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Review and Evaluation of Cladding Attack of LMFBR Fuel by M. Koizumi,

S. Nagai, H. Furuya, T. Muto, Japan.

Abstract

The behavior of cladding inner wall corrosion during

irradiation was evaluated in the term of: fuel density,

fuel form, O/M ratio, plutonium concentration, cladding

composition, cladding pretreatment, cladding inner diameter,

burn up and cladding inner wall temperature. Factors which

influence .are eicperted to be clare] a*e- O/M ratio, burn up,

cladding inner diameter and cladding inner wall temperature.

Maximum cladding inner wall corrosion depth was formulated

as a function of O/M ratio, burn up and cladding inner wall

temperature-

I. Introduction

The decrease of the cladding thickness due to the

corrosion of fission products and their compounds is one of

the important parameters to take into consideration for the

fuel pin design. The cladding attack does not occur

uniformly along the inner wall, and there have been two types

of attack, intergranular attack and matrix attack. As the

depths of this attack depend on the fuel O/M ratio, burn up,

cladding inner wall temperature, etc, large scatterings have

been observed in the measured values reported until now.

The purposes of this paper are to evaluate the parameters

affecting the cladding inner wall penetration depth and to

derive the maximum cladding penetration depth as a function

of O/M ratio, burn up and cladding inner wall temperature

using reported data untill now and PNC data.
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II. Evaluation of the Parameters Affecting the Cladding

Inner Hall Corrosion

Irradiation conditions of the fuel pins in which cladd-

ing inner wall corrosions were observed, were shown in Table 1

and 2. Based on these irradiation conditions, the correlation

between the cladding inner wall corrosion and various para-

meters affecting to this, is evaluated.

II-l Fuel Factors

II-1-1 Plutonium concentration

Oxygen potential of the mixed oxide fuel increases with

Plutonium concentration'13). That is, for 20% PuO2 fuel, it

is sufficient to oxidize the stainless steel cladding at

O/M>1.9«lx:>'. Fast fission yields of Pu are poor in Zr,

alkali earth and rare earth metals which combine strongly

with oxiygen than that of 235O(i3). Therefore, during

irradiation, oxygen which combine with O and Pu become excess

in high Pu content oxide fuels and 0/M ratio of the fuels

increases. It is expected that high Pu content fuel conducts

to deep cladding attack during irradiation.

Coquerelle et al. *9* have reported that a higher initial

Pu concentration (30%) increased the depth of intergranular

attack, but matrix attack remained apparently unaffected.

And this influence was less effective than that of 0/M ratio

and cladding inner wall temperature.

There are many other in pile corrosion data using fuel

pins'with different plutonium concentration, but it is dif-

ficult to compare them mutually from the reason that there

are many other factors affecting the cladding inner wall

corrosion.

II-1-2 Fuel density

Johnson et al.*13* have reported the result of the irra-

diation experiments of fuel pins. In their experiment, the

factors affecting the cladding corrosion other than fuel

density were maintained to be same. Severe intergranular

attack was observed in the case of low density fuel. They have

described the influence of the fuel density in the following

manner. "At a given power level, low density fuels, which

have poor thermal conductivities, tend to have higher center-

line temperatures. These higher temperatures result in more

extensive fuel restructuring and tend to vapor transport more

oxygen to fuel cladding interface. On the other hand,

initially high density of fuel may hinder the transport of

oxygen to the cladding surface. This effect can be seen, in

the fission product vapor species such as cesium and molybdenum

oxide, which will pile up at the equiaxed grain unrestructured

boundary region in fuel with over 90% initial fuel density".

On the other hand', Bately et al. (8) did not observe the

fuel density dependence of the cladding inner-wall corrosion

depths from the results of the irradiation experiment of 70

and 80% T.D. vibro compacted fuels.
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Cox et al.I11) did not observe the difference of the

cladding inner wall corrosion depths in the irradiation experi-

ment of the low and high density fuel.

