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FOREWORD 

Fuel Element Development for the Gas-Cooled Fast Breeder Reactor; 
Part II, Vented Fuel Rod Design was issued as GA-10657 (see ref. 2, p. 2, 

this report). 
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FUEL ELEMENT DEVELOPMENT FOR THE GAS-COOLED 
FAST BREEDER REACTOR 

Part I - Sealed Fuel Rod Design 

T. N. Washburn R. B. Fitts 
J. A. Conlin1 

ABSTRACT 

Thermal flux irradiation tests were conducted in coopera-
tion with Gulf General Atomic to evaluate the performance of 
sealed fuel pins designed for the Gas-Cooled Breeder Reactor, 
which has a coolant pressure of about 1250 psi. Three design 
concepts were tested: fuel supported, in which the thin 
cladding collapses onto the fuel on reaching temperature; 
fuel-cladding-interacting, in which the cladding experiences 
uniform creep and receives some support from the fuel; and 
prepressurized or free standing, in which the internal pres-
surization of tile fuel pin minimizes or prevents creep of the 
cladding. Sixteen fuel pins were tested at cladding tempera-
tures of 650 to 840°C, linear heat rates of 7 to 22 kw/ft, 
and fuel burnups to 6 0 , 0 0 0 MWd/metric ton. Ten fuel pins 
performed satisfactorily, but six developed unacceptable 
ovality. The fuel-supported pin was unacceptable because 
severe ovality developed during testing. Both the fuel-
cladding-interacting and/or free standing pins performed sat-
isfactorily at cladding temperatures below 800°C and cladding 
stresses (due to external pressure) below 12 ,000 psi. How-
ever, the results suggest that fuel-cladding chemical inter-
actions and the need for reliable dimensional stability will 
place a practical limit of 700 to 750°C on the Hastelloy X 
cladding temperature. 

A fast flux test in EBR-II contains seven (U,Pu)02 fuel 
pins with type 316 stainless steel cladding at 600 to 800°C. 

INTRODUCTION 

A design and irradiation test program is being conducted coopera-
tively by Gulf General Atomic (GGA) and Oak Ridge National Laboratory 
(ORNL) to develop fuel elements for the Gas-Cooled Fast Breeder 

1Reactor Division 



BLANK PAGE 



2 

Reactor (GCBR). The design work has been performed primarily at GGA, 
and the irradiation testing and postirradiation examinations have been 
conducted at ORNL. This presentation will summarize the efforts over 
the past several years in developing and testing the sealed fuel pin 
design in both thermal and fast flux tests. The companion paper by GGA 
describes the current work on the vented fuel pin development and test 
results.2 

The basic difference in the service condition between a gas-cooled 
and a liquid-metal-cooled breeder reactor is the relatively high pres-
sure (about 1250 psi) of the helium coolant in the gas-cooled system. 
The major emphasis in this program has been to establish fuel pin designs 
that adequately accommodate this relatively high coolant pressure over 
a wide range of cladding temperatures. Although there is incentive in 
gas-cool2d breeders to attain higher cladding temperatures3 the reference 
design4 of the GCBR demonstration plant sets the cladding hot-spot tem-
perature at 650° C for the near term, with a long-term goal of 700°C and 
a maximum linear heat rate of 15 kw/ft in both cases. Thus, the thermal 
operating conditions of the GCBR demonstration plant are very similar to 
those of LMFBR designs. 

COMPLETED IRRADIATION TEJ3TS 

The ORNL-GGA cooperative program for GCBR fuel development has 
included a series of irradiation tests in the Oak Ridge Research Reactor 
(GRR) Poolside Facility5 during the last five years. The early tests 

2R. J. Campana, J. R. Lindgren, and N. L. Baldwin, Fuel Element 
Development for the Gas-Cooled Fast Breeder Reactor: Part II. Vented 
Fuel Rod Design, GA-10657 (June 1971). 

3L. L. Bennett, W. E. Thomas, and J. P. Sanders, "Effects of Fuel 
Thermal Limits on Gas-Cooled Fast Breeder Economics," Trans. Am. Nucl. 
Soc. 33, 775 (1970). 

