procuct thickness was
achieved since this depended upon the rute of reaction between

the tellurium and tie asteel.

5.10.1. Subsurface Effects.

5.10.1.° Intergranular Penetration and Subsurface Voids.

Beneath the caromium rich product there was a reaction
2 LY IR JUPO ~ o vy i ma 31X Zurm an EAETEE
zone of constant thicknees (approximately JZum and Soun for

-70-
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the O.lmg.mm and lmg.mm 2

studies fespectively) (see e.g.
Figure 25a) which showed penctration of tellurium along a
broad front. Intergranular penetration of tellurium occurred
to a greater depth. The depth of attack (y) can be represented
by a function y = at™ + c, where "a'" and "c" are constants.
similar expressions have been obtained for the growth of
reaction zZones at temperatures:>7oooc (Gotzwann et al., 1974)
and for the depti of penetration of liquid telluriunm at 65000
(Batey and Bagley, 197L4) in austenitic stainless steels,
where it has been assumed that ¢ = O or<< y. The values of
"t are quoted as 0.2 -0.5 and 0.25 for each of those studies
respectively. If the sanme assunption is made in this study,
np't has a value of 0.3 - O.4 for tﬂe ?500 and 85000 anneals
(Figure 26). However the value of "c!" is dependent upon the
amount of steel removed during the reaction, which is calcuiated
to bhe appfoximately Zum for the O.lmg.mm~2 studies (assuming

7
the density cf the reaction product to be 4 X loikg.m “ and
tne thickﬁess of the reaction product as 20um)., Given a
similar value for "c'", then "n" 1S reduced to~0.,25. The
depth of attack is limited by the amount of tellurium
available for reaction and the effect of temperature is soleiy
~upon the .speed.at which .this limiting depth is achieved
(Figure 26).

Batey and Bagley (1974 ) obsérved that liquid

tellurium attack in M316 stainless steel at 550°C was
ermetallic compound at the

marked by the formation of an int

grain boundaries. I the present work, evidence of this is

less conclusivé and only the lighter, telluriuwm-mansanese-

chromium rich areas observed in Figure 25b could be

71




regarded as an indication of comfound formation. Upon

lizhtly etching, these areas opened out and appeared as

grain boundary voids. Presumably this was caused by the

dissolution of the reaction product during the etching process.
However, genuine subsurface voids were found (in

unetched sections) from the early stages of anneals above

65OOC. Subsurface voids have veen found previously in

205Cr/25%N1i/Nb stainless steel at 750°C during oxidation in

carbon dioxide (kcCoy, 13965) and during long term exposure

(>1000 hours) to iodine vapour (Lobb and Jones, 1973).

This phenomenon is usvally ascribed to an excess vacancy

concentration produced by movement (as cations) of one or
more of the steel constituents out%ards and concurrent
injection of vacancies' (see e.g. Gibbs anc Hales, 1973%).
However it may be that, in this instance, either dissociation
of chromium telluride particles under the influence of the
chromium depletion gradient similar to thatvdiscussed by
Evans, Hilton and Hola (1976) in their oxidation studies or
volatilisation of tellurides are contributing to the

formation of these voids.

5.10.1.2. Chromium Depletion.
The reaction between chromiui from the stainless

steel and iron and nickel tellurides in the reaction product

. mi ion -impedd y beneatn
results in a marked chromniuid depletlon immediately ben 1

the procduct. In some stainless steels, depletion 18

sufficient to cause the formation of a ferritic layer

c -] scence of such & layer
(Keroulas et al., 1972), but the Presed J

: \ i (3 WA
has not been establiched in the reaction of 20;Cr/25,N1/

72~




stainless steel and tellurium. The depth of depletion
continued to increase with time after the tellurium-steel
reaction was complete. This continued depletion was due to
the diffusion of chromium from the bulk of the metal in an
attempt to even out the concentration profile. Estimates of
the diffusion coefficient of chromium in 200Cr/25%Ni/Kb steel
can be obtained from the shape of this profile (Smith, Killeen
and #ild, 1974). The calculated diffusion coefficient
neceésary to account for =z 110ﬂm deplstion depth after

On . -16_2

1027 hou at 750°C is approximately 1.5 x 10 m sec ‘.

