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\ 5 & ABSTRACT FEB 

Oriented single crystals of synthetic alpha-alumina (a-Al203), geikielite (MgTi03X and natural 
ilmenite (FeTi03) were irradiated with 200 keV argon ions under cryogenic conditions (100 K) to 
assess their damage response. Using Rutherford backscattering spectrometry combined with ion 
channeling techniques, it was found that ilmenite amorphized readily at doses below 5xl01 4, 
alumina amorphized at a dose of 1-2x10 , and geikielite was amorphized at ~2xl01 5 Ar cm"2. The 
radiation damage response of the ilmenite crystal may be complicated by the presence of hematite 
exsolution lamellae and the experimentally induced oxidation of iron. The relative radiation-
resistance of geikielite holds promise for similar behavior in other Mg-Ti oxides. 

INTRODUCTION 

It has been known for over a decade that spinel (MgAl204) is a very radiation resistant material, 
more so than any ceramic yet studied [1-4]. Recently, several criteria that may contribute to this 
behavior were proposed [5]: complexity of composition and the tendency for cation disorder. In a 
search for new radiation-resistant materials and to test this hypothesis, we recently began the first 
study of radiation damage response in ilmenite-group minerals (rhombohedral, R-3) using 
Rutherford backscattering spectrometry in conjunction with ion channeling techniques (RBS/C). In 
addition, we also have undertaken a similar investigation of alpha-alumina (a-Al203), which has 
virtually the same crystal structure (R-3c) as the ilmenite-group minerals but a simpler 
composition. Previous studies have demonstrated that a-Al 20 3 is not easily amorphized by ion 
beam irradiation at room temperature [6-8]. 

The ilmenite-group minerals form a complete solid solution series of the composition ATi03, 
with A representing Fe (ilmenite), Mg (geikielite), Mn (pyrophanite), or Zn (ecandrewsite). There 
is also complete solubility of ilmenite and hematite (Fe203; R-3c) at high temperatures (>~500-
1000 K, depending on bulk composition) due to disordering of Fe and Ti in ilmenite. A slowly 
cooling crystal of a composition intermediate between ilmenite and hematite reaches a solvus, 
resulting in the unmixing of the two phases. Ilmenite is very common in nature and is an important 
mineral for use in determining the T-f02 conditions at which igneous and metamorphic rocks 
crystallized. Ilmenite also can make up a significant portion of the magnetic component of a rock 
and is therefore also useful in paleomagnetic studies. Geikielite, pyrophanite, and ecandrewsite are 
considerably more rare and are only found naturally in very specific geological environments. 
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Our study has focused on single crystals of natural ilmenite (FeTiC>3) and synthetic geikielite 
(MgTi03) and alpha-alumina (0C-AI2O3). The ilmenite-group minerals were chosen due to their 
complexity of composition compared to other oxides studied for radiation resistance and, in the 
case of ilmenite, its tendency for high-temperature cation disorder in crystals with a dissolved 
Fe 20 3 component The initial results indicate that ilmenite amorphizes readily when irradiated with 
200 keV argon ions to doses less than 5x10 Ar cm"2. In contrast, a buried amorphous layer was 
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formed in the peak damage region in geikielite at a dose of 2x10 Ar cm". The radiation resistance 
of a-Al 20 3 is intermediate between ilmemte and geikielite. This ion irradiation study suggests that 
other Mg-Ti oxides may hold promise as radiation-resistant materials. The radiation behavior of 
ilmemte is discussed in terms of its phase stability and redox reactions. 
EXPERIMENT 

The samples used in this study include single crystals of natural ilmenite, synthetic geikielite, 
and synthetic a-alumina. The natural ilmemte sample is from the Sanford Lake ilmenite-magnetite 
ore body in the Adirondack Mountains, New York. The synthetic geikielite samples were grown 
using the single-crystal floating zone technique [9] at Los Alamos National Laboratory. The 
synthetic a-alumina crystals are from Union Carbide. These crystals were cut into wafers with 
(0001) orientation and mechanically polished to an optical finish on one side for ion irradiation 
studies. RBS/C measurements and ion irradiation experiments described in this study were 
conducted at the Ion Beam Materials Laboratory at Los Alamos National Laboratory. 