Furthermore, PNC conducted the several irradiation

experiments of two kinds of different fuel densities using

DFR and Kapsodie (Table 2 and Fig. 2). As these experiments

differs in burn up and initial fuel 0/M ratio, the density

dependence of the cladding penetration can not be evaluated



directly. The clear fuel density dependence of the cladding

attack indicated by Johnson et al. could not be seen from

these data.

Above discussion suggests that the fuel density dependence

of the cladding attack is slightly small, compared with the

fuel 0/M and clad inner wall temperature.

II-1-3 Fuel form

There are two kinds of methods to make the mixed oxide

with uranium and plutonium: (i) co-precipitation from the

aqueous solution of Pu and U nitrate, (ii) mechanical blending

of U0 2 and PuO2 powders.

Bately et al. f8' investigated the influence of two kinds

of methods on the cladding attack of mixed oxide fuel. They

irradiated the fuel pins under the closely comparable condi-

tions using the cladding material of identical fabrication

history. The results were not entirely conclusive, but

tended to suggest more extensive corrosion by mechanically

blendid fuel.

Perry et al.I*1) have reported that there were no dif-

ference in cladding corrosion to compare with the irradiation

experiments of both types of fuels.

Bately et a l . ^ have also reported the influence of two

kinds of fuel forms (pellet fuel and vibro-compacted fuel),

and severe attack was observed in vibro-compacted than pellet

fuel pins.

Fitts et al.(10) have reported the results of the post

irradiation examination of sphere-pack and pellet fuel pins

and showed that the former fuel was more compatible than the

later fuel.

Perry et al. I*1) • (3) carried out the comparison irradia-

tion experiment of pellet and vibrocompacted fuels and

observed the equivalent depths of attack at the comparable

sections in both fuel claddings.

Cox et al.*11' have indicated that the influence on the

fuel forms to the cladding attack is less effective than

other parameters like fuel 0/M ratio.

The above discussions is considered that fuel form is

not expected to be effective in cladding attack.

II-1-4 0/M ratio

It is supposed that the corrosion of the stainless steel

cladding during irradiation is essentially the oxidation

reactions **x 3 ) , therefore 0/M ratio which determins the oxygen

potential of the fuel is one of the most important parameters

to control the corrosion depth of the cladding. Accordingly,

many irradiation examinations were performed in order to find

the dependence of cladding attack on 0/M ratio of the fuel.

Weber et al. *"s) measured the cladding penetration depth

of fuel pin with fuel O/M ratio 1.93, 1.96 and 2.00 and found

the clear dependence on 0/M ratio. Their post irradiation

examination results are expressed in the following manner,

M = 1.43(O/M-1.93)xl03 (pm)

Ellis et al.*12) performed the comparison irradiation

examinations with different 0/M fuel (1.97 and 2.00).

Compared with the low 0/M fuel pin (1.97), high 0/M fuel pin

(2.00) exhibited a deeper maximum penetration (97 ym vs 56 ym)

and a large amount of affected circumference (90 vs 40 %) at

the highest temperature region even though cladding tempera-



ture, power and burn up were slightly lower.

Bately et al.(8) have reported that the correlation

between cladding corrosion and fuel stoichiometry (0/M = 1.97

*2.00) was not observed from the DFR irradiation test, but,

no cladding corrosion was observed in low 0/M fuels (O/M=1.93).

Furthermore, pins containing (U, 15%Pu) oxide with initial

0/M ratios o£ 1.95, 2.00 and 2.05 were irradiated by DMTR to

approximately 6.0 atm% burn up under similar conditions of

fuel heat rating and cladding temperature, and patchy clad

attack up to 25 vm was found in the case of 0/M ratio 2.05.

Coquerelle et al.(9) have reported the irradiation results

of the fuel pin in the 0/M range 1.93*2.00 and in the case

that fuel 0/M ratio was 1.93, cladding corrosion was reduced

to a negligible level.

