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Thii report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, express or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 

, process disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product, process, or service by trade name, trademark, 
manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recom- 

I mendation, or favoring by the United States Government or any agency thereof. The views 
.and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 
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Radiation damage of nuclear materials (e.g. fast- or fusion-neutron damage in reactor structural 
components, fission-fragment damage in nuclear fuels and alpha decay damage in nuclear waste forms) 
has been one of the major challenges faced by the material science community. Ion beam irradiation 
and implantation experiments have been used extensively in the past few decades not only for 
simulating these damage processes in materials but &o for improving material properties for many 
technological applications. 
As an energetic particle traverses a crys&e target, it loses its energy predominantly through eIectronic 
(ionization) and nuclear (elastic collision) interactions with the atoms in the structure. The target atom 
which receives sufficient energy from the interactions may get displaced from its lattice site and may 
further displace other target atoms, creating a displacement cascade which is usually a few nanometers 
in size. After cascade formation, which lasts for only a few tenths of a pico-second, a disp acement 
cascade consists of a very dense cluster of point defects and the region is considered to be d r p h o u s .  
However, the type and amount of the radiation damage observable after the irradiation depend strongly 
on the material's ability to recover during the subsequent relaxation and annealing. While self-ion 
irradiation of simple metallic materials often results in void and dislocation loop formation because of 
the high mobility of point defects, heavy ion irradiation of intermetallic compounds, covalently bonded 
semiconductors and complex ceramic materials with mixed bond types is more likely to induce solid- 
state amorphizationl. The amorphization may either occur directly within the displacement cascgde (the 
entire cascade is quenched) or by point defect accumulation (only isolated point defects s@ve the 
cooling phase of each cascade), as well as by chemical disordering. In this study, the effects of ion 
beam irradiation in Ca2Lag(Si04)602, Sic, U02 and other complex ceramic materials are stugjed with 
HRTF,M and compared at the nanometer scale. 
Most HRTEM images taken from 1 to 1.5 MeV Ar+, Kr+ and Xe+ ion irradiated (below 498K) 
Ca&a8(Si04)602 shows nanometer scale discrete domains which are believed to be the images of the 
displacement cascades.Co9puter proc&ing of the image (F5g.J) indicates that amorphization occurs 
directly within the displacement cascadeh Ca2Lag(Si04)602. This can be expected because it is easy to 
understand that such a complex crystal'$pucture (apatite, P63lm) is hard to be reconstructed once it is 
heavily damaged (a l l  the different atoms'have to find the unique structural sites). The fact that the size of , 

the cascade image increases with the increasing ion mass and decreases with the increasing temperature 
agree well with the critical amorphization dose-temperature curves determined by in sitrc electron 
diffraction observations during ion irradiation. Although P-SiC can also be fully amorphized under 1.5 
MeV Xe+ ions at room temperature and the HRTEM images'taken below the critical dose show 
mottled contrast (Fig. 2), the lack of the discrete amorphous cascade domains in the image indicates that 
amorphization occurs by point defect build up in p-Sic. U02 has never been amorphized and the 
HRTEM image of Uo;! contains no visible damage even after a very high ion dose at near liquid helium 
temperature (20K) (Fig. 3). The stability or the high damage recovering rate of U02 must be related to 
its closest packing and high symmetry nature. 
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FIG. 1.-(a): Digital HRTEM image oca  CazLa8(Si0&02 crystal containing a collision cascade 
damage created by 1 MeV .AI+ ion iKidiation at room temperature; (b): Fourier transform of (a) 
indicating the image contains a periodic and an aperiodic component; (c): contributions of the periodic 
component in (b) have been fdtered out in Fourier space; (d): inverse Fourier transform of (c) showing 
the aperiodic (amorphous) component in the original image (a); (e): intensity distribution across the line 
in (d) showing the cascade damage in the third dimension; (0: the periodic (crystaUine) component in 
the original image (a) obtained by subtracting (d) from (a) pixel by pixel. The discrete nature of the 
cascade image and the result of the computer processing indicate that amorphization in 
Ca2b(SiO4)& occurs directly with the displacement cascade. 
FTG. 2.-HRTEM image of j3-SiC irradiated at room temperature with 1.5 MeV Xe+ to 8.5~1013 
ions/cm2. The mottled contrast and lack of discrete amorphous regions in this image indicate that 
amorphization occurs by point defect accumulation in p-Sic. 
FIG. 3.-HRTEM image of UO, irradiated at 20K with 1.5 MeV Xe+ to 1x1016 ions/cm2. Irradiation 
damage was not observed even under extreme conditions (low temperature and high ion dose) 
indicating that cascade damage is easily recovered in U02. 


