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FISSION FRAGMENT DAMAGE IN ZIRCONIA
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(Received May 6, 1959)

Natural monoclinic ZrO, was reported' to
transform into the high-temperature cubic modi-
fication upon exposure to fast neutrons. In that
same study it was suggested that thermal spikes
contributed to the transition by means of a rapid
high-temperature quench. Further efforts to
study these effects in synthetic single crystals
and powders of ZrO, have proved unsuccessful
because the transition could not be effected even
with irradiation doses higher by a factor of four
over the original irradiation dosage. This is
demonstrated in the single-crystal x-ray diffrac-
tion pattern in Fig. 1.

Unirradiated portions of the original natural
material were subjected to neutron activation
analysis in order to determine the concentration
of natural uranium and thorium which these
oxides often contain as impurities. As expected,
it was found that the material which undergoes a
phase transition upon fast neutron irradiation
contains uranium and thorium in concentrations
of 3550 ppm and 39.2 ppm, respectively. As will
be shown later, the number of fission events
which took place in this material upon exposure
to 9.4 x10"neutrons/cm' was of sufficient mag-
nitude to completely transform the monoclinic
structure into the high-temperature cubic phase.
It is apparent, also, that the monoclinic ZrO, is
stable under fast-neutron bombardment, contrary
to earlier beliefs, ' and that the observed irradia-
tion-induced phase transition is produced by the
action of fission fragments. As a result of these
findings further experimental evidence is avail-
able to support proposals of a "fission spike"

mechanism. m 5

Samples of ZrO, with known concentrations of
fissionable impurities were subjected to thermal
neutron dosages at irradiation levels capable of
producing partial transformation from the mono-
clinic to the cubic structure. Since these fission-
able atoms were contained within the crystal lat-
tice of ZrO, in amounts less than 0.5o/o and since
the range of a 100-Mev fission fragment is pro-
bably less than 8 x10 ' cm in this material, it is
reasonable to assume that (1) nearly all of the
fission fragment energy is dissipated within the
crystal lattice, and (2) the local areas surround-
ing each fission event are sufficiently separated
to be termed independent regions. Then if there
are no annealing-type rearrangements of atoms
within the damaged regions a reasonable esti-
mate of the number of atoms affected by a fission
fragment can be made by determining the fraction
of transformed material in partially transformed
crystals. Figure 2 shows some x-ray diffraction
patterns from which these estimates are made.

The method used in this analysis was to meas-
ure the integrated line intensities of the two
phases directly from the Debye-Scherrer photo-
graphs. From the relative change in intensities
of these lines with increasing irradiation dosage
the estimates of percentage transformation were
obtained. It is felt that the over-all accuracy of
these estimates is within +25U&, the greatest in-
accuracy being caused by radioactivity-induced
film fogging. Some overlapping of damaged re-
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FIG. 1. Zero level precession photographs —(HEO)
projection (a) Before irradiation; (5) After irradiation
with 3.6 X10 nvty.

FIG. 2. Debye-Scherrer photographs of Zr02 irra-
diated with fission fragments. (a) Before irradiation;
(5) After irradiation with 7.66 &&10 fissions per cm,
5% transformed; (c) After irradiation with 6.67 X10
fissions per cm3, 50Vp transformed; (d) After irradia-
tion with 1.07 X10 8 fissions per cm, 80% transformed;
(e) After irradiation with 3.39 &10~8 lesions per orna,
completely transformed.
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gions probably occurs with dosages in excess of
5x10'5 fissions per cm', so greater accuracy is
obtained when less than 50o/c of the material has
been transformed. By this analysis it is seen
that -10' atoms are affected by each fission
fragment in inducing the phase transition. In the
original observation of the irradiation- induced
phase transition, ' the particle size of the trans-
formed crystallites was -100A radius as deter-
mined from x-ray diffraction line breadths.
Particles of this size would contain about 3.5x10'
atoms, lower by a factor of three from the 10'
atoms estimated in the present work. The dis-
crepancy is not unreasonable, however, since
the x-ray line breadth determination did not con-
sider the strain contribution to the line broaden-
ing. If the true particle size was as much as
140A radius, no discrepancy would exist and
both cases would give 10' atoms affected by each
fission fragment. Other irradiation-induced
phase transitions in reactor fuel materials~& ~

have been reported, and it is interesting to note
that estimates' of the number of atoms affected
in a U-Mo alloy by a single fission event is fairly
close to the number proposed here for the insula-
tor ZrO, . Calculations using the method of Seitz
show that a pair of fission fragments in a mate-
rial like ZrO, would produce about 10' displaced
atoms as a result of elastic collisions. It does
not seem likely that a single displaced atom
could affect 200 surrounding atoms to produce a
phase transition, and this is supported by the
stability of the material under fast neutron bom-

bardment, solely. It is more likely that the pro-
cess under which the transition occurs is a
"fission spike" mechanism with a rapid, high-
temperature quench.

The results of this investigation indicate that
monoclinic ZrO~ is stable under fast neutron
bombardment but that it transforms into the
cubic phase under the action of fission fragments.
In this material it appears that -2 x10' atoms
are quenched into the high-temperature modifica-
tion as a result of the energy dissipated by a pair
of fission fragments.
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PROTON CAPTURE GAMMA RAYS IN THE GIANT RESONANCE REGION
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Measurements of the 90' yield of gamma rays
resulting from the capture of protons, with ener-
gies up to 11 Mev, in B"and A1'~ have been made
using the Chalk River Tandem Accelerator. ' In
both cases the gamma rays investigated were
those leading to the ground and first excited states
(4.43 and l.VS Mev) of the appropriate residual
nucleus, C and Si, respectively. In addition,
the angular distributions of these gamma rays
with respect to the incident proton beam were
measured at several proton energies. This Let-
ter reports principally the results of the reac-
tion 8'~(p, y)C~2 (Q =15.949 Mev).

The gamma rays were detected in a 5-inch
diameter by 6-inch long unshielded NaI(T1) crys-
tal. ' For the angular distribution measurements
a second 5-inch diameter by 4-inch long NaI(T1)
detector was used at a fixed angle as a monitor.

Both the aluminum and boron targets were thin
self-supported films through which the beam
passed to be stopped in a lead plate behind shield-
ing blocks about 16 feet from the target. The
boron targets were prepared by mixing finely
powdered boron of normal isotopic abundance
with a colloidal graphite suspension in alcohol.
This mixture was spread on a glass plate and the