Neimark et al. ̂1'*̂  have reported the results of the

irradiation test of fuel 0/M ratio 1.94*2.00 at burn up 11 a/o

and no cladding attack was observed in the case of low 0/M

fuel (0/M = 1.94*1.97).

On the other hand, the correlation between relatively

higher 0/M ratio fuels (1.98*2.00) and the cladding attack was

investigated from the results of many other post irradiation

examination. The difference of cladding corrosion due to the

change of the fuel 0/M ratio in the range 1.98*2.00 was not

observed (for example PNC data).

From the above discussion, cladding corrosions clearly

depend on the fuel 0/M ratio. Xn order to reduce the cladding

corrosion to a negligible level, it is necessary to reduce

the fuel 0/M ratio to the level about 1.93. The reason that

cladding attack is independent on the 0/M ratio in the range

1.98*2.00 is explained that the oxygen potential is sufficient

to oxidize the cladding for 20 %PuO2 fuel'
15* and additionally ey

accuracy of the 0/M ratio analysis is within +0.01.

II-2 Cladding Parameter

II-2-1 Cladding compositions

Perry et al.^1) have reported the results of the irra-

diation experiments using several kinds of cladding materials

(AISI 316, 347, 304 and INC-800) and observed no differences

in the corrosion resistance among these materials.

Bately et al.(&) have reported the results of irradiation

experiments using four kinds of cladding materials, AISI 316,

316L, FV438 and PE16, and observed no differences in their

suceptibility to corrosion by fission products.

Fitts et al.(3) reported the results of irradiation

experiments using AISI 304, 316 and Hastelloy-X, and the

results of their tests showed that Hastelloy-X cladding might

be sufficiently compatible with mixed oxide fuel at 50*100°C

higher comparing with other materials.

The above results may suggest the following tendency,

(a) Hastelloy-X may be superior than other materials,

with respect to corrosion resistance.

(b) There is little reason to choose among the austenitic

stainless steel in regard to the corrosion resistance.

II-2-2 Pre-treatment

Gotzman et al.'16' performed out-of-pile experiments to

investigate the influence of the pre-treatment on the cladding

corrosion. Cold working ratio (15 and 30%) and sensitization

annealing accelerated the cladding corrosion in some degree.

Out-of-pile experiments about cold working dependency of

the cladding intergranular penetration depths were performed



in our facilities**7). The effect of the cold working ratio

on the intergranular corrosion showed a tendency, as given

in Fig. 1, to decrease at a cold working ratio in the range

of 10% to 20% and to increase again beyond 30%.

Bately et al.*8^ have investigated the influence of the

clad heat treatment on corrosion sensitivity in AISI 316 and

316L st ainless steel claddings and found that clads in the

fuel solution treated or 20% cold worked condition corroded

similary under irradiation.

Above results may suggest that the pretreatment of the

cladding is not the dominating cause of the cladding corrosion

under irradiation.

II-2-3 Cladding radius

Perry et al.**) and McCarthy*18) et al. have reported,

based on the irradiation experiments in EBR-II, that the in-

crease of the cladding outer diameters from 6.35 mm to 7.37 mm,

caused the cladding inner wall penetration depths increase by

a factor about ten.

Bately et al.*8) have reported the results of irradiation

test of cladding attack as a function of inner diameter.

Even though considering the difference of the cladding inner

wall temperature, the increase of the cladding diameter tends

to increase the cladding attack.

It is supposed that the increase of the cladding diameter

causes the composition and quantity of the fission products

precipitated at the cladding inner wall change suggested by

McCarthy et al.<18>

II-3 Irradiation Parameter

II-3-1 Linear heat rating

According to the increase of the linear heat rating, fuel

temperature increases and volatile fission products such as Cs,

Te, Mo, etc. migrate more rapidly to the fuel-cladding gap.

Therefore, cladding corrosion is expected to be corelated to

the linear heat rating.