C‘)

The tracer value of the lattice diffusion coefficient of

chromium in 20%sr/25%H1/d stalnlesb steel at 750 C is

-18 2 B . v ped
5,2 x 10 “n“sec (Swith, 196%9a). The larger é¢iffusion
coefficient can only be accounted for by either (or both)

a lattice coefficient enhanced by the injection of vacanclies

1

or a significant contribution of the grain boun 1deries TO

chromium depletion. This phenomenon appears to be
characteristic of other fission product attack on stainless
steel since long term exposure to iodine vapour at 75000
also produced enhancad chromium depletion (Lobb, 1976).

Phe extent of chromiun depletion that would be
expected, using this calculated diffusion rate, at a time
when chromium is just becoming incorporated into the reaction
layer iz now considered. For example, after 1 hour at 750°C
it would be expected that a chromium depleted resion
approximately 1ﬁm deep would be observed, However, the
experinmental datéa shows a depletion denth O
lfﬂﬂ (Table 12), whereas tellurium is observed to a depth

Hence based on thic tenuous evidence

1

of ciproximately Sum.

Ly
~




it would appear unlikely that chromium could be solely
responsible for controlling the rate of reaction but it may
be argued that tellurium plays a major role in the rate

controlling process.

5.10.2. Reaction Stages.
The results obtained have shown that the reaction
petween tellurium vapour and stainless steel progressed in

three stages, each of which will now be considered.

5.10.2.1. Initial Stage.

This step consisted of the formation of an iron-
niclkel-tellurium rich layer (sce Figures 25(c) and {d)) and
it was only observed at the lower temperatures examined (<6SOOC)
because of the speed of the reaction. At 5500 and 650°C;
no separaﬁion of iron and nickel was found but at 45006
nickel telluride started to form before iron teiluride
(see Figure 30). At first sight this appears to be surprising
since the studies reported in section 5.9. and those of
Gotzmann et al. (1974) have shown chromium telluride to be
more stable than either iron or nickel telluride and, from
a thermodynamic viewpoint, chromium telluride should form
preferentially in the reaction of steel and tellurium.
Therefore this stage of the reactioh must be governed by
the speed of the various chemical

other factors such as

reactions between tellurium and the main steel constituents

. . Fn L i > 1] Se
or the diffusion rates of +he respective element

7l




5.10.2.2. Intermediate Stage.

This stage started with the formation of chromium
telluride and cended with tne development of a double layer
product. Chromium telluride first formed as a thin layer
adjacent to the product-mefal interface (see Figures 31(a) to.(C)).
The inner chromium rich layer grew as the reaction proceeded
until all the corroding species was exhausted. At this point
the product was duplex with scaleé of approximately equal

thickness (see Figure 27).

5.10.2.3. Final Stage.

The chromiwn rich layer continued to increase in
thickness at the expense of the irog—nickel rich layer,
leading eventually to pockets of iron and nickel tellurides
towards tne outer edge of the product (Figufe 28) aud
ultimately to the formation of a single layer product.which
was mainly chromiun telluride (50-5f2?e). ks the reaction

proceeced the remaining iron and nickel becams incorporated

[¢]

in the outer régions of the product (Figure %7) until they
eventually appeared as small nodules on the surface of the
corrosion product (Eigure 34), If the density of these
nodules was assumed as 8.5 X_loal{g.m“3 (i.e. the average
fér iron and nickel) and the density of the outer iron-

nickel-tellurium layer as 4 X leKé-m~3:-the calculated

weight of the nodules accounted (witnin a factoran 3) for

the mass of iron and nickel in the iron-nickel-telluriui

layer originally.
The transition from a duplex to a single scale

occurred without welsit 1pcs and can be explained in terme




of tne relative thermodynamic stabilities of the steel
tellurides, i.e. upon exhaustion of the tellurium supply
chromium reacts with iron and nickel telluride to form the
more stable chromium telluride (see section 5.9.).
Exanination of Table 14 and Figure 31 shows that the_inner‘
chromium layer starts forming befbre the tellurium supply is
exhausted. So.although the studies of Batey and Bagley (1274)
were undertaken in a large excess of tellurium the substrate
chromium telluride product should still have been evident.

