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CLADDING DIMENSIONAL CHANGES -IN
MIXED OXIDE FUEL PINS

B. J. Makenas, J. W. Jost and J. W. Hales

Several types of stainless steel (304, 316, 316-20% Cold Worked, and |
316 Titanium stabilized 20% CW) (Figure 1) have been used as cladding for: mixed

. oxide (U, Pu)02 fuel pins irradiated in EBR-II. A1l of the materials have -

performed satisfactorily in their respective experimental subassemblies bUt}
significant differences in swelling and inelastic strain behavior have been
found at high fast fluences among the different materials ‘and among different
heats of the same material. ' ’

Cladding diameter increases were measured for 622 developmental and FFTF
reference design fuel pins which were irradiated in 19 experimental subassem- -
blies. (1) Fuel pin diameters were determined from mu1t1angle axial trace
profilometry measurements. The contribution of cladding swelling to the tota]
diameter change was determined by immersion density measurements for 137 of
these. pins. Inelastic strain was assumed to be the difference between the

. percent total diameter change and 1/3 of the measured percent volume change.

Figure 2 shows the range of temperature and fluence for which data are available."

Fuel pins clad with solution annealed type 304 stainless steel attainedn
peak diameter changes of 6% at a maximum fast fluence (E > 0.1 MeV) of
22
12.7 x 10
swelling and not to 1rrad1at1on or thermal creep. The observed cladding

n/cm (Figure 3b). Nearly all of this diameter change was due to

swelling was in exce]]ent agreement with correlations derived from unfueled
cladding data (Figure 4). (20

;

Other developmental -fuel pins were clad with solution annealed 316 material

22 n/cmz.' The maximnm diameter

and irradiated to a peak fast fluence of 10 x 10
change observed was 2.5% (Figure 3b). Swelling data are available only for
lower fluence cases, but these results indicate that the majority of the dia-
meter change 1is again due to cladding swelling. The observed swelling is also .

(3)

in agreement with correlations based on unfueled exper1ments




Five 1ots of type 316 20% CW stainless steel were used as cladding
material in HEDL reference design tests: developmental lots, N, 0 and
T and FFTF Core I lots, X and NICE. Fuel pins clad with N-lot attained a

22 n/cmz

maximum diameter change of 2% at a peak fast fluence of 9.7 x 10
(Figure 3a). The peak diameter change genera]]y occurred in the upper half
“of the fuel column and approximately 40% of this change was attributable to |
cladding swelling. The moderéte amount of cladding Swei]ing observed was

again adequately described by swelling models developed from irradiated un-"

fueled N-lot cladding (Figure 5)(4).

Twenty percent CW 316 T-lot was from the same heat of stainless steel
as N-Tot. 0-lot was from a chemically similar heat with higher'nitrogen
content. The T-lot clad pins attained a maximum diameter chahge of 5% at
a peak fast fluence of 12 x ]022 2

7% diameter change at 14 x 1022

n/cm .. 0-lot pins behaved comparably witH
n/cm2 (Figure 3a). The maximum diameter
change generally occurred near the middle of the fuel column. Cladding
swelling generally: accounted for half or more of the total diameter change
(Figure 6). Cladding swelling observed in T-lot and 0-lot clad pins was
greater than that .seen in the N-lot clad pins at.equiVa1ent temperatures

(5)

.irradiation can add additional increments of swelling beyond the expected

(Figure 5). It has been suggested that temperature variations during
values under isothermal conditions. Pins clad with 0-lot and T-lot material
experienced a significant temperature drop and several reconstitutions

during their irradiation period which may account for the additional swelling.

Several expefiments contained fuel pins clad with X and NICE lots which
were obtained from a sihg]e heat of 316 20% CW FFTF Core 1 steel. At high
fluence, for fuel pins irradiated in interior positions of a subassembly,"
the maximum diameter change usually occurred near the middle of the fuel
“column (Figure 7, 8). Fuel pins which were irradiated in the cooler corner
or exterior positions exhibited the peak diameter change at a somewhat higher
axial location (Figure 8). For fuel pins with low plenum pressures, roughly
90% of the diameter change was cladding swelling. Pins with higher plenum
pressures showed significant inelastic strain in addition to cladding swelling.
The highest exposure fuel pin exberiment with Core 1 cladding was irradiated
18,000 hours to a peak fast fluence of 13.3 x 1022 n/cmz. (Exposure in FFTF

will be 7200 hours and 12.0 x 1022 n/cm). The fuel pins in this subassembly



sustained diameter changes of nearly 10% (Figure 3a) without any deleterious
performance such as cladding breach. Core 1 cladding lots have, in general,
exhibited greater diameter change and greater swelling than previous lots

of 20% CW 316 material for both unfueled and fuel pin experimentsb However,
attempts to predict fuel p1n profiles based on dafa from unfueled Core 1 '
cladding experiments have not been entirely satisfactory (Figure 9). (6)
When fue] pfn cladding swelling data were compared to models derived from
jrradiated unfueled material, the maximum swelling occurred at lower temp- |
eratures and the magnitude of the'swe1]ing was lower for the fueled samp]es:

(Figure 10, 11) at temperatures above 500°C.

Fuel pins clad with t1tan1um stabilized 20% CW 316 SS have prev1ous]y
been shown (7). to exhibit a swelling peak at the low temperature end of the
fuel column. More recent results (Figure 12) have demonstrated that this
22 2

The

behavior persists to peak f]uences of at least 10.5 x 10™" n/cm™.
maximum diameter changes are comparable to ne1ghbor1ng T-1ot 20% CW 316 p1ns

1rrad1ated in. the same subassemb]y

Significant diameter changes have thus been observed in stainless steel
clad fuel pins and these changes have been attributed to a combination of
swelling and inelastic strain. Although differences in behaVior-amohg
various cladding heats have been noted (Figure 13, 14);'these experiments
have not given rise to a strain limit for miXed oxide fuel pin cladding and »
indicate that similar pins w11] successfu]]y achieve goal exposure in reactor
systems such as FFTF '
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~ Figure 1.
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‘Figura 2. The range of temperature and fast fluence (E > 0.1.MeV) for which profilometry data

are available. Several cladding types are shown. Note that at high cladding temperatures
data is available only for 20% CW 316 material. The extent of the cladding density data
base is similar to that shown for prof1]ometry except that data for type 316 SA cladding
are limited to fast fluences below 5 x 1022 n/cm? and data for Core I lots of 316 20% CW
are limited to temperatures be]ow 650°C. Temperature shown is time-averaged cladding
midwall temperature ~ .



10

T — T T — -

I T
L ¢ ) = HEAT NUMBER . J
: Y
?r NICE-LOT  (CORE-1, 81581) 7 -
¢ 2
- : 13.3 x 10220 /em? /// . .
8 564°C, 8 PINS b n
7 | g
i O-LOT (88229) w
6 3 14 x 10220 fem? -9+
o i 2 14 x10%“n/em g |
z w 673°C, 2PINS -
§ 5 k o A
= 4 |- £ T-lOT(87210) ' %
:2; 5 8 12x10%/em? ¥ N-LOT (87210) {
5 3 9.7‘)( ]022n/c",2 -
2 L 548°C, 10 PINS i
uw
g 2+ .
| i
1 | _
[ o —
1 | L 1 ] 1 ! 1
o 50 100 150 200 250 300 350
MILLIMETERS FROM BOTTOM OF FUEL COLUMN
10 T L T T T T , | T
s |- o
8 = 304 - SA ' 7
F = 12.7 x 10220 fem? 2
I o 511°C, 14 PINS 2]
s [ 3 5
z 6 E . . . ;/////// &
5 : A0 ,
« 5 b A _Z%%%%%%Q”’ Lo ‘%é%%%% 4
E SN Z : <. >
¢ T ST > < > y
§ 4 g ' : ///?/%/7//5///5//» -
(@) - -
& - i 7 s, R N
: 2 - %/I///%{///%///Z// < ~
B o ]0x1022n cmz ]
B 537°C, 16 PINS S
o . -
1 | | 1 1 1 1 1
0 50 100 150 200 250 300 350

- MILLIMETERS FROM BOTTOM OF FUEL COLUMN

Figure 3. Diameter Measurements from Fuel Pins Clad With A) Various lots of
316 20% Cold Worked Stainless Steel and B) 304 Solution Annealed,
316 Solution Annealed, and Titanium Stabilized 20% CW Cladding.
Peak Fluences given (Middle of Fuel Column) Are For E > 0.1 MeV.
Temperatures Given Are Peak End of Life Cladding Temperature at the
Top of the Fuel Column. Bands Indicate the Range of the Data. N

- haachansi andiNid S A g 4 eyt e A S BN A A A S £ A et e

e

g 5 T T PR o s Lt o it

.