First, 2 MeV He ion beam RBS/C measurements were performed on the samples to verify the 
crystal orientation and assess the quality of the polished surface. Aligned RBS spectra were 
obtained from the samples as the incident He ion beam was aligned along the <0001> axis of the 
crystals. Minimum backscattering yield, defined as the RBS yield ratio of the aligned spectrum to 
the random spectrum, was used to quantify the crystal quality of the sample surfaces. The initial 
high minimum yield values (10-30%) of the samples indicated substantial residual damage in the 
surface layers due to mechanical polishing. The damaged layers were effectively removed by 
etching samples in hydrofluoric acid at room temperature for 5-10 minutes, as indicated by the 
minimum yield values of -3-6 % along the c-axis. 

The crystals were then irradiated on a sample stage that can be cooled to about 100 K using 
liquid nitrogen conduction cooling. Ion irradiation experiments were undertaken using 200 keV 
Ar 2 + at doses of 5xl01 4, lxlO15, and 2xl0 1 5 Ar cm" on different portions of the crystals. One 
section of each crystal was masked from the ion radiation and used for ion channeling alignment 
following ion irradiations. The samples were tilted to 10° during the irradiations to minimize the 
channeling effects. 

TRIM simulation [10] showed that the projected ranges of 200 keV Ar ions in the three 
materials range from 122-124 run. The peak concentrations of implanted Ar ions were 0.1 atomic 
% at a dose of lxlO1 5 Ar cm"2. At the same dose, the peak damage levels for alumina, ilmenite, and 
geikielite were 0.59,0.74, and 0.63 displacements per atom, respectively, assuming a 
displacement threshold energy of 40 eV. 

Following irradiation, the different portions of the samples, including unirradiated and 
irradiated regions, were analyzed with RBS along the <0001> axis using a 2 MeV He ion beam. 



2500 

Energy (MeV) 
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 
1—"EH—'—I—'—I—'—i—r 

random 
l—"—i—'—i—'—r 

A I 2 O 3 

a unirradiated, <0001> 

Q I I I • I I • I I • I I • I i I t • V ' y f ^ — r ~ * .ml,.* I • i / j • L i i i • 

100 150 200 250 300 350 400 450 500 
Channel 

Figure 1. RBS spectra from unirradiated and irradiated portions of the alumina 
crystal. The peak damage region between channels 370 and 420 corresponds with a 
100 nm thick amorphous layer. This layer is overlain by a defected crystalline layer 
that is 45 nm thick. 

Random spectra were collected by rocking the samples about 3° off the <0001> channeling 
direction and are used to compare with the aligned spectra. 

RESULTS 

In this study, all samples showed evidence of amorphization at doses of 2xl0 1 5 Ar cm"2, 
although each material responded uniquely to the ion irradiation. Figure 1 shows aligned RBS 
spectra obtained from various portions of the alumina crystal. A random RBS spectrum is shown 
for comparison. The aligned spectrum from the unirradiated region is characterized by a low 
minimum yield, 3%, near the sample surface and has distinct surface peaks for both the O and Al 
RBS signals. After irradiation with 2xl0 1 5 Ar cm"2, the aligned spectrum shows high dechanneling 
yields from the sample depth interval where the peak radiation damage appeared. The dechanneling 
yields from this depth interval are consistent with those of the random spectrum, indicating the 
formation of a buried amorphous layer determined to be 100 nm thick. However, a 45 nm thick 
near surface region remains in a defected single crystal state, as revealed by a minimum yield of 
25%. 