No mention is made in their paper of such a layer and this

is at vafiance with the present study. However, the formation
of a final chromium telluride reaction product agrees with

the results of Gotzmann et al.}(l97@).

The above mechanism is appropriate for all the
concentrations studied, However, in the longer exposure
(=200 hours), low concentration studies at 85000 an additional
effect bf weight loss vas apparent. The weight loss was
consistent with a reaction occurring between the telluriun
and the stéel followed by the subsequent removal of a telluride
containing one, two or three stoicheiometric quantities of
steel constituent.

This could be explained by the formation of a telluride
with a metal/tellurium ratio >1:1. The observation of a-iron
in the ampoule subsequent to some of these anneals would
substantiate such a mechanism with the formation of FeTe,

FeaTe and/or FeBTe followed by their decomposition.
However the participation of chromium in the reaction, shown

by the depletion occurring when three equivalents of the metal

wére lost would favour & mechanisn involving & sequential

—76-




removal of nickel, iron and chromium tellurides,

Further evidence supporting this mechanism is obtained
from the temperature gradient experiment where decomposition
of both iron and nickel tellurices occurred at ?BOOC. It may
be expected that if a non-uniform temperature profile existed
in these studies then over extended periods at 85OOC a simila
phenomenon may have cccurred. This may also explain the
apparent incomplete reaction in the 1014 houi, O.J_mg.mm-2

study at 850°C.

5.10.3, Effect of Surface Oxidation on the reaction.

A reaction between tellurium and the stainless steel
was observed on the pre-oxidised séecimens but it only
accurred where either the original chromium oxide layer was
missing or where a break in this layer existed. Tnus the
presence éf this pre-oxidiged layer afforded some degree of
protection to subsequent tellurium attack. Within the areas
of attack the reaction proceeded 1n a similar manner to that
discussed in sectioﬁ 5.10.2.

As stated in section 5.6.2. attempts to undertalike
gold and platinum marker experiments were unsuccessful due to
the reaction of these materials in the telluriun environment.
However, tne ore-oxidised surface studies have snown the

Mo .
chromiun oxide to bexstable than the telluride product.
Indeed, this was confirmed by the thermodynamic studies
which showed chromiui oxide to be more stable than the steel

tellurides. Therefore, 1in areas where this oxide remained

intact the approximate position of the original stainless

¥ U o3 -
steel surface could be lJocated. Tnus an electron probe
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microanalytical examination of a region where the oxide
had cracked but not spalled could be used as a marker

experiment.

Such an area is featured in Figures 328z and 39 which ;

show clearly the presence of the pre-oxidised layer.

The iron-nickel layer was seen to grow outside the original
steel surface whilst the chromium rich product was observed
below the surface. This would indicate that the formwation

of the initial ircn-nickel product involves the outward

T AR R A A e M AL R R TR LT R

diffusion of these tvo stainless steel constituents whilst

PR 7

the latter stage in which chrozium telluricde is formed is

dependent on the diffusion of tellurium inwards through the

outer product. This cquld be accoﬁplished either by movement
down cracks in the product, by diffusicn of telluriun throuzgh
the iron-nickel rich layer or via the intermediate dissociation
of the irdnunicxel-tellurium product. The inward diffusion
of tellurium is substantiated by the observation of intergranular
penetration of this element cshown in Figures 27 - 29.<

The cracking and spalling of the pre-oxidised layer
was brought about by the thermal shock that the specimens
received when the temperature was lowered subsequent to the
oxidation treatment: However, this effect may not be too
far removed from the situation at the internal surface
of an A,G.R., fuel pin. Alfhough the inner surface of the
fuel clad may be oxidised the thermal cycling of the fuel
during normal reactor operation could cause cracking of
quent attack by fission

this layer and thus aid any subse

product telluriumn.