4P. Fortescue and W. I. Thompson, "The GCFR Demonstration Plant 
Design," pp. 795-311 in Proceedings of Gas-Cooled Reactor Information 
Meeting, April 27HVIay 1, 1970, C0NF-700401. 

5D. B. Trauger, Some Major Fuel Irradiation Test Facilities of the 
Oak Ridge National Laboratory, ORNL-3574 (April 1964). 
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of sealed fuel pins employed UOg fuel and Hastelloy X cladding (9 fuel 
pins), but later tests contained (U,Pu)02 fuel in Hastelloy X cladding 
(6 fuel pins) and stainless steel cladding (1 fuel pin). These tests 
were conducted in NaK-filled irradiation capsules that provided an 
external pressure of 1000 psia on the test pins and thermocouple moni-
toring of cladding temperatures. 

In this series of tests, fuel bumups ranged from 3,4-00 to 
6 0 , 0 0 0 MWd/metric ton, heat ratings from 7 to 22 kw/ft, and cladding tem-
peratures from 650 to 840°C. The principal design variables were the 
relative cladding wall strength (as affected by the "wall thickness, tem-
perature, and material) and the pressure differential across the cladding 
wall. This pressure differential was applied by using different initial 
internal pressure (prepressurization), and by providing different internal 
volumes for the accumulation of released fission gases, or both. 

All the tests in this series are listed in Tables 1 and 2 along 
with the most important fabrication and test information. Results from 
individual experiments and groups of experiments in this series were 
reported previously.6-11 The intent of this paper is to review the 

6R. B. Fitts, E. L. Long, Jr., J. R. Lindgren, and D. R. Cuneo, 
"Gas-Cooled Fast Breeder Reactor Fuel Element Development,11 pp. 864-878 
in Proceedings of Gas-Cooled Reactor Information Meeting, April 27— 
May 1, 1970, C0NF-700401. 

7R. H. Simon et al., "Gas-Cooled Fast Reactor Fuel Element Develop-
ment Fuel Rod Irradiation Tests," in Fast Reactor Fuel and Fuel Elements 
(Proc. Int. Meet. Kernforschungszentrum, Karlsruhe 28-30 Sept. 1970) 
American Nuclear Society, Local Section in Europe, Hindsdale, Illinois. 

8R. B. Fitts, E. L. Long, Jr.. D. R. Cuneo, and J. R. Lindgren, 
"Performance of Three Sealed (U,Pu)02 GCFR Fuel Pins," Trans. Am. Nucl. 
Soc. 13, 34 (1970). 

9E. L. Long, Jr., F. R. McQuilkin, D. R. Cuneo, J. R. Lindgren, 
and J. N. Siltanen, "Irradiation Testing of Fuel Rods Containing UO2 
and (U,Pu)02 for GCFR," pp. 179-184 in Ceramic Nuclear Fuels (inter-
national Symposium, May 3-8, 1969, Washington, D.C., sponsored by the 
Nuclear Division of the American Ceramic Society), ed. by 0» L. Kruger 
and A. I. Kaznoff, American Ceramic Society, Columbus, Ohio, 1969. 

10J. N. Siltanen et al., "Irradiation Testing of Candidate Fuel Rods 
for the GCFR," Trans. Am. Nucl. Soc. 10, 104 (1967). 

llR. J. Campana and J. N. Siltanen, "Fuel Element Development for 
the Gas-Cooled Fast Breeder Reactor," Trans. Am. Nucl. Soc. 9, 63 (1966). 



4 

Table 1. Specimens for Irradiation Tests 
of GCBR Sealed Fuel Pin 

Cladding0 Stress, psi 
Fuel 
Pin Design8, Fuelb Dimensions, in. 