MEASURED VS. CALCULATED SWELLING

'FOR 304 CLADDING R
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Figure 4. Measured vs. Calculated ch]11ng for 304 Cladding Samples.
The band is the predicted swelling for a temperature range of
450 to 500°C. The data points are fuel pin cladd1ng samples
with time averaged cladding midwall temperatures in the same
range. ~
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MEASURED'VS PREDICTED SWELLING
316 20% CW DEVELOPMENTAL LOTS
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Figure 5. Measured vs. Predicted Swelling for 316 2Q% CW Developmental

Lots. The band indicates the predicted{4) swelling for a
temperalure range of 500 to 550°C. The points are data taken
. from fuel  pin cladding samples with time averaged cladding
midwall temperatures in the same range. N-lot cladding is

in reasonable agreement with the correlation. T-lot and 0-lot
fuel pin cladding exhibit somewhat higher swelling -
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Figure 6.

Cladding diametgr change for fuel pin P-23A-18R. The contributions to the total diameter HEDL 8004-003.11
change of swelling and inelastic strain are also indicated.



" DIAMETER CHANGES FOR P-15 FUEL PINS
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Figure 7.

: ; , - ; : - —_ 03,1
Diameter changes for P-15 Fuel Pins with increasing fluence. Each curve is an average ﬂEDL&n4W39

of measurements from several fuel pins which were irradiated in interior positions of the
subassembly. A1l pins were clad with Core I steel. The axial position of the peak dia-
m2ter change has moved towards the bottom of the fuel column wizh increasing fluence.
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Figure 8.

Diameter changes for Fuel Pins Irradiated in exterior and interior positions in the .

'HEDL-P-14A subassembly.

The cooler exterior pins showed a diameter peak at a higher axial location-relative to the
bottom of the fuel column. The major component of diameter change in the P-14A fuel pins
was cladding swelling. The axial position of the peak diameter change reflects the

. different location of the. zeak swelling temperature (~500°C) in the two sets of pins.



PERCENT DIAMETER CHANGE
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Figure—”9. Measured vs. Calculated Diameter Profile for a fuel pin from the HEDL-P-15 subassemb
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e
. Calculations were pe{ggrmed using the HEDL computer code SIFAIL. Similar results were

reported previously for fuel pins from the HEDL-P-14A subassembly. -



“MEASURED VS CALCULATED SWELLING
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'Figure 10. Measured vs. Ca]cﬁ]arted (4) Swe]h'ng for Fuel Pins Clad with Core I steel. The curve

is the predicted swelling for the temperature range 550-575°C. The points are fuel pin
cladding samples with similar time averaged cladding midwall temperatures.
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Figure 11. Cladding Swelling frdﬁmaafueled experiments<4) and f;bm fuel pins with Core I Eigddfﬁéj T
- Bands indicate the results from one limited fluence range (8 to 9 x 1022 n/cm2, E > 0.1 MeV),
Similar results were found for other fluence ranges up to 11 x 1022 n/cm2.
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Figure 12. Diameter Measurements From A Fuel Pin Clad With Titanium Stabilized 20% CW 315 SS And From A Fuel
. Pin Clad With T Lot 20% CW 316 SS. These Pins.Were Irradiated Side-By-Side In The HEDL P-23C

Subassembly.



10 Y T T T : T T
S r . 20%CcwW

| . | 316
8 | ~ CORE-I1LOTS

2 -

PERCENT DIAMETER CHANGE

0 2 4 6 8 10 12 14

FLUENCE (10Zn/cmZ, £>0.1 MeV)
HEDL 8003-303.1
Figure ]3; Cladding Total Diameter Change For Various Materials As A Function Of

Fast Fluence. Only Data From Cladding Irradiated At Temperatures
Between 450 and 550°C Are Shown.



T l 1 l I ] i l 1 ' 1 ] 1
18 B 450° - 500°C - A ' |6
16 |-
' 20% CW .
- - 316 5
12 L CORE - I LOTS
W K > >
S 12 | s e
< n
S - S t
s 10 - 20% CW 2
= 316 A -
o - TAND O LOTS& 13 S
> A
8 |- -
5 =
& " g
o [a)
~ b r 12 &
=
- . 8
s L 316SA «
. : [«
- -1
2 |- .
s 20% CW
- 316 -
0 L NLoT |
PSS IS T RN G NS NN SO S N

2 4 6 8 10 12 14
FLUENCE (102n/ecm2, E>0.1 MeV) 3

HEDL 8003-303.2

Figure 14. Fuel Pin Cladding Swelling Data Vs. Fast Fluence For 450°C to 500°C
' For Various Materials. - :