5.10.4. Overall Mechanism.

The results obtained from the studies using lmg.mm >
of tellurium and those using pre-oxidised materials have
provided acditional mechanistic data. It.is now possible to
incorporate this evidence to establish the overall mechanism
of the reaction between tellurium and 20yCr/25%Ni/niobium
stabilised stainless steel., This is now defined in the
following series of steps.

a) Adsorption of tellurium on to the metal surfaée
and thence gross reaction to form a thin surface layer.
Fvidence for this is detailed in section 5.7. where small
amounts of chromium in the outer iron-nickel rich product
were observed, |

b) Diffusion of nickel and iron through tais layer to
form tellurides. This is substantiated by two observations.
First there is no evidence of telluriux penetration in the
early stages of attack (Table 14) and secondly the positicning
of the iron-nickel-tellurium product outside the original
steel surface.

¢) Formation of chrowmium telluride beneath the
driginal stainless steel surface and interzranular attack of
the steel by tellurium, This is achieved either by the

direct elemental penetration of tellurium or via dissociation

s Til- = o 3 ’,:;_,-....;\:.:,14.31
of the iron-nickel tellurices. This step 1s substantliacvea

by the positioning of the chromium telluride layer beneath

the pre-oxidised layer.

d) Growth of the chromium telluride product at the

. e - te aye Tiis continues
expense of the iron-nickel rich oucer layer. Tais ¢

. . NS wrarnal tellurium supply and
after the evhaustion of tne external tellur:i ply




occurs because of the greater therwmodynamic stability of the
chromium procduct.

Growth cannot take place at the outer surface of the
chromium telluride layer because the residual iron and niclkel
are not observed dispersed in the outer regions of the final
product. Insteacd they are generally present on the surface
of the chromwiuva product, Similarly at the inner surface,
chromiun depletion of the steel is observed showing that it
has ¢iffused into the procduct and also iron and nickel are not
observed in the inner layers of the product. Tiherefore it
would appear that the chromium telluride layer is growing
within the existing chromium product where the outward diffusion
of chromivm meets the inward diffusion of telluriun,

Also at this stage there was evidenrnce that a reaction
[&]

occurred below the general reaction proauct with sezgregation

of the iron-nickel and the chrowium. It was apparent that

this reaction was proceeding according to a similar mechanisn
as that bein; discussed and was supplied with teliurium
either by the craciing of the main procduct or diffusion of
tellurium through that product.

e) Formation of sub-surface voids. These occur

possibikly by the migration of vacancies, the dissociation

of chromium telluride particles in & chromium depletion

gradient or volatilisation of the telluride product in the

grain boundaries.

and f) Continued chromium depletion in the bulk metal

in an attempt to even out the concentration profile.




5.11. Sumnmary.

The study of the reaction between tellurium and
20,Lr/25%Ni/niobium stabilised stainless steel undertaken
in this chapter has shown that the reaction occurred with
increasing rapidity at temgeratures 35OOC and above., Long
term exposure at 75OOC and above fesulted in subsurface,
intergranular voidase and significant chromium depletion of
the uaderlying matrix.

The reaction between the tellurium vapour and the
stainless steel progressed in several stages:-

(i) The early stages involved the outward diffusion
of thevnickel and iron constituents bf the steel. Tie order
of reaction was deternined as‘nickél > iron > chromium and
resulted in the formation of a single layer product of
nickel and iron tellurides; segregation of the nickel and iron
tellurides was only observed after short exposures at 3500
and 450°C,

(ii) The intermediate stage was the development of
a duplex reaction product as a chromium telluride layer

formed beneath the iron-nickel rich layer. The rate controlling

parameter for this stage of the reaction was determined as

“the diffusion- of telluriunm through the -outer product.

(1ii) The final stage of the reaction was determined

by the thermodynamic stabilities of the tellurides. The

order of thermodynamic stability was found to be chromluu

telluride > nickel telluride > iron telluride. Consequently

the resultant product was a single layer of chromiun

telluride (CrTe).

, i rati rred in the stainless
Subeguently, void formation cccurr i

_81~




steel and continued chromium depletion was apparent.

It has been shown experimentally that chromium oxide
is more stable than chromium telluride and it is for this
reason that pre-oxidation of the steel surface afforded
protection in regions where the oxide layer remained intact.
However, reaction occurred as above in areas where spalling
had taken place. Cracking of the oxide'allowed localised

telluriunm reaction to take place,

>
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CHAPTER SIX. TECHNOLOGICAT, IMPLICATIONS.

