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ABSTRACT 

Ca2La8(Si04)g02 thin crystals become amorphous under ion beam irradiation. The ion dose 
. - required for complete amorphization of the thin crystal (critical amorphization dose, Dc) increased 

with the increasing irradiation temperature and decreased with ion mass at elevated temperatures. 
Samples irradiated with 1-1.5 MeV Ar +, Kr + and Xe + ions to doses much lower than D c, in the 
temperature range from 20 to 498 K were used for a detailed HRTEM study to better understand 
the amorphization process. The residual collision cascade damage after irradiation appeared as 
nanometer scale amorphous domains. The images of these domains are extremely sensitive to the 
sample thickness. Small domains of cascade size were only found at the very thin edge of the 
sample. In thicker regions, amorphous domains appear after higher doses as the result of cascade 
overlap in projection. At higher temperatures, the observed amorphous domains are smaller 
indicating thermal recovery at the amorphous/crystalline interface. The amorphous domains are 
also larger in size after irradiation with ions of higher mass at a fixed ion dose. These results are 

--.-.. consistent with the Dc-temperature curves determined by in situ TEM with the HVEM-Tandem 
Facility at Argonne National Laboratory. The width of die amorphous rim along the edge of the 

• specimen grew with increasing ion dose suggesting that amorphization also proqeeds from the 
sample surface. Images of the collision cascade damage were compared to the cascade sizes 
calculated with the TRIM code. Some digitally acquired HRTEM images of the cascade damage 
were processed to reveal more detailed information. 

INTRODUCTION 

Radiation effects in complex ceramic materials are of interest to the materials science and 
geoscience communities. Recent studies on ion beam irradiated multi-cation, complex ceramics 
have shown that they are susceptible to irradiation-induced amorphization [1]. The critical ion 
dose required for amorphizing a particular composition (Dc) depends on the irradiation 
temperature, ion mass and energy. Detailed study at the collision cascade level using High 
Resolution Transmission Electron Microscopy (HRTEM) of this crystalline to aperiodic transition 
is desired for developing a fundamental understanding of the process. 

_ The target material used in this study, Ca2Las(Si04)602, has the structure of apatite. Apatite 
is a very common accessory mineral in almost all igneous rocks. The apatite structure-type 
(P63/m) is an orthosilicate with a very open structure in which the Si04 tetrahedral monomers are 
isolated from one another and then linked by various metal cations. In Ca2Lag(Si04)602> the 
edge-sharing 7-fold sites (6h) are occupied by bodi Ca and La, the remaining 8-fold cation sites 
(4f) are occupied by La. Apatite is often used for fission track dating, as uranium can occupy the 
large 4f site. Additionally, because it can accommodate actinides, it is a phase mat may appear in 
crystalline ceramic waste forms. 

Previous in situ TEM study [2] during irradiation of the Ca2La8(Si04)g02 thin crystals with 
0.8-1.5 MeV Ne + , Kr + and Xe + ions in a temperature range between 15 to 700 K has shown 
that D c is almost the same (-0.3 dpa) at 15 K for irradiations with various ion sources. However, 

__ D c increases with irradiation temperature at different rates. The slope of the Dc-temperature curve 
is more steep for the lighter ion irradiation than for the heavier ion irradiation. The critical 
temperature (Tc) above which amorphization may not be completed in the crystal were estimated 



to be -360K for 0. 8 MeV Ne+ irradiation and -710 K for 1.5 MeV Kr+ irradiation. The steep 
increase in D c (or-decrease in Tc) with decreasing projectile mass is speculated to be the result of 
rapidly increased epitaxial annealing rate for the smaller and more isolated cascades at elevated 
temperatures. In this paper, we report the results from a systematic HRTEM study on 
Ca2La8(Si04)g02 single crystals irradiated at much lower ion doses. These results are useful to 
understand the dependence of D c on ion mass and irradiation temperature. 

EXPERIMENTAL PROCEDURES 

The single crystals of Ca2Lag(Si04)602 were grown from a stoichiometric melt by the Airtron 
Corp. and have been characterized (JCPDS Card 29-337) as having the hexagonal apatite 
structure with lattice parameters: ao = 0.9651 nm and co = 0.7151 nm. (001) tiiin sections were 
cut and then prepared as TEM specimens by Ar+ ion milling. Special care was taken (i.e., reduce 
voltage and milling angle before perforation) to minimize possible ion milling damage. 1 MeV 
Ar +, 1.5 MeV Kr + and Xe + ion irradiations were performed on pre-thinned TEM samples using 
the HVEM-Tandem Facility at Argonne National Laboratory [3].. Various irradiation temperatures 
between 20 to 498 K were achieved with a liquid helium cooling stage or a tungsten wire heating 
stage. In situ TEM has been performed to determine the critical amorphization dose (Dc) for each 
irradiation condition. Samples irradiated to doses much lower than D c were studied by HRTEM 
using a JEM 2010 microscope with a point to point resolution of 0.194 nm operating at 200 kV. 
The microscope is equipped with a Gatan slow scan camera system, so that digital images could 
be acquired. Some acquired images were then processed and simulated with the Gatan 
DigitalMicrograph™ and the MacTempas™ software packages. No apparent electron beam 
damage to the crystal was observed in samples unirradiated with ions. 