Outside Wall 
Diameter Thickness 

P, Pressure, 
Differential 

PD/2t,e 
Cladding 
Stress 

GA-1 FS U02 0.379 0.009 750 15,800 
-2 FS U02 0.379 0.009 750 15,800 
-4 . FCI U02 0.342 0.014 890 10,900 
-5A* FCI U02 0.334 0.010 890 14,900 
-5B FCI U02 0.352 0.020 890 7,800 
-7 FCI uo2 0.343 0.015 950 10,900 
-9 PP U02 0.343 0.015 500 5,700 
-10 FCI uo2 0.343 0.015 950 10,900 
-11 PP uo2 0.343 0.015 500 5,700 
-12 PP (U,Pu)02 0.343 0.015 700 8,000 
- 3 3 FCI (U,Pu)02 0.343 0.015 930 10,600 
- 1 A PP (U,Pu)02 0.343 0.015 300 3,400 
-15 FCI U02 0.353 0.020 1000 8,800 
-16 FCI (U, Pu)o2 0.353 0.020 1000 8,800 
-17 FCI (U, Pu) 02 0.355 0.024 1000 7,400 
-18 FCI (U,Pu)02 0.343 0.015 1000 11,400 
-19 PP (U,Pu)02 0.343 0.015 50 0 5,700 

aFS, fuel supported; FCI, fuel cladding interacting; PP, prepres-
surized. 

•u 

The fuel was 90%-dense pellets with a fuel smear density no greater 
than 85 j> of theoretical. The oxygen-to-metal ratio was 2.002 to 2.006 
for the U02 and 1.98 for the U0 The fuel-to-cladding diametral 
gap was 0.002 to 0.0035 in. 

cThe cladding was type 316 stainless steel for GA-17 and Hastelloy X 
for all other fuel pins. 

^P = external pressure minus internal pressure at beginning of test. 
eD = outside diameter of fuel pin and t = wall thickness. 
f 

Fuel pin GA-5 had a tapered exterior and cladding wall; -5A 
designates the thin (0.010 in.) end and -5B the thicker (0.020 in.) end. 
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Table 2. Conditions for Irradiation Tests 
of GCER Sealed Fuel Pin 

Irradiation Conditions 

Fuel 
Pin 

Time 
(hr) 

Maximum 
Heat 
Rate 

(kw/ft) 

Maximum Fuel 
Claddinga Burnup 
Tempera- (MWd/ 
ture ( ° c ) metric ton) 

Significant Results 

GA-1 650 21.7 760 3,400 Gross collapse of fuel 
pins 

-2 650 21.7 760 3,400 Gross collapse of fuel 
pins 

-4 BOO IB 760 4,500 Good condition 
-5A 800 IB 760 4,500 Collapse of fuel pin in 

region of thin cladding 
-5B 800 IB 760 4,500 Thick cladding section 

did not collapse 
-7 1,34-0 12 650 5,700 Good condition 
-9 2,000 12.6 715 8,800 Good condition 
-10 2,200 14 710 11,000 Some cladding deformation 

under thermocouple 
-11 2,200 16.2 810 12,000 Good condition 
-12 1,100 15 710 4,200 Good condition 
-13 1,100 18 810 4,800 Collapsed into oval shape 
-14 1,100 IB B40 4,800 Localized collapse arid 

cladding failure 
-15 7,800 6.8 750 16,000 Good condition 
-16 7,800 8.2 750 16,000 Specimen overpowered; 

localized collapse 
-17 11,000 13.2 650 47,000 Good condition 
-IB 11,000 15.5 700 59,000 Good condition 
-19 11,000 15.5 700 59,000 Good condition 

a Cladding inside surface temperature. 

results of the series of experiments and outline the major conclusions 
that we have reached regarding the performance potential of GCBR sealed 
fuel pins. The major results of interest from these tests concern tlie 
dimensional stability of the fuel pin and the fuel-cladding chemical 
interactions. We shall also discuss briefly the design and test objec-
tives of fast flux irradiation tests that are currently in EBR-II. 

Dimensional Stability 

Three concepts of fuel pins that might withstand the 85 atm pres-
sure of the helium coolant have been evaluated. Typical results of 
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Irradiation tests of these concepts are shown in Fig. 1. Pin GA-1 
[Fig. 1(a)] was the fuel supported type, in which the thin cladding 
undergoes instantaneous collapse onto the fuel and relies on support 
from the fuel to prevent gross collapse of the fuel pin. It is obvious 
from this illustration that the fuel did not offer sufficient struc-
tural support for the thin (0.009 in.) cladding. The combination of 
750 psi pressure differential across the cladding wall and the 760°C 
cladding temperature produced collapse of the fuel pin very early in 
its exposure. The fuel supported concept waB discarded early in the 
program because of this severe distortion. 