6.1. Introduction.

The only entlrely new foature in the A G. R 1s the

}fuel, and the much higher ratings and temner tures 1nvolved-
increase the problem of selecting reactor materiais. In order
to establish a safe, as well as an efficient, range of operating
tempefetufes it has been necessary to determine:the propertiee
of uranium‘dioxide”fuels-in~a"§ariety-of-cenditions;-vThe
__studles preeented in this thesis asslst the ap pralsal of the

cenpinued integrity:of the nuclear fuel in the A.G.R.

6.2. Fission Product Compatibility.

Farlier considereuions (Chapter 2) have shown that
unirradiated stoieheiometric and hypostoicheiometrie uranium .
‘dioxide are compatible with stainless steel at tempefatures
suitable fer A.G.R. operation. However reactions can occur
at the inner surface of the fuel cladding during irradiation
due fo the release of fission prodﬁcts from the feel during
this period. This s§udy.has shown-that the three volatile

fission vproducts, cg031un, jodine and tellurium can have an

influence on the inner surface of the steel

-
o)
3

s . . .
It is aprarent from the available 11terature that

sen
caesium attack to be parawount then a sig 11flcant 0XY &

' i i her: irradiation the low oxygen
potential should exist. In thermal irradia } 3

potential should therefore limit the corrosive effscts of

“hlc element. Similarly the attack of the steel clad by

1 £ ¢ rreater thermodynauic
iodine should be rGStrlCued due to the gre




stability of caesiun iodide compared £o the steel iocidég
(rigure 3). Furthermofe reaction between éaesium'iodide and
stainless steel has been shownmto occur ‘only in the presence
of ovygen and the reaction has been similar to that observed
fof caesium, However the post irradiation stﬁdies discuésed
invChapter L, show that factors other than the thermodynémic
'consiQGrations may be relevent and.circumstantial evidence
suggests that iodine could well have been involved in the
formafion of the reaction products observed.

Ths ;nvolvgment of caesium in the post-failure oxidation

of the inner surface of the clad is more significant and has

.

implications with respéct to reactér operatidn. Thus, the
data showgd that following.can failure the presence of fissibn
.products in ésSociation'with én oxidising envifonment was"
sufficient.to'enhance the oxidation rate by'5105 tines.

Enough caesium was detected in the reaction product to alter

=

the composition of the‘protective chromium oxide layef to a
presunably less §rotective caesium chromate. The operational
vimplication of thié work was that any failed fuel ;hould be

removed from the reactor és soon as possible after failure to

-limit fission product release.

The examination of the reaction between tellurium

' e .y PR atad os tet .e t
and 20%Cr/25%Wi/niobiun stabiltised stainless steel T pre;en S

the first detailed study of the stainless steel-telluriunm

. T s ablis r+ at a number
system. 8uch reactions could conceivably occur t

. ' . o < 1 ©
of sites. Thus in high temperature regions (6507C) localised

attack may bé expected in the immediate vicinity of fuel

. . N - . . kY ~ 3 - Py )
cracks where fission product ngtreaming' to tng inner clad
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surface occurs. lHowever only low éoncentrationé of £eliﬁrium
will be present and thus attack wpﬁld be expected to be
limited to similar levels as shown in the low concentration
studies described in section 5.7,

"Reaction might‘also be expected at lower temperatures
due either to movement of tellurium from high to low temperature
regioné or to the decomposition of tellurides formed in fhe.
higher temperature afeas. This latter mechanism could be
achieVed.by the conditicné shown in the temperature gradient
-éxperiment.' Movement of tellurium by either mechanism could
result in the end cap region of the fuel pin being susceptibdle
toAthisvfor;'of aptack.where possiblj 0.5 grams dfuteilurium
could be expectead to aécumulate assaming-thét 10% isAreieaééd
from the fuel,

It should be noted howevér that under reac;or Qonditions
tellurium ;ould react with the excess caesiun présent inla
fuel pin. Cﬁnfliéting evidence is presently available on the
outcome of such an association. Gotzmann et al. (l9?h)‘state'

that it reduces the effectiveness of the tellurium because

the caesium compound is thermodynamically more stable than

the corresponding chromium compound but Batey and Bagley (1974)

and Maiya and Busch (1975) have shown that the acdition of

caesium to tellurium, seither to form a caesium-tellurium - ?ﬁ

. C i fire : i t effect
mixture or caesium telluride(C 2Te) ?ompound, did no

the corrosive nature of telluriunm.