Perry et al.**) have reported the cladding attacks at

various linear heat ratings, and under the condition of linear

heat rating below 360 kW/cm, the cladding corrosion depths were

small comparing with high linear heat ratings (400^530 W/cm).

Bately et a l . ^ have reported that linear heat rating

dependence of the cladding attack was not clear.

These results is conducted to a suggestion that at the

normal heat rating, cladding corrosion is insensitive to the

linear heat rating.

II-3-2 Burn up

With the increase of burn up, increase the quantity of

the fission products accumulating in the fuel cladding gap and

the reaction time of the fission products and cladding.

Therefore the cladding attack is expected to increase with

burn up.

Perry et al.*1) and Bately et al. (8) investigated the

cladding corrosions at the wide range of burn up, however clear

dependency was not obtained.

Gotzmann et al.*15) have evaluated the in pile corrosion

data from the point of view that the mass transport in the

68



reaction layer was the rate determing step of the cladding

corrosion, that is, corrosion rate depended on the square root

of the burn up (or irradiation time).

McCarthy et al.(18' have correlated the cladding corrosion

depths with cladding inner wall temperatures assuming that the

cladding corrosion is in propotion to the burn up.

However, based on the results of post irradiation examina-

tion performed at PNC and several other investigations, the

following burn up dependancy was obtained (Fig. 2). As the

cladding attack severaly depends on the fuel 0/M ratio, cladd-

ing inner wall temperature and cladding inner diameter, the

plotted points shown in Fig. 2 are chosen from the data that

the cladding inner wall temperature is 58<H630°C, 0/M ratio is

1.98^2.00 (discussed II-1-4) and cladding inner diameter is

nearly 5.6 mm$.

From this figure, the maximum cladding corrosion depths

increases gradually up to about 35000^40000 MWd/T, and become

nearly constant above this burn up.

This tendency is supposed to be explained considering the

following corrosion mechanism.

(a) With increasing burn up, the volatile fission products

(Cs, Mo, Te, etc.) condenced at the cladding inner wall causes

the cladding attack (mainly intergranular attack), and

corrosion rate, assuming that mass transfer in the corrosion

layer is rate determing step, is propotional to the square

root of corrosion time (or burn up)* 1 5'.

(b) Corrosion products of the stainless steel components

(Cr, Fe, and Ni) precipitate at the cl'adding inner wall and

dilute the corrosives and decrease the thermodynamic

activity of them. This effect would decrease the corrosion

rate.

(c) After the irradiation time proceeds in same degree,

cladding desensitization occurs (Fig. 3)' 1 , matrix attack

originate instead for intergranular attack. The matrix

attack, however, does not increase remarkably the cladding

corrosion depth.

It is supposed that the superposition of these effects

causes the cladding corrosion depth to be constant above the

burn up of 35000^40000 MWd/T.

II-3-3 Cladding inner wall temperature

Several investigations have reported the temperature

dependence of the cladding corrosion during irradiation^1)'^5) * £

The temperature dependence evaluated by PNC are shown in

Fig. 4. Where, all the data are satisfying the conditions

that fuel 0/M ratios are 1.98*2.00, burn ups are above 35000

MWD/T and cladding inner diameters are nearly 5.6 mm* reported

up to now. The maximum values of the cladding corrosion depth

as a function of cladding inner wall temperatures have a

threshold at nearly 460°C, linearly increases to about 620°C

and have a constant value above' 620°C.

About the temperature dependency of the cladding corrosion

depths, Gotzmann et al.<15) have suggested that the cladding

inner wall corrosion rate maintains constant and depends only
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on burn up above some temperature, because the supply of the

fission products from the fuel to fuel-cladding gap rather

than the mass transfer in the corrosion layer becomes the rate

determing step. But this theory is considered not to be able

to explain the burn up dependency discussed above.