The second concept is designated as fuel-cladding-interacting, in 
which the fuel pin is designed to prevent collapse in early life but 
does permit uniform creep collapse of the cladding. An internal pres-
sure buildup by the release of fission gases from the fuel and minimal 
support from the fuel are relied upon to prevent complete collapse of 
the cladding. Figures 1(b) and 1(c) illustrate differing degrees of 
success of this concept. The cross section in Fig. l(b) is from 
pin GA-16, which operated with a high pressure differential and a rela-
tively high cladding temperature, but with a thicker cladding. This 
cladding was more stable than that on the fuel supported pin, and col-
lapse occurred more slowly. This particular test survived to 
16,000 MWd/metric ton burnup before developing a dimple and, at the same 
location, a crack in the cladding. This test result was somewhat com-
promised because the pin was exposed to a localized overpower condition 
due to an adjacent irradiation experiment, and similar tests survived 
the same conditions (see pins GA-4, -5, -12, and -15 in Tables 1 and 2). 
Tests with a cladding temperature of 700°C (long range-reference design 
hot-spot condition) with slightly thinner cladding evidenced a more 
stable condition. Pin GA-18 [Fig. 1(c)] survived to the design goal of 
60,000 MWd/metric ton bumup. Slight ovality developed, but the diame-
ter change of less than 11 was quite acceptable. 

The third concept was a prepressurized or free-standing cladding 
design, in which the fuel pin is fabricated with internal pressurization. 
Performance of this pin was very satisfactory, with no detectable change 
in its diameter during the 700°C test, again with exposure to a burnup 
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Initial pressure 
differential, psi 
Inside cladding 
temperature, °C 
Cladding thicknes, in. 

(a) 

750 

760 

0.009 
Cladding outer diameter, 0.373 
in. 

0 0 

950 

750 

0.0195 
0.353 

( c ) 
950 

700 

0.015 
0.345 

(d) 
500 

700 

0.015 
0.345 

1. Hastelloy X-Clad (U,Pu)02 GCBR Fuel Pins with Varying Degrees of Stability. 3. 
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of 60,000 MWd/metric ton. The 0.015-in. wall thickness in this test 
was found adequate to withstand the 500-psi pressure differential across 
the cladding wall, as shown by the illustration of pin GA-19 in Fig. 1(d). 

The conditions in this series of tests have been varied to cover 
the full range of cladding stability from instantaneous collapse of the 
cladding onto the fuel through a fully free-standing cladding. The high 
thermal stresses that are developed in thick cladding, as well as 
breeding gain penalties associated with neutron losses to the cladding, 
provide the incentive to establish the minimum wall thickness that can 
be used to meet the performance requirements of the GCBR. Figure 2 is 
a summary plot of the results of this program, in which the relative 
performance of the fuel pins is shown as a function of temperature and 
the cladding stress due to pressures. The various pressures, wall 
thicknesses, and diameters have been combined in the relationship PD/2t, 
where 

16 

0RNL-DWG 74-6294 

9 
• 

• -FUEL PIN COLLAPSE 
O - CREEP DEFORMATION 

OR NO CHANGE 

9 
• 

• -FUEL PIN COLLAPSE 
O - CREEP DEFORMATION 

OR NO CHANGE 

< 
» 

) 
O o 

• 

c ft 
A 

o 
o ° 

( > o o 

• 

14 

I 
- 10 

£ <0 
o 8 

s < 

6 5 0 700 750 800 

CLADDING INSIDE TEMPERATURE (°C) 
850 

Fig. 2. Summary Plot of GCBR Sealed Fuel Pin Operating Conditions, 
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P = pressure differential across the cladding wall, psi, 
D = outside diameter of the cladding, in., and 
t = cladding wall thickness, in. 

In Fig. 2 the open circles indicate that the fuel pin had either no 
change in dimensions or an acceptable degree (< 1$) of creep. The 
closed circles indicate an unacceptable degree of deformation, which 
was usually gross collapse of the cladding in localized areas. Our 
general conclusion from this part of the program was that satisfactory 
performance could be obtained at cladding temperatures less than 800°C 
and cladding strains equivalent to a PD/2t ratio of less than 12,000 psi. 
To ensure minimum creep deformation, we think this temperature limit 
should be reduced to 750°C or less. The decrease in cladding ductility 
produced by fast neutron damage places a strong question of the advis-
ability of permitting as much as Vf> cladding strain by creep deformation. 
Lowering the cladding temperature to 700° C or prepressurizing the fuel 
pin to reduce the pressure differential on the cladding will minimize 
or eliminate this problem. 