In the previous study [2], the critical amorphization dose has been converted to dpa based on 
TRIM [4] calculations. A specimen thickness of 200 nm (corresponds to where the selected area 
electron diffraction patterns were obtained for the detennination of Dc) and a displacement energy 
of 25 eV have been assumed for the TRIM calculation. For 1.5 MeV Kr+ irradiation at 20 K, D c 

equals to 0.32 dpa which corresponds to an ion fluence of 2.47 ions/nm2 (or 2.47xl0 1 4 

ions/cm2). Because the HRTEM images were obtained from areas extremely thin where the 
displacement damage levels are much lower, the above dpa conversion is no longer valid. 
Nevertheless, the HRTEM study starts with samples irradiated with an ion fluence about one 
tenth of that required for completely amorphizing the entire electron penetrable thickness in an 
attempt to image the individual displacement cascade damage. 

RESULTS AND DISCUSSION 

Fig. 1(A) shows the HRTEM image from an typical as-ion-milled (001) Ca2La8(Si04)602 
foil. The width of the amorphous rim is less than 2 nm. The high magnification insert matches 
well with the computer simulated image (smaller insert, Af = -25 nm, t = 3 nm), where circular 
white dots represent oxygen columns and the surrounding 6 dark dots represent lanthanum 
columns. As shown recently by O'Keef and Radmilovic [5], the sample thickness (t) might be 
greatly underestimated by the computer image simulation. After 1.5 MeV Kr + irradiation at room 
temperature to 0.25 ions/nm2, the width of amorphous rim grew to 10 nm and brighter spots of 1 
to 3 nm in diameter were observed only in regions adjacent to the amorphous rim (shown in Fig. 
3(B)). No irradiation damage was observed in thicker regions. Although the lattice fringes were 
not disrupted within these brighter spots, they are believed to be the images of small amorphous 
domains created by the collision cascades but are sandwiched in a crystalline matrix. Image 
simulation of structures containing various amount of amorphous volumes has displayed similar 
contrast and has shown that when the amorphous volume fraction is less than 35% of the total 
sample thickness, the lattice fringes may not be disrupted or the amorphous domain may not be 
detected at all [6,71. When the Kr + dose is increased to 0.5 ions/nm2, larger damage domains 



where lattice fringes are disrupted can be seen in thicker regions due to the overlapping of the 
collision cascades!as shown in Fig. 1(B). At the same time, the width of the amorphous rim grew 
to about 30 nm. The remarkable growth of the amorphous rim with the increasing ion dose 
indicates that amorphization also proceeds from growth of the surface amorphous layer in 
addition to cascade overlapping. This is in contrast with defect accumulation in most irradiated 
metallic materials where the surface serves as a sink for point defects and a defect denuded zone 
is often observed near the free surface [8]. However, the point defect mobility in complex 
ceramics might be too low for them to escape to the surface. The thin amorphous layer may grow 
from the surface also because (1) the surface atoms, including those at the amorphous-crystalline 
boundary, can be displaced easily because of the unstable bonding configuration; (2) the 
activation energy for amorphous layer growth is lower than that for nucleation. 
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Fig. 1. HRTEM plan view images of (001) Ca2Lag(Si04)602 foil. (A) before and (B) after 1.5 
MeV Kr*" irradiation at room temperature to 0.5 ions/nm2. 

In Fig. 2, the effects of irradiation temperature on the size of surviving collision cascades in 
1.5 MeV Kr + irradiated Ca2La8(Si04)602 thin crystals are demonstrated. The images are all 
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taken from areas_ near the amorphous rim after a constant ion dose of 0.25 ions/nm2. After 
irradiation at 20 K, amorphous domains of 5 nm in diameter or larger were observed. However, 
after room temperature irradiation, only brighter spots of 1 to 3 nm in diameter were observed, 
whereas no apparent damage could be seen at all after irradiation at 498 K. The fact that the size 
of surviving collision cascades decreases with the increasing temperature indicates increased 
dynamic recovery of the crystalline phase at higher irradiation temperatures, and this explains the 
temperature dependence of the critical amorphization dose. 