It is considered that the complex combinations of many

factors affecting the cladding corrosion (three among them

were described in section "II-3-2") causes this temperature

dependency on the maximum cladding penetration.

As one of the factors affecting this corrolation, however

it is supposed that the process sensitization and desensitiza-

tion (19) is closely related to this phenomenon. The maximum

cladding corrosion depths are considered to be the result of

the preferential intergranular attack by severe corrosives

(like CsOH etc. discussed other paper in this meeting).

In the case that cladding inner wall temperature is high,, the

rate of the intergranular corrosion is fast, but the desensiti-

zation of the cladding occurs for a short time. On the other

hand, at relatively low temperature, the intergranular corrosion

rate is slow, but the long time is necessary to generate the

desensitization. The intergranular penetration depth is the

function of both the intergranular corrosion rate and the time

for desensitization. And experimental result is considered to

suggest that:

A4 « f(T)*g(T) = constant.,

where A£ : intergranular corrosion depth,

f(T) : corrosion on rate as a function of temperature,

g(T) : time to cause desensitization as a function of
temperature,

above 620°C. In each case, after the occurrence of desensitiza-

tion, matrix attack is the main corrosion process. And it is

considered that the matrix attack followed to the intergranular

attack does not change remarkably the cladding corrosion depth.

III. The Evaluation of the Cladding Inner Wall Corrosion

Factors influencing the cladding attack are classified in

the following manner.

(A) Factors contributing remarkably to the cladding corrosion,

(i) fuel O/M ratio,

(ii) burn up,

(iii) cladding inner wall temperature,

(iv) cladding inner diameter.

(B) Factors whose influence are small,

(i) fuel form, composition and density,

(ii) linear heat rating

(iii) cladding composition and pre-treatment

For the fuel pin design, the maximum cladding corrosion

depths is the one of the important factor. The results of

this paper suggests the following expression for the cladding

maximum corrosion depths.

A*(lim) = 4.64xlO~If« (O/M-l',93)- (T-360)^BO

where T : temperature, °C, but if T^620, T=620,

BO : burn up (MWD/T), but if BO 35000>MWD/T, BO = 35000

O/M 2 O/M ratio of the fuel, but if O/M>1.98, O/M=1.98

AI : cladding inner wall corrosion depth (ym),

and this equation is applied only to the cladding inner diameter
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(=5.6 mm<(.)

And this equation was applied to the data reported by

Conte et al.* 1 7*, at burn up 126000 MWd/T and O/M=1.97. The

calculated corrosion depth 104 ym is good agreement to obserbed

value about 115*125 ym.
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Table 1 Irradiation Data by Various Investigators 72

a

b

c

d

e

f

9

h

i

j

Fuel

Pu/U+Pu %

12

25

25

20

15
20

20

20.1

20

30

25

0/M

1.96 ~
2.00

1.98~
2.00

2.00

1.999~
2,000

1.94 ~
2.00

1.98 -^
2.00

1.97

1.97 ~
2.03

1.995

1.98

1.96R--
2.00

1.97 —
2.00

Form

SP, AP
& VP

SP &
VP

AP

SP &
VP

SP &
VP

SP, VP
AP

SP

SP

T.D(%)

82
97

79.0
91.6

85

SP 85.2
VP 84.1

84.3
94.9

79.8

80 >

89.4

89.2

88.4

86.6

91 ~
92

Irradiation Cond.

