LETTERS TO THE EDITOR

ventional distillation to be the cheapest and simplest
process to apply. Reconcentration plant cost for this process
is quite low—between $400,000 and $700,000 for our capacity
requirement—depending upon whether packed or tray type
fractionating towers are selected. Reconcentration plant
capacity for the SSCR is a maximum of 400 1b of fluid/hr.

2. H,0-D-0 is used only for gradual lifetime reactivity
control, and hence no rapid reconcentration processes are
required. Control rods are used in the SSCR for tempera-
ture defect, Doppler, and safety shutdown. These rods will
be completely withdrawn at full power. (A slight adjust-
ment can also be made in D;0 concentration to permit full
Doppler withdrawal at lower powers, if desired.)

3. Capital and operating unit electrical costs for the
SSCR reconcentration plant are low. For a 320 Mw(e)
SSCR the capital equipment charge is 0.025 to 0.044 mills/
kw-hr, and operation approximately 0.024 mills/kw-hr.
These charges are even less for our current 400 Mw (e) plant.
The use of this method of reactivity control affords eco-
nomic advantages which far outweigh these small capital
and operating costs.

To summarize, so long as reconeentration requirements
for a variable H.O~D;0 ratio reactor plant do not encompass
either the lower coneentration range (0.0159, D.O to 19
DsO) or upper concentration range (99% to 99.999), both
capital and operating costs for the associated reconcentra-
tion plant will tend to be low.

Our studies indicate that Mr. Bebbington is correct in
his statements concerning the relative costs of D;O produc-
tion. 1 would like to point out, however, that the control
of a nuclear reactor by variation in H.O-D,0 ratio is not
only feasible, but can be made quite practical with respect
to -0 reconcentration plant requirements. One need only
recognize and take into account all of the cost and other
limitations of the various D0 enriching processes so that
reactor plant parameters can be established which will
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permit a low cost and practical reconcentration plant
design.

Joun J. HarreLL
The Babcock and Wilcox Company
Lynchburg, Virginia
Received January 23, 1961

Crack Formation in Uranium

Internal cracks have been seen in post-irradiation ex-
aminations of uranium fuel elements (/, 2). These cracks
had random orientation and frequently stopped at grain
boundaries. They occurred in fuel elements which had under-
gone from five to twenty-five reactor shutdowns, had been
exposed to over 0.2 atom percent burnup, and had experi-
enced temperatures in the range of 400 to 600°C. Fuel ele-
ments undergoing similar exposures and/or maximum
temperatures of operation but with different cooling condi-
tions showed no internal cracks on examination.

FAILURE MECHANISM

The coefficients of linear thermal expansion for uranium
single erystals vary from 49 X 107% to —20 X 107% per°C in
the [100] and [010] directions at 500°C (3). When a poly-
crystalline piece of uranium undergoes temperature
changes, the anisotropic thermal expansions of the various
uranium erystals cause large localized strain incompatibili-
ties. These localized or microscopie strain incompatibilities
are larger than those caused by the thermal gradients within
the fuel material.

During neutron irradiation, uranium behaves in a viscous
manner (4) and ean undergo large deformations. If the

Fic. 1. Photomicrograph of irradiated disks after ten quenchings. Cathode etch at 500X (bright field)
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F16. 2. Photomicrograph of cluster fuel element irradiation to 2200 MWD/T. Maximum temperature ~ 520 (1). Cathode

etch at 250X (bright field).

uranium is rapidly strained after it has been irradiated (3),
it is not duectile and is prone to failure after a few rapid
strain cycles. Hence, it appears likely that fuel elements
with uranium cores develop cracks during reactor shut-
downs due to the internal strain incompatibilities caused
by the anisotropic crystalline thermal expansions.

EXPERIMENTAL PROCEDURE

In order to obtain experimental evidence of erack forma-
tion due to anisotropic crystalline thermal contractions
during cooling, the following experiment was run: A one-
half inch diameter crack-free rod of uranium (§) irradiated
to ~1100 MWD/T (0.13 atomic percent burnup) was ob-
tained. The maximum temperature within the rod during
irradiation was ~500°C. Two one-quarter inch thick disks
from the irradiated rod were cut, polished, and examined
for cracks. Each disk was heated to 600°C in a salt bath
furnace. Each disk was brought between the jaws of a
hydraulically operated vise and the jaws of the vise were
closed with a 200-1b clamping force. The jaws of the vise
were aluminum covered with a 10-mil thick sheet of stainless
steel. The contact resistance between aluminum and stain-
less steel (~1000 Btu/hr-ft?) and the thickness of the disk
were selected to give a cooling rate representative of that
obtained in reactor fuel elements. After one heating and
quenching cycle, both disks were repolished and examined.
Both disks remained free of observable cracks. One of the
above disks was given nine additional heating and quench-
ing cycles. This disk was repolished. Photomicrographs
showed small cracks over most of the disk’s surface. One
crack was larger than the others, Fig. 1. All the tests were
conducted in the Radiometallurgy Facility at Hanford in a
high-level cell.

CONCLUSIONS

Post-irradiation thermal cycling of irradiated uranium
can cause internal cracks. These cracks, Fig. (1), are similar
in appearance to cracks observed in experimental uranium
fuel elements (1), Fig. (2). Since the cracks were formed
in a disk with a small thermal gradient and were randomly
oriented with respect to the geometry of the disk, the strain
incompatibilities due to anisotropic crystalline expansions
must have caused these internal cracks.
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