. 90 3 P 3 Ry uwrl -I
It may be expected that an oxidising environment will

i ion. T internal
exlist within the fuel pin during operation. Thus the 1 -

i : me oxidised forming a
surface of the stainless steel may become oxidl ] ‘

: - e i tion 5.10.3. that
Cchromium oxice layer. It was showd in section O 3




the presence of such a preffprmed'film inhibits the ¢orrosive
effects of-tellurium, However, this film may be broken down
either by mechanical Ccracking during operational thermal
cxcling or chemically by reacfion wifh caesium iocide,
In either case the protection afforded against tellurium
attack will_be diminished.

| Finally, in the event of a fuel pin féilure, it has
been shown that steel tellurides are iess stable than their
‘respéctive oxides in a Carbon dioxide environmenﬁ. Also it is
established (see Figufe 3) that chromium possesses the most
'Stéble oxide and niclkel the least stable oxide in an oxidising
environﬁeﬁt. Thus although chroumium felluride is the most
stable in a tellurium atmdsphére ifswill becomne the least
stable in an oxidising situation. Thais 1is analogous to the
iodide-oxide system discussed by Ramsdale and Hilton (1972).

Théfefore it may be expected that during a failure

proceés resulting in ingress of carbon dioxide,'subsequent tc
a stainless steel-tellurium reaction, the chromium tellurice
product which would normally be}present will be oxidised by
the cérbon dioxide. Thus in any subsequent post irradiation
examination the fellurium would either be observed in the
with nickel (i.e. the

elemental state or possibly combined

least stable of the oxides).

6.3. Summary.

The uranium dioxide fuel used 1n the A.G.R. 18

c1m s P R N sbilised stainless
conpatible with the 20%Cr/25%31i/nioblum stabil 2

' - i ss] ducts
steel claddinsy material but the presence of fission pro S

could have an influence in two ways:-
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(a) uub couenf to 1ucl pin fallurebennanccd clad

oxidation can be caus ed by the lnvolvcxent of cae°1um.

Corrosion rates, poszibly>lo5 times that norially observed
nay be expected due to»the POssible formation of caesium chrozate,.
It would be neces sary to discharge such fupl as soon as

p0351blc to avoid excessive release of fission products

and (b) Althougzh the study of irradiateqd éiad‘inner

surfaces did not show that the extent of attack was detrimental

:to.the life of an A.G.R. fuél pin, reaction between fission
product telluriua (and possibly iodine) and the stainless clad

will occur. The cooler end cap regions are the most lixkely

areas for this type of attack to cause concern,
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CHAPIER SEVEN. CONCLUSIONS.

The evidence obtained in the post irradiation
examination did not show that the extent of attack on the

inner surface of unfailed A.G.R. cladding was detrimental to

the life _of a fuel pin. However, two types of reaction
product were observec and cross sectional examination revealed
both a general attack (waximum depth aprroximately ?_Zﬁm)
and an attack characterised by a "doutle-layer" effect,
Telliurium was the only fissicn product observed dbelow the
surface of any reaction on the unfailed clad surfaces although
there was circumstantial evidence ‘ll,hat iodine may have been
involved.

An enhanced oxidation rate (>103 times) was observed
on the failec‘ A.G.R. clad specimen., It is believecd that
this was caused by fission product caesium modifying the
protective chromium oxide layer to less protective caesiuz
chromate.

The study of the reaction between tellurium and
2C/Cr/25% 4 /niobiun stabiliced stainless steel showed that
rapidity at temperatures

the reaction occurred with increasing

0

%250°C and above. The order of reaction vas determined as

: . v initially in the
nickel > iron > chrowmium and resulted initially 1

' i nickel
formation of a single layer product of 1ron and E

£ a slex product
tellurides, followed by the develoopment ol & duplex ¥

. s 4 action layer.
and finally a single chromium tellurite reactio 3

The stabilities of the steel tellurides were determined as

: i s iron telluride.
curomiwa telluride > nickel telluride > 1Troi
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rhe mecnanism of tellurium attack hes been evolved and is

detailed in section 5.10.k. The early stage of the reaction
is concerned with the butwardA diffusion of iron étnd nicicel
whilst the latter stages are determined by the inward movement
of tellurium through the outer reaction layer and the outward
g¢iffusion of chromiun.