Heat Rat-
ing w/cm
164 ~

886

377 ~
689

230 ~
590

623 ~
738

491 ~
558

520

249 ~
728

440

500

560

480

444

Burn UD
MWd/T

35,000~
149,000

27,500~
97,000

4,000-
63.000

148,000

68,000~
133,000

48,400~
52.000

126,000

8 ,000~
81,000

10.3

6.3

45MWd/kg
(VP)

10.5

5.1

Cladding

Temp.°C

515 ~
815

500
624

710 ~
850

660 ~
760

670 ~
620

527 ~
610

550 ~
750

450 ~
800

-650

320 ~
700

570 ~
620

~615

<— 746

Material

316
347

304
316L

Hastel l -
ov-X

347

304

316
304L

316

316 V548
PE16

1.4961
1.4988

1.4988

1.4988

1.4988
1.4970

316

Diameter

6.35 ,
7.37

5.59 *
6.35

3?JL304L

5.59

5.54

6.35

5.185

5.24

5.5

5.28

Note

*
outer

DFR 350
453/8

DFR 304

Moi 7A

Rapsodie

Ref.

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

(12)

Table 2 Fuel and Irradiat ion

Capsule

DFR 332/2

DFR 332/3

DFR 332/5

DFR 332/6

Rapsodie
PNC-1

Rapsodie
PNC-2

Number
&

Pins

6

3

3

1

19

4

Data ( PNC )

Fuel

Pu/U+Pu 1

18

18

18

20

18

20

0/M

1.98

2.00

1.98
2.00

1.99

1.98
1.99

1.98

Form

-Pellet

Pellet

Pellet

Pellet

Pellet

Pellet

T.D %

96

94

94

83

95

85

Cladding

Material

SUS 316

SUS 316

SUS 316

SUS 316

SUS 316

SUS 316

Cold
Work

6 %
18 %

10 %

10 %

10 %

10 %

10 %

Irradiation Condition

Heat Ra-
ting w/ci

510

506

432

403

426

490

Burn up
i MWd/T

10,970

38,300

48,500

55,300

31,000

64,800

Clad I.D
Temp.°C

640

644

648

625

600

610

Max.Deptts
of Cladding

Corrosion
(Mm )

25

80

80

50

12

135

• Material A
• Material. B

1 o 2o 3o
cold working

Dependence of Intergranuiar Corrosion in AISI
316 on cold Working Ratio in 50hr. at 700°C.

FIG. 1.



I
e
8

I

1oo

50

o
•

A D

-

/ %
/ i

PNC (high density)

PNC (low desity)

A Coquerelle e t

Itohov* pt Al l*\\
VKW1 61 fll \ 3 /

/ o
/ 8

/ 8

o
1 1 1

a l

A

o
A

O
AO
AO

A°
A

O
1

0
(9)

1
.1
# t

1

U

E
aa
a
a

I

A

•
A
A _

A •
m

A " -

i
A

1 1 1

FIG. 2.

3 4 5 6 7
Burn up (MWD/T)

8 9 10

Cladding Corrosion as a Function of Rum UD

10-2 10"1 10° 101 102

Time (hour)

10° Iff 103

8

c
1

auu

800.

700

600

500

400

— f "̂ —̂ ^̂ ^

— \

^ " s ^ Sensitisation

1 1 1

-^

^ \
Region •

1 1 1 1
106

FIG. 3. Sensitization of Annealed AISI 3161 Stainless Steel ( 19 )

200

A Perry et al (1)

C Lambert et al (2)

~ A Perry et al (4)

O Weber et al (5)

I D DA Coquerelle et al(9)

X Ellis et al (12)

• PNC

100

4OO

FIG. 4.

5oo 6oo 7OO

Temperature ( °C )

Cladding Corrosion as a Function of TemDerature

Tensile Properties of Stainless Steels Intergranularly Corroded by

CsOH by M. Koizumi, H. Furuya, S. Nagai, H. Kawamata, Japan.

Abstract

Tensile tests of the solution treated and 20% cold worked

316 stainless steel intergranularly corroded by the fission

product elements. In the load elongation curve of the 20%

cold worked specimen, the rupture of the corroded zone was

separately observed from the corroded one, whereas the rupture

of the corroded zone in the one of the solution treated speci-

men was not distinguished from the rupture of the corroded

zone. In the corroded zone of the solution treated specimen,

the transverse crack which leads to the rupture took place in

the strain range beyond 0.5%.
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