Fig. 2. Effect of irradiation temperature on the size of collision cascade damage in 1.5 MeV Kr+ 
irradiated Ca2Lag(Si04)602 (after 0.25 ions/nm2). Irradiation temperature: (A) 20 K, (B) 298 K 
and'(C) 498 K. 

In Fig. 3, the sizes of'collision cascades generated by TRIM calculation and that from 
experimental HRTEM in Ca2La8(SiC>4)602 from 1 MeV Ar, 1.5 MeV Kr and 1.5 MeV Xe ion 
irradiation at room temperature are compared. In both simulated and experimental cases, the 
cascade size increased with ion mass. However, it takes an ion dose about 20 times as high in the 
experiments to create amorphous domains of the size calculated by TRIM. One of the major 
reasons for the discrepancy is that the TRIM calculation does not include any consideration on 
defect recovery. In the real case, substantial recovery or annealing may occur even when the 

" sample is sitting at room temperature. Thus, the amorphous volume generated by a displacement 
cascade is expected to be much smaller than the size of the cascade itself. The other reason for the 
discrepancy is that in the TRIM calculation, five ions penetrate the center of the area which has a 
thickness of 20 nm, whereas in the real case the one hundred ions may not have much spatial "" 
overlap and the local thickness is probably much thinner than 20 nm. The observed dependence 
of surviving cascade size on ion mass agree qualitatively with the Dc-ion mass relationship 
observed in the previous in situ TEM study [2]. The smaller collision cascade generated by 
lighter ions has more surface area per unit volume for epitaxial recovery of the crystalline phase, 
that causes a higher annealing rate and in turn, a steeper Dc-T curve mentioned earlier. 

Finally, an image processing technique similar to what Satder and O'Keefe used to better view' 
small crystallites in an- amorphous matrix [9] has been performed on images containing small 
amorphous cascade'damage, as shown in Fig. 4. Fig. 4(A) is the original HRTEM image which 
contains a damage cascade and Fig. 4(B) is the Fourier transform of that image. In Fig. 4(C), the 
crystalline component was filtered out in Fourier space and the amorphous component of the 

. original image, Fig. 4(D), is then obtained by an inverse Fourier transform. Fig. 4(E) shows the 
intensity across the line drawn through the damage cascade'in Fig. 4 (D), this intensity 
distribution corresponds to the size and shape of the amorphous cascade damage in the third 



Fig. 3. Comparison of simulated (by TRIM) and experimental HRTEM images of collision 
cascades in Ca2Las(Si04)602. (A), (B) and (C) are TRIM results from five 1 MeV Ar, 1.5 MeV 
Kr and 1.5 MeV Xe ions respectively. (D), (E) and (F) are experimental HRTEM images from an 
area containing one hundred 1 MeV Ar, 1.5 MeV Kr and 1.5 MeV Xe ions (room temperature 
irradiation) respectively. The simulated cascades has the same scale as the HRTEM images. 

Fig. 4. Computer processing of digital HRTEM image of a Ca2La8(Si04)g02 crystal containing a 
collision cascade damage. The original image (A) has been separated into two components, an 
amorphous component (D) and a crystalline component (F) through filtering in Fourier space (see 
the text for details). 



dimension. Fig. 4(F) is the crystalline component of the original image which was obtained by 
subtracting Fig. 4(D) from Fig. 4(A) (pixel by pixel). Note that the distortion in the crystal 
surrounding the amorphous cascade can now be viewed much clearly. This distortion may be 
caused either by excess point defects in the region or expansion of the neighboring amorphous 
volume. More detailed analysis and computer simulation are necessary for fully interpreting these 
results. 

CONCLUSIONS 

HRTEM has been used to study the collision cascade damages in (001) foils of 
Ca2La8(Si04)602 crystal irradiated with various ion sources in a temperature range from 20 to 
498 K. The results lead to me following conclusions: 

(1) Amorphization in ion irradiated Ca2Las(Si04)602 thin crystal occurs directly within the 
displacement cascades and on the sample surface. The process completes through both cascade 
overlapping and surface amorphous layer growth. .' 

(2) Amorphous fraction and HRTEM images of collision cascade damage in wedge-shaped 
'TEM specimen (irradiated as pre-thinned) changes with die local specimen thickness. To make 
appropriate comparisons between samples irradiated at different conditions, one has to select the 
result (diffraction patterns or images) from die same sample thickness. 

(3) The size of the residual amorphous domain generated by each collision cascade decreases 
witii the increasing irradiation temperature and the decreasing projectile mass. There is a 
substantial recovery around the cascade at elevated temperatures. 

(4) Digital image processing can be useful for quantitative analysis of images containing die 
collision cascade damage. 

Finally, based on our experience, me above conclusions may also be applied to many omer ion 
beam irradiated complex ceramic tfiin crystals. 
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