It has been shown that chromium oxide is more stable
than chromium telluride and therefore pre-oxidation of the
stainless steel surface inhibits the attack by tellurium

i i 3 s+
except in regionc where this protective layer is either
£ 4J‘ 3

damaged or removed.
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APPENDIX Two

TL P T RO N £ - & 'n. . .
An ]i,btllnde.On of the Amount of Fission Product Tellurium in a

C.A.G.R. Fuel Pin.

It is cvident from the data shown in Table A.2.1 that
: llurijum isotope, apart i 135 .
each te S pe, apart possibly fron Te, exists for
sufficient time, especlally at the higher temperatures. to
L Ny
contribute towards the attack of the stainless steel claddine
R <

material. The relevent fission product densities, expressed as

the number of atoms per tonne of uranium dioxide, are displey

(o]

a
in Table A.2.2. for an A.G.R. fuel element irradiated to
1

s A 2 -1 7 o5 - : EIR
18,000 H.D.te at 1% Mi.te ~. However this rresents the anmount

£

of each fission product. at the end.of the irradiation; ther

to determine the total amount of tellurium generated an allowance

must be made for the tellurium that has decaved during this
period,

Table £.2.3. shows the fractional J:.ndependent fission
yield for each of the relevent decay chains (Tobias, 1973) and
thence the amount of each nuclide that will have orizinated vie
a tellurium isotope. Thus, by combining these data with that
expressed in Table A.2.2. the total amount of tellurium
during an 18,000 I'vi‘».".v'D.te—lA irradiati
1s calculated as 1.80 x 1025 atouns pér tonne of uranium dioxide
or 5.7 grams per pin. This represents an

o=l Jsquming that all cf
at the clad inner surface of 0.l2 mg.mnm suming

te
the generated tellurium is released evenly to the ou

Of the fuel.
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Half-lives

TABLE A.2,1,

of Telluriun Isotopes.

Isotope Haif-life
laqTe stable
125Te stable
1e5mp, 58 days
126Te ‘ stable
1274, | 9.3 hours
lZ?mTe 109 days
128Te stable
129m, 69 minutes
129mTe' 54vdays
150n, stakble
1317 “25 minutes
131mTe 30 hours
152Te 78 hours
lBBTe 125 minutes
133mp, 53 minutes
13hqe 43 minutes
1350, 11 seconds
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TABLE A.2.3.

Fractional Yields of Tellurium Isotopes.

Mass no, Nuclice Fractional incependent J. Pactor to
(subsequent to - fission yield calculate yield
Te in chain) from 232U via
tellurium nuclide
123 l2hng. 0.0 1.00
124 . .
Sb via neutron capture
125 1265, . 0.0 1.00
. via neutron capture
126 I - 0.0 ' 1.00
Xe 0.0 1.00
127 I 0.0 1.00
128 ) I ¢, 0001 0.9999
Xe 0.0 0.9999
129 I - 6.0001 0.9999
Xe , 0.0 0.9999
130 I 0.0003 0.9997
Xe : 0.0 0.9997
131 I 0.C050 0.9950
Xe 0.0 0.995C
132 I C.0045 0.9925
Xe 0.0 0.9955
Cs 0.0 0.9955
133 I 0.0147 0.9853
Xe 0.0 0.985%
Cs 0.0 0.9853
134 I 0.1549 0.8451
Xe 0.0029 0.8426
Cs 0.0 0.8426
Ba 0.0 0.8426
135 I 0.3658 0.6342
- Xe : 0.0363 : 0.6112
Cs 0.0004 - 0.61C9
Ba 0.0 0.6109
136 I 0.5522 0.4478
Xe 0.0822 0.4110
Cs v 0.0009 0.4106
Ba ’ " 0.0 C.4106
137 - I 0.5248 C.4752
Xe 0.2602 0.3520
Cs : 0.0214 C.3474
Ba 0.0C03 0.3473
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