The results of the ilmenite radiation experiments are shown in Figure 2. The unirradiated 
portion of the aligned crystal is characterized by an RBS spectrum with a minimum yield of -6%. 
Small surface peaks for O, Ti, and Fe are also present. The spectrum taken from the portion of the 
crystal irradiated with 2xl0 1 5 Ar cm"2 shows high dechannelizing yields that correspond with an 
amorphous layer 160 nm thick. The coincidence of the aligned and random surface spectra, 
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Figure 2. RBS spectra from unirradiated and irradiated portions of the ilmenite 
crystal. At their highest, the dechannelizing yields in the damaged region between 
channels 500 and 600 are coincident with those of the random spectrum. 
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Figure 3. RBS spectra from unirradiated and irradiated portions of the geikielite 
crystal. The damage peak between channels 500 and 540 indicates a 55 nm thick 
amorphous region overlain by a 90 nm defective crystalline layer. 
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particularly at the Fe edge, indicates that there is no defective crystalline layer and that the damaged 
region is entirely amorphous. 

Of the three materials studied, geikielite appears to be the most radiation resistant. The 
unirradiated portion of the crystal is characterized by a minimum yield of - 3 % and very slight 
surface peaks for O, Ti, and Mg (Fig. 3). Irradiation with 2xl0 1 5 Ar cm"2 resulted in considerable 
changes in die RBS spectra. As with alumina, a large damage peak is present between channels 
500 and 540 that is adjacent to a region with lower minimum yield at higher channels. The former 
corresponds with a buried amorphous layer 55 ran thick, whereas the latter is interpreted to be a 90 
nm thick defective crystalline layer. 

DISCUSSION 

The RBS/C results on unirradiated and irradiated portions of these three materials do not 
confirm or refute the radiation resistance criteria suggested in [5]. The radiation resistance of the 
chemically simplest material, alumina, is clearly intermediate between the easily amorphized 
ilmenite and relatively stable geikielite. Further experiments are needed to better characterize the 
radiation damage response in the ilmenite-group minerals. The radiation resistance of geikielite 
suggests that similar experiments on other Mg-Ti oxides may be of value. Of particular interest is 
qandilite (MgjTiO^, a fully inverse spinel, and karooite (MgTi205), a pseudobrookite-type 
compound. A survey of these three Mg-Ti oxides will allow us to better address the relationship 
between crystal structure and composition with radiation resistance. 

Interpretation of the ilmenite irradiation results may be complicated by crystal chemical and 
thermodynamic factors that do not effect the stability of alumina or geikielite. First, as described 
earlier, ilmenite is completely soluble with hematite (Fe203) at high temperatures. As a crystal with 
a composition intermediate between these two end members cools, the crystal undergoes 
oxyexsolution and the two phases separate. Thus, many geological samples that have undergone 
slow cooling often have fine (i.e., micron) scale exsolution lamellae of one of the two phases 
within the other, with the proportions varying with bulk composition. The sample used for this 
study has approximately 70 volume % ilmenite with about 30 volume % hematite exsolution 
lamellae. It is possible that if hematite has a different radiation damage response than ilmenite, then 
the radiation-resistance of the crystal as a whole may not reflect that of pure ilmenite. 

A second complication is that the crystal may have undergone further oxidation during 
irradiation, possibly resulting in the formation of very fine grained Ti-rich hematite or a 
polycrystalline hematite-rutile (TiOj) intergrowth in the near-surface region of the crystal. This 
process would likely result in an RBS spectrum similar to that of a truly amorphous substance. 
TEM investigations are underway to explore the importance of the pre-irradiation presence of 
hematite and experimentally induced iron oxidation on the radiation resistance of ilmenite and other 
iron-bearing oxides and silicates. 

CONCLUSIONS 

Ion irradiation studies were performed on single crystals of a-alumina, geikielite, and 
ilmenite, using 200 keV argon ions at 100 K. RBS/C measurements showed that the ilmenite 
crystal amorphized readily at doses below 5xl01 4, alumina amorphized at a dose of l-2xl015, and 



geikielite became amorphous at ~2xl015 Ar cm"2. The radiation damage response of the ilmenite 
crystal may be complicated by the presence of hematite exsolution lamellae and iron oxidation 
during irradiation. The results of the geikielite experiment are encouraging for further 
investigations on the radiation resistance of other Mg-Ti oxides. 
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