Chemical Interactions 

Chemical interactions between fuel, fission products, and cladding 
were generally present but not severe below 750°C. However, the inter-
action increased in severity at higher temperatures. Figure 3 illus-
trates the general trend of the reaction between (U,Pu)02 fuel and 
Hastelloy X cladding as a function of temperature. At a cladding inside 
temperature of about 700°C and burn\ips to 60,000 MWd/metric ton there is 
a reaction layer about 2 mils thick, but it is a uniform reaction layer, 
and there is no localized attack of the cladding. This is considered 
to be a satisfactory condition, since an engineering design allowance 
can be made for the uniform attack. At 750V. and 16,000 MWd/metric ton 
burnup, subsurface voids have developed in the cladding, and these are 
a source of concern. At the higher temperatures the extent of the reac-
tion increases, more voids are observed even deeper in the cladding, 
sometimes intergranular cracks are observed, and cladding thinning 
becomes measurable. This is an unacceptable condition. 
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Maximum inside 
cladding temperature, °C 

Burnup, MWd/ metric ton 
700 
60,000 

750 
16,000 

810 
5,000 

840 
5,000 

Fig. 3. Chemical Interaction Between Hastelloy X Cladding and (U,Pu)02 in GCBR Fuel Pins. 220x. 
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Figure 4 compares the compatibility of type 316 stainless steel 
and Hastelloy X cladding with the mixed oxide fuel. This is a limited 
comparison at somewhat different fuel-cladding interface temperatures, 
but it represents our highest temperature experience with type 316 stain-
less steel compared to the Hastelloy X pins under similar conditions. 
This comparison may ."•idicate that Hastelloy X is slightly superior to 
the stainless steel at equivalent temperatures. However, our current 
data are not sufficient to justify this projection as a conclusion. 

I ^ p . / \ /V 

J — i i ^TTTIi I 

(a) 

i 

K 
O 
O 
o 

•J t 

' "I J (U,Po)o2 
' . . < . .r 

• . - • 'i- 4 • r * ~ * • 
* i 4 I • . ,1 ),. 

R-49609 

Fig. 4. Comparison of Fuel-Cladding Interaction in Fuel Rods GA-17 
and -18, Capsule P8. The inner cladding surface temperature was 
580 ± 50°C for (a) type 316 stainless steel and 710°C for (b) Hastelloy X 
at the locations sectioned. 

We have examined by electron microprobe analysis the reaction 
layer on a Hastelloy X-clad rod that operated at 700®C to a burnup of 
60,000 MWd/metric ton. The distribution of iron, nickel, and chromium 
through the reaction zone was quite similar to that observed in the 
surface layer on stainless steel oxidized in moist air at 800°C, sug-
gesting that the mechanism of attack is an oxidation phenomenon. We 
have not looked for fission products in the reaction zone or obtained 
absolute values for the concentration of the constituents. We hope 
that refined analyses of this type will lead to a better understanding 
of the reactions that are taking place and perhaps to means for con-
trolling or minimizing these fuel-cladding interactions, which are 
cause for concern in both the GCBR and LMFBR programs. 
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FAST FLUX TESTS 

Seven encapsulated GCBR fuel pins are being irradiated12 in EBR-II. 
These are sealed fuel pins that have been designed to simulate the vented 
pin conditions by use of a large fission-gas plenum to provide a low 
pressure differential across the cladding. The operating conditions of 
these test pins are outlined in Table 3 and include cladding tempera-
tures of 600 to 800°C, linear heat rates of 1A to 16 kw/ffc, and exposure 
goals of 25,000 to 100,000 MWd/metric ton. This test will provide data 
additional to that from the LMFBR program relative to the effect of tem-
perature on the chemical reaction between fuel, fission products, and 
the cladding. The fuel pin with the lowest cladding temperature, 600°C, 
permits correlation of these test results with much of the LMFBR program 
results. The four pins with 700°C cladding temperature test the "refer-
ence" GCBR and LMFBR "hot-spot" conditions. 

12P. W. Flynn et al., High-Temperature Fast-Flux Irradiation Experi-
ment for Mixed-Oxide Fuel Rods, GA-10264 (Oct. 15, 1970). 

Table 3. Capsule Assemblies for GCBR Fast Flux Irradiation Tests 

Conditions 
Cladding Heat Bumup 

Capsule Tempera- Generation (MWd/ Comments 
ture (°C) (kW/ft) metric ton) 

G-l 790 16.1 50,000 Upper, temperature range 
G-2 755 15.5 50,000 Upper temperature range 
G-3 700 15.5 25,000 Temperature calibration 
G-4 700 14.9 100,000 Evaluation of burnup effect® 
G-5 650 14.3 50,000 Intermediate temperature 

range 
G-6 710 14.4 50,000 Comparison of fast flux-

thermal flux performancea 

G-7 590 13.8 50,000 LMFBR temperature range3 

G-8 700 15.5 75,000 Evaluation of bumup effect*5 

aThree fuel pins contain active fission-product traps. 
^Capsule G-8 replaces Capsule G-3 after the initial 25,000 MWd/metric 

ton exposure. 
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The design of the capsule assembly is shown in Fig. 5. The 
cladding is 0.300-in.-0D type 316 stainless steel, 20% cold worked, and 
the fuel is Uo^jPUo.^O^gg pellets, with a fuel smear density of 84% 
of theoretical. Each fuel pin haB a sealed charcoal capsule; and three 
fuel pins contain traps with the charcoal exposed to the interior of 
the fuel pin. The fuel pins are contained in capsules with a stainless 
steel thermal barrier and two sodium-filled gaps between the fuel pin 
and the capsule wall. 

The pins will attain cladding fast fluences up to 6 X 1022 

neutrons/cm2 at the maximum design burnup of 100,000 MWd/metric ton. 
These cladding fluences, although only one-third to one-fourth that 
attained at full bumup in a GCBR, will produce significant fast neutron 
damage to the cladding and should answer some of the questions about the 
influence of this damage on the performance of GCBR fuel pins. The post-
irradiation analysis of charcoal fission product traps included in these 
pins will provide information on the ability of hot charcoal to remove 
condensable fission products in the fast flux environment. The sealed 
containers of charcoal are included to study the effects of the environ-
ment on charcoal sorption properties. 

One of the fuel pins with a cladding temperature of 700°C will be 
removed from test for destructive examination after an exposure of 
25,000 M"Td/metric ton. After interim examination of each capsule the 
subassembly will be reconstituted with a replacement pin (which is at 
EBR-Il), and irradiation testing will be resumed. The removed fuel 
pin will be comprehensively examined to measure fuel pin swelling, fis-
sion gas release, and both chemical and mechanical interaction between 
the fuel and cladding. F:!ve replacement capsules are being fabricated 
at ORNL for reconstitution of the subassembly at an exposure level of 
50,000 MWd/metric ton. Of the five replacement capsules, one fuel pin 
will have annular pellets with an oxygen-to-metal ratio of 1.94, will 
have smooth cladding, and will operate at 700°C; two will contain annu-
lar pellets with an oxygen-to-metal ratio of 1.98, will have roughened 
cladding, and will operate at 750°C; and two will contain solid pellets 
with an oxygen-to-metal ratio of 1.98, will have smooth cladding, and 
will operate at 700°C. 
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Fig. 5. GCBR Irradiation Assembly in the EBR-II, 
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S U M M A R Y 

Results from this irradiation testing program indicate that the 
sealed fuel pin is a feasible design for the GCBR. The maximum cladding 
temperature and the ratio of wall thickness to diameter must be carefully-
specified and controlled to assure that the intended uniform creep col-
lapse does not result in cladding ovality and subsequent catastrophic 
failure by localized cladding collapse. Successful results were obtained 
with cladding temperatures as high as 800°C. However, we believe that 
dimensional stability of the cladding during creep and fuel-cladding 
chemical interactions will place a practical upper limit of 750°C on 
the cladding temperature. Further lowering of the cladding temperature 
to 700°C will significantly enhance the probability of successful opera-
tion for the GCBR reference